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Heterodimetallic Chalcogen-Bridged Cubane-Type Clusters of Molybdenum
and Tungsten Containing First-Row Transition Metals
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Transition metal cluster chalcogenides with cubane-type
structures are relevant to our understanding of several indus-
trial and biological catalytic processes. Recent advances in
cluster chemistry owe much to the development of rational
synthetic approaches, an aspect that is emphasised in this
review which focuses on cuboidal clusters of molybdenum
and tungsten (M) with M,M’,S,; and M;M'Q, (Q = S, Se)
central units that incorporate a first-row transition metal
atom (M'). Special attention has been paid to the non-aque-

ous chemistry of these compounds. The structural features of
these complexes are discussed in relation to their electronic
structures within the framework of molecular orbital theory,
spectroscopic, magnetic and electrochemical experimental
data. Finally, the importance of these clusters in catalysis,
nonlinear optics and in the formation of supramolecular ad-
ducts is discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Transition metal chalcogenide clusters with a cubane-
type structure, where the metal and chalcogen atoms oc-
cupy adjacent vertices in a cube, are a unique area within
cluster chemistry. These compounds are of interest not only
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because of their contribution to the development of modern
chemistry, but also for their potential use as models for
various industrial and biological catalytic processes.[! ™3 In
addition, these complexes have recently been utilised as op-
tical limiters and contrast agents.[*~7]

The first cuboidal cluster to be identified contained the
Fe,S, core, a redox-active unit present in the electron-trans-
fer protein ferredoxin. In addition to this homonuclear sys-
tem, several important metalloenzymes contain heteronu-
clear transition metal sites. For example, nitrogenase con-
tains the unique Fe-Mo cofactor, which is a major part of
the dinitrogen activation system. The characterisation of
the Fe-Mo cofactor by X-ray diffraction techniques has
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shown the presence of a MoFe;Sg core structure with two
partial thiocubane substructures, each of which contains an
open Fes face.[®1 Synthetic efforts to prepare chemical ana-
logues of the cofactor have been extensively reviewed and
will not be covered here.[1%:11]

This review is limited to heterodimetallic cuboidal
M,M’, and MM’ cluster chalcogenides of molybdenum
and tungsten (M) that incorporate a first-row transition
metal (M’). Heterodimetallic clusters with M,M’,S, and
M;M'S, cores (M’ = Ni, Co) are considered as discrete
molecular models for substrate binding in the hydrodesulf-
urisation process (HDS), due to the fact that cobalt and
nickel are known to act as promoters of the catalytic activ-
ity of the molybdenum sulfide industrial heterogeneous
catalysts.['? Sulfur- or selenium-containing transition metal
clusters with MM’;S;Br or M3M’'Se;, (M = Mo and W;
M’ = Cu and Ag) cubane-like structures are also known to
possess strong optical limiting effects.*>13141 In the past
ten years, several review articles have appeared covering the
most important aspects of the chemistry of molybdenum
and tungsten transition metal chalcogenides.[:!>~ 191 Special
attention has been given to the aqueous chemistry of heter-
odimetallic molybdenum and tungsten M;M'Q, clusters
that incorporate a second transition metal atom.[!-15-17-18]

In this work we place our emphasis on the non-aqueous
chemistry of these complexes, a field of particular interest
to us. In addition, we have included results reported on the
M,M’,S, systems for comparative purposes. We have re-
stricted M’ to the first-row transition elements, again mo-
tivated by our own research interests. The review is or-
ganised as follows. The first section provides a general over-
view of the synthesis, structure and electron counts of clus-
ters with M,M’,S, and M;M’'Q, central units. Each
subsection is defined based on the nature of the sur-
rounding ligands around the group-6 metal atom. The next
section discusses the electronic structure, electrochemistry
and magnetism of these M,M’,S, and M;M'Q, clusters.
The final section deals with some selected properties that
we have decided to emphasise, based on their potential ap-
plications such as catalysis, nonlinear optics and the capab-
ility of these cluster compounds to form supramolecular ad-
ducts.

Synthesis, Structure and Electron Counts

The development of the chemistry of transition metal
clusters is closely related to the discovery of rational syn-
thetic routes for the preparation of these compounds. In
recent years, different strategies have evolved for the syn-
thesis of molecular transition metal sulfide systems. These
strategies can be roughly classified into six different cat-
egories: (i) spontaneous self-assembly where the structure
of the reactant is not preserved in the final product; (ii)
fragmentation of clusters of higher nuclearity; (iii) cluster
excision from solid-state polymers; (iv) building-block syn-
thesis from lower nuclearity species; (v) transmetallation or
replacement of one metal atom by another, and (vi) substi-
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tution of peripheral ligands. The first two procedures suffer
from the disadvantage that the structures of the products
cannot be easily predicted.

The building-block approach has been the most widely
used method for the construction of cuboidal heterodimet-
allic M,M’,S,4 and MsM'Q4 (Q = S, Se) cluster complexes.
Using this approach, M,M’,S, complexes can be prepared
from a dinuclear precursor and two mononuclear com-
plexes according to the so-called [2 + 1 + 1] route, or from
two dinuclear compounds according to a strategy desig-
nated as [2 + 2]. M3M'Q, clusters can be prepared in an
analogous fashion by adding a monomeric compound to a
triangular metal complex, this method being termed a [3 +
1] synthesis. Scheme 1 gives a graphical representation of
these three methods.

M+ M M—s
M/S\M ] [2+1+1] ~ S/—iM'/‘
\S/ ‘ /S" "/"M
M'-M' M—F
[2+2]
M— M
o~ \ (\2 . Bty Q/—iﬁ
I\Lﬁg?M M 1\‘4—/3’Q7M

Scheme 1. Building-block synthetic methods for heterometallic cu-
bane clusters

Once the heterodimetallic tetrameric unit has been
formed, it can undergo different chemical transformations
without changing its nuclearity. For example, one of the
metal atoms can be substituted for a different metal atom
(transmetallation) or the outer ligands can be replaced by
other ligands (ligand substitution). In addition, the struc-
ture of the cluster core can rearrange in the presence of
certain reagents.

The trinuclear and dinuclear precursors have been pre-
pared by a variety of methods such as self-assembly, cluster
fragmentation and cluster excision. This last method has
represented a major advance in the field because it both
allows the synthesis of previously inaccessible compounds
and gives significant improvements in the yields of the clus-
ter formation reactions. In this section we will first present
details of the synthesis of the dinuclear or trinuclear pre-
cursors for each particular group of compounds, and then
continue with a general description of the synthesis em-
ployed to obtain M,M',S, and M3;M'Qy cluster complexes.

Clusters with M,M',S, Central Units

A simplified representation of the structures of represent-
ative compounds with Mo,M’,S, and W,M',S, cluster un-
its is given in Figure 1. All structures have been drawn to
emphasise the familiar thiocubane core and the coordina-
tion environments of the metal atoms. No analogous com-
pounds of selenium have yet been reported to our know-
ledge. A summary of intermetallic distances for some rep-
resentative cluster compounds within this series is given in
Table 1.
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Figure 1. Schematic representations of the different coordination
environments in M,M’,S, cubane-type clusters

Dimeric molybdenum and tungsten sulfur-rich complexes
with cyclopentadienyl (Cp) and sulfur-containing ligands
(dithiocarbamates, 1,2-dimercaptoethane or polysulfides)
have been used as precursors for the synthesis of heteromet-
allic M,M',S, clusters through [2 + 1 + 1] or [2 + 2] build-
ing block strategies. These complexes behave as metalloli-

gands towards heterometal atoms by using the lone-pair
electrons of the sulfur atoms. The most widely used building
block is the M,S, unit, particularly the molybdenum- and
tungsten(v) [M»S»(1,-S),] isomeric forms. Note however,
that the tetrabridged molybdenum(iv) complex [Mo,(p,-
S)>(1,-SH)-Cp»] is often used for the synthesis of (cyclo-
pentadienyl)molybdenum derivatives. The heterometal M’
is usually incorporated as a mononuclear or a dinuclear car-
bonyl complex except in the case of copper, where incorp-
oration has always been accomplished by reaction with cop-
per halides. The coordination environment of the het-
eroatom depends on the composition of the carbonylmetal
compound.

MM’ ,S, Clusters with Cyclopentadienyl Ligands

The dinuclear cyclopentadienyl building blocks
[M>S4Cp,] are prepared by reaction of the molybdenum(1)
or the tungsten(i) dinuclear complex [MCp*(CO),], with
elemental sulfur in refluxing toluene to produce a mixture
of isomers with metal atoms in oxidation states ranging
from III to V. The product distribution depends on the
reaction conditions. Typical reaction yields for the
[M,S4Cp,] dimer are 40% for Mo and 60% for W. In the
case of tungsten, the syn-[W,S,(l,-S),] isomer is obtained
in 54% yield, while the molybdenum analogue is produced
in only 10% yield. Alternatively, the trans-[Mo,S,(l,-
S),Cp*,] isomer can be prepared in 65% yield by treating
the hydridomolybdenum complex [MoCp*H(CO);] with
elemental sulfur in refluxing THE*3 The preparation of
the widely used [Mos(»-S)»(,-SH),Cp#] precursor is car-

Table 1. Selected bond lengths [A] and infrared CO or NO stretching frequencies [cm™!] for some representative Mo,M’,S, and W>M',S,
cubane-type clusters (standard deviations for averaged values are given in brackets)

Cluster No. of metal electrons M-M M-M’ M —-M’ v(CO) or v(NO)BI BT Ref.
Mo octahedral and M’ tetrahedral coordination:

[Mo,Fe,S,Cp*,Cl,] 16 2.8219(7)  2.757[4] 2.791(1) - (201
[M0,C0,S4Cp5iCl,] 18 2.804(1) 2.756[5] 2.955(2) - 21
[M0,C0,S4Cp5il,] 18 2.803(1) 2.738[4] 2.936(1) - 21
[M0,C0,S4Cp5i(PhS),] 18 2.8156(3)  2.733[1] 2.7414(6) — 21
[Mo,Fe,S4Cp5i(NO),] 20 2.8419(7)  2.7654[7]  2.704(1) 1736/1715 (221
[M0,C0,S4(S>,CNEt,),(CH3CN),(CO),] 20 2.788(1) 2.676[6] 2.533(1) 1983/1960 (231
[Mo0,C0,S,Cp’5(CO),] 20 2.8313(5)  2.701[5] 2.5816(9)  1984/1965 (241
[M0,C0,S,Cp’5(CO),]~ 21 2.838(1) 2.739[9] 2.746(1) 1898/1865! (231
[M0,C0,S4Cp5i(CO),]~ 21 2.846(1) 2.731[6] 2.735(1) 1902/1873®! (261
[M0,C0,S4Cp5i(NO),] 22 2.8135(6)  2.766[4] 3.116(1) 1747/1717 (221
[Mo0,Ni,S,Cp’5(CO),] 22 2.829(1) 2.722[2] 2.960(1) 1990/1970 27
[Mo0,Cu,S,Cp*,Cl,] 22 2.865(1) 2.7889] 3.058(3) - (28]
Mo octahedral coordination and M’ pentacoordinate:

[Mo,Fe,S4(p-dtc)(dtc),) 15 2.734(2) 2.75[2] 2.784(3) - 1291
[Mo,Fe,S4Cp*,(CO),4] 18 2.761(1) 2.81[2] 3.334 1995/1962/1934 (301
Mo pentacoordinate and M’ tetrahedral coordination:

[Mo,Cu,S4(edt),(PPhj),] 22 2.8576(7)  2.81]2] 3.095(2) - B31]
W octahedral and M’ tetrahedral coordination:

[W,Fe,S,Cp*,(NO),] 20 2.8198(9)  2.766[4] 2.735(3) 1736/1715 (221
[W»C0,8,Cp*,(NO),] 22 2.7984(5)  2.780[4] 3.131(1) 1732/1709 (221
[W,Cu,S4(SCN)g*~ 22 2.845(2) 2.76[3] 2.999 - (321
W pentacoordinate and M’ tetrahedral coordination:

[W,Cu,S4(edt),(PPhs),] 22 2.851(1) 2.82[2] 3.090 - 1331

[al All IR data are referred to the CO or NO stretching frequency in KBr unless otherwise indicated. P! IR data in CH;CN solutions.

Eur. J. Inorg. Chem. 2003, 1271—1290

1273



MICROREVIEW

R. Llusar, S. Uriel

ried out through reduction of the polymeric phase
{Mo,S.Cp*}, (Cp# = Cp, Cp’, Cp*; with Cp’ = methyl-
cyclopentadienyl and Cp* = pentamethylcyclopentadienyl)
with an excess of lithium ethylborohydride.[** This phase is
obtained by treating [MoCp*#(CO);], with elemental sul-
fur.3>371 The intermetallic distance in [Moo(p5-S)>(Ho-
SH),Cp#] as well as in [M>S,(1»-S,)Cp*,] is consistent with
the presence of a metal—metal single bond.

The Mo,Cr, core is formed by photolysis of the carbon-
ylchromium(1) complex [CrCp(CO),], in the presence of
[Mo0,S4Cp*,], which affords the cubane-like diamagnetic
cluster [Mo,Cr,S4Cp*,Cp,] in 41% yield according to
Equation (1).58

Cp, /Cp
Cr—/=$
photolysis |S/—iC|r/ ’
S—[—Moy (1)
Mo CP*
Cp*

[Mo3S4Cp*2] + [CrCp(CO)z]

The equivalent [Mo,Cr,S4;Cp->Cp*,] complex has also
been prepared by treating a chromium sulfide dimer
[Cra(t2,M*-S2)(M2,M ' -S5) (1a-S)Cp*,] with the corresponding
carbonylmolybdenum compound [MoCp(CO),],. The final
oxidation state of both Mo and Cr in the cluster is 1 and
consequently there are 12 metal cluster electrons available
for metal—metal bonding. The analogous nickel cluster
[Mo,Ni,S,Cp’>Cp»] has been synthesised in 15% yield from
[Mo,(1»-S)>(n-SH),Cp’5] and [NiCp(CO)], in refluxing
THF to produce a 22 metal electron cluster, for which the
oxidation state assignment MoYNi}! has been proposed.?”!
Consequently, the reaction implies reduction of the dimol-
ybdenum sulfide (Mo'Y to Mo™), with concomitant oxida-
tion of the carbonylnickel compound from Ni! to Ni'l. Al-
though these tetrametallic Mo,Cr,S; and Mo,Ni,S, clus-
ters have not been characterised by X-ray structural ana-
lysis, a cubane-type structure has been proposed based on
spectroscopic  evidence. The complex [Mos(Ur-S)>(Ms-
SH),Cp',] does not react with [Fe,Cp,(CO)s] or
[CoCp(CO),] under the conditions used for the synthesis of
the Mo,Ni, complex.?’]

The hydridosulfides [Mo,(p»-S)>(1-SH),Cp¥] (Cp# =
Cp, Cp’) react rapidly (< 2 h) with [Ni(CO),4], [Fe,(CO)o]
and [Co,(CO)g] in organic solvents, but only in the case of
nickel can M,M,'S, thiocubane clusters be isolated. These
have the formula [Mo,Ni,S,Cp¥(CO),] and are obtained in
25 and 50% yields for Cp and Cp’, respectively, as repres-
ented in Scheme 2.[27:3

These nickel compounds, also with 22 metal cluster elec-
trons, adopt a cubane-butterfly structure with the Ni atoms
placed at the wing tips (Ni-=*Ni = 2.962 A) In the case of
iron, the complexes [MosFes(13-S)s(1a-S)>CpF(CO)g]
(Cp” = Cp, Cp’) are obtained. These contain a planar
Mo,Fe, core and have the ps3-S ligands lying on opposite
sites of the Mo,Fe, plane. Reaction with the carbonylcobalt
compound affords the tetranuclear clusters [Mo,Co,(u3-
S)>(14-S)Cp#(CO),] in 50% yield. These have an M0,Co0,S;
core containing a py-S sulfido ligand. The Cp’ derivative
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Scheme 2. Reactions of [Mo,(l,-S)»(1>-SH)»,Cp,] with carbonylme-
tal compounds

undergoes thermal decomposition by heating with pyridine
at 150 °C to give a trimolybdenum cuboidal cluster [Mos.
CoS4Cp’5(CO)] in 15% yield.241

The [Mo0,Cos(p3-S)»(14-S)Cp’»(CO),4] complex deserves
special attention due to its relevance as a molecular model
for hydrodesulfurisation catalysis.>>3*1 This Mo0,C0,S;
cluster compound reacts with a variety of organic thiols
RSH (R = tert-butyl, isopentyl, phenyl) in near quantitat-
ive yield to give the corresponding hydrocarbon and the
[Mo0,Co,(13-S)4Cp’»(CO),] cubane having 20 metal elec-
trons. Treatment of the Mo,Co0,S, cluster with a CO/H,
mixture (1:4) at 150 °C and 13.4 X 10° Pa affords the
[Mo03C0S,4Cp’3(CO)] complex in 15—30% yield, according
to Scheme 3.4

va,,,___ CO
“//S
Pyridine S |C|0 |
150°C S—I—-Mo
Cp'
CO/H,
(OC)ZCOWCO(CO)Z 150°C
OC co
/Cuo_/7s
RSH S'—IC|° |
110°C | /s-s—;Mo.Cp.
Cp”

Scheme 3. Rearrangement reactions of the Mo0,Co,S; core

An analogue of [Mo,Co,(p3-S)4Cp’»(CO),] can be ob-
tained in better yields (72%) from the sulfur-rich dinuclear
complex [Mo0,S,Cp*,] and [Co,(CO)g] in toluene.[*”! This
procedure can be extended to tungsten to afford the
[W,C0,S4,Cp*,(CO),] cubane compound in 51% yield.[??
The M>Co,S, cluster unit in these compounds having 20
metal electrons shows a complete metal tetrahedron with
six intermetallic bonds (see Table 1), in contrast to the Ni

Eur. J. Inorg. Chem. 2003, 1271—1290
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complex analogue where only five metal—metal bonds are
present. If one neglects the intermetallic bonds, the coor-
dination environment around the heterometal in both the
Ni and the Co clusters is nearly tetrahedral.

Reduction of the carbonylcobalt cubane [Mo0,C0,S4,Cp
FY{(CO),] (CpF' = ethyltetramethylcyclopentadienyl) with
sodium amalgam in THF affords the extremely air-sensitive
one-electron reduction product which was crystallised as
the [Na(15-crown-5); 5] salt in 44% yield. Alternatively, the
analogous Cp’ complex has been prepared by the thermal
decomposition of the thiolate adduct [Mo0,C0,S;Cp’>-
(CO)»(SAr)]~ (Ar= p-tolyl) formed from
[M0,C0,85Cp>(CO),] and p-toluene thiolate in acetonitrile.
The addition of an electron causes an increase of ca. 0.4 A
in the Co—Co bond length with respect to the neutral 20
metal electron cluster, while the Mo—Mo and Mo—Co dis-
tances remain practically unchanged.”®! Thus, in a formal
sense, changes in the number of metal electrons mainly in-
volve the Co atoms; these are reduced from Co>* to Co!~>*.

Oxidation of the heterodimetallic sulfidocobalt cluster
[M0,C0,S,Cp5(CO),] with X, (X = Cl, Br, I, SPh)
causes oxidative substitution of the carbonyl groups by
halogens or PhS to give the 18 metal electron clusters
[M0,C0,S,Cp5X,] in 48—83% yields, as shown in Equa-
tion (2).[2141

oC, /co X X
Co—=S Co—/—S
|S./_'C|0/ X, T/ i Cyo/ (2)
S—l=Mo.cpEt S—I=MocpFt
=M Rl o Cp Toluene M 2k Cp
Cp Cp

The Mo,Co,S, core in these 18 electron metal clusters
shows a cubane butterfly structure with five metal—metal
bonds. The Co-Co distances in these complexes are
2.934(3) and 2.953(3) A for the iodine and the chlorine de-
rivatives, respectively, and 2.741(1) A for the thiolato clus-
ter. This last value is very similar to that found for the rad-
ical anion [Na(15-crown-5); s][M0,C0,S4Cp5{(CO),]
[2.735(1) A] that was associated with a formal Co--Co bond
order of 1/2.

A (carbonyl)Mo,Fe,S,; cubane-type cluster of formula
[Mo,Fe,S,Cp*,(CO),] has been synthesised from the mo-
lybdenum(1v) complex [M0o,(12,1m2-S5)(1»-S)>Cp*,], by reac-
tion with [Fe,(CO)y] in THF at room temperature (33%
yield) or by photochemical reaction with [Fe(CO)s] (10%
yield).’% Two heterodimetallic Mo,FeS, trimers with a tri-
gonal-bipyramidal core are also obtained from this reac-
tion. The [Mo,Fe,S4;Cp*,(CO)4] complex possesses 18
metal cluster electrons which agrees with a formal oxidation
state assignment of MoY'Fell. The cubane cluster with 18
metal cluster electrons adopts a butterfly structure and con-
sequently five metal—metal bonds. The coordination sphere
around the iron atom consists of three ps-S sulfur atoms
and two carbonyl groups in a square-pyramidal geometry.

In the case of iron, the cyclopentadienyl halide derivative
[Mo,Fe,S,Cp*,Cl,] has been prepared through a self-as-
sembly reaction between the molybdenum(iv) monomer

Eur. J. Inorg. Chem. 2003, 1271—1290

[MoCp*(S(zBu)s)] and FeCl; in THF that unexpectedly
gives the cubane cluster [Mo,Fe,S;Cp*,Cl,] in 39%
yield.[?% The resulting [Mo,Fe,S,] complex has 16 metal
cluster electrons, and in spite of the uncertainty related to
the oxidation state definition in cluster compounds, a pos-
sible assignment is Mo} Fell. The reduction of iron from
Fe! to Fel is considered to occur during the cluster forma-
tion reaction, with simultaneous cleavage of the C—S bond.
The electron deficiency in this cluster mainly affects the
Fe—Fe distance which is ca. 0.09 A longer than in similar
iron complexes having 20 metal electrons, as can be ob-
served in Table 1. Reaction of [Mo,Fe,S,Cp*,Cl,] with
Li,S, gives rise to a tricubane cluster where the three
Mo,Fe,S, cluster units are linked by three Fe—Fe bonds
(2.610 A) and three w,,n>S3~ ligands, as represented in
Equation (3).

[MoCp*(S'Bu)s] + FeCl; —LoL

[MoyFepS4Cp*2Cl)

ATHF (€)

[{Mo;Fez84Cp*a}3(1-Sa)s]

The only example of a heterodimetallic Mo,Cu, cluster
with cyclopentadienyl ligands is the [Mo,Cu,S4;Cp*,Cl,]
complex, prepared by reaction of [M0,S,Cp*,] with 2 equiv.
of CuCl in acetonitrile. Three different isomeric forms of
the dinuclear sulfido starting material have been used,
namely [Mos(11>,1%-S5)S2Cp*s], [M0,(12,1-S5)(1>-S),Cp*s],
and [Mo,(1»-S)>S,Cp*,], and the best yields (81%) are ob-
tained for the first of these. In all three cases, other trimetal-
lic Mo,Cu and noncuboidal tetrametallic Mo,Cu, com-
plexes are also obtained as coproducts. The resulting [Mo,-
Cu,S4Cp*,Cl,] complex having 22 metal electrons has a
similar cubane-butterfly structure to the one observed for
the 22 electron Mo,Ni, systems.?®!

Finally, several nitrosyl derivatives of the M,M,'S, unit
derived from (cyclopentadienyl)group-6 complexes have
been prepared with Fe and Co as heterometals. These com-
plexes have the chemical formula [M,M’,S,Cp¥(NO),]
(M = Mo and W and M’ = Fe and Co).[?>*?I The clusters
[Mo,Fe,S,Cp#(NO),] (Cp* = Cp, CpF', Cp*) were syn-
thesised using different Mo/S synthons and two (nitrosyl)Fe
complexes as the source of the FeNO vertex, as summarised
in Scheme 4. Typical yields for these reaction are ca. 40%.
In contrast to the carbonylcobalt findings, the reaction be-
tween the (sulthydryl)molybdenum complex [Mo,S,-
(SH),Cp,] and [Fe(CO),(NO),] does not lead to the
“Mo,Fe,S;” cluster, isoelectronic with [Mo0,Co0,S;Cp¥Et-
(CO),].22! 1t is interesting to point out that when the 22
electron cluster [Mo,Cu,S4Cp*,Cl,] is irradiated in the
presence of [Fe(NO)(CO)s]", the CuCl fragments are re-
placed by Fe(NO) to afford the 20 metal electron cluster
[Mo,Fe,S,Cp*5(NO),].12¥!
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Scheme 4. Synthetic routes to the [Mo,Fe,S,Cp#(NO),] cubane.

The analogous (nitrosyl)W,Fe, complex is obtained by
reaction of [W,S,Cp*,] with [Fe(NO),(CO),] in refluxing
toluene to afford [W,Fe,S;Cp*,(NO),] in 36% yield. These
[M,Fe,S,Cp%(NO),] compounds have 20 metal cluster elec-
trons and their structures show six metal—metal bonds and
an NO ligand attached to the tetrahedral Fe atom. Similar
cluster complexes are obtained for cobalt by treating
[M0,S4Cp5], [W2S4Cp*,] or [Moa(ka-S)2(-SH),Cp,] with
[Co(CO)5(NO)] in toluene to afford complexes with formula
[M,C0,S,Cp%(NO),] in low to moderate (30—50%)
yields.[??l The change of iron for cobalt increases the num-
ber of metal cluster electrons from 20 to 22. The formal
oxidation states of the metal atoms in these clusters are M
and Co! (the nitrosyl ligand is assumed to be NO*) and
consequently, replacement of Fe by Co has the same effect
as substitution of a carbonyl by a nitrosyl group. The
Co—Co distances of ca. 3.12 A in the [M5C0,S4,Cp¥(NO),]
clusters (see Table 1) are well beyond the typical Co—Co
single bond lengths and the metal atoms adopt the butterfly
disposition already observed for other 22 metal electron
clusters.

MM’ ,S,; Clusters with Sulfur-Containing Ligands

The number of M,M’, clusters with sulfur-containing li-
gands is more limited than their cyclopentadienyl counter-
parts. All known examples contain dithiolate or dithiocar-
bamate as ancillary ligands and metal electron counts be-
tween 15 and 20. The main building block fragment used
for this chemistry is the syn-[M»(l1,-S),S,] unit, in particular
the molybdenum and tungsten dimers [M,S4(dtc),] (dtc =
diethyldithiocarbamate) and [Et4N],[M,S4(edt),] (edt =
1,2-ethanedithiolate). The syn isomers of the molybdenum
complexes [Moo(p>-S)>Sx(dtc),] and [Moy(p,-S)-Sx(edt)]*
are prepared in 82 and 75% yield, respectively, by reaction
of [NH4]5[Mo0,(S—S)s] with an excess (20—25 equiv.) of
Nal[dtc] or Na,[edt] in refluxing methanol.*3! The excess
thiolate serves both as the reductant of the disulfide ligand
and as a peripheral ligand in the final product. The neccess-
ity for excess thiolate may be obviated by using triphenyl-
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phosphane as the reducing agent. A more general route for
the synthesis of [Et4;N],[Moa(1t--S)>S>(edt),] has been de-
veloped, and this can also be used to prepare the analogous
tungsten complex. [NHy],[MS,] is treated with 1,3-ethaned-
ithiol in DMF, and addition of tetracthylammonium brom-
ide precipitates the [Et;N],[M»(u,-S),S,(edt),] salt in 63 and
55% yields for Mo and W respectively.[***3] The tungsten
complex [W,(11,-S)->S»(dtc),] can be obtained in 75% yield
by treatment of (Et;N),[W>(1»-S)»S,5(S4)] with sodium di-
ethyldithiocarbamate, triphenylphosphane and NH4PF4 in
acetonitrile.®! The sulfur-rich [W5(115-S)>S5(S4)»]*~ anion
has also been employed as a building block. This tung-
sten(v) dimer is obtained in 83% yield by heating
[NH4,[WS,4] and elemental sulfur in DMFEM It can also
be obtained at room temperature by using a reducing agent
such as NH,NH,-HC1.??1

The synthesis of the cubane cluster [Mo,-
Fe,S4(S,CNEL,)s] in 18% yield has been reported, using a
one-pot reaction between [NHy,[MoS,], FeCl;, Na[dtc],
PhSH and NaOCHj; in methanol/DMF solutions, as shown
in Equation (4).1*]

S
g—f?e—/;%
|

61+ NalS.CONE FeCls/PhSH  S™Fe— g
+ ty] —e————>
INHLTo[MoSi] + NalS$,ONED] —=cm— | L |\ @
(SoMe—s" |
N _ 7 S
S S=EfNCS, $

It is very likely that the reducing conditions used in this
reaction (PhS™ and Et,NCS,™) cause the formation of an
intermediate molybdenum(v) dimer with an M,(l,-S),S,
central core, as found for tungsten. The Mo,Fe,S, cluster
skeleton has a cubane-type structure where each metal atom
is coordinated by three p3-S atoms and two sulfur atoms of
the dithiocarbamate chelating terminal ligand. In addition,
the fifth Et,NCS,~ group acts as a bridging ligand between
two Mo atoms, resulting in an octahedral environment for
that metal atom. The coordination geometry around the
iron atom is an irregular triangular bipyramid. The inter-
metallic distances within this cluster are listed in Table 1.
The Mo—Mo and Mo—Fe bond lengths are consistent with
metal—metal single bonds, while the Fe—Fe bond length of
2.784 A lies outside the single bond range. In consequence
there are in total five metal—metal bonds, with the metal
atoms defining a butterfly arrangement in which the Mo
atoms occupy the hinge positions. The dithiocarbamate
bridging ligand causes a shorthening of the Mo—Mo bond
length (2.734 A) in the [Mo,Fe,S4(S,CNEt,)s] cluster, while
the other intermetallic Mo—Fe and Fe—Fe bond lengths
are similar to those observed in the 16 metal electron cluster
[Mo,Fe,S,Cp*,Cl,].

The Mo,Co0,S,4 cluster [M0,C0,S4(S>CNEt,),-
(CH3CN),(CO),] having 20 metal cluster electrons has been
prepared by reaction of [Mo,(1,-S),S,(dtc),] with an equi-
molar amount of [Co,(CO)g] in THF or acetonitrile, as rep-
resented in Equation (5).13
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The analogous tungsten complex is prepared from
[W1(11-S),S,(dtc),] in acetonitrile.®! The structure of the
parent [M,S,(dtc),] fragment remains essentially unchanged
in the final cluster, where the M,Co, atoms define a tetra-
hedron. The dinuclear precursor shows no tendency to bind
acetonitrile, in contrast to the final cubane product, and
thus it appears that the presence of cobalt enhances the
affinity for ligands at the molybdenum or tungsten site trans
to the p3-S atom. There are no known examples of M,Ni,S,
derivatives with sulfur-containing ligands and examples
with copper are restricted to the molybdenum and tungsten
[M>Cu,S4(SCH,CH,S),(PPhs),] complexes. When [Et4N],-
[MoS,(edt),] reacts with 2 equiv. of [Cu(PPh;);Cl] under an
inert gas, the cubane cluster compound [Mo,Cu,.
S4(edt),(PPhs),] is obtained. The isomorphous tungsten
compound [W,Cu,S4(edt),(PPhs),] was synthesised from
[Et4N]2[WS4(Cdt)2], CuClz'HzO and PPh3 in CHQClzlEtOH
solution.[3!1 The coordination sphere around the Mo or W
atoms in these complexes consists of three ps-S sulfido li-
gands and two sulfur atoms from the bidentate ligand, ar-
ranged in a tetragonal-pyramidal geometry. The four metal
atoms adopt a cubane-butterfly structure, as found in the
(cyclopentadienyl)M,Cu, derivatives which also have 22
metal cluster electrons.[33] Alternatively, the reaction of
[Et4N]2[Mzs4(edt)2] (M = Mo, W) with [Cu(PPh3)2(dtp)]
(dtp = ~S,P(OCH,—CHs;),, dithiophosphate] in CH,Cl,/
CH;CN solution at room temperature gives the incomplete
cubane cluster [EtyN][M,CuS4(edt),(PPh;)] (M = Mo, W),
as summarised in Scheme 5.4

PhsB  ppp,
Cu=8
[CuPPhy);Cl] ) | | s
CuCl,/ PPh ASTMS
uCly 3 S—M -
2-
S\IU[/S\ \51
PhsB,
_Cu—S
M=Mo, W [Cu(PPhy),(dtp)] S L S
. Tk
S=M——8§"
Es’

Scheme 5. Incorporation of one or two copper atoms to
(EtaN)2[M2S,(po-S),(edt),]
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No interconversion between the trinuclear and the tetra-
nuclear species, as has been found in similar systems with
noble metals instead of copper, has been reported.*”!

Finally, the air-stable complex [Et4N]4W>Cu,S4(SCN)g]
having 22 metal cluster electrons has been prepared in 45%
yield by reacting [Et,;N]o[W,S4(S4),] with CuCl in the pres-
ence of KSCN.??! In contrast to the other complexes de-
scribed in this section, the tungsten atom is coordinated to
the nitrogen atoms of the thiocyanate ligands in a octa-
hedral coordination environment. The thiocyanate ligands
attached to the Cu atoms define a tetrahedron. All the
reported M,Cu,S,; clusters are electron-precise, having
22 metal cluster electrons (see Tablel) and a
cuboidal —butterfly arrangement of the metal atoms, where
the nonbonding distance corresponds to the Cu---Cu inter-
action.

Clusters with M;M'Q, Central Units

In contrast to the above-reported cuboidal complexes
where, with the exception of the [{Mo,Fe,S4Cp*,}3(1-S4)3]
tricubane cluster, only isolated single-cube structures have
been found, compounds with M3;M'Q, central cores exhibit
single, edge linked double-cube and corner-shared double-
cube structures, as represented in Figure 2. In the case of
first-row transition heterometals, only the first two struc-
tural types have been encountered to date.

i

@ (i) (ii)

Figure 2. Structural types of M3;M’'Q, aquo cuboidal clusters: (i)
single cubane (ii) edge-linked double cubane (iii) corner-shared
double cubane

The chemistry of heterodimetallic clusters with M;M'Qy,
cores has been developed predominantly in aqueous media,
and major advances have been made in the field of molyb-
denum clusters, where the heterometals incorporated into
the incomplete cuboidal [Mo3S4(H,0)o]** aquo ion accord-
ing to a [3 + 1] synthetic strategy range from group-6 to
-15 elements.['® For tungsten, the number of heterometals
incorporated is more restricted, a fact that has been attrib-
uted to the greater difficulty in reducing tungsten as
compared to molybdenum. Reactivity studies of
[M;Ses(H,0)o]*" complexes towards a second metal are
limited to some preliminary results regarding the incorpora-
tion of Ni and Pd into the molybdenum selenide aquo
ion and Mo insertion into the W;Se, aquo ion.[*1 This
chemistry has been extensively reviewed in the past year,
and for this reason we will only comment on the most relev-
ant aspects regarding the insertion of first-row transition
metals into the M3Q, aquo ion. However, we will give a
detailed description of the non-aqueous chemistry of these
M;M’Q, heterodimetallic clusters.'’~1°1 Figure 3 presents
a number of representative M3;M'Qy clusters that have been
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reported, where again the familiar cubane core has been
emphasised.
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Figure 3. Schematic representations of cubane structures and metal
environments of M3;M'Qy clusters

M;M' Q4 Clusters as Derivatives of the M;Q, Aquo Ion

Since Shibahara’s report in 1986 of the reaction of the
molybdenum aquo cluster [Mo03S4(H,0)o]** with iron metal
to give the molybdenum—iron mixed-metal cluster
[Mo;FeS4(H,0),0]*", much work has been carried out in
the field.’” The insertion of other metal atoms has been
successfully achieved as previously mentioned, and the ana-
logous tungsten and selenium building blocks M3Q,4 have
been prepared.

The synthesis of the green aquo cluster [Mo3S4(H,0)o]*"
has been recently reviewed.['”l This aquo ion was first pre-
pared in low yields (ca. 20%) by two different routes; the
self-assembly reaction of [Mo(CO)4] with anhydrous Na,S
in acetic anhydride!®!l and oxidative fragmentation of the
tetrametallic [Mo04S4(H,0);,]°" aquo ion in acidic solu-
tions.’>331 An almost quantitative synthesis of this aquo
ion has been developed that involves abstraction of sulfur
from the [Mos(u3-S)(12-S5)3 X6~ (X = Cl, Br) trimer with
PPh;.54 The analogous selenium cluster [Mo3Se4(H,O)o]**
has been prepared in a similar manner from the selenium-
rich trimer [PPhy],[Mos(ps-Se)(pr-Se,)sClg], which was
aquated in acid prior to the diselenide reduction to selenide
with PPh5.[>% The most efficient method for the synthesis of
the [W3Q4(H,0)o]* aquo ions (yields ca. 60—70%) involves
treatment of the corresponding {W3Q,Bry}, polymeric
phases with hypophosphorous acid in hot HCLF®>7 Puri-
fication of the aquo ions is achieved by cation exchange
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chromatography. The sulfur-bridged trimers are stable in
acidic solution, but the selenium analogues are less stable,
giving a deposit of red selenium after a week.[>7-38

First-row transition metal incorporation into the
[Mo3S,** aquo ion has been achieved by treating
[Mo3S4(H,0)]** with iron,% cobalt,!*! nickell® and cop-
per metall®l (M) in acidic solution, HCI or p-toluenesul-
fonic acid (Hpts), to afford the corresponding heterodimet-
allic [MosM’'S4(H,0),0]*" complexes with 14, 15, 16 and
17 metal cluster electrons for M’ = Fe, Co, Ni and Cu,
respectively, as shown in Equation (6).

—NL’) /

This synthetic strategy has also been applied to obtain
the selenido derivative [Mo3NiSes(H,0),0]*" ©8 or the
tungsten-containing  cluster  sufides [Mos_ W NiSy-
(H,0) 10" (x = 0-3).12  Alternatively, the
[Mo3NiS4(H,0),0]*" aquo ion has been synthesised by a
self-assembly reaction between [NHg4,[MoS,] and nickel
metal in HCI solution or by reduction of an Ni** salt in
the presence of [M03S4(H,0)o]*".193641 With the exception
of the [Mo3NiS4(H,0),0]*" complex, the remaining hetero-
dimetallic aquo ions, especially the cobalt derivative, are
very air-sensitive.

The MosFe and Mo;Ni aquo ions, having an even num-
ber of cluster metal electrons, crystallised from p-toluensul-
fonic acid solutions as isolated single cubes of formula
[MosM'S4(H-0),0](pts)s7H>O (pts = p-toluenesulfonate),
while the analogous Co and Cu heterodimetallic clusters,
having an odd number of metal electrons, crystallise under
the same conditions as an edge-linked double cuboidal
structure formulated as [{Mos;M'S4(H>O)e},](pts)gnH,O
(M" = Co,n =18 M' = Cu, n = 20). The Co—Co and
Cu—Cu bond lengths in these double cubes are 2.498 and
2.426 A, respectively, corresponding to an M'—M’ single
bond. A summary of intermetallic distances for M;M’S,
cubanes is presented in Table 2.

In contrast to the [M,M',S,] heterodimetallic complexes,
changes in the heterometal within the [Mos;M’S,]** aquo
ion series does not produce significant differences in the
intermetallic distances that can be correlated with the num-
ber of metal cluster electrons. The single-to-double cube
dimerisation reaction is reversible in the case of Cu, as
shown in Equation (7).I76-771

Q)

® =,0
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Table 2. Selected bond lengths [A] for some representative M3;M'S, cubane-type clusters (standard deviations for averaged values are

given in brackets)

Cluster No. of metal electrons M-M M-M’ Ref.
Single cubes:

[MosFeS,(H>0)0]*" 14 2.767[7] 2.671[11] 163
[MosFeS,Cp’5(SH)] 14 2.86[2] 2.7912] [24]
[Mo0;C0S,Cp’5CO] 16 2.838[11] 2.745[11] 24]
[Mo3NiS4(H,0),]*" 16 2.755[10] 2.640[9] 601
[Mo3NiS,(H,0),COJ** 16 2.744[8] 2.677[7] [66]
[{1\/1031\1154(:[),3}2(}1-(:4]_18S2)]24r 16 2819[13] 271[1] 1671
[W3NiS4(H>0)o(CoH)* 16 2.7137(9) 2.701(2) (621
[W3NiS,Cp’3(PPh3)]" 16 2.809[1] 2.733[9] [68]
[Mo;CuS,(Hnta);CIJ]>~ 16 2.778(1) 2.838(2) [69]
[Mo3CuSy(dmpe);Cly]* 16 2.782[1] 2.823[8] B3
[W3CuS4(dmpe);Br,]*™ 16 2.780[2] 2.884[7] B3
[Mo3CuS4(dtp);(n-OAc)(DMF)I] 16 2.73[5] 2.85[4] (70l
[Mo3CuSy(nPr,PS,)s(1-nPr,PS,)(py)1] 16 2.769[9] 2.857[14] 71
[W3CuS,(dtp);(n-O,CCl3)(CH3CN)I] 16 2.73[3] 2.87[5] (721
[Mo3CuS4(Et,NCS,);(p-Et,NCS,) (py)I] 16 2.76[3] 2.849[13] (73]
[Mo3CuS,(tdci);Br]?* 17 2.832[9] 2.916[12] 741
[Mo;CuSe,(dmpe);Cl,]*" 16 2.839[4] 2.839[4] (73]
Edge-linked double cubes:

[{Mo03C0S4(H50)o} 55" 15 2.744[11] 2.64[2] [59]
[{W;3NiS4(H,0)o}-]** 16 2.7477] 2.66[4] (621
[{Mo3CuS4(H>0)o}-]%* 17 2.730[7] 2.89[8] 61

The [Mo,WNi]** aquo ions crystallise as single cuboidal
clusters in the same way as the analogous Mos;Ni com-
plexes. However, further substitution of Mo for W results
in the formation of [{Mo,W;_,NiS4(H-O)e},](pts)s20H,O
(n = 0, 1) edge-linked double cuboidal structures, with
Ni—Ni bond lengths of 2.549 A for MoW,Ni and 2.56 A
for the W;Ni cluster.[¢?]

In contrast to the reactivity just reported for the incom-
plete cuboidal molybdenum sulfide versus a first-row trans-
ition metal, the [Mo3S,]** aquo ion does not react with
chromium metal. Instead, the [Mo;CrS4(H,0),,]** cluster
is prepared by treating [Mo3S4(H,O)]*"  with
[Cr(H,0)e)*". This MosCr cube has only been charac-
terised spectroscopically in solution.l”®! The reaction of the
[Mo3S,]** aquo ion with Cu*, or with a Cu®* salt in the
presence of sodium borohydride, gives the 16 electron metal
cluster [Mo;CuS4(H>0);o]>* in contrast to the 17 electron
species obtained by direct reaction between the trimer and
the metal.l’® The 16 electron Mo;Cu clusters are air-stable
in HCI due to coordination of Cl~ to the heterometal, but
they tend to disproportionate to Cu?*(aq.) and
[Mo5;CuS,J*"in noncoordinating acids.[® The existence of
the 16 metal electron [Mo3;CuS,]°* complex is also detected
as the first step of the oxidation reaction of the correspond-
ing 17 metal electron cluster.”® The transmetallation reac-
tion of [MosM’S,(H,0),0]** (M’ = Fe, Ni) in the presence
of a 10 molar excess of a Cu?* salt in 2 M HCl also pro-
duces the 16 electron [Mo;CuS,4(H,0)oCI]** aquo complex
as the major reaction product.[’” When the cluster concen-
tration is increased to ca. 0.1 M, the reaction of
[Mo3FeS4(H,0),0]*" with a Cu?" salt under similar condi-
tions instead affords the 17 electron cluster

Eur. J. Inorg. Chem. 2003, 1271—1290

[Mo3CuS4(H,0)oCI]** as the major product (yield = 37%)),
while the 16 electron cluster is only obtained in 5% yield.[6"]
Further investigations are required to understand these re-
placement reactions.

In the same way that chlorine coordination to the het-
eroatom stabilises the [Mo;CuS,]** cluster core, substitu-
tion of the water molecule coordinated to the extremely air-
sensitive [Mo3CoS4]*" aquo ion affords the more stable
[Mo03C0S4(H,0)o(CO)J** cluster.[*® The nickel aquo cluster
also coordinates CO and ethylene (L) in aqueous or
organic solutions to give [M;3NiS4(H,0)L]*" and
[Mo3NiSe,(H>0)oL]**.I%1 Coordination of ethylene is fa-
voured by an increase in the number of tungsten atoms in
the cluster core.

The heterodimetallic [M3;M'S,J** cluster aquo ions can
also be derivatised by substitution of the water molecules
coordinated to the group-6 metal by mono-,[®3 bi-B% or
tridentate ligands.l°°! In some cases, this substitution results
in complexes having an enhanced stability, a fact that has
allowed the crystallisation and further X-ray characteris-
ation of certain cluster cores. For example, addition of nitri-
lotriacetate (Hsnta + base) to the [Mo;CuS4(H,0),CIJ**
aquo complex allows crystallisation of the single cube
[Mo;CuS4(Hnta);CI>~ as the K" or [NH,]" salt.[®l The
Mo—Mo and Mo—Cu distances in this 16 metal electron
cluster are similar to those observed for the
[{Mo5CuS4(H,0)o},](pts)s:20H,O double cube with 17
metal electrons per cubane unit. In other cases, derivatis-
ation of the heterodimetallic [M3;M'S,]** cluster aquo ions
produces unexpected results. For example, reaction of
[Mo3CuS4(H,0),0]*" with concentrated ammonia yields
the [{(NH3)s(H,O)(OH)Mo3;CuS4(p,-0)},]Cl4+8H,O com-
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plex in which two cuboidal [Mo;CuS,]°>* cores are bridged
by two oxygen atoms. The oxidant of the cluster core in this
reaction remains unidentified.[®!

M;M'S, Clusters with Cyclopentadienyl Ligands

[MosM'S,Cps]"t (n = 0, 1) cluster compounds with
M’ = Cr, Fe, Co and Ni have been prepared through [3 + 1]
building-block synthetic strategies using the [Mo3;S,Cps]*
incomplete cuboidal cluster as the precursor in the case of
Cr and Ni, or by rearrangement of tetrametallic cluster spe-
cies with Mo,Fe, and Mo,Co, units. Of the analogous

tungsten complexes, only the nickel derivative
[W;NiS,Cp’;]" has been prepared.
The  synthesis of  the  trinuclear  complex

[Mo03S4Cps][Sn(CH3);Cl,] was first reported in 1971 from
the reaction of [MoCp(CO);Cl] with [Sn(CH3)3],S in 1,2-
dimethoxyethane in 50% yield.®®?! An improved synthetic
procedure for this trimer that uses the [Mo3S4]** aquo ion
as the starting material has recently been reported. This
synthesis can also be used to prepare the analogous tung-
sten complex. Reaction of the [M3S4(H,0)o]** ion (M =
Mo or W) with triethyl orthoformate in the presence of a
catalytic amount of p-toluenesulfonic acid converts the
aquo ligands into ethanol ligands which can be further re-
placed by acetonitrile and tetrahydrofuran. Finally, addi-
tion of TICp or TICp' results in formation of the desired
[M;S,Cp%](pts) (Cp* = Cp or Cp’) species. Treatment with
CH;CN prior to THF is carried out to ensure removal of
traces of (CH;CH,0);CH and results in an improvement
of the final yield. Typical yields for these reactions are 85%
for molybdenum and 22% for tungsten.[%®3334 The reduced
[Mo3S.Cp#] (Cp* = Cp, Cp*) species have been
synthesised by reaction of [MoH(CO);Cp] or
[MoH(CO),Cp[P(OCgHj5);] with propylene sulfide in THF
or by reduction of [Mo{S(tBus);}Cp*] with sodium amal-
gam in 88% yield.[3>8¢]

[Mo3S4Cps](pts) reacts with [Cr(CO)3(CH3CN);] in
CH,Cl, to produce [Mo;CrS4Cps(CO)s][pts] in 64% yield,
as represented in Equation (8).183

Cn e co
M Mo
‘0 Cr(CO)(CH,CN);] OCI"CZ]TCO
IxiO’"“Cp [Cr EA s )—'—MO"‘\CP ®)
M Mo
Cy Cp

This MosCrS, cluster is stable in air for at least a few
days and soluble in common polar organic solvents. This
reaction also works for the analogous molybdenum and
tungsten carbonylmetal compounds, showing that the [3 +
1] insertion reactions are not restricted to aqueous media.
A nickel atom can also be incorporated into the
[Mo5S4Cp';5][pts] and [W5S4Cp’5][pts] complexes by treating
these trimeric precursors with [Ni(cod),] (cod = 1,5-cyclo-
octadiene) to yield the coordinatively unsaturated cubane-
like cluster [M3NiS,Cp’s][pts] in high yields.[®3871 The reac-
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tion produces an instant colour change from green to dark
brown in the case of molybdenum while, for the tungsten
complex, the colour change from violet to brown takes ap-
proximately 3 h, probably due to solubility problems. Addi-
tion of various ligands to the reaction mixture [triphenyl-
phosphane, M = W, dimethyl sulfide, diethyl sulfide, di-
(tert-butyl) sulfide, tetrahydrothiophene, 1,4-dithiane, thio-
chroman-4-ol, pyridine, quinoline, 4,4’-bipyridine, M =
Mo] saturates the vacant Ni coordination site, as repres-

ented in Scheme 6.[°7]
? L
Mo~/
-N17‘
S — Mo CP'
Cpy
Mo——‘
A‘\\Cp' ,
O/L—‘ ~Mo o Cp—,

Ni(cod), /L

M v Cp'
Cp"” Mo~/
P —N[07
N Cp'
. =) 10"

Ni(COd)Z /Nl
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Mor J
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Scheme 6. Coordination of mono- and bidentate ligands to the
[Mo3NiS,Cp's]* cluster

The crystal structures of the tungsten derivative
[W;3NiS,Cp’'3(PPhs)][pts] and the molybdenum derivatives
[{Mo3NiS4Cp’3}2(12-CaHsSo)][pts], and [{Mo3NiS,Cp's}»-
(1o-(4,4'-bipy)][pts], have been determined. In the last two
examples, the 1,4-dithiane and the 4,4'-bipyridine ligands
act as bridges between two cubane units. The intermetallic
distances for these M3Ni complexes having 16 metal elec-
trons are similar to those found for the analogous aquo
derivatives (see Table 2). Structural data for the molyb-
denum complexes, where the Ni atom coordinates a sulfur
or a nitrogen atom, do not indicate any activation of the
C—S or C—N bond.

The trimolybdenum cluster [Mo;CoS4Cp’3(CO)] is
formed in ca. 15% yield by heating [Mo0,Co,(13-S)-(py-
S)Cp’»(CO)4] in pyridine at 150 °C for 3 h, or by treatment
of [M0,Co,(u3-S)4Cp’»(CO),] with a CO/H, mixture in
toluene at 250 °C (15—30% yield), as represented in
Scheme 3.4 The resulting Mo;Co cluster appears to be a
thermodynamic sink for the decomposition of the two
Mo,Co, complexes. The intermetallic Mo—Mo and
Mo—Co distances in this 16 electron Mo;Co complex are
ca. 0.09 and 0.027 A longer than the corresponding dis-
tances in the 16 electron MosNi cluster. Finally, the
cuboidal [MosFeS,Cp’5(SH)] compound is obtained in low
yields from the reaction between the butterfly-type cluster
[MosFe,(13-S),Cp’»(CO)g] and thiophene at 150 °C in a
pressure reactor.**! The Mo—Mo and Mo—Fe distances in
this cluster are 0.09 and 0.12 A longer than the equivalent
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distances in the [MosFeS,** aquo cluster which also
possesses 14 metal cluster electrons.

M;M'S, Clusters with Sulfur-Containing Ligands

In parallel to the development of the aqueous chemistry
of the M3M'Q,4 complexes, a non-aqueous chemistry arises
from inserting Cu into M3S, units derivatised with dithi-
ophosphates [dtp = (EtO),PS,]. This was subsequently ex-
tended to other sulfur-containing ligands such as dithiocar-
bamates (dtc = Et,NCS,7) and dithiophosphinates
(R,PS,7). These complexes are always prepared through [3
+ 1] synthetic routes. The trimeric molybdenum and tung-
sten dithiophosphate precursors [M3S4{(EtO),PS,)s(1,-
(EtO),PS,}(H,0)] have been synthesised by reaction of
MoCl;'H,O in ethanol or EtOH/HCI solutions.®8 The
water molecule is easily replaced by other ligands such as
dimethylformamide and pyridine. The dithiocarbamate and
dithiophosphinate derivatives have been prepared by reduc-
tion of the disulfido p,-S, bridging ligand in [Mos(H,-
S$2)3(M3-S)(Et;NCS,)3] 7 and  [Mos(Ha-S2)3(M3-S)(R,PS5)5)-
(R5PS,) (R = Et, nPr) with triphenylphosphane to yield
[Mo3(k2-S)3(13-S)EtNCS,)3(12-Et, NCS,)(H0)] and [Mos-
(12-8)3(13-S)(R,PS,)3(1o-R,PSy)(py)],  respectively. (972
The structures of these trinuclear clusters are similar to
other M;Q, trimers, with octahedral metal environments
and with the bidentate chelating ligand occupying positions
trans to the capping and one bridging sulfur atoms. The
remaining coordination site is occupied by the sulfur atom
of the bridging bidentate ligand for two of the metal atoms,
and by a water or pyridine molecule for the remaining metal
atom. This ligand arrangement gives rise to chirality.?!

A series of heterodimetallic complexes with [M3CuS4]>*
cores and consequently 16 metal cluster electrons has been
synthesised by treating [M3S4((EtO),PS,);5(pr-(EtO),-
PS,)(L)] (L = H,O, CH3CN) with Cul in organic solvents
in the presence of various acetates, producing tetranuclear
clusters of the general formula [M;CuS4((EtO),PS,);(p»-
0,CR)L] (R = CHs, CF;, CCly; L = DMF, DMSO, py,
CH;CN), as shown in Equation (9).170:94%3]

(‘ S OH, ( |s »~“‘LI
—~M—S M/

S
s~ S s=cr” 1 S
[ L9 can ]/‘S_L,MLS ©
Mg RCOOEt S—M=—!
G | |s G |

s/ oS

The Mo;CuS, dithiocarbamate and dithiophosphinate
complexes [Mo3CuS4(Et,NCS,)3(pr-Et,NCS,)(py)l]  and
[Mo3CuS4(R,PS,)3(15-R5PS5)(py)I] (R = Et, nPr) have also
been prepared by reaction of the corresponding trimeric
precursors with Cul in pyridine.[’!-°%71 The presence of
acetate ligands in the reaction media does not cause substi-
tution of the bridging dithiocarbamate or dithiophosphin-
ate, as is observed for the analogous dithiophosphate com-
pound. This ligand environment provides these M;CuS,
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complexes with great stability towards air oxidation, in con-
trast to the equivalent aquo complexes.

The structures of several of these derivatives have been
determined by single-crystal X-ray diffraction experiments.
Intermetallic distances for some representative complexes
are listed in Table 2. The coordination environment around
the M atoms is pseudooctahedral, as observed for the trinu-
clear starting materials, although in the case of the dithi-
ophosphate derivatives the bridging p,-(EtO),PS,™ ligand
has been substituted for a bridging acetate ligand. The
pseudotetrahedral Cu atom is coordinated to the iodine
atom. The average M—M and M —Cu bond lengths are sim-
ilar to those reported for the 16 metal electron aquo derivat-
ive [Mo;CuS,Cl(Hnta);]>" . However, the presence of a li-
gand bridging two molybdenum or tungsten atoms causes
a shortening of this M—M bond length by ca. 0.08 A, with
concomitant lengthening of the M—Cu bonds by ca.
0.05-0.08 A. The M—Cu distances are between 0.1 and 0.2
A longer than the M—M’ (M’ = Co or Ni) bond lengths
observed for other 16 metal electron clusters.

M;M'S, Clusters with Phosphanes

A series of heterodimetallic clusters of molybdenum and
tungsten with M;M'Q, (Q = S, Se) units have been re-
ported for M’ = Cu, where the group-6 metal atom is co-
ordinated to different bidentate phosphanes such as dmpe
or dppe. Recent work in our group has shown that the pro-
cedures employed can also be extended to Co and Ni.[®
The preparation of these tetrametallic species has also been
achieved through a [3 + 1] synthetic strategy, using the mo-
lecular clusters [M3;Qq(diphosphane);X;]" [M = Mo, W;
Q = S, Se; X = Cl, Br; diphosphane = 1,2-bis(dimethyl-
phosphanyl)ethane (dmpe), 1,2-bis(diphenylphosphanyl)-
ethane (dppe)] as starting materials. The excision of poly-
meric {M3Q,X4}, phases with chalcogen-abstracting li-
gands such as phosphanes has proved to be a general
method for the preparation of M;Q, incomplete cuboidal
clusters having phosphanes as ancillary ligands.>+9~101]
The cationic [M3S4(dmpe);X;]*™ trimers are obtained in
high yields (> 90%) by excision of the corresponding
{M3S;X,4} . polymers with dmpe in refluxing aceto-
nitrile.['0%] The analogous dppe derivatives
[M;S,4(dppe)sXs]* are obtained in ca. 75% under similar
reaction conditions. This synthetic method can also be ex-
tended to selenium, with typical yields of 50—65% for the
[M;Ses(dmpe)sXs]™ complexes and 67—85% for the
[M3Ses(dppe)sX;5]" compounds.[73-98:103.1041 - Alternatively,
the [M;S4(diphosphane);X5]" [diphosphane = dmpe, 1,2-
bis(diethylphosphanyl)ethane (depe)] complexes can be ob-
tained in 15—55% yields by treating the metal halides with
NaHS in THF/methanol in the presence of an excess of
dmpe or depe.l'%571971 The synthesis of the (dppe)molyb-
denum derivatives in approximately 50% yield has been re-
ported from the reaction of the molecular cluster
[Mo03S:X¢]>~ (X = CI, Br) with dppe in methanol.’¥ In
addition, the [M3Se4(dppe);Xs]* cationic cluster can be ob-
tained by excision of the polymeric precursor in molten
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dppe, with an overall reaction yield of 40 and 62% for
the Mo and W derivatives, respectively.l!®) These
[M;Q4(diphosphane);X5]" complexes have one phosphorus
atom trans to the capping sulfur atom and another trans to
the bridging sulfur atom, as shown in Figure 4. This ar-
rangement results in chiral complexes with an effective C;
symmetry. However, the nonstereospecificity of the reaction
leads to racemic mixtures.

Brit) ci
N

]
ci6)

Figure 4. ORTEP representation of the [W3Se4(dmpe);Brs]* cation;
only the atoms in the asymmetric unit are labeled

The first attempt to introduce a first-row transition metal
atom into an incomplete cuboidal M3S, unit was the reac-
tion between the molybdenum(1v) trimer [Mo3S,Cl4(PEts);.
(MeOH),] and [Ni(cod),] in THF which afforded a pentan-
uclear MosNi,S, cluster instead of the expected MosNi cu-
bane. X-ray structural analysis of this pentanuclear sulfido
cluster revealed a square-pyramidal core with an Mo,Ni,
base, an Mo atom at the vertex, and shogt intermetallic dis-
tances: d(Mo—Mo) = 2.65-2.67 A, d(Mo—Ni) =
2.50—2.67 A and d(Ni—Ni) = 2.71 A. An oxidation state
assignment of MoLVNi$ has been proposed based on the
XPS spectra, suggesting that Ni incorporation into the Mo
trimer occurs without changes in the metal oxidation
states.['01]

Cubane-type Mo;CuQ4 and W;3CuS, clusters have been
obtained by reaction of the trimers [Mo3;Q4(dmpe);X;][PF]
and [W3S,X5(dmpe);][PF¢] in THF with CuX, or with
[Cu(CH;CN)4][PF¢] in the presence of a tetrabutylammo-
nium  halide salt, to give the corresponding
[M;CuQ4(dmpe);X4][PF4] heterodimetallic tetramers, ac-
cording to Equation (10).1573!

Px Px
P7I\|/me 71\!’1*2(
T ' P Cut T l(‘,‘u Pp
S Ecre s Ty S (10)
G’DIA Q7] (n-Bu) G !
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The products are air-stable and soluble in common or-
ganic solvents such as CH,Cl, and CH;CN. Typical yields
for the reaction range from 40 to 73%. The reaction takes
place without overall changes in the oxidation states of the
metal atoms, and these M3;CuQ, clusters possess 16 elec-
trons for metal—metal bonding. X-ray structural analysis
reveals that there is no significant structural rearrangement
on going from M3Q4 to M;CuQy, and in consequence the
resulting heterodimetallic clusters are also chiral, although
the product is again obtained as a racemic mixture.
Metal—metal distances for some representative complexes
are listed in Table 2. The M—M distances do not change
significantly between molybdenum and tungsten, while the
M—M bonds in the selenido derivatives are ca. 0.06 A
longer than the corresponding distances in the sulfido com-
plexes. The Mo—Cu bonds in the sulfido clusters are 0.04 A
longer than the Mo—Mo distance, while the W—Cu bond is
0.1 A longer than the W—W distance. This distortion of
the tetrametallic unit can be regarded as an elongation
along the C; axis through Cu, and is less pronounced for
the selenido clusters in comparison to the analogous sulfido
complexes. The average M—M and M—Cu bond lengths
are similar to those reported for other M;CuQy clusters
having an identical metal electron population of 16 e~.

As previously mentioned, trinuclear [M;Qu(diphos-
phane);X;]* (diphosphane = dmpe, dppe; X = Cl, Br)
complexes can also incorporate atoms of other metals such
as nickel or cobalt through reaction of the trimeric cations
with [Ni(cod),] or [Co,(CO)s].°8 Alternatively, an entry to
these complexes through the [Mo;NiS4(H,0)yCI|Cl; aquo
ion has been proposed. Water substitution takes place by
treating the solid aquo ion with dppe in methanol to afford
[Mo3NiS,(dppe);Cly] in 43% yield.®% In contrast to the re-
activity observed at the Ni site in the analogous cyclo-
pentadienyl complexes, the Cl ligand attached to the Ni
atom cannot be replaced by CO, PMe; or PMe,Ph. On the
other hand, electrospray mass spectrometry of the Ni deriv-
atives prepared by direct Ni insertion into the trimer
[M;S,4(diphosphane);X5]* shows coordination of a solvent
molecule to the heteroatom. This solvent molecule can then
be substituted for a various N- and S-donor ligands.

M;M'S, Clusters with N— O Donor Tripodal Ligands
There is only one example of this type of clusters but it
deserves special mention because it is the only case of an
MosCuS, complex with a simple cubane structure and an
odd number of metal cluster electrons (17 ™). The com-
pound [Mo;CuS4(tdci);Br]** [tdci = 1,3,5-trideoxy-1,3,5-
tris(dimethylamino)-cis-inositol] was prepared in 55% yield
by treating the trinuclear precursor [Mo;S4(tdci);]*" with
copper metal in ethanol.’¥ This synthetic route contrasts
with the other procedure reported in non-aqueous solvents,
in that Cu metal is used as starting material instead of a
Cu! halide, and this difference results in a change in the
number of cluster metal electrons from 16 to 17. This com-
plex has been structurally characterised and the intermetal-
lic distances are listed in Table 2. The observed Mo—Mo
and Mo—Cu distances in [Mo3;CuS,(tdci);Br]** are longer

Eur. J. Inorg. Chem. 2003, 1271—1290



Heterodimetallic Chalcogen-Bridged Cubane-Type Clusters

MICROREVIEW

than those found in all reported Mos;CuS,; complexes hav-
ing single cube structures and 16 metal electrons.

Electronic Structure, Electrochemistry and
Magnetism

M M’ ,S, Clusters

The most common ligand arrangement for the M,M’',
cubane-type clusters results in a pseudooctahedral geo-
metry around the 4d or 5d metal, M, and a pseudotetrahed-
ral coordination environment for the first-row transition
metal, M'. Harris et al. have developed a qualitative mo-
lecular orbital (MO) scheme for this system.[!%’] In this
model, the metal M “t,,”” and the M’ “t,” orbitals combine
to form a set of six bonding and six antibonding orbitals,
while the M “e,”” and the M’ “e”” orbitals remain nonbond-
ing. This results in a total of ten metal-based MOs; four
nonbonding low-lying MOs which are predominately M’ in
character and six bonding “t” symmetry MOs of higher
energy. Based on this model, a cluster metal electron count
of 20 is expected to be necessary for a completely bonding
metal M,M', tetrahedron and any metal electrons in excess
of this number are expected to occupy antibonding orbitals.

Table 1 lists intermetallic distances together with car-
bonyl and nitrosyl frequencies for some representative com-
plexes with Mo,M’,S, and W,M’,S,; central units. The
strongest metal —metal interactions occur between the 4d or
5d metals in these complexes, and the weakest interactions
are between the two 3d metals. These clusters can exist with
metal electron counts between 16 and 22, although in the
case of Cu and Ni only 22 electron systems have been re-
ported to date. In the 20 electron clusters there are nomin-
ally six metal—metal bonds, and a bond order of one is
assigned to the M'—M’ bond. Differences in bond lengths
between the Fe and Co complexes can be ascribed to the
slightly larger covalent radius of Fe as compared to Co. All
20 electron clusters are diamagnetic.

The clusters with 16 or 18 metal electrons show a marked
increase in the M’ —M' distance. In the 18 e~ systems, eight
electrons will occupy the low-lying nonbonding orbitals
leaving ten electrons to fill five metal—metal bonding or-
bitals. Different situations arise depending on the nature
of these MOs, which may be highly delocalised over the
tetrametallic core or localised between metal pairs. In the
[M0,C0,S,Cp5tX,] (X = halogen) clusters, it appears that
the electron density has been removed from the Co—Co
bond, resulting in a long nonbonding Co--+Co distance. In
the thiolato cluster [M0,C0,S,CpE'(SPh),], much less elec-
tron density appears to be removed from the Co—Co bond
and an apparent bond order near 0.5 results.?!l These dif-
ferences can be attributed to the differences in electronegat-
ivities and n-donor characteristics of the ligands on the Co
atoms. These differences evidently affect the degree of local-
isation/delocalisation of the metal-based MOs involved in
Co—Co bonding. In the 16 electron [Mo,Fe,S;Cp*,X,]
cluster, the electron density is also preferentially removed
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from the Fe—Fe bond.”” The 'H NMR spectrum of this
complex in CDCI; showed a broad singlet at § = 1.81 ppm,
indicating the weak paramagnetic nature of this compound.
On the other hand, the '"H NMR spectrum of the 18 e~
[M0,C0,S,Cp5X,] (X = 1, Br, Cl) complexes showed clear
NMR peaks corresponding to those expected for CpF' li-
gands on diamagnetic clusters even though these complexes
are paramagnetic both in solution and in the solid state.
These [M0,Co,]'>* halo compounds exhibit complex spin
equilibria with thermally accessible S = 1, 2 and 3 spin
states and consequently there is no simple explanation for
their apparently diamagnetic 'H NMR spectra. In contrast,
the analogous thiolate cluster shows simple paramagnetism
consistent with an S = 1 spin state, which may simply mean
that the S = 2 state is not thermally accessible at the tem-
perature studied since the thiolate ligands are better -
donors than halide ligands. No 'H NMR signal is observed
for the [M0,C0,S4CpF'(SPh),] thiolate cluster, as expected
for a paramagnetic system. The differences in magnetic be-
haviour between the halide and thiolate [M0,Co,]">* com-
plexes are not well understood and require further investi-
gation.

The butterfly arrangement observed in the 16 and 18
metal electron clusters is also seen in the 21 and 22 e~ com-
plexes, and the M—M and M—M’ distances correspond to
single bonds (see Table 1). The M'—M’ distance in the 22
metal electron complex is nonbonding, suggesting that the
HOMO is an M'—M’ o* antibonding orbital. The Co—Co
bond lengths of 2.75 A found in the 21 e clusters are half-
way between the fully bonded distance of 2.57 A found in
the 20 electron clusters and the nonbonding distance
observed for the 22 electron systems, supporting the
M’'—M' antibonding character of the HOMO. This inter-
pretation is also supported by the ESR spectrum of the
[M0,C0,S,Cp5(CO),]~ complex which is consistent with
the odd electron being delocalised over two Co atoms, each
with spin 7 = 7/2; 13 of the expected 15 lines were observed,
with the outer two being too weak.[*®! Addition of another
electron reduces the M'—M' bond order to zero, producing
diamagnetic complexes.

Qualitative bonding schemes have also been developed
for other M,M,’ cubane sulfido clusters with different
metal coordination environments to the ones previously dis-
cussed. Changes in the symmetry of the system result in
different electron counts for the formation of intermetallic
cluster bonds. For example, the Dahl group has developed
an MO energy diagram for homometallic [M;S4Cp4] clus-
ters based on the cubic Ty symmetry of the metallic tetra-
hedron that makes it possible to predict and understand the
changes in metal-metal bonding which accompany
changes in the number of electrons.'' The number of
metal electrons required for a completely filled set of six
M—M bonding orbitals (a; + e + t,) is 12. This bonding
scheme is also assumed to be applicable to the relatively
rare heterometallic [M,M',S,Cp,] clusters. Although there
are no structural data on these clusters, spectroscopic evid-
ence suggests that the [Mo,Cr,S4;Cp*,Cp,] complex with 12
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cluster electrons has a cubane-type structure with presum-
ably a fully bonded metal tetrahedron.38!

Another combination of metal coordination geometries
is found in the [Mo,Fe,Cp,(CO)4] cluster with a square-
pyramidal “FeS;(CO);” fragment. Fenske—Hall calcula-
tions on this complex predict that a cluster electron count
anywhere between 12 and 16 e~ should lead to a completely
bonding metal tetrahedron.!''!l In the 18 electron [Mo,-
Fe,Cp,(CO),4] compound, two electrons will occupy an
Fe—Fe antibonding orbital and the long Fe—Fe distances
observed in this complex agree with this prediction. On the
other hand, the [Mo,Fe,S4(1,-S,CNEL,)(S,CNEL,),] com-
plex, also with a pentacoordinate iron fragment (albeit tri-
gonal-bipyramidal instead of square-pyramidal) and 15
metal cluster electrons, has a full set of six metal—metal
bonds.

Finally, the [M,Cu,S4(S>C,H,4)»(PPhs),] complexes with
a pentacoordinate environment for the molybdenum and
tungsten atoms that differs from the octahedral coordina-
tion found in the remaining M,M’, clusters have the same
butterfly-cubane geometry found in the octahedrally coord-
inated Mo and W complexes. Although no qualitative MO
energy diagram of this system has been developed, the
structural findings also agree with the existence of an anti-
bonding HOMO localised between the two copper atoms,
as theoretically predicted for the M,M,'S; cyclo-
pentadienyl derivatives.

A comparison of the IR spectra of the Mo clusters and
their W analogues shows that the vco or vno values are
lower for the tungsten clusters in all cases, indicating a
higher back-donation for the heavier metal which is effec-
tively more electron-rich. This is consistent with the electro-
chemical results. Cyclic voltammetry studies show that
these systems undergo reversible or quasireversible conver-

sions between the 20, 21 and 22 metal electron species. The
reported redox potentials for representative M,M’, com-
pounds are listed in Table 3. The tungsten clusters are more
difficult to reduce and easier to oxidise than their molyb-
denum analogues, which is also consistent with the tungsten
complexes being more electron-rich.

M;M'Qy4 Clusters

Fenske—Hall MO calculations on M;M’S,; complexes
show the presence of a group of three strongly bonding
cluster MOs (le and la;), a doubly degenerate M'-based
bonding orbital (2e), a group of three weakly antibonding
cluster MOs (2a; and 3e) and three strongly antibonding
cluster MOs (4e and 3a;).['!?! In the clusters having electron
counts of 14 and 16 e~, 12 metal electrons will occupy the
cluster bonding orbitals and the weakly antibonding 2a,
orbital, and two or four electrons will partially or fully oc-
cupy the 3¢ HOMO. Metal electrons in excess of 16 will
occupy strongly antibonding 4e and 3a; cluster MOs.

This MO scheme is supported by magnetic susceptibility
measurements on powdered samples of single crystals of
[MosM'S4(H,0)0][pts]47H,O (M" = Fe, Ni) which give ef-
fective moments of 2.78 B.M. at 2.16 K and 3.26 B.M. at
269.95 K for M’ = Fe and 0.11 B.M. at 2.00 K and 1.26
B.M. at 260.7 K for M’ = Ni.[65113.114] These results are
consistent with the presence of two unpaired electrons in
the MosFe 14 metal electron cluster and no unpaired elec-
trons in the Mo;Ni 16 metal electron cluster. No ESR spec-
tra could be observed for frozen solutions of
[MosFeS4(H,0),0]*" in 2 M HCI or HCIO, at temperatures
down to 4.2 K, in agreement with an S = 1 ground state
for this system. The magnetic susceptibility data for
[M03M’S4(H20)10](pts)4'7H20 (M/ = FC, Nl) Wwere ana-
lysed using the vector model formalism of Kambe and the

Table 3. Redox potentials [V vs. Fc] of some representative Mo,M',S, cubane-type clusters

Clusterl?! No. of metal E. o4 E., Conditions Correction Ref.
electrons
[Mo,Fe>S,Cp*,Cls] 16 —1.44 (rev.) glassy carbon electrode THF/[Bu,N][Cl1O,] b] (201
[MoFe,S; CpFi(NO),] 20 —1.12 (rev.) 0.22 (irr.)  platinum electrode CH3;CN/[Bu,N][PF¢] el (221
—1.52 (rev.)  0.60 (irr.)
—1.86 (rev.)  0.90 (irr.)
[W5Fe,S,Cp*,(NO)s,] 20 —1.72 (rev.)  0.08 (irr.)  platinum electrode CH3;CN/[Bu,N][PF¢] el (221
—1.90 (rev.)  0.40 (irr.)
—2.33 (qrev.) 1.14 (qrev.)
[M05C0,S,CpF{(CO),] 20 —1.44 (rev.)  —0.20 (irr.) platinum electrode CH3;CN/[BuyN][PF4] [l (221
0.22 (irr.)
[Mo0,Ni,S,Cp*,Cp-] 20 —1.47 (rev.)  —0.22 (rev.) platinum electrode CH3;CN/[BuyN][BF,] d] (271
=230 (irr.)  0.24 (rev.)
[M05C0,S4,CpF{(NO),] 22 —1.93 (rev.)  —0.60 (rev.) platinum electrode CH3;CN/[Bu,N][PF¢] el (221
[W>C0,S,Cp*,(NO),] 22 —2.15 (rev.)  —0.47 (rev.) platinum electrode CH3;CN/[BuyN][PF4] fel (221
[Mo,Ni,S4Cp’»(CO),] 22 —1.65 (rev.)  0.15 (irr.)  platinum electrode CH3;CN/[BuyN][BF,] d1 (271
—=2.18 (rev.)  0.35 (irr.)
[M05Cu5S4(C,H,S5)5(PPh;3),] 22 —-1.22 (irr) - platinum electrode CH,Cl,/[BugN][ClOy] [e] 1311
[WzCUZS4(C2H4S2)2(Pph3)2] 22 —1.66 (irr.) - platinum electrode CHzclz/[BU4N][CIO4] [l 1311

(4] Half-wave potential (E),) is given unless the wave is irreversible (irr.), in which case the peak potential (E,) is given. ! Fc 0.56 V vs.
SCE (THF/[NBu,][PFg]); conversion into Fc approximate. [ Fc 0.40 V vs. NHE.PZ [ Fc 0.07 V vs. Ag[NO;J/Ag.P1 ¢l Fc 0.46 V vs.

SCE (CH,Cly/[NBuy][PF¢]); conversion into Fc approximate.
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experimental data were fitted to a model with an Mo'V-
Mo ™™™ core. The ground state assignment agrees with the
experimental results of 3’Fe-Mdssbauer spectroscopy,
where the oxidation state of the iron atom in the MosFe
cluster has been determined to be +2.39. The order of the
binding energies of Mo 3d;;, and Mo 3ds, for these tetra-
nuclear clusters and their trinuclear Mo; precursor have
been obtained from X-ray photoelectronic spectra
to give the following values: E(Mos) = 233.7, 230.7 ¢V,
E(MosFe) = 233.1, 230.0eV and E(MosNi) = 233.3,
230.3 eV. The fact that E(Moz) > E(Mos;M’) indicates a
real charge transfer from the incorporated metal atom to
the Mos trimer, in good agreement with the previous
Mo'VMoM'™ metal oxidation state assignment.

A comparison of the bond lengths between the 14 and
16 metal electron M3sM' clusters with single-cube structures
(see Table 2) does not show any clear relationship between
the intermetallic distances and the number of metal elec-
trons, in contrast to the general findings for M,M’, com-
plexes. This fact can be attributed to the highly delocalised
nature of the bond in the M3;M’ system. On the other hand,
significant differences are observed in the metal—metal
bond lengths between clusters with identical Mos;M’S, co-
res and the same number of metal electrons, indicating that
changes in the donor ability of the outer ligands have im-
portant effects on the electronic structure of the cluster.

Fenske—Hall calculations also show that the bonding/
antibonding character of the middle group of cluster or-
bitals (2a; and 3e) is affected by the relative energies of the
M’ and M; fragment orbitals.'!?! As the M’ fragment or-
bitals increase in energy relative to the Mos fragment or-
bitals, they mix more strongly with the unoccupied MosS,
fragment orbitals and as a result, the middle group of clus-
ter orbitals becomes more bonding (or in this case, less anti-
bonding). The energies of the M’ fragment increase in the
order Cu < Ni < Co < Fe and thus the antibonding char-
acter of the (2a; and 3e) orbitals decrease according to the
sequence Cu > Ni > Co > Fe. Consequently, the strength
of the M—M’ interaction increases in the order Cu < Ni
< Co < Fe. This effect is seen in the calculated M—M’
bond orders of 0.561 and 0.432 for [Mo3;CoS4Cp’3(CO)]
and [Mo;NiS4(H>0)o(CO)**, respectively.

Discrete variational (DV) Xa calculations carried out on
[MosM’S,(H,0),0]*" (M'= Fe, Ni) complexes agree with
the general picture of the bond provided by the
Fenske—Hall scheme, except that the Xa method gives a
HOMO with “a” symmetry for both the MosFe and the
Mo;Ni complexes.[®! In the case of nickel the HOMO sym-
metry matches the LUMO of small molecules such as car-
bon monoxide or ethylene, thus explaining the reactivity of
the MosNi cluster towards these molecules. The absence of
reactivity found for the iron complex has been attributed to
the lack of symmetry matching between the MosFe cluster
HOMO and the LUMO of these small molecules.

The only compounds with [M3M'Qy4] cores and 17 metal
cluster electrons to have been structurally characterised are
those with M = Mo, M’ = Cu and Q = S, and two differ-
ent structural types, isolated cube and double cubane, have
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been identified. In all cases, the Mo—Cu distances are
longer than those observed for the analogous 16 electron
clusters. Extended Hiickel MO calculations on isolated
MosCuS, complexes suggest that the extra electron in the
17 e~ cluster occupies a strongly antibonding Mo—Mo and
Mo—Cu orbital, thus explaining the longer Mo—Mo and
Mo—Cu distances observed for [MosCuS,(tdci);Br]**
[tdci = cis-1,3,5-tris(dimethylamino)inositol].[7477]

EPR studies on the 17 electron mixed-metal single-cub-
ane cluster [Mo;CuS4(H,0),0]*", generated by decomposi-
tion of the double cubane cluster complex
[{Mo3CuS,4(H,0)o}-]®*, indicate that the complex is para-
magnetic with S = 1/2 and the hyperfine splitting is consist-
ent with a metal oxidation state formulation of
MoVMo™Cu! in which the paramagnetic centre is mainly
located on one of the molybdenum atoms. The Mo'!" site is
not fixed at a specific position but moves over the three
molybdenum sites at a rate of the order of 107 s~ 1.7l
Extended Hiickel MO  calculations on the
[Mo3CuS4(H,0),0]*" aquo ion agree with a large spin
distribution on Mo, as observed experimentally.

The redox properties of these M;M'Q, complexes have
been investigated by cyclic voltammetry and a list of se-
lected potentials is presented in Table 4.

In general, the M3M' clusters are easier to reduce than
their M,M’, counterparts and, with the exception of the
[Mo;NiS,(dppe);Cly] complex which has a reversible oxida-
tion wave at 0.2 V (vs. Fc), no oxidation processes have
been reported for the MsM' compounds, in contrast to the
rich electrochemical activity found for the M,M’, clusters
upon oxidation.®! As found for the M,M’, system, the
tungsten derivatives are more difficult to reduce than those
of molybdenum. An interesting point arises when compar-
ing the electrochemical behaviours of the tetrametallic
M;M’'Qy clusters with those of their trimeric M;Qy4 pre-
cursors. In the case of the Fe or Ni incorporation into the
[Mo3S4J*" aquo ion, the resulting [MosM’S,(H,0),oJ**
(M’ = Fe, Ni) complexes are ca. 0.45 V more difficult to
reduce than their precursor aquo trimers.[°* These observa-
tions suggest a formal oxidation state for the metals of
Mo"™VMo"M'™ in agreement with the Mdssbauer and XPS
experimental results. The three reduction waves can then be
attributed to three monoelectronic processes, namely
Mo'VMo'M'!! 2 Mo!VMol'M'! 2 Mo!VMolIM"® 2 Mo
IIM0 taking into account that the peak potential for the
third reduction of these MosFe and MosNi complexes is
very close to that for the third reduction of the [Mo3S4]*"
aquo precursor in which Mo'™VMol! is reduced to Mo},

In contrast to the Fe and Ni findings, Cu insertion into
the [M3Q4(dmpe);X;]* trimers results in an anodic shift of
the redox potential in the sulfides and selenides of both
molybdenum and tungsten.[>-7%! This fact, together with the
MoYMo!™Cu! oxidation state assignment of the 17 electron
[Mo5;CuS4]*" aquo ion (based on EPR results) and close
inspection of the redox potential values for the MosCu
complexes and their Mo; precursors (see Table 4), has led
us to propose the following reduction mechanism: Mo} Cu!
2 MoYMo™MCu! 2 Mo'VMoM'Cu'. Note that the potential
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Table 4. Redox potentials [V vs. Fc] of some representative M3;M'Q, cubane-type clusters and their trinuclear MsS, precursors

Clusterldl No. of metal electrons  E,.q

Conditions Correction  Ref.

[Mo5S4(H,0)o]*" 6 —0.54 (grev.)
—1.10 (qrev.)
—1.83 (irr.)
—1.00 (irr.)
—1.56 (irr.)
—1.90 (irr.)
—1.00 (irr.)
—1.57 (irr.)
—1.81 (irr.)
—1.13 (qrev.)
—1.82 (irr.)
—0.81 (qrev.)
—1.19 (irr.)
—1.00 (qrev.)
—1.64 (irr.)
—0.73 (qrev.)
—1.08 (irr.)
—0.98 (irr.)
—1.31 (irr.)
—1.64 (irr.)
—0.73 (qrev.)
—1.31 (irr.)
—1.56 (irr.)

[MosFeS4(H,0),0** 14

[Mo3NiS4(H,0),0]** 16

[MosS,4(dmpe);Cl3]+ 6
[Mo;CuS,(dmpe);Cl,]*" 16
[Mo3S4(dmpe);Brs]* 6
[MosCuS,(dmpe);Bry] ™ 16

[Mo;Ses(dmpe);Br;]* 6

[Mo;CuSe4(dmpe);Br,y]*" 16

glassy carbon electrode CH3;CN/[BuyN][PFg] [b] 1631

glassy carbon electrode CH3;CN/[BuyN][PF] (o] 1631

glassy carbon electrode CH3;CN/[BuyN][PF] (o] 1631

platinum electrode CH3CN/[BuyN][PF] [l [102]

platinum electrode CH3;CN/[NBuy][PF] d] 3]
platinum electrode CH3CN/[Bu,N][PFg] [l
platinum electrode CH;CN/[BuyN][PF] ] 3]

platinum electrode CH3CN/[BuyN][PF4] [l (73]

platinum electrode CH3;CN/[BuyN][PF4] [l (73]

(] Half-wave potential (Ey,) is given unless the wave is irreversible (irr.), in which case the peak potential (E,) is given. [ Fc 0.094 V vs.

Ag/AgI T Fe 0.44 V vs. Agt/Ag 102 1A Fc 0.5V vs. Agt/Ag.B

values for the second reduction process of the Mo;Cu com-
plexes are similar to the peak potential of the first bielec-
tronic wave found for the sulfide trimers, where Mo}V is
reduced to Mo!'VMo!. They are also similar to the peak
potential of the second monoelectronic wave observed in
the trinuclear selenides, where MolVMo™! is reduced to
Mo'VMoM. A similar mechanism could be tentatively ex-
tended to the W3CuS, complexes. In general the selenido
clusters are more easily reduced than the analogous sulfides.

Properties and Applications

In this last section we highlight some properties of these
M,M’,S, and M;M’'Q, transition metal chalcogenido clus-
ters that make these complexes useful as materials with po-
tential technological applications. We have chosen these
properties based on our own interests in catalysis, nonlinear
optics and the capability of these complexes to form supra-
molecular adducts.

Catalysis

The only molecular clusters of the type discussed in this
microreview that have proved to resemble the industrial
HDS heterogeneous catalyst are the Mo,Co,S, (x = 3, 4)
complexes. As described in a previous section, [Mo,Co(i3-
S)>(s-S)Cp'»(CO),] reacts with thiols at temperatures of
several hundred degrees below that used in the HDS of pet-
roleum feed stocks to give the cubane cluster [Mo,-
Co0,S4Cp’»(CO),] in almost quantitative yields together
with the corresponding hydrocarbon. No molecular re-
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arrangement or alkene formation is observed in the course
of the reaction. This fact, together with the stereospecificity
of the reaction, indicates homolytic cleavage of the C—S
bond.?>!131 The reaction of [Mo0,Co0,S;Cp’»(CO),] with
the thiolate MeCsH4S™ was studied at —60 °C by NMR
spectroscopy and it provides the first insight into the mech-
anism of desulfurisation. Initially, the thiolate ion binds a
cobalt atom to form a red adduct. An increase of the tem-
perature to —24 °C causes a transformation of this red ad-
duct to a green compound in which the thiolate bridges the
Co—Mo bond. Desulfurisation occurs upon heating this
bridged adduct under reflux conditions in deuterated
MeCN to produce [D;]toluene (MeCgH4D) plus the radical
anion [Mo,Cos(13-S)4Cp’»(CO),]~, again supporting the
idea of homolytic cleavage of the C—S bond.[*!

This Mo0,Co,S5 cluster also cleaves the C—S bond in thi-
ols by an apparent free radical mechanism. The kinetics of
thiol desulfurisation are first-order in both cluster and thiol
concentration. When the reaction product [Mo,Co(ls-
S)4Cp’»(CO),] is heated at 150 °C with CO at 69 atm, a
20% conversion into [Mo,Co,([3-S)»(1s-S)Cp’'»(CO),] and
OCS is obtained. The combination of the sulfur abstraction
reaction and the regeneration of [Mo0,C0,S;Cp’»(CO)4]
constitutes a cycle for catalytic carbonyl desulfurisation of
organic sulfides, as represented in Scheme 7.[21-25-41.115]

The cluster [M0,Co,(p13-S),Cp5{(CO),] reacts with good
sulfur donors such as thiiranes and thietanes to give the
organic hydrocarbons that result from their hydrodesulf-
urisation, together with an insoluble black solid for which
a polymeric structure of [M0,Co,(p3-S)4Cp5'] cubes linked
together by sulfur bridges has been proposed.!!®

Eur. J. Inorg. Chem. 2003, 1271—1290
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Scheme 7. Catalytic desulfurisation cycle of organic sulfides

[Mo0,Co,(13-S)4Cp5(SPh),], obtained by oxidation of the
carbonyl starting material cluster, was used to model the
sulfur-bridged polymer. When [Mo0,Co,(113-S),CpE'(SPh),]
is treated with H, (13.4 X 103 Pa)/CO (13.4 X 10° Pa) at
130 °C, the carbonyl cluster [M0,Co,(p3-S),CpE{(CO),] is
regenerated and gives PhSSPh as the sole organic product.
Furthermore, a catalytic cycle for the conversion of PhSH
to PhSSPh with the Mo,Co,S, cluster as catalyst is feas-
ible.?! Tt is interesting to point out that these M0,Co,S,
(x = 3, 4) clusters are capable of cleaving C—S bonds at
temperatures several hundred degrees below that used in
the industrial heterogeneous hydrodesulfurisation process,
suggesting that C—S bond activation is not the rate-deter-
mining step in the industrial process, but rather the removal
of sulfur from the surface of the catalyst.

The cluster [Mo0,Co(13-S)->(14-S)Cp’»(CO),4] has been
supported on alumina and subjected to temperature-pro-
grammed decomposition under hydrogen. The activity and
selectivity of this MoCoS/Al,O3; system for thiophene
hydrodesulfurisation are similar to those of conventionally
prepared catalysts under similar reaction conditions. Spec-
troscopic characterisation of the cluster-derived catalyst
suggests that the clusters undergo oxidation by the surface
upon loss of the organic ligands.[!!7]

The uptake of CO is often used as a measure of the HDS
activity of a heterogeneous catalyst. The fact that several
M;M’'Q,4 complexes react with CO supports the idea that
these clusters may be functional models in homogeneous
HDS catalysis.'3 The ability of the heterometal atoms in
the [M3M’Q,4]"* (M'= Fe, Co, Ni, Cu) aquo ions to bind
CO has been correlated with the number of metal cluster
electrons. The Mo;CoS, and M;NiQ, cubes with 15 and 16
metal electrons react with CO to afford the
[M03C0S4(H,0)o(CO)**,  [Mo3NiQ4(H,0)o(CO)]**  and
[W3NiS4(H,0)o(CO)]** cationic clusters, which are more
stable than their starting aquo ions. In the case of nickel,
the presence of chloride ions in the reaction media pre-
cludes formation of the carbonyl adduct, and CO is re-
placed by ClI~ on addition of concentrated HCI to
[M3NiQ4(H,0)o(CO)]**.  Coordination of CO to
[Mo03Co0S4(H,0),0]*" is reversible, and bubbling nitrogen
through [Mo3;CoS4(H,0)o(CO)]** regenerates the starting
aquo ion. The [Mo3;CuS4(H>0);]>* cluster, which has the
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same 16 metal electron count as the Ni complexes, reacts
with CO in a different manner to produce the trinuclear
[Mo5S4* aquo ion plus [Cu(CO)]". As observed for the
cobalt system, bubbling of nitrogen regenerates the starting
aquo cluster. On the other hand, the [Mo3;FeS4(H,0)0]*"
and [Mos;CuS4(H,0),0]*" clusters, with 14 and 17 metal
cluster electrons, respectively, do not react with CO.[48]

The IR spectra of [M;NiS4(H,0)o(CO)** show CO
stretching bands at 2077 cm ™! for M = Mo and 2045 cm ™!
for M = W. IR spectra of heterogeneous NiWS catalysts
after CO uptake display a CO band at 2090 cm™!, sug-
gesting that there are differences in the chemical environ-
ment between the nickel atoms in the NiMS heterogeneous
catalyst and in the [M;NiS4(H,0)o(CO)]** aquo ions. The
structural characterisation of [MosNiS,Cp';L]" com-
pounds in which the nickel atom is coordinated to organic
sulfur- or nitrogen-containing ligands (L), do not indicate
any activation of the C—S or C—N bonds, as reported in a
previous section. In addition, the reaction between
[MosNiS,Cp’;L]* and benzothiophene/quinoline at 30 bar
of H, and 130 °C does not reveal the formation of any of
the expected hydrodesulfurisation or hydrodenitrogenation
products.[®” This lack of HDS activity has been attributed
to the low electron density on Ni, based on quantum mech-
anical calculations.[''?! However, the limited backbonding
to CO, a consequence of the low electron density on the
heterometal, is also observed in the industrial MNiS cata-
lysts. Further investigations are needed to understand
these observations.

One of the key problems in the hydrodesulfurisation of
light oil is the low reactivity of 4-methyldibenzothiophene
and 4,6-dimethyldibenzothiophene, since the methyl groups
hinder the approach of sulfur to the active sites of the cata-
lyst. In order to overcome this limitation, [Mo03S4(H,O)o]*"
and [Mo3NiS4(H,0)oCI]*" have been loaded into zeolites in
the hope that the acidic properties of zeolites might be cap-
able of activating the alkyl group(s) in the thiophenic deriv-
atives as the cluster core promotes the desulfurisation reac-
tion. The Mo3S,; and MosNiS, complexes have been incorp-
orated into zeolites (NaY, HUSY, NaHp, Na mordenite
and KL) by aqueous ion-exchange without destruction of
the zeolite structure.l''8~1201 The trinuclear cluster remains
virtually intact after ion exchange. On the other hand, par-
tial decomposition of the NiMo cluster to Ni>* and the
MosS, trimer has been observed after ion exchange. The
HDS activity of benzothiophenone is significantly affected
by the zeolite structure and the best results are found for
NaY or KL. The catalysts prepared by incorporation of the
nickel heterodimetallic cluster were more active in the HDS
reaction than those prepared by ion exchange of the MosS,
cluster with nickel nitrate solutions in the zeolites. The ef-
fectiveness of employing the MoNi mixed cluster suggests
some similarities between the structure of the active sites
and that of the Mo;Ni heterodimetallic cluster.

Recent work in our group shows that the
[Mo;CuS,(dmpe);Cly] " cationic cluster is a useful catalyst
for the cyclopropanation of diazo compounds. The reaction
of 1-diazo-5-penten-2-one in dichloromethane solutions un-
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Figure 5. Drawing of the [{Mos[Ni(PhSO,)]S4(H>0);¢3Cl; 17}2(C36H36N-4015)]¢" supramolecular adduct with partial atom-num-

bering scheme

der reflux conditions for 3 d affords the cyclopropanation
product bicyclo[3.1.0]pentan-2-one in yields greater than
95%.1121]

Nonlinear Optics

The optical-limiting merit of transition metal clusters has
attracted much interest recently because these compounds
combine the advantages of the presence of heavy atoms
with structural versatility of the coordination environment.
The clusters [M;CuS4(dmpe);X4]" (X = Cl, Br) as well as
their trinuclear precursors [M;Q4(diphosphane);X5]" (di-
phosphane = dmpe, dppe) are all efficient optical
limiters.[>1981 A large ratio of the effective excited-state cross
section (O.g) to ground-state absorption cross section (cg)
is one criterion for assessing potential as optical limiters.
Values of o.4/0, for these trinuclear and tetranuclear clus-
ters lie within an order of magnitude (from 1.1 to 12), sug-
gesting a common power-limiting mechanism, possibly
purely thermal in origin. The threshold-limiting fluence in
these optical limiters decreases on proceeding from the
tetranuclear cluster to its trinuclear precursor and from the
tungsten-containing to its molybdenum-containing ana-
logue.

Formation of Supramolecular Adducts

The M;M'’S, aquo ions yield supramolecular compounds
on reaction with macrocyclic ligands such as cucurbituril
(cuc).'?2123 In cases where M’ is a first-row transition
metal, this ligand forms stable compounds with cations
such as [MO3NiS4(H20)7C13]+, [MO3NiS4(H20)gC12]2+ and
[Mo03NiS4(H>0)9(PhSO,)*.[124125] The typical arrange-
ment (cluster)(cucurbituril)(cluster) is shown in Figure 5 for
the latter derivative. The driving force for the crystallisation
process is the formation of several complementary hydrogen
bonds between the C=0 groups and the water molecules
coordinated to the cluster, and as a result, addition of cu-
curbituril is often used as a method to facilitate crystallis-
ation of cuboidal aquo ions.

This entry to supramolecular chemistry also allows the
development of host—guest chemistry. This is illustrated by
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the crystallisation of the supramolecular adduct
{[MosNiS4(H,0)sClL,](pyH* Ccuc)}Cl5-14-5H,0 with a py-
ridinium cation inside the cucurbituril cavity.
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