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DMA N, N-dimethylacetamide 
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DMSO dimethylsulfoxide 

A. INTRODUCTION 

The interest in heterometal-sulfur clusters stems largely from the similar- 
ity between the physico-chemical properties of some MO-Fe-S derivatives 
and those of the iron-molybdenum proteins (specifically the iron- 
molybdenum cofactor) of the nitrogenase enzyme [l-4]. In addition, the 
recent isolation of vanadium-iron proteins [5,6], probably also having a 
vanadium-iron cofactor [7], opens new fields to heterometallic clusters in 
molecular biology. Moreover, there is evidence that the involvement of 
heterometal-sulfur derivatives in biological functions is a more extended 
phenomenon [8,9]. 

Finally, equally significant goals appear in the use of heterometallic sulfur 
clusters as new catalytic materials [lo]. 

As discussed in Part I of this review [ll], in which the electrochemistry of 
metal-sulfur clusters is examined, here I will report (unless otherwise 
specified) electrode potentials with reference to the ferrocene/ferrocenium 
couple, in order to compare potentials from different solvents and from 
different reference electrodes. Dinuclear complexes are not included in the 
discussion. 

B. HETERODIMETALLIC SULFUR CLUSTERS 

Most of the currently known heterometallic sulfur clusters which have 
been electrochemically characterized belong to the class of dimetallic deriva- 
tives. 

(i) Iron-cobalt clusters 

(a) FeCo,S core 
As discussed in Part I of this review (Section B (i)), the mixed metal 

cluster FeCo,S(CO), affords the opportunity to evaluate the structural 
consequences of the removal of the unpaired electron (residing in a strongly 
antibonding orbital) in Co&CO),, FecO,S(CO), being isoelectronic with 
[Co,S(CO),]+ [12]. Figure 1 shows the molecular structure of FeCo,S(CO),. 
It consists of an equilateral metal triangle capped by an apical triply 
bridging sulfur atom, giving rise to an averaged structure of C,, - 3m 
geometry [12]. 
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Fig. 1. Mokcular structure of FeCo,S(CO), (from ref. 12). 

The electrode behavior of FeCo,S(CO), in different solvents clearly 
indicates its ability to be reversibly, or near reversibly, reduced to the radical 
anion [FeCo,qCO),lY [13,14]. Since this monoanion has a half-life of about 
1 min at room temperature, the appearance of further reduction steps has 
been attributed to fragmentation products. It has also been hypothesized 
that the heterogeneous electron transfer occurs via the apical sulfur atom 
[13]. Table 1 reports the redox potentials for the charge transfer O/l - . 

Assuming the anion [FeCo,S(CO),]’ to be equivalent to Co,S(CO),, the 
addition of one electron to FeCo,S(CO), causes a significant elongation of 
the average metal-metal distances from 2.55 to 2.64 A, and a slight 
shortening of the average metal-sulfur distances from 2.16 to 2.14 A [12]. 
These data agree with the view that the electron enters an antibonding 
orbital, essentially metallic in character [12,13]. 

As shown in Table 1, the gradual substitution of carbonyl groups with 
weaker q-acceptors such as aryl isocyanides [14] or triphenylphosphite [13], 
increasing the electronic density on the trimetallic core, makes the reduction 
step more arid more difficult. 

(b) Fe&OS core 
On the basis of spectroscopic properties, a triangular pyramidal structure 

similar to that of FeCo,S(CO), was proposed for the [Fe,CoS(CO),]- anion 
[IS]. In 1,2-dichloroethtie this monoanion undergoes both a quasi-reversible 
one-electron oxidation and a quasi-reversible one-electron reduction [14] 
according to the following sequence: 

Fe,CoS( CO)9 +sI [ Fe,CoS( CO),] - +g- [ Fe,CoS( CO),] 2- 
-em 

E 01 ~=+0.16 v E Of= -2.12 v 
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TABLE 1 

Formal electrode potentials (in volts) for the reduction processes of FeCo,S(C0)9_,L, 

L n Redox change Solvent Ref. 
O/l - 

- 
- 

WOW&), 
CH,O-p-GH,NC 
CH,-p-C,H.NC 
CH,-o-GH,NC 
CH,-m-C,H,NC 
C,H,NC 
Cl-o-C,H,NC 
C,H,CH,NC 
N02-p-GH4NC 
CH,O-p-GH‘,NC 
CH,-p-GH,NC 
CH+-GH,NC 
CH,-m-C6H,NC 
C,H,NC 
Cl-o-GH,NC 
C,H,CH,NC 
NO,-p-C, H,NC 
CH,O-p-GH,NC 
CH,-p-C6H,NC 
CH,-m-GH,NC 
GH,NC 
Cl-u-c, H4NC 

0 - 0.80 
0 -1.09 
1 -1.42 
1 - 1.36 
1 - 1.35 
1 - 1.32 
1 - 1.33 
1 - 1.33 
1 - 1.30 
1 -1.34 
1 - 1.28 
2 -1.57 
2 - 1.56 
2 - 1.53 
2 - 1.54 
2 - 1.53 
2 - 1.51 
2 - 1.54 
2 - 1.47 
3 - 1.86 
3 - 1.83 
3 - 1.80 
3 - 1.78 
3 - 1.73 

AC 
DCE 
AC 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 

13 
14 
13 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 

Diagnostic parameters indicate that the dianion is a stable product, while 
the neutral species is stable only for a short time. 

Since [Fe,CoS(CO),]- is isoelectronic with FeCo,S(CO),, the comparison 
between the relevant redox potentials for the addition of one electron clearly 
demonstrates that coulombic repulsions greatly destabilize the trimetal anti- 
bonding LUMO orbital of [Fe,coS(CO),]-. _ 

(ii) Iron-molybdenum clusters 

In accordance with the two most likely models for the Fe-MO-S clusters 
of nitrogenase [l-4], represented in Scheme 1, the synthetic approach to 
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Fig. 2. Molecular geometry of {[(SCH,CH,S)MoS3j,Fe}3-. Mean distances: MO-Fe 2.75 A; 
Mo-qtcrminalj 2.14 A; Mo-Setiu 2.32 A; MO-&____> 2.40 A; Fe-S 2.22 A; MO-E-MO 
155.7O (from ref. 16). 

iron-molybdenum clusters has followed both the “cubane” heterometallic 
assembly and the “linear” heterometallic assembly. 

Scheme 1 

(a) FeMo,S, core 
See Appendix. 

(b) FeMo& core 
The molecular structure of the trianion { [(SCH,CH, S)MoSJ ,Fe} 3- is 

shown in Fig. 2 [16]. 
The anion contains a central tetrahedrally coordinated Fe(II1) atom and 

two pseudotetragonal-pyramidal Ma(V) atoms. 
In acetonitrile solution, { [(SCH,CH,S)MoS,] 2 Fe} 3- undergoes a quasi- 

reversible one-electron reduction (E O ’ = - 1.05 V), followed at more nega- 
tive potentials (- - 1.9 V) by a multielectron process [16]. No information 
is available as far as the stability and/or structure of the tetra-anion is 
concerned. 

(c) FeMoJ, core 
The trianion [(MoS,),Fe13- was independently prepared by two groups 

[17,18]. Figure 3 shows its molecular structure [18] to consist of a central 
tetrahedrally coordinated Fe atom bound by two tetrathiomolybdate anions. 
Recent studies formulate it as an iron(I) complex coordinated by two 
diamagnetic Mows, anions [19]. 

The trianion undergoes, in acetoni‘trile solvent, a quasi-reversible oneelec- 
tron reduction (3 - /4 -) (E”’ = - 2.12 V) and an irreversible one-electron 
oxidation. (3 - /2 - ) ( Ep = - 0.30 V) (Fig. 4) [17]. 



Fig. 3. Perspective view of [(MoS,),Fe13-. Mean_distances: MO-Fe 2.74 A; 
2.17 A; Mo-%~- 

MO-!5+-, 
2.24 A; Fe-S 2.26 A; MO-Fe-MO 172.6 o (from ref. 18). 

The irreversibility of the 3 - /2 - step renders the existence of the 
dianion [Fe(MOS,) 2]2- uncertain [20]. 

(d) Fe,MoS4 core 
The dianion [(FeC1,),Mo!$J2- has recently been prepared and char- 

acterized 121,221. It consists of a central tetrahedral tetrathiomolybdate 
anion bridging two FeCl, units (Fig. 5). 

In dichloromethane, [Cl 2 FeS, MoS, FeCl 2 ] 2 - undergoes a quasi-reversible 
one-electron reduction (2 - /3 - ) coupled with following chemical compli- 
cations (identified as a loss of chloride ion from the unstable 
[Cl 2 FeS, MoS, FeCl 2 ] 3-) leading to [(MoS,)Fe,Cl J2-_ Similar behavior oc- 

-1.792 v 
I 

Fig. 4. Cyclic voltammetric behavior of [Fe(MoS,),13- in acetonitrile solution. Potential 
values vs. SCE (from ref. 17). 
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Fig. 5. Molecular structure of [Cl z FeS,MoS2Fs2] *-_ Mean distances: MO-Fe 2.78 A; 
Fe-S 2.30 A; MO-S 2.21 A; Fe-Cl 2.23 A; Fe-MO-Fe 179.4” (from ref. 21). 

curs with [Br,FeS,MoS,FeBr,12- [22]. Table 2 reports the redox potentials 
for the [X2FeS2MoS2FeX,]2-/3- couples (X = Cl, Br). 

(e) Fez MoS, core 
One further component of the “linear” heterometallic trinuclear sulfur 

derivatives is the trianion [(C,H,S),FeS,FeS,MoS,13- (Fig. 6) [23]. The 
presence of Fe atoms in two distinct sites should be noted. The trianion 
undergoes (in acctonitrile?) both an irreversible oxidation at + 0.3 V and an 
irreversible reduction at - 1.4 V [23], clearly indicating it to be the only 
stable member of the trinuclear Fe-Fe-MO sulfur clusters. 

(f) Fe, Mo2S3 cure 
See Appendix. 

(g) Fe,Mo,S, core 
See Appendix. 

(h) Fe,MoS, core 
As seen in Scheme 1, the iron-molybdenum cubane clusters are important 

models for nitrogenases. A wide series of ” single-cubane” Fe,MoS, clusters 
has been characterized, and their reactivity (Scheme 2) fully demonstrated 
[24]. The synthesis of the precursors (type 1) begins with the solvent-induced 
cleavage of bridged “ double-cubane” iron-molybdenum clusters [25 -271, 

3- 
PhS 

L ,’ 
A\ 

8. Fe/S\Md=*‘s 
;‘,, \,/ 

PhS bs 1 
Fig. 6. Proposed structure for [(GHsS)2FeS2Fe&MoSp]3-. 
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TABLE 2 

Approximate a standard potentials (in volts) for the 2 - /3 - couple of [X,FeS,MoS2FeX,] 2- 
(X = Cl, Br) in dichloromethane solvent [21,22] 

X EO’ 

Cl - 1.04 
Br - 1.02 

a Calculated from cyclic voltammetric responses at i,,/i, = 0.7, where i,, and i, are the 
anodic and cathodic peak current respectively. In order to obtain a thermodynamic value an 
i&i, ratio equal to unity would be required. 

which we shall examine later (Sections B (ii) (k)-(o)). The solvated clusters 1 
are stable in solution, but cannot be obtained in the crystalline form because 
they revert to the corresponding doublecubane species. These clusters, 
which have a [MoFe,S,13+ core, undergo both a quasi-reversible one-elec- 
tron oxidation and a quasi-reversible one-electron reduction [26,27], accord- 
ing to the following three-membered series: 

[ MoFe,S,] 4+ +g- [MoFe,S,] 3+ +s- [ MoFqS,] *+ 
-e- -e- 

Table 3 shows the redox potentials of a number of these single-cubane 
solvated derivatives. 

The difference between the standard potentials of the two redox changes 
(0.9-1.0 eV) may constitute a good measure of the difference in energy 
between the HOMO-LUMO of the [MoFe3S413’ core of these solvated 
species. (In fact, from the comparison in different solvents, the solvation 
terms seem unimportant.) 

TABLE 3 

Standard potentials (in volts) for the redox changes of a series of [MoFe,S,(SR),(catecho- 
late)(solvent)] ’ - dianions 

R Catecholate E;& _ E20_!,, _ Solvent Ref. 

C23-b W-(n-C,H,)2C,H,O, -1.78 - DMSO 26 

2:: 3,6-(C,H,)&HzOz 396~GH, > 2GH202 - -1.58 1.78 - - 0.80 DMSO DMSO 26,27 26 
Cl-p-C,H, 3,6_(C~H,)zGH~O~ - 1.53 -0.56 a DMSO 26,27 
Cl-p-c, H 4 %~-GHs)zGHzO~ - 1.57 - 0.65 DMF 27 
Cl-p-C, H 9 3,6-(C,H,),GH,Oz -1.40 - 0.46 AN 27 
CH,-p-C,H, 3,6-(n-C,H,),C,H,O, -1.62 - DMSO 26 

a Peak potential value for irreversible processes. 
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Fig. 7. Crystal structure of [MoFe,S,(S~H4-p-Cl)4{3,6-(C,H,),~H,0,}]3-. Core mean 
distances: Fe-S 2.27 A; MO-S 2.38 A; Fe - - - Fe 2.69 a; S . - . S 3.65 A (from ref. 25). 

The one-electron reduction can also be achieved by chemical reductants 
(sodium acenaphthylenide). In this manner the reduced species [MoFe,S, 
(S-C,H,-p-Cl), { 3,6-(C,H,),C,H,0,}(C,H,CN)]3- (a derivative of type 9 
in Scheme 2) has been obtained and spectroscopically characterized [28]. 

Precursors 1 can easily be converted to the ligated derivatives 5 [25-271. 
Figure 7 shows the molecular structure of [MoFe,S,(S-C,H,-p-Cl),{ 3,6- 
(C,H,) 2C6H202 V- w-271. 

The cubane-like MoFe,S, core is composed of two interpenetrating, 
imperfect MoFe, and S., tetrahedra giving rise to trigonal distortion from 
cubic symmetry. Each Fe atom occupies an approximately tetrahedral site, 
whereas the MO atom is involved in distorted octahedral geometry. 

The structures of [Fe3MoS,,(SC,H,)3(Cl,C,0,)(CN)]3- and [Fe,MoS, 
(SC,H,-p-C1)3(Cl&0,)(N3)]3- have also been solved [24]. 

Like the solvated clusters, the ligated clusters 5 undergo both a quasi-re- 
versible one-electron oxidation and a quasi-reversible one-electron reduction 
[25,27] (Fig. 8). Table 4 summarizes the redox potentials for the charge 
transfers involving clusters 5. 

Once again we can compute a value of about 1.0 eV for the 
HOMO-LUMO difference in energy for the [F%MoS,j3’ core of these 
ligated cubane derivatives. 

The thiolate groups of precursor 1 can readily be substituted by electro- 
pbilic moieties such as chloride to give compounds of type 2. 
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- 1.26 

Fig. 8. Cyclic voltammogram recorded in an acetonitrile solution of [MoFe,S.,(SC,H,-p- 
C1),{3,6-(C,H,),GH,0,}CN]3-. Potential values vs. SCE (from ref. 25). 

Figure 9 shows the structure of [MoFe,S,Cl,{ 3,6-(C,H,) &,H,O, } 
(THF)12- (THF = tetrahydrofuran) [29]. The [Fe,MoSJ3+ core is similar to 
that .of [Fe,MoS,(SC,H,-p-Cl),{ 3,6-(C,H,)2C,H202}]3-, except for a slight 
variation in volume (9.56 A3 in the tetrathiolate species, 9.37 A3 in the 
trichloride species), which reflects the different coordination to a polarizable 
anionic thiolate in comparison with a hard neutral THF ligand [29]. 

In acetonitrile, the most significant redox change is the following: 

E O’= -_14()v 
-te- 
* 

-e- 
[MoFe,S,Cl~~3,6-(C,H,)2C,H20,}(solv)]3- 

No attempt to isolate the apparently stable trianion seems to have been 
made. 

Another set of derivatives containing an [Fe3MoS,13+ core has very 
recently been obtained using 1,2-bis(dimethylphosphino)ethane as a cleaving 
agent of Fe(III)-bridged double-cubane species (see Section B (ii) (0)) [30]. 

TABLE 4 

Redox potentials (in volts) for the redox changes of [MoFe,S,(SR),{3,6-(C,H,),qH,O,} 
L] n - in acetonitrile [27] 

R L n G%n+l)- E,“-;( n - 1) - 
Cl-p-GH, S-qH,-p-Cl 3 - 1.45 -0-74 a 
Cl-p-GH, CN 3 - 1.68 - 0.62 
C,H, ZH, 3 - 1.98 - 0.92 
Cl-p-GH, 3 - 1.48 -0.67 a 
Cl-p-GH, WWM3 2 - 1.56 -0.51 

a Peak potential values for irreversible processes. 



13 

Fig. 9. Molecular structure of [MoFe-&C1,{3,6-(C,H,)1~H202}(THF)]2-. Core mean 
distances: Fe-S 2.28 A; MO-S 2.36 A; Fe - - - Fe 2.73 A; S . * - S 3.62 A (from ref. 29). 

These single cubanes are of the type indicated in Scheme 3. With respect 

X /x 
Me 

/ x/--- . 
Me / -pAMs 

‘P Y 
Me 'X 

X’SC~H~, Cl 

Scheme 3 

to those preceding, the usual catecholate ligand is substituted by the 

Fig. 10. Structure of [ MoFe,S,Cl 4 (dpme)J - (dmpe = 1,2-bis(dimethylphosphino)ethane). Core 
mean distances: Fe-S 2.27 A; MO-S 2.35 A; Fe - - - Fe 2.75 A; MO - - - Fe 2.71 A (from ref. 
30). 
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bifunctional phosphine and all the metal centres have the same ligand. As an 
example, Fig. 10 shows the molecular structure of (MoFe,S,Cl~(CH,) 2 
PCH,CH,P(CH,)2]j -. The essential features of the cubane [Fe3MoS,13’ 
core parallel those described previously. 

In this case also, the most significant redox change in acetonitrile solution 
is the reversible one-electron reduction: 

E Of = -1.86 V 

[MoFe3S,(SC,H,),(dmpe)] - :$I [MoFe3S4(SC2H5)4(dmpe)]2- 

E O’= -1.09 v 

[ MoFe,S,Cl 4 (dmpe)] - +$i [ MoFe,S,Cl, (dmpe)] 2- 

Isolation of the one-electron reduced cluster has not yet been accom- 
plished. 

(i) Fe,MoS, core 
The first attempts to obtain single-cubane iron-molybdenum clusters 

from double-cubane clusters afforded the species [Fe,MoS, (SC,H,),(C,H4 
0,) 313- 1311. 

The derivative is constructed of a cubane-like MoFe&,(SC2H,)3 unit 
bound to a tris-catecholate Fe(C,H,O,) 3 subunit [31] (Fig. 11). The geome- 
try and dimensions of the MoFe,$ cube are closely related to those cited in 
Section B (ii) (h). 

(b) 

(a) 
Et 

EtS 

m51 

3 

Et5- 
Fig. 11. Schematic representation (a) and molecular structure_(b) of [Fe4Mc$G4(SC2H5)3 
(C&W,),13-. Mean distances in the FesMoS, core: Fe-S 2.26 A; MO-S 2.34 A; Fe - - - Fe 
2.71 A; S ’ - - S 3.60 A (from ref. 31). 
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Figure 12 reports the cyclic voltammetric behavior of [Fe,MoS4(SC,H,), 
(C,H40,),]3- in acetonitrile solvent [31]. 

Both the anodic and the first cathodic process are attributable to the 
previously described sequence (see Section B (ii) (h)) : 

+e- 
[MoFe,S,] 4+ _ * [ MoFe,S,] 3 + +s- 

--e0.63 V 
- [ MoFe,S,] 2+ 

E ot - E ot= -:I.69 V 

The constancy in the difference between the potential values of the two 
redox changes (about 1.0 V) for the [MoFe3S413+ cores should be noted. The 
second irreversible cathodic process is attributed to the Fe(III)/Fe(II) 
reduction centered on the Fe(C,H,O,), subunit [31]. 

(j) Fe, Mo,S,, core 
The synthesis and properties of the [Fe4M04&,]6- cluster have been 

reported [32]. On the basis of spectroscopic data, the researchers proposed a 
structure in which each Fe atom of a cubane-like Fe4S4 core is coordinated 
to an exogenous bidentate [MoS412- ligand. 

Indeed the stoicheiometry of the complex is doubtful, and it may simply 
be the [Fe(MoS4),13- trianion [18]. We note, however, that at least from the 
electrochemical behavior reported, some difference apparently exists; in fact, 
while [Fe(MoS,) 2] 3- undergoes (in acetonitrile) an irreversible one-electron 
oxidation ( Ep = -0.30 V) and a quasi-reversible one-electron reduction 
(E”‘= -2.12 V) (see Section B (ii) (c)), [Fe4M04S;,16- undergoes (in 
N, N-dimethylacetamide) an irreversible one-electron reduction ( Ep - - 1.4 
V) and a further declustering multielectron reduction ( Ep - - 2.0 V) [32]. 

(k) Fe, Mo2S6 core 
Clusters containing an F%Mo,S, core have recently been characterized 

Fig. 12. Cyclic voltammogram 
(GH,O,),]‘-. Potential values 

recorded in an acetonitrile solution of [Fe,MoS,(SC,H,), 
vs. SCE (from ref. 31). 
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‘%ii D 4 
Fig. 13. Structure of the tetra-anion [Fq&Cl .6{Mo(CO)3}2]4- (from ref. 34). 

[33,36]. Figure 13 shows the molecular structure of [Fe&Cl, { Mo(C0) 3 } J 4-. 
The core can be thought of as a “ prismane” Fe&Cl 6 unit (see Section B 

(vii)) in Part I of this review) bicapped by a Mo(CO), unit. This addition 
essentially causes an elongation of the F%S, central cage with respect to the 
original “ prismane” core. 

The most significant redox processes of these species are the two reversi- 
ble one-electron steps 3 - /4 - and 4 - /5 - (Table 5). 

Because of the chemical reversibility of these charge transfers, isolation of 
congeners of these clusters was possible. In fact, [Fe&C1,(Mo(CO),),13- 
has been obtained and fully characterized [34,36]. The comparison between 
the structures of the tetra-anion (possessing an [F%Mo,S,] 2+ core) and the 
corresponding trianion (possessing an [F%Mo~S~]~’ core) shows that the 

TABLE 5 

Redox potentials (in volts) for the redox processes of [F% &X, (Mo(CO), }*] n- 

X n E3=$, _ E4o-1/5 _ Solvent Ref. 

OC,H,-p-CH3 3 - 0.84 - 1.38 DCM 33,35 
SGHs 3 - 0.83 - 1.27 DCM 33 
Cl 4 - 0.43 - 0.93 AN 34 
Cl 3 - 0.44 - DCM 36 
Br 3 - 0.41 - DCM 36 
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removal of one electron causes a shortening of both the Fe-Moadistance 
(from 3.00 to 2.93 A) and the MO-S distance (from 2.42 to 2.58 A) in the 
bicapping units, while leaving practically untouched the interatomic dis- 
tances within the central F%S, unit [36]. This suggests that the HOMO of 
the tetra-anion, antibonding in character, mainly arises from MO and S 
atomic orbitals [36]. 

(I) Fe,Mu,S, core 
The “double-cubane” clusters constitute one of the first class of poly- 

nuclear iron-molybdenum-sulfur derivatives prepared and fully char- 
acterized. 

Clusters containing an Fe,Mo,S, assembly are of the types represented in 
Scheme 4. 

SR 
RS SR RS 

1 
2 

3 
Scheme 4 

Figure 14 shows the molecular structure of the trianion [FqMo,S,(SC, 
H,),13- 1371, which can be assumed representative of the triply bridged 
species [Mo,F~S,(CL,SR),(SR),]~- (1). The structures of the related trian- 
ions [F~Mo~S,(SCH,CH,OH)~]~- [38] and lF%Mo,S,(SCzH,) 91 3 - [39/W 
have also been solved. The trianion is constructed of two Fe,MoS, cubane- 
like units linked through the molybdenum atoms by three thiolate ligands. 

These trianion clusters offer a wide range of one-electron transfer steps, 

Fig. 14. Perspective view of [F~,Mo,S,(SC,H,)~]~- (from ref. 37). 
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-0.83 

Fig. 15. Cyclic voltammogram recorded in a dimethylformamide solution of 
[F~,Mo~S~(SC,H,),]~- (from ref. 41). 

depending upon the different substituents. The following sequence has been 
found 1401: 

(2-)+(3-) +gI(4-)+&I(5 -)=+(6--)=(7--) -e -e -e 

The 3 - /4 - and 4 - /5 - steps are the most significant redox processes 
for all complexes because of their chemical reversibility. As an example, Fig. 
15 shows the cyclic voltammetric behavior of [F%Mo~S,(SC,H,),]~- in the 
potential range useful for the occurrence of the two successive reduction 
steps 3 - /4 - and 4 - /5 - . It is commonly accepted that these two 
sequentially added electrons separately enter each of the two Fe,MoS, 
halves [40,42], according to the following sequence [42]: 

[OX-OX]~- T+I [Ox-Red14- +s- [Red-Red]S- 
-e- 

If the two cubane units were non-interacting, then on the basis of a 
well-known treatment [43], a difference of 0.036 V is expected between the 
standard potentials of the two (quasi-reversible) charge-transfers. Indeed, as 
can be deduced from Table 6, this difference is generally higher ( - 0.2 V), 
indicating that each site influences to some extent the other during the 
reduction, although the intersite distance is about 3.7 A [42]. 

The chemical reversibility of the 3 - /4 - and 4 - /5 - redox processes 
allows one to electrogenerate both the tetra-anion and penta-anion forms of 
the F%Mo,S, core. Both the congeners [F%Mo~S~(SC,H,),]~-~‘- of 
[F%Mo,S,(SC,H,),]~- have been obtained [45]. While the tetra-anion has 
been spectroscopically characterized, the penta-anion has also been char- 
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TABLE 6 

Standard electrode potentials (in volts) for the reduction processes of [F%Mo2Ss(p- 
SW,(W,13- 
R X E3?$, _ E:& _ Solvent Ref. 

C2H5 

C2H5 

C2H5 

C2H5 

C2H5 

C2H5 

C2H5 

C2H5 

C2H5 

GH5 

C&5 

GH5 

C&5 

GH5 

CH ,CH ,OH 
CH,CH,OH 
CH,CH,OH 
C, H ,-p-Cl 
C,H,-p-Cl 
C,H,-p-CH, 
C,H,-p-CH, 
CgHcp_OCH3 
CHzGiH5 

SC2H5 

SC2H5 

SC2J35 

SCH,CH,OH 
SGH, 
Cl 

%H, 
GHc?‘-n-C8 H,, 
=&5 

SGH5 

SGH5 

SGH5 

=6J% 

SCH2CH20H 
SCH,CA,OH 
Cl 
Sc,H,-p-Cl 
SGH,-p-Cl 
SGH.,-p-CH3 
SGH,-p-CH, 
SC,H,-p-0CH3 
SCHzGHs 

- 1.66 
- 1.67 
- 1.77 
- 1.67 
- 1.39 
- 1.21 
- 1.17 
- 1.51 
- 1.52 
- 1.37 
- 1.47 
- 1.35 
- 1.45 
- 1.38 
-1.60 
- 1.63 
- 1.22 
- 1.22 
- 1.30 
- 1.41 
- 1.51 
- 1.53 
- 1.64 

- 1.85 
- 1.87 
- 1.98 
- 1.87 
- 1.57 
- 1.39 
- 1.37 
- 1.69 
- 1.73 
- 1.58 
- 1.68 
- 1.55 
- 1.66 
- 1.56 
- 1.80 
- 1.82 
- 1.42 
-1.40 
- 1.50 
- 1.62 
- 1.69 
- 1.74 
- 1.86 

AN 44,48 
DMSO 39,45,46 
DMF 45 
DMF 45 
AN 48 
AN 50 a 
AN 40 
AN 49 
DMF 50 b 
DMF 41 
DMF 45 
DMSO 40,47 
DMA 51 
AN 42 
DMSO 40 
DMF 45 
DMSO 40 
DMSO 40 
DMF 45 
DMSO 40 
DMF 45 
DMF 45 
DMF 45 

a In ref. 46 redox potentials are also reported for the complete series [F%Mo,S,( p- 
SC,HS)~(C~~-,(SC~H,), )13-- 
b In aqueous micellar solution @H 7.0) a single two-electron (3 - /5 -) step is displayed at 
about -0.6 V (vs. SCE). 

acterized by X-ray crystallography, permitting the evaluation of the stereo- 
chemical effect accompanying the overall redox change: 

A comparison of the structural parameters of the 3 - /5 - couple is 
reported in Table 7 [45]. 

The penta-anion maintains the starting double-cubane structure. The 
addition of an electron to each MoFe& subunit simply causes core expan- 
sion, without any particular stereochemical distortion. The significant elon- 
gation of the Fe-S(C,H,),,mj has been interpreted in terms of the Fe-S 
character of the LUMO of the trianions; this datum is also supported by the 
sensitivity of the redox potentials (Table 6) to the different substituents [45]. 
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TABLE 7 

Comparison between selected structural parameters of [F%Mo2SB(SGH5)9]3-.5- clusters 
[37,451 

unit Mean distance (A) 

W&GW=JW,13- 
Bridging unit 
MO - - - MO 3.68 
MO-S 2.58 

MoFe3S4(SC6H,), cubane subunit 
MO-S 2.34 
Fe-S 2.25 
Fe-SQH, 2.25 
MO - - - Fe 2.71 

3.81 
2.62 

2.37 
2.28 
2.30 
2.76 

The ability of [Fe,Mo, S,(SR) 9] ‘- to undergo the step-by-step two-elec- 
tron 3-/4-/5- reduction has recently been used to perform catalytic 
reductions of biological interest (RN, to NH, and N,H, [52], NO,- to 
NH,, and NO,- to N,O [53]). The inverse pathway (5 - /3 - ) can perform 
the two-electron oxidation of thiols (2PhSH) to H, and 2PhS- [51]. 

F%Mo,S, derivatives of type 2 in Scheme 3 are reported to have basically 
the same double-cubane structure as derivatives 1 [54,55]. A significant 
difference lies in a reduced MO - - - 

(about 3.2 A compared with 3.7 A). 
MO distance in the bridging fragment 

From the electrochemical viewpoint, while [F~Mo,S~(SC,H,),(OCH,),]~- 
reversibly undergoes the usual 3 - /4 - and 4 - /5 - reduction steps [40], 
[Fq,Mo,S,(SC(CH,) 3)6(OCH3) 3]3- displays the two reversible one-electron 
reductions (3 - /4 - and 4 - /5 - ) and the two reversible one-electron 
oxidations (3 - /2 - and 2 - /1 - ) [45] (Table 8). 

While it has proven impossible to characterize the oxidized species (2 - 
and/or 1 - ), the relevant 4 - and 5 - species have been characterized 
spectroscopically [45]. 

TABLE 8 

Standard electrode potentials (in volts) for the redox processes of [FqMo&(p- 
0CH,hCW,13- 
R E3=$,- E&.&5 - E30-‘,2 _ E& _ Solvent Ref. 

z$: - - 1.42 1.50 - - 1.62 1.70 - - 0.40 - - DMSO DMF 40 45 
C(CH,), - 1.85 - 2.05 - 0.20 - 0.42 DMF 45 
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~0.. Rho’ 6038 
MO---F&j 4 377 
Fe...Fetl’) 4046 

Fig. 16. Molecular structure (with selected mean 
(~,~(Pz-C~H,),C,H,O,),]~- (from ref. 26); (b) 
(from ref. 24). 

b SIIU 
distances) of: (a) [F+Mo,S,(SC,H,)~- 
[F%Mo,S,(SC,H.-p-C1),(~H,0,),]4- 

Finally, the crystal structure of the double-cubane doubly bridged 
F%Mo2S8 (3 in Scheme 4) is shown in Fig. 16 [24,26]. 

The cluster consists of two cubane-like MoFe,S, subunits joined by two 
Mo(p-SR)Fe bridges. The six bridging a%ms are nearly coplanar. The 
elongated MO- SetidWgj distance (about 2.7 A) is assumed to be responsible 
for the facile cleavage leading to single-cubane iron-molybdenum clusters. 
Since this cleavage occurs in polar solvents, the electrochemistry of 3 clusters 
is indeed that of single-cubane Fe,MoS, clusters (1 in Scheme 2) discussed 
in Section B (ii) (h). 

(m) Fe, MO& core 
Triply bridged double-cubane clusters having an F%Mo,S, core possess 

the following structure: 

3- 
RS SR 

\ / 

=sdFegs, “s / \ ,ssFekSR 
S-Fe S--MO-S-hh--S Fe--S 
‘Fe?&’ ‘,’ ‘s&e’ / R \ 

Scheme 5 

The crystal structure of [FQMo,S,(SC,H,)~]~- is shown in Fig. 17 
[39,56]. 
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MO..- Me 3 306 (31 
MD-* Fe 2 730 (21 
Fa Fe 2.702 (21 

Fig. 17. Perspective view (with mean distanes) of [F~Mo~S~(@)(~-SC,H~)~(SC~H,),]~- 
(from ref. 39). 

The only significant difference with respect to the closely related 
[F+Mo,S,(SR),]~- species (see Section B (ii) (1)) resides in the intercubane 
MO - - - MO distance, which in the bridging unit M~(P-SR)~MO is about 3.7 
A, while in the bridging unit Mo(cc_S)( @R) ,Mo is decidedly shorter (3.3 A 
in the [N(C,H,),]+ salt, 3.2 A in the [(C,H,),NCH,(C,H,)]+ salt). 

In accordance with the assumption that the addition of electrons to the 
double-cubane clusters is centered on the MoFe,S, units, the following 
electron-transfer sequence occurs in acetonitrile at nearly the same potential 
as for the corresponding F%Mo,S, derivatives [42,44]: 

E Of = - 1.67 v 

[F%M%S,W2H5)*13- :+I [F%M%Sgw*H5)814- 7+ 

E Of = -1.87 v 
+e- 
* 

-e- 

(n) Fe, Mo,S,, core 
The most recently prepared member of the class of double-cubane 

iron-molybdenum clusters is [F~Mo~S,,(SC,H,-~-X),]~- (X = Cl, Br). It is 
constructed of two cubane units linked through two disulfide bridges (Fig. 
18) [57]. The MO - - - MO distance in the bridging Mo(S,),Mo unit is 3.97 A. 

In acetonitriIe, [F%M~S,2(SC,H4-p-Cl)6]4- undergoes a one-electron 
oxidation (E *’ = -0.52 V) and two successive one-electron reductions 
(Eoc = -1.52 V and E”‘= - 1.72 V respectively) [57]. As can be judged 
from the cathodic A E O ’ value (0.2 V), the increased MO - - - MO distance, 
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Fig. 18. Crystal structure of [F%Mo,S,(S,),(SC,H,-p-Br),‘j4- (from ref. 57). 

compared with the previous distances, is still 
interaction between the two cubane subunits. 

not sufficient to prevent the 

(0) Fe,iWo,S, core 
As represented in Scheme 6, clusters containing an Fe,Mo,S, core have a 

structure in which two MoFe,S, units are linked by an Fe(SR), bridge. 

Figure 19 refers to [Fe,Mo,S&p,-SC,H,),(SC6H5),]3-; these types of 
cluster undergo three consecutive one-electron cathodic reduction steps 
[42,44,48]. The less cathodic process corresponds to the bridge-centered 
Fe(III)/Fe(II) step, whereas the other processes involve the addition of. one 
electron to each of the two MoFe,S, subclusters, according to the following 
sequence (Table 9) [42]: 

[ Fe7M02S8(SRh~] 3- IeI [Fe,MozS,(SR)12]4- $ [Fe,Mo,S,(SR)12]5-_ 

+s- [Fe,Mo,S,(SR)rZ] 6- 
-e- 

Synthetic procedures leading to both [Fe,Mo,SS(SR),,13- and 
[F~,Mo~S,(SR),,]~- have been proposed [44,58]. Figure 20 shows the typi- 
cal molecular structure of the trianion and tetra-anion [58]. In both anions, 
the two MoFe,S, cubane cores maintain the same dimensions and essen- 
tially the same trigonal distortion from cubic symmetry. 

The main consequence of the one-electron reduccon of the bridging 
Fe(II1) atom is the remarkable elongation (about 0.3 A) of the MO - - - MO 
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Fig. 19. Cyclic voltammogram of [Fe,Mo,S,(SC,H,),(S~H,),]3- recorded in acetonitrile 
(from ref. 48). 

distance, probably owing to the presence of an Fe(I1) ion larger than an 
Fe(II1) ion. 

Interestingly, in agreoement with the long %lo L. . MO distance in the 
bridging unit (6.6-6.9 A), the difference in redox potentials between the 
cubane-centered 4 - /5 - and 5 - /6 - steps approaches the theoretical 
value of 36 mV foreseen for the successive addition of one electron into two 
non-interacting sites (see Section B (ii) (1)). 

(iii) Iron-tungsten chsters 

In many aspects, the chemistry of iron-tungsten-sulfur clusters parallels 
that of iron-molybdenum-sulfur clusters [l-4]. Therefore we shall fre- 
quently recall the preceding section. 

(a) Few,& core 
While there is evidence that the dianion [Fe(WS,) 2] * - possesses a linear 

TABLE 9 

Redox potentials (in volts) for the cathodic processes of [Fe,Mo,S,(p,-SR),(X),13- in 
acetonitrile solvent [48] 

R X E3°--;4 - E Pa -,3 - E PS-/I+ 

C2H5 SC,& - 1.27 - 1.95 - 2.00 
C2Hs %5Hs - 1.10 - 1.67 - 1.76 
CZHS Cl - 1.00 - 1.52 - 1.62 
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SW1 

MO-----M& 6.638 8, 

(a) 

MO-----Md 6.924 ik 

(b) 
Fig. 20. Perspective view (with selected mean distances) of: (a) [Fe7M02Ss(SC2H,),,]‘-; (b) 
[Fe,Mo,Ss(SCH&H5)Iz]4- (from ref. 58). 

assembly with a central tetrahedrally coordinated FeS, unit [20], the only 
crystalline forms resolved are the two bis adducts (with DMF [59] and H,O 
[60] respectively) shown in Fig. 21. The tram coordination of the two DMF 
or H,O molecules imposes an octahedral geometry on the central Fe atom. 

The species [Fe(WS,) J 2- undergoes, in DMF, a single quasi-reversible 
one-electron reduction process, according to the following sequence (Fig. 22) 
[61]: 

E Qf = -0.72 V 

[Fe(WSdz] ‘- +e- 
r, 

-e- 

The same reduction process has been observed in dichloromethane at 
E Of- - - 0.64 V [59]. This step must be assigned to the Fe(II)/Fe(I) charge 
transfer [19]. 

In agreement with the chemical reversibility of this one-electron reduc- 
tion, the trianion [Fe(WS4),13- has been prepared and fully characterized 
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(a> 

(b) 
Fig. 21. Perspective view d: (a) [Fe(WS4)2(DMF)2]2-; (b) [Fe(wS.~)~(H20)~]~-. Core my 
distances: Fe-W (a) 3.04 A, (b) 3.01 A; Fe-S (a) 2.51 A, (b) 2.49 A; W-Swdw (a) 2.21 A, 
(b) 2.21 A; w-z&.&al) (a) 2.16 A, (b) 2.17 A (from refs. 59, 60, respectively). 

I 
I I 1 I 

0.0 -0.5 -1-O -1.5 -2-o 

Fig. 22. Cyclic voltammogram recorded on [Fe(WS.+) J2 - in dimethylformarm ‘de. Potential 

values vs. an Ag/AgCl/LiCl(sat), EtOH electrode (from ref. 61). 
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Fig. 23. Perspective view of the trianion [Fe(WS.,),13-. Distances in pm. W-%-W 171.2” 
(from ref. 62). 

(Fig. 23) [62]. In this case, the central FeS, unit is really tetrahedrally 
coordinated. Because of the constraints present in the dinegative diadduct, 
straightforward evaluation of the stereoehemical changes accompanying the 
2 - /3 - charge transfer is prevented. 

Deeper insight into the redox properties of [Fe(WS,),13- in acetonitrile 
[63] has, however, shown that there are four potentially stable members of 
this family, according to the following sequence: 

E ot= -0.21 v E 0’ = -0.65 V 

[ wws4 )21- 
+e- 
r, 

-e- 

+e- 
* 

-e- 

E Of- - -2.45 V 
+e- 
r* 

-e- 
[FOW214- 

(25) Fe,WS, core 
The dianion [C12FeqWS,FeC12]2- is isostructural with its molybdenum 

analogue (Fig. 5) f22]. The intermetallic distances are generally slightly 
longer in the tungsten derivative than in the molybdenum derivative. 

In clichloromethane the tungsten dianion undergoes a one-electron recluc- 
tion (2 - /3 - ) ( Ep = - 1.33 V) leading to the trianion, which decomposes 
to [(WS,)Fe&l,]‘- at a rate much faster than that in the case of the 
molybdenum derivative (see Section B (ii) (d)) [22]. 

The difference in redox potentials of about 0.3 V between the molybdenum 
and tungsten derivatives supports the view that the empty d orbitals of 
M(VI) (M = MO, W) constitute the LUMO of these complexes. 

(c) Fe,WS, core 
The single-cubane Fe,WS, clusters characterized until now are repre- 

sented in Scheme 7. 
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Lo.‘- 

(2) 

I- = RS-,CN- 

M=W 

O-O = 3,6-(C,H,),C,HP2 

Scheme 7 

These catecholate clusters, both in the solvated and ligated forms, contain 
the [WFe3SJ3’ core and are isostructural with the corresponding 
molybdenum derivatives (see Section B (ii) (h)); furthermore, they undergo 
both a reversible one-electron oxidation and a reversible one-electron reduc- 
tion (Table 10). Comparison with the molybdenum analogues reveals that 
for the tungsten derivatives the core oxidation level of 2+ is less accessible 
(by about 0.2 V), whereas the core oxidation level of 4+ is more easily 
accessible (by about 0.1 V). 

Spectroscopic characterization of the one-electron reduced solvated and 
ligated clusters has been reported [27]. 

(d) Fe,W,S, core 
The tungsten analogue of the F%Mo,S, core, shown in 

has been prepared in the form of the trianion 
CH,),{W(C0)31,13- (Fig. 24) [351. 

TABLE 10 

Section B (ii) (k) 
[Fe&(OC&,-P- 

Standard electrode potentials (in volts) for the redox changes of the [Fe.,WS,13+ core in the 
single cubanes illustrated in Scheme 7 

R L EO’ 3+/2+ E 3°+f,4 + Solvent Ref. 

Soluated clusters 
CeH,-p-Cl - - 1.60 - 0.55 AN 27 
c, H,-p-Cl - - 1.75 - 0.73 DMF 27 
C, H ,-p-Cl a - - 1.72 -0.57 DMSO 27 
C2H5 ‘ - - 1.98 - 0.90 DMSO 27 
W-h - - 1.78 - DMSO 26 

Ligated clusters 
GH,-p-Cl SC,H,-p-Cl - 1.65 - 0.81 a AN 27 
c, H,-p-Cl CN - 1.83 - 0.70 AN 27 
C,H, CN - 2.15 - 1.01 AN 27 

* Peak potential values for irreversible processes. 
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Fig. 24. Perspective view of [F%$(OqH,-p-CH,),{W(CO),},]3- (from ref. 35). 

me VWWP-%I~+ core is described as an Fe,W, cube having the two W 
atoms at opposite corners on the body diagonal. Each WFe, face of this 
cube is bonded to a quadruply bridging S atom. The elongation of the cube 
along the body diagonal causes the core to assume a hexagonal prismatic 
036 symmetry m- 

In dichloromethane, this F%W,S, derivative undergoes two reversible 
one-electron cathodic processes [35] according to the following sequence: 

E Of- - -0.87V E”’ = -1.36 V 

[WW~]3+ 

+e- 
* 

-em 
[FGW~S,] ‘+ +g- 

-e- 
fFGW9.5 I + 

This redox behavior is quite similar to that displayed by the molybdenum 
analogue 1331. 

Characterizations of the probably stable tetra-anion and penta-anion have 
not yet appeared. 

(e) Fe,W,Sa core 
As seen in Section (B) (ii) (1) the M, Fe,& core (M = W, MO) is present in 

both triply bridged double-cubane clusters, 1 ([W2Fe&(p-L’),(L),13-) in 
Scheme 8, and doubly bridged double-cubane clusters 2 ([W,F%S,(p- 
SR),(SR),(cak~holate)~]~-). 

Considering the triply bridged derivatives, contrary to the MO, F%Ss 
derivatives which reversibly undergo the 3 - /4 - and 4 - /5 - reduction 
steps, the W,Fe,S, derivatives undergo these steps with a degree of reversi- 
bility which is highly dependent upon the solvent [40,46]. Unfortunately no 



L= L’= SCsH, 
L= SC,, H,, d= OCH, 

Scheme 8 

R=CzHs; C&HI 

2 

SR 

redox potentials are available in acetonitrile, in which these charge transfers 
occur reversibly [40,64]. This difference in electron-transfer ability between 
the isostructural Fe-MO-S and Fe-W-S clusters could be responsible for 
the failure of the latter synthetic clusters to mimic functional nitrogenases 
[43,46,64]. 

In polar solvents the doubly bridged double-cubane derivatives undergo 
bridge cleavage leading to single-cubane Fe,WS, species [26]. 

Hence there is no electrochemical behavior specific for these clusters. 

(f) Fe, W,S, core 
The F%W,S, core is present in the triply bridged [( t_c-S)( &SR)2] double 

cubanes represented in Scheme 9. Indeed the only electrochemically char- 

SR 3- RS 

Scheme 9 

acterized member of this family is [F%W,S,(~-S)(~-SC,H,)z(SC,H,),]3-, 



31 

which in acetonitrile reversibly undergoes the usual closely-spaced 3 - /4 - 
and 4 - /5 - reduction steps according to the following sequence: 

(g) Fe7W2S8 core 
Clusters containing 

RS 

E 0’ = -1.79 v 
+e- 
r* 

-e- 
[F%W,%(SC~H&j4- 5, 

E at = -1.98V 
+e- 
r, 

-e- 
[F%W,%(SC,H,),]s- 

the Fe,W,S, core are represented in Scheme 10. As in 

SR 3- 

the case of their molybdenum analogues, these species undergo first a 
one-electron reduction process. centered on the bridging Fe(II1) unit, fol- 
lowed by two near-merging successive one-electron reduction steps, each of 
one is centered on the WFe,S, subclusters [42,44]. In acetonitrile the 
following sequence has been verified: 

+e- 
r* 

-em 
[ FG%% (SGHS h] 4- * 

Ep = -2.08 V 
+e- 
* 

-e- 

+e- 
r+ 

-ee- 
Ep = --2.18 V 

The one-electron reduced species [Fe,W,S,(SC,Hs),,]4- has been iso- 
lated and spectroscopically characterized [42,44]. 

(iv) Iron-vanadium clusters 

The characterization of iron-vanadium clusters is fairly recent. Many 
derivatives have not been studied electrochemically, namely VFe,S, [65,66], 
V,FeS, [67,68], V,FeS, [67-691 and V,FeS, f69] cores. 
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‘- RS- . 
sob = DMF, ‘+SO 

Scheme 11 

(a) Fe,K& core 
A series of compounds containing the Fe,VS, assembly have recently 

been prepared [70-721. These single-cubane derivatives, illustrated in Scheme 
11, contain an [Fe3VS4]*’ core, isoelectronic with [Fe,MoS,13+ and 
Fe3W%13’, discussed in Sections B (ii) (h) and B (iii) (c) respectively. 

In comparison with the corresponding molybdenum or tungsten clusters, 
the ability of the vanadium site to be bonded to three monodentate ligands 
is very evident, whereas the molybdenum site always binds one labile ligand 
and one .bidentate (catecholate or dimethylphosphinoethane) ligand. 

Fig. 25. X-ray structure of [Fe,VS,Cl,(DMF),]- (from ref. 73). 
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TABLE 11 

Redox potentials (in volts) for the charge transfers exhibited by Fe,VS, species [72] 

Cluster EP& 

[Fe3VW~3(DMF)31- - 0.47 
[Fe,V%Ch (AN) 3 I- - 0.26 
[FeW&h (bpyXDMF)l- a - 0.07 = 
[Fe,VS,C13(dmpe)(AN)]- b - 0.35 
[Fe3vs,(s~H,-p-CH,#DMF),I- - 0.76 

a bpy = 2,2’-dipyridyl. 
b dmpe = 1,2-bis(dimethylphosphino)e$hane. 

Epl --/2 - 

- 1.83 
- 1.53 
- 1.65 
- 1.66 
- 1.80 

Solvent 

DMF 
AN 
DMF 
AN 
DMF 

c Peak potential value for irreversible processes. 

The crystal structure of [Fe,VS,Cl,(DMF),]- is reported in Fig. 25 as a 
typical example of the [Fe3VSJ2’ core. The cubane Fe,VS, moiety (9.62 A3) 
of idealized C,, symmetry consists of two interpenetrating irregular VFe, 
and S, tetrahedra. The FeS,Cl units are trigonally distorted tetrahedra; the 
vanadium site exhibits distorted octahedral coordination [73]. 

When two of the three molecules of DMF coordinated to the vanadium 
site are substituted by one chelating molecule of 2,2’-bipyridyl or 1,2-bis(di- 
methylphosphino)ethae, the symmetry is degraded to C,, but the core 
dimensions remain substantially invariant [73]. 

Although a detailed study of the electronic properties of the [FqVS,12+ 
and [Fe3M%l ( 3+ M = MO, W) units shows very close resemblance between 
them [74], their redox properties are significantly different. In fact, while 
[Fe,MS,] 3-t (M = MO, W) derivatives generally reversibly undergo both a 
one-electron oxidation and a one-electron reduction, the [Fe3VSJ2’ deriva- 
tives are usually inclined to a reversible one-electron oxidation and to 
reductions complicated by subsequent (probably declustering) reactions [72] 
(Table II). 

The tendency towards reversible oxidation but irreversible reduction has 
been interpreted, on the basis of the isomer shift study [74], in terms of the 
presence of Fe atoms in vanadium clusters slightly more reduced than those 
in molybdenum clusters. 

The reversibility of the charge transfer [Fe,VS,] 2 +I3 + would allow the 
isolation of the one-electron oxidation products; hence it will be possible to 
evaluate the stereochemical consequences of the removal of one electron 

- from the Fe,VS, cubane core. 

(b) Fe, V,S, core 
As shown in Scheme 12, the reaction between single-cubane Fe,VS, 

species and ethane-1,2-dithiolate leads to a doubly bridged double-cubane 
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Scheme 

derivative [72] which has many analogies with the previously discussed 
double cubanes [F%M,S,(SR),(catecholate),14- (M = MO, W). 

In this centrosymmetric molecule (Fig. 26) the two Fe,VS, cubane sub- 
clusters, geometrically similar to those previously described, are connected 
through two Fe-( p-S)-V bridges. 

Interestingly, this doublecubane species is stable in coordinating solvents, 
contrary to the catecholate double-cubane MO or W species, which are 
cleaved to solvated single cubanes. This fact is attrjbuted to the V-S,,,til 
distance ( - 2.5 A) being significantly shorter (0.2 A) than the Mo-S,,,~~~. 
This allows one to define its redox behavior in non-aqueous solvents. 
Unfortunately the electrochemistry is not exciting, in that [Fe&V&l, 
(edt),14- undergoes in DMF two irreversible anodic processes at -0.73 V 
and -0.58 V respectively f72]. It is likely that the two steps correspond to 
the removal of one electron from each cubane unit. 

(v) Cobalt-molybdenum clusters 

A series of cobalt-molybdenum complexes of general 
[Co(Mo04_,S,),]“- (x = 2, 3; n = 2, 3, 4) has been characterized. 

formula 
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Fig. 26. Molecular structure of [FqV,S,Cl,(edt)2]4- 
72). 

t&t = ethane-1,2-dithiolate) (from ref. 

(a) CuMo,S, cure 
The dianion [CO(MOS,),]~- cannot be isolated in a pure form, but it can 

be readily obtained in solution in organic solvents [75]. In dimethylfor- 
manride, it undergoes a reversible one-electron reduction step (E o ’ = - 0.82 
V) leading to the stable trianion [Co(MoS4),13- [75]. The trianion has been 
structurally characterized (Fig. 27) [60,75]. Unfortunately, at the present 
stage, we cannot evaluate the stereochemical effect of the redox change 
[Co(MoS,),J2-I’- (except by extrapolation with the corresponding com- 
pound in the tetrathiotungstate series (see Section B (vi) (a)). 

On the basis of a molecular orbital study, it is, however, expected that the 
dianion possesses (i) longer CO-MO distances, (ii) shorter Co-S distances, 
(iii) shorter MO- S+rminal) distances and (iv) invariant Mo-Setidtigj distances 
[761. 

Fig. 27. Perspective view of [Co(MoS,),]‘-. Mean distances in pm. Mo-ZMo 169.6” 
(from ref. 60). 
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(b) CoMo,S, core 
The thiooxomolybdate dianion [CO(MOOS,),]~- cannot be obtained as 

the pure salt [75]. 
The structure assigned to it is of the type illustrated in Scheme 13 [75]. 

Scheme 13 

Dimethylformamide solutions of this 
bly reduced to the likely stable trianion 
[75]. 

dianion show that it can be reversi- 
[Co(MoOS,) 2]3- at E O’ = - 0.90 V 

(c) CoMo,S, core 
On the basis of spectroscopic properties, the structural unit shown in 

Scheme 14 has been assigned to the thiooxomolybdate anion 
[Co(Mo0,S,)12-, with the central cobalt atom having tetrahedral coordina- 
tion [75,77,78]. 

Scheme 14 

In dimethylformamide the following reversible one-electron redox change 
occurs [61,75 J: 

E 0) - - -1.23V 
+e- 
z2 

-e- 
fCo(Mo02S2)] 3- 

Spectral characterization of the trianion has been reported 1751. 
The easy access to the trianions, as the sulfur content of thiometallate 

dianions increases, has been attributed to the greater extent of dispersion of 
the low-lying d orbitals of the sulfur atom, which, favoring the electron 
delocalization within the molecular framework, depletes the electron density 
on the metals [75]. 

A quite different CoMoS, assembly has appeared very recently and will 
be discussed briefly in the Appendix. 

(vi) Cobalt-tungsten clusters 

The cobalt-tungsten complexes examined here belong to the family 
mwQ-,%M2-9 in which n is equal to 4, 3 and 2 respectively. 
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Fig. 28. Perspective view (together with some selected interatomic distances) of [Co(WS4),]2- 
(from ref. 80). 

(a) Co W, S, core 
The crystal structure of the dianion [Co(WS,),]*- is shown in Fig. 28 

[79,80]. This “linear” trimetallic assembly consists of the usual central metal 
atom (Co) nearly tetrahedrally coordinated by two bidentate chelating 
tetrathiotungstate anions. The species [Co(WS,),]2- undergoes two prob- 
ably reversible, oneelectron reduction steps in dimethylformamide (Fig. 29). 
It is evident therefore that the S,WS,CoS,WS, core is able to exist in three 
different oxidation levels [80]: 

E Of- -- 1 .oo v E ot - - -2.6V 
+e- 
* 

-e- 

The trianion has been isolated (Fig. 30) [75,81,82]. 
The redox 2-/3 - change is accompanied by a contraction of the 

[ WW% ,,I 3- +e- 
e 

-e- 
[wws, ),I 4- 

WS,Co,S,W core together with elongation of the W-S,ti,, bonds. This is 
the only example we know which allows an evaluation of the structural 
consequence of redox changes in linear trimetallic assemblies. 

(b) Co W,S, core 
The monooxotrithiotungstate dianion [Co(WOS,) 2] 2- has the same geom- 

etry as [WW%)212-, with the oxygen atom of each [WOSJ2- fragment 
occupying one of the two terminal positions [75,83,84]. 

Fig. 29. Cyclic voltammogram recorded in a dimethylfo rmamide solution of [Co(WS4)2]2-. 
Potential values vs. Ag/AgCl/LiCl(sat), EtOH (from ref. 80). 
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Fig. 30. Crystal structure of [CO(WS,),]~-. Mean distances in pm. W-E-W 168.3O (from 
ref. 81). 

In dimethylformamide the reversible one-electron reduction [Co 
(WOS;),]2-/[Co(WOS,)2]3* occurs at - 1.07 V [60,75], i.e. at potentials 
only slightly more negative than those of the tetrathiotungstate analogue. 

The trianion has been characterized spectroscopically [75]. 

Once again, an assembly similar to that represented in Scheme 14 has 
been proposed for the dioxodithiotungstate [Co(W02S2)2]2-, with the four 
oxygen atoms occupying all the terminal positions [75,78,84]. 

In accordance with the fact that the gradual substitution of soft ,sulfur 
atoms with hard oxygen atoms makes the reduction processes more difficult, 
the [Co(W02S2)2]2-/[Co(W02S2)2]3- reduction step occurs at E”’ 
= - 1.29 V in dimethylformamide [75]. 

(vii) Cobalt-ruthenium dusters 

* (a) Co, RuS core 
The recently prepared Co,Ru(CO),( p,-S) derivative [85] belongs to the 

family of triangular trimetallic clusters capped by one triply bridging sulfur 
atom (Fig. 31); it is the analogue of Co,FeS(CO), discussed in Section B (i) 
(a). As in the case of Co,FeS(CO),, the most significant redox change for 
Co, RuS(C0) 9 is the quasi-reversible charge transfer: 

Co, RuS( CO)9 +&- [Co, RuS( CO),] T 
-e- 

which occurs at E * ‘ = - 1.20 V in dichloroethane 

S 

/I\ 
~CO),RU,~~,CO~CO)~ 

(CO)= 

WI- 

Fig. 31. schematic representation of the structure of C+RU!S(CO)~. 
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(b) 

Fig. 32. Schematic representation (a) (from ref. 87) and perspective view (b) (from ref. 86) of 
the dianion [Ni(MoS,) 2] *-. 

The sensitivity of the redox potential of the O/l - step in the series 
Co,MS(CO),(M=Co, E”‘= -l.lOV;M=Fe, E”‘= -1_05V;M=Ru, 
E Of - - - 1.20 V) [14] confirms that the LUMO of these derivatives is 
essentially metal based. 

At present, no data are available about the likely stable [Co,RuS(CO),]‘. 

(viii) Nickel-molybdenum clusters 

As in the case of cobalt-molybdenum and cobalt-tungsten clusters, the 
nickel-molybdenum clusters presented here are included in the series 
WWo04-,SJ212-, n varying from 4 to 2. 

(a) NiMo& core 
Figure 32 shows the molecular structure of [Ni(MoS,),12- [86,87]. The 

dianion consists of a rigorously planar central NiS, group (Ni-S, 2.23 A) 
coordinated by two molybdenum centers involved in a @torted tetrahedral 
geometry (Mo-Scbtidti, 2.23 A; Mo-Sttdal>, 2.15 A). The whole core 
MoS,NiS,Mo (MO - - - Ni, 2.80 A) is not planar since the planes NiS,S, and 
MoS,S, form an angle of 169.0 o [86]. As indicated in Fig. 33, [Ni(MoS,),12- 
undergoes two consecutive reversible one-electron reduction processes in 
non-aqueous solvents, according to the following sequence (Table 12) [87,88]: 

The fact that the first reduction processes occurs at the same potential as 
for [Ni(WS,),12- (Section B (ix) (a)) has suggested that the first electron is 
added to the central nickel moiety, i.e. the LUMO is essentially localized on 
the nickel atom [87]. More recent calculations, however, have led to the 
conclusion that the LUMO of the dianion is centered on low lying 
molybdenum d orbitals [89]. 

The electrogenerated trianion [Ni(MoS,)2]3- has been characterized by 
electron spin resonance (ESR) spectroscopy [89]. 
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I I I I II I I1 I 

-0.2 -0.6 -1.0 -1.4 -Id 

potential/V 
Fig. 33. Cyclic voltammetric behaviour of [Ni(MoS,),]*- in dimethylformamide 
Potential values vs. SCE (from ref. 87). 

(b) NiMo,S, core 

solvent. 

The dianion [Ni(MoOS,), ]‘- is thought to have the same square-planar 
coordination as [Ni(MoS,),12-, the only difference being the presence of a 
terminal oxygen atom in each of the two lateral [MoOSJ2- fragments [77]. 

The one-electron reversible step [Ni(MoOS,) 2]2-/3- takes place at E O ’ = 

- 1.13 V in dimethylformamide [6i]. 

(c) NiMo,S, core 
The dianion [Ni(Mo0,S,),12- probably possesses the 

represented in Scheme 14 for [C~(MOO,S,),]~-, but with 
planar NiS, moiety [77,78]. I ._ 

same structure as 
the central rigidly 

The usual [Ni(MoO,S,),]“-I’- redox change occurs at E O’ = - 1.17 V in 
dimethylformamide [61], obeying the trend according to which the reduction 
step is more and more difficult in the order [M(M’S,)2]2- > 
[M(M’OS3),12- > [M(M’02S2),12-. 

(ix) Nickel-tungsten clusters 

As with the trimetallic cobalt-molybdenum, cobalt-tungsten and 
nickel-molybdenum derivatives, the electrochemically active nickel-tungs- 
ten clusters belong to the [Ni(W0,_,S,)2]2- family, n varying from 4 to 2. 

TABLE 12 

Standard electrode potentials (in volts) for the reduction processes of [Ni(MoS,),]*- 

E20--;3 - E,“-‘,4 _ 
- 0.92 - 1.69 
- 0.65 - 
- 1.06 - 1.85 

Solvent Ref. 

AN” 87 
DCM 89 
DMF a 87 

a (C,H,),NClO, supporting electrolyte. 
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Fig. 34. Perspective view of [Ni(WS,),]2-. Distances in pm (from ref. 92). 

(a) NiW,S, core 
The dianion [Ni(WS,) 2]2- is isostructural with [Ni(MoS,),12- (Fig. 34) 

[90-921. It undergoes two sequential reversible one-electron reduction steps 
[87,88], the potentials of which are reported in Table 13. 

Comparison with the tetrathiomolybdate analogue shows that while the 
2-/3- reduction step occurs at nearly the same potentials, the 3 - /4 - 
step is significantly more negative (about 0.2 v). 

These results have been interpreted in terms of sequential occupation of 
an ug molecular orbital (the nickel dX,, orbital), with pairing energies 
increasing with the mass of the lateral anions (MO&~- or WSd2-) [87]. 
However, as previously noted it has more recently been calculated that the 
LUMO of these complexes is an a, molecular orbital composed of the 
molybdenum d, 2 _ y 2 and dZ2 orbitals i89]. 

The trianion [Ni( WS,) 2] 3 - has been characterized 
VW- 

by ESR measurements 

(b) Ni W,S, core 
The structure proposed for the monooxotrithiotungstate anion 

[Ni(WOS,) 2]2- is shown in Fig. 35 [83]. This dianion undergoes the 2 - /3 - 
step at E *’ = - 1.13 V in dimethylformamide [61]. As usual, the presence of 
an oxygen atom substituting a sulfur atom makes the reduction slightly more 
difficult. 

TABLE 13 

Redox potentials (in volts) for the reduction processes of [Ni(WS,),12- 

E;$ _ E,“-‘,4 _ 

- 0.94 - 1.87 
-1.06 - 2.02 
- 0.66 - 

Solvent Ref. 

AN 87 
DMF 87 
DCM 89 
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Fig. 35. Proposed structure of [Ni(WOS,),12- (cis-form) (from ref. 83). 

(c) Ni W, S, core 
The structure assigned to the dioxodithiotungstate anion [Ni(WO,S,),]*- 

is represented in Fig. 36 [84]. The 2 - /3 - reduction step occurs at 
E 0’ = - 1.23 V in dimethylformamide [61]. 

Table 14 s ummarizes the redox potentials for the first cathodic process in 
the series [M(M’O,_,S,),]*-. Within the different families, the differences 
in redox potentials are markedly small, indicating that solvation effects 
practically make them indistinguishable if the LUMO of these complexes is 
centered on M or M’. Probably only in the case [Fe(WS,),]‘- is the electron 
added to the central Fe!& unit [19]. 

(x) Copper-tungsten clusters 

(a) Cu,WS, core 
Figure 37 shows the molecular structure of the dianion [CU,C~,WS,]~- 

[93]. In this nearly linear Cu-W-Cu assembly, the central W(V1) atom is 
tetrahedrally coordinated in a trigonal planar geometry. 

In dimethylformamide, [Cu 2C1 *WS4 3 * - undergoes an irreversible (prob- 
ably declustering) anodic process ( EP = 0.0 V) attributed to the oxidation of 
the copper(I) centres [93]. 

(b) Cu,WS, core 
The structure of the dianion [Cu,Cl,WS,]*- is shown in Fig. 38 194,951. It 

consists of a central WSd2- tetrahedron linked to three CuCl fragments. 
Each copper center has a trigonal planar coordination geometry. 

In dimethylformamide, [Cu &I 3WS,] *- undergoes an oxidation process 

1 
2- 

Fig. 36. Proposed structure for [Ni(WO,S,),]*-_ WO, planes are likely to be perpendicular 
to WS2 planes. 
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TABLE 14 

Redox potentials (in volts) for the 2-/3- step of [M(M’04_,S,,)2]2- (M = Fe, Co, Ni; 
M ’ = MO, W) in dimethylformamide 

Compound E,D_,, - Compound E.& _ Compound E;& _ 

[Fe(WS,h12- - 0.72 
WW3W212- - 0.82 [C~(MOOS,)~]~- -&Xl tio(M~2S2)212- - 1.23 
ww34)212- - 1.00 mwow212- - 1.07 wNYo2s2)212- - 1.29 
[Ni(MoS4),12- -1.06 [Ni(MoOS,) 2] 2- - 1.13 N(M~2%)212- - 1.17 
tNi(W%)212- - 1.06 [Ni(WOS,) 21 2- - 1.13 [Ni(W02%)212- - 1.23 

similar to that experienced by [Cu 2Cl,WS,]2- [93]. 

(xi) Molybdenum-ruthenium clusters 

(a) A4oRu,S, core 
The structure reported in Fig. 39 has been assigned to [(C,H,)Ru 

(PPh,)],MoS, [96]. It is briefly reported that in dichloromethane this thio- 
molybdate compound undergoes a reversible one-electron oxidation process 
at -0.06 V [96]. The probable stable monocation has not so far been 
characterized. 

Fig. 37. Crystal structure of [CU~C~~WS~]~-. Selected mean distances within the Cu2WS4 
core: W-S 2.21 A, Cu-S 2.40 & Cu-W 2.62 A (from ref. 93). 

Fig. 38_ Perspective view of [CU,C~,WS~]~- (with selected mean distances) (from ref. 94). 
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TABLE 15 

Redox potentials (in volts) for the reduction processes of [Pd(MoS,),12- 

E20& _ Eso& _ Solvent Ref. 

- 1.41 - 1.72 
- 1.54 - 1.78 
-1.04 

a (C,H,)4NBr supporting electrolyte. 

ANa 87 
DMF 87 
DCM 89 

(xii) Molybdenum-palladium clusters 

(u) PdMo,S, core 
The [Pd(MoS,),] 2- dianion is isostructural with [Ni(MoS,),12-, whose 

structure is reported in Fig. 32. As shown in Fig. 40, [Pd(MoS,) 2]2- 
undergoes two sequential one-electron cathodic processes [87,88]. 

In contrast with the nickel analogue, which gives rise to two distinct 
reversible steps, in the present case the two processes are very close to each 
other, with only the first being fully reversible (Table 15). Whereas the 
electrogeneratable tetra-anion is totally unstable, the relevant trianion has 
been spectroscopically characterized [ 891. 

The shift of the 2 - /3 - step towards more negative potential values and 
the closeness of the 2 - /3 - and 3 - /4 - steps, in comparison with the 
corresponding nickel complex, is attributed to the fact that the increase in 

Fig. 39. Proposed structure for I(C,H,),Ru,(PPh,),]MoS,. 

1 * I1 1 I I I I, 
-04 - 0.6 - 1.0 -1.4 -1.8 

potential/V 

Fig. 40. Cyclic volt ammetric response recorded in a dimethylformamide 
[Pd(MoS,),12-. Potential values vs. SCE (from ref. 88). 

solution of 
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20- 
III I II 11 11 

-0.2 -0.6 -1-o -1.4 -1% 
potential/V 

Fig. 41. Cyclic voltammogram recorded in a dimethylformamide solution of [Pt(MoS,),]*-. 
Potential values vs. SCE (from ref. 88). 

the mass of the central atom causes both the ag (Pd-centered) and the 6r, 
(ligand-centered) molecular orbitals to rise in energy, while becoming very 
close to each other, so that the first electron enters the Pd level, while the 
second electron enters the ligand level (probably because of an a,-b,, 
energy separation lower than the pairing energy in us) [87]. 

(xiii) Molybdenum-platinum clusters 

(a) PtMo,S, core 
The dianion [Pt(MoS,) 2] 2--, isostructural with [Ni( MoS,) 2 ] 2 - and 

WWoW,12-, undergoes, at variance with these analogues, a single reversi- 
ble two-electron reduction process (Fig. 41) (Table 16 [87,88]). 

The extent of the electrochemical reversibility of the two coincident, or 
nearly coincident, one-electron steps was difficult to ascertain being depen- 
dent both upon the solvent and the supporting electrolyte. 

The occurrence of two overlapping one-electron steps, at potentials more 
negative than those of the nickel and palladium analogues, agrees with a 
further mass-dependent lowering of the ligand-centered b,, orbital to the 
energy of the Pt-centered as orbital, and their consequent half filling [87]. 

TA3LE 16 

Redox potential (in volts) for the two-electron reduction process of [Pt(MoS,)J2- [87] 

E2Q--;4- !3olvent 

-1.64 ANa 
- 1.79 DMF a 

a (C,H,),NBr supporting electrolyte. 
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(xiv) Tungsten-ruthenium clusters 

(a) WRu,S, core 
The series of derivatives shown in Scheme 15, which contains the linear 

assembly WRuzS4, isostructural with the MoRu,S, core considered in 
Section B (xi) (a) has been characterized [96]. 

X* H. CH3 
Y= PPh3,C0 

Scheme 15 

Like the corresponding thiomolybdates, these derivatives undergo a re- 
versible one-electron anodic process in dichloromethane (Table 17). 

The ligand effects upon the electrode potentials are quite expected. The 
substitution of a n-accepting CO group with a o-donating PPh, group, as 
well as the presence of an electron donating methyl substituent in the 
cyclopentadienyl moiety facilitates oxidation to the monocation. 

Data on the one-electron oxidized species have not yet appeared. 

(xv) Tungsten-palladium clusters 

(a) PdW,S, core 
In the prece&ng sections (tiamely Sections B (viii) (a) and B (ix) (a)) it 

was reported that [Ni(MoS,) *] 2- and [Ni(WS,) 2 ] 2- undergo qualitatively 
similar redo% changes. The same behavior holds for [Pd(WS,), J2- and 
[PdfMoS,),]2-. In fact, by analogy with [Pd(MoS4)2]2-, [Pd(WS,),]2- 
undergoes two sequential closely spaced one-electron reduction processes 
(the first one reversibly, the second irreversibly) (Table 18). Proposed 
rationalizations for this redox behavior have been presented in Section B 
(xii) (a). 

TABLE 17 

Formal electrode potentials (in volts) for the oneelectron anoclic step of [(C,H,X) 2Ru 2 
(PPh,)Y]WS, in dichloromethane 1961 

X Y EO’ o/1+ 

H PPh, 
H co 
CH3 PPh 3 
CH3 co 

-I 

+ 0.05 
+ 0.19 
- 0.06 
+ 0.90 
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TABLE 18 

Redox potentials (in volts) for the reduction processes of [Pd(WS,),12- 

E+ _ E R-/4- Solvent Ref. 

- 1.41 - 1.85 ANa 87 
- 1.51 - 1.91 DMF a 87 
- 1.14 - DCM 89 

a (C,H,),NBr supporting electrolyte. 

TABLE 19 

Redox potential (in volts) for the reduction process of [Pt(WS,),]‘- [87] 

E,“_r, _ Solvent 

- 1.67 AN* 
- 1.80 DMF a 

a (C,H,).NClO, supporting electrolyte. 

The electrogenerated trianion [Pd(WS,),j3- has been characterized by 
ESR techniques [ 891. 

(xvi) Tungsten-platinum clusters 

(a) Pt W,S, core 
The dianion [Pt(WS,),12- behaves in the same manner as [Pt(MoS,),]2-, 

giving rise to a single two-electron reduction step [87,88] (Table 19). Plausi- 
ble explanations for these redox properties have been presented in Section B 
(xii) (a). 

C. HETEROTRIMETALLIC SULFUR CLUSTERS 

Very few polynuclear derivatives containing three different metal species 
have been examined electrochemically, and up to now all of them belong to 
the triangular species capped by a triply bridging sulfur atom, as illustrated 
in Scheme 16. 

s 

4’ (CO)j M\MI,,M’(COI. 

tc0)2(C5H5) 
Scheme 16 
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(i) Iron-cobalt-molybdenum clusters 

(a) FeCoMoS core 
The carbonyl complex (ps-S)FeCoMo(CsH,)(CO), has a structure similar 

to that reported in Scheme 16 (M = Fe, M’ = Co, M” = MO) [97]. 
In dichloroethane this cluster undergoes a quasi-reversible one-electron 

reduction process at E O ‘ = - 1.60 V, and a declustering oxidation process at 
Ep = +0.65 V [14]. 

Comparison with the isostructural (p3-S)FeCoz(CO), (Section B (i) (a)) 
indicates that in the present case access to the monoanion species is notably 
more difficult ( A E O ’ - 0.5 V). This result can be ascribed to two sources: (i) 
the presence of a MO atom heavier than a Co atom; (ii) the substitution of 
one acceptor carbonyl molecule by an electron-donating cyclopentadienyl 
molecule. 

(ii) Iron-cobalt- rungs ten clusters 

(a) FeCoWS core 
The complex ( y3-S)FeCoW(C,H,)(CO) 8 is isostructural with SFeCo- 

MoGH, )(CO) 8, cited previously [97]. In dichloroethane it undergoes a 
quasi-reversible one-electron reduction process at E *’ = - 1.79 V, and a 
declustering oxidation process at Ep = +0.55 V [14]. 

The shift of the O/l - couple towards more negative potentials (by about 
0.2 V), in comparison with the corresponding FeCoMo analogue, must be 
attributed to the presence of W which is heavier than MO. 

(iii) Cobalt-molybdenum-ruthenium clusters 

(a) CoMoRuS core 
The complex ( p,-S)CoMoRu(C,H, )(CO) 8 has the geometry illustrated in 

Scheme 16 (M = Co, M’= Ru, M” = MO) [85]. As in previous cases, in 
dichloroethane, it undergoes a quasi-reversible one-electron reduction step 
(at E”‘= - 1.75 V) and an irreversible oxidation process ( Ep = + 0.45 V) 

WI- 
Once again the different nature of the trimetal moiety explains the 

difference in the redox potential of the O/l - couple in comparison with the 
FeCoMo analogue. 

In conclusion, these redox data for heterotrimetallic species together with 
those reported in Section B (i) confirm that in trimetallic (,u,-S)-carbonyl 
complexes the LUMO is essentially metal based, and conjugated to the 
in-plane ligands. 
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D. APPENDIX 

Just after the submission of the present review a pertinent paper dealing 
with the structure and redox behavior of a series of heterodimetal-sulfur 
clusters appeared [98]. 

Figure 42 shows the molecular structure of (CH3C5H4)2M02SqFe,(CO),; 
The centrosymmetric Fe,Mo,S, core consists of a planar array of the four 
metal ions (two Mo(II1) and two Fe(I1) centers) bridged by four triply 
bridging sulfur atoms, which in turn lie in a plane perpendicular to the 
metallic plane. 

In cyclic voltammetry, in acetonitrile, this complex displays two decluster- 
ing oxidation processes and two one-electron reductions (E O’ = - 1.50 V 
and - 1.78 V respectively), probably centered on the successive redox 
changes Mo(III)Mo(III)/ Mo(III)Mo(II) and Mo(III)Mo(II)/ Mo(II)Mo(II), 
complicated by subsequent chemical reactions (i&i, # 1) [98]. Accord- 
ingly, the use of reducing agents afforded the desulfurized complex 
(CH,C,I-I.),Mo,S,Fe,(CO), (described as a Mo(II)Mo(II) dimer with two 
Fe(I1) units), the structure of which is reported in Fig. 43. In this centrosym- 
metric Mo,Fe,S, core there are two triply bridging and one quadruply 
bridging sulfido ligands. I3oth the iron and sulfur atoms form a plane 
perpendicular to the MO-MO axis. 

With respect to the parent Mo,Fe,S, core, the desulfurizing addition of 
tOwo electrons causes a significant elongation of the MO-MO distance ( - 0.05 
A), as well as an equivalent shortening of both the MO-Fe and Mo-p$ 
distances, while leaving the Fe-p3S bond constant. 

Fig. 42. Crystal structure of [(CH&5H4)M~SZFe(CO)d]z. Core mean distances: MO-MO 
2.62 .k; MO-Fe 2.85 A; MO-p,S 2.43 A; Fe-p$ 2.23 A (from ref. 98). 
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Fig. 43. Molecular structure of (CHjCjH4)2MozS3Fe,(SO),. Core mean distances: MO-MO 
2.67 A; MO-Fe 2.80 A; MO-@ 2.38 A; Fe-@ 2.23 A; MO-p4S 2.31 A; Fe-p,S 2.55 A 
(from ref. 98). 

Figure 44 shows the cyclic voltammetric behavior of (CH,C,H,)2Mo,S, 
Fe,(CO), . A two-electron quasi-reversible uncomplicated reduction process 
(EO’ = - 1.38 V) precedes an uncomplicated one-electron qua&reversible 
cathodic step (E O’ = - 1.97 V). Neither the assignment of these charge 
transfers, nor the characterization of the probable stable reduction products 
have been performed. 

The two isoelectronic complexes [(CH,C,H,),Mo,S,Fe(C,H,)~+ and 
[(CH,C,H~)~MO,S~CO(C~H~)~ 2+ have also been characterized [98]. 

Fig. 44. Cyclic vokammogram recorded at a platinum electrode on an acetonitrile solution of 
(CH3CSH4)2M02S3Fez(C0)6. Potential values vs. SCE (from ref. 98). 
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Fig. 45. Crystal structure of [(CH&SHQ2M02S4Fe(C5H_05)]“_ Core mean distances: MO-MO 
2.60 A; MO-Fe 2.78 A; MO-p,S 2.38 A; Fe-p3S 2.13 A; Mo-~~.~TJ~S 2.45 A (from ref. 98). 

Figure 45 illustrates the structure of the FeMo,S, derivative. It consists of 
a closed triangle of metal ions bicapped by triply bridging sulfur atoms 
above and below the trimetallic plane. In addition the two molybdenum ions 
are also bridged to a disulfido ligand. 

The redox activity of this compound in acetonitrile shows an irreversible 
reduction process ( EP = - 1.26 V), and two quasi-reversible oxidation 
processes (E O’ = - 0.15 V and E O' = + 0.26 V respectively)_ 

The probable isostructural CoMo,S, derivative exhibits three quasi-re- 
versible reduction processes (E O ' = - 0.50 V, E O ' = - 0.94 V and E O ' = 
- 1.18 V respectively) of which only the less cathodic is uncomplicated by 
coupled chemical reactions. There are two quasi-reversible anodic processes 
(,O’= -0.17 V and E”‘= + 0.23 V respectively). 

In both complexes, the anodic processes are attributed to the oxidation of 
the iodide counteranion. In the case of the cobalt complex the reduction 
processes are attributed to the sequential redox changes Co(III)/Co(II), 
Co(II)/Co(I) and Co(I)/Co(O), whereas in the case of the iron complex they 
are attributed to the usually irreversible Fe(II)/Fe(I) step [98]. 

E. CONCLUSION 

The chemistry of heterometallic sulfur clusters is relatively younger than 
that of homometallic sulfur clusters, and this is reflected in the smaller 
number of studies devoted to their redox behavior. 

One of the aims of this review, which emphasizes those clusters whose 
redox chemistry has been elucidated and gives evidence of chemically 
reversible redox changes which have not yet been fully exploited from the 
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preparative and/or structural viewpoint, is to encourage research in this 
area in order to thro& light on the stereochemical consequences of the 
electron addition to or removal from polynuclear cores. In fact, from the 
evidence of the pioneering work of Dahl and coworkers, this aspect is of 
considerable importance to the bonding description of such compounds, 
which is generally less well developed than those of mononuclear or di- 
nuclear species. 
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