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ABBREVIATIONS FOR SOLVENTS

AN acetonitrile

BN benzonitrile

DCE 1,2-dichloroethane

DCM dichloromethane

DME 1,2-dimethoxyethane
DMF N, N-dimethylformamide
DMSO dimethylsulfoxide

NMP N-methyl-2-pyrrolidinone
MeOH methanol

TMU tetramethylurea

INTRODUCTION

Metal--sulfur clusters play a prominent role as synthetic analogues of the
active sites of important biological functions [1,2], but their chemistry is
even more important because of their involvement in the fields of heteroge-
neous catalysis [3,4] and superconductivity [5-7], and for the novelty of their
theoretical, structural and synthetic aspects.

Since for the most part, these polynuclear compounds undergo electron-
transfer reactions, it is useful to have a thermodynamic survey of their
ability to undergo redox changes, together with knowledge of the relevant
structural effects. One of the most representative examples is the well-known
[8] structural reorganization of the Fe,S, core of the cubane-like tetranuclear
anions [Fe,S,(SR),]°*~ consequent to a one-electron charge transfer
namely:
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For an easy comparison of the standard electrode potentials found in
different solvents and with respect to different reference electrodes, we will
report, unless otherwise specified, redox potentials with respect to the
ferrocenium /ferrocene couple (Fc* /Fc) [9,10], in view of the commonly
accepted extrathermodynamic assumption that the redox potential of this
couple is independent of the solvent.

B. IRON-SULFUR CLUSTERS

With the intent of modelling active sites of nonheme iron—sulfur proteins
[1], a great deal of work has recently been devoted to the synthesis and
physicochemical characterization of a variety of iron-sulfur assemblies.

(i} Fe;S core

The carbonyl complex H,Fe,(CO),S contains an Fe;S core, in which a
sulfur atom is triply bridged to an Fe; triangular unit, according to the
proposed structure shown in Fig. 1 [11L

In polar solvents this complex behaves as a dibasic acid. The relevant
dianion [Fe;(CO),S]?~ undergoes a quasi-reversible one-electron anodic
oxidation in dichloroethane solvent [12]. The diagnostic parameters of the
charge transfer (namely, the peak current ratio i, /i, <1) are, however,
indicative of the instability of the electrogenerable species [Fe;(CO)S] .

s
/ \>§-{c01,
lco;aF-\(\ 4!-1

H—=Fg(c0O),

Fig. 1. Proposed structure of the complex H;Fe;(CO)5( u4-S).
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Fig. 2. Molecular structure of the complexes Fe (CO) (SXCO) (from ref, 14) and
Fe,(CO) 4 (SXS0) (from ref. 15).

The redox properties of two other sulfur capped tri-iron complexes of
formula Fe(CO) o p3-S)(p5-X) (X = CO; X = SO) have been studied elec-
trochemically [13].

In these cases too the Fe,S core is formed by an apical triply bridging S
atom lying over the trimetallic plane as shown in Fig. 2.

Interestingly, however, whilst in Fe;(CO)4(S)(CO) the three iron atoms
are in a closed triangle (i.e., three metal-metal bonds), in Fe,;(CQO)y(S)}(SO)
they are in an open triangle (i.e., two metal-metal bonds).

In nonaqueous solvents, Fe,(CO)o(S)(CO) undergoes a well-defined one-
electron oxidation and a well-defined one-electron reduction. Both processes,
however, appear as irreversible steps, probably because of the instability of
the monocation [Fe;(CO)(SYCO)]T as well as of the monoanion
[Fe,(CO) o (S CO)] . In fact, if we consider the molecular orbital diagram
for the neutral parent [16] (Fig. 3), it i1s conceivable that the removal of one
electron from the triply bridging CO leads to destruction of the molecule
(leaving only one electron for three CO—-Fe bonds). Likewise, it is likely that
the addition of one electron to a highly destabilized antibonding orbital
leads to an energetically unstable framework.

In a similar manner Fe;(CO)4(S)(SO) undergoes two well-defined con-
secutive one-electron reductions, irreversible in character.

Another electrochemically studied Fe,S structural unit is present in the
sulfide—thiolate compound [Fe;8(1,2-(SCH,),C,H,);(INEt,),, the struc-
ture of which is reported in Fig. 4 [17].

In the pyramidal fragment Fe,S, the apical p5-S atom is 1.66 A above the
Fe, plane. Each metal atom is surrounded by a tetrahedron of sulfur atoms
and cach dithiolate ligand is involved with one bridging and one terminal
sulfur atom. The three bridging and three terminal dithiolate sulfur atoms
form two parallel planes situated below and above the trimetallic plane.
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Fig. 3. MO diagram for Fe,(CO)o(S)CO).

Fig. 4. Crystal structure of the dianion [Fe,S(1,2-(SCH,)2CcH4)31°~ (from ref. 17).

In acetonitrile solution [Fe,S(1,2-(SCH,),C,H,);]°~ undergoes a one-
electron guasi-reversible anodic oxidation and an irreversible cathodic re-
duction. No attempts have been made to electrogenerate the monoanion
{Fe;S(1,2~(SCH;),CoHy) 517

Table 1 summarizes the redox potentials for the charge transfers of the
compounds containing an Fe;S core.

(ii}) Fe;S, core

One of the first iron—sulfur clusters to be studied from the electrochem-
ical viewpoint is the dithiolene complex Fe;S;(S,C,{CF;},),4 [18], for which

TABLE 1

Standard electrode potentials (in volts) for the redox processes observed in compounds
containing the Fe,S core

Complex Redox processes Solvent Ref.
1+/0 0/1— 1-/2— 2—/3—

[Fe, (C0)4S)%~ —0.80 DCE 12

Fe;(CO)o(SYCO) -007° —0.76° BN 13

Fe,(CO)o(S)(SO) —0.81* —1.50° BN 13

[FesS(1,2«(SCH,),CeHy)512 ™ —0.84 —229* AN 17

2 Half-wave (in polarography) or peak potential (in cyclic voltammetry) value for irreversible
processes. ® For solvent abbreviations, here and elsewhere, see list at beginning of article.
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Fig. 5. Proposed structure for the compound Fe;8,(S,C,{CF; }1)4.

the structure shown in Fig. 5 has been proposed {(but not proven by X-ray
diffraction).

In dichicromethane solution this complex undergoes two one-electron
cathodic reductions. The chemically generated [Fe;S,(5,C,{CF;},),]™
monoanion seems stable in CH,Cl, solution.

The redox behaviour of two other derivatives, namely Fe,(CO),S, [13]
and Fe,;(CO)S,(C;H,S,) [19], containing the Fe, S, core, has been reported.

The derivative Fe,;(CO)g( p14-S), contains an open triangle of iron atoms,
bound to two triply bridging sulfur atoms lying above and below the
trimetallic plane as shown in Fig. 6 [20]. As shown in Fig. 7, in benzonitrile
solution this sulfur-dicapped complex undergoes two well-defined one-elec-
tron reduction steps. The less cathodic step is electrochemically quasi-re-
versible, but chemically reversible; the more cathodic step is irreversible in
character. This result is not entirely rationalizable on the basis of the
molecular orbital diagram for Fe,(CO),S, [16], given in Fig. 8. In fact, the
first electron, likely entering the orbital e’, increases the population of the
Fe—-Fe bonding orbitals with respect to the Fe—-Fe antibonding orbital «:.

Fig. 6. Molecular structure of Fe,{CO),S; (from ref. 20).
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Fig. 7. Cyclic voltammetric behaviour of Fe,(CO),8, in benzonitrile solution. Potential
values vs. Ag/AgCl.

Fig. 8. MO diagram for Fe,(CO).8S,.

On the contrary, 1t is difficult to foresee the rupture of the molecular
framework following the addition of the second electron. We can invoke two
arguments: (i) after the addition of the first electron, the MO ordering is
quite different; (1) the irreversibility of the second cathodic step is simply
due to the slowness of the heterogencous charge transfer, rather than to an
extremely fast reaction coupled to the charge transfer (i.e., the structural
reorganization of the molecule).

No attempts to characterize the clectrogenerable stable monoanion
[Fey(CO)4S,]}™ have been reported.

The structure of the closely related Fe,(CO)S,(C,H,S,) is shown in Fig,.
9 [19].

In dimethylformamide this latter undergoes a reversible one-electron
reduction, complicated by following, slow, chemical reactions (probably a
decarbonylation reaction), and a multielectron irreversible oxidation. The
redox chemistry of Fe (CCO),S,(C3;H,S,) serves to illustrate the electrocata-
lytic substitution of carbonyl ligands by trimethylphosphite groups in
carbonyl clusters.

A less common Fe,S, core is present in the trinuclear species Fe,(7n°-
CsH; ) (CO),(SYSR) (R=CH,;, C,;H;) *. On the basis of their spectro-

* Strictly speaking, if one considers only inorganic sulfur atoms as participating in the
metal—sulfur core, these derivatives would belong to the preceding section devoted to the
Fe,5 core.
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Fig. 9. Schematic representation of the molecular structure of FeJ(CO)SSZ (C;H,8,).

Fig. 10. Proposed structure for the species Fe;(CsHs)(CQ), (SKSR).

scopic properties, the structure illustrated in Fig. 10 has been proposed
[21,22].

In dimethoxyethane these derivatives undergo two consecutive one-elec-
tron reversible charge transfers leading to [Fey(%°-CsHs);(CO),(S)SR]* and
[Fe,(7°-C5sH,) 5(CO),{S)SR]2*, respectively. The chemically obtained mono-
cation decomposes fairly rapidly.

Table 2 summarizes the standard potentials evaluated for the redox
changes in the compounds containing the Fe,;S, assembly.

(iii} Fe;S, core

Two derivatives of formula [Fe;S,(SR),(Et,N), (R = Ph, Et) contain an
electroactive [Fe;S,]" core. As shown in Fig. 11, in this fragment the three
tetrahedral iron sites are nearly collinear. The central iron atom is bound to
four sulfides, while each terminal iron atom binds two thiolate and two

TABLE 2

Standard potentials (in volts) for the redox processes observed in compounds containing the
Fe,8, core

Complex Redox processes Solvent  Ref.
2+/1+ 1+,/0 0/1—- 1-—/2~
Fe,$,{8;C,(CF); )4 +0.39 —0.17 DCM 18
Fe,(CO),S, —-093 —-1.88* BN 13
Fe, (C0)58,(C,H,S,) —1.18 - DMF 19
Fe,(CsH);(CO),(SXSR) * v - - DME 22

2 Peak potential value for irreversible charge-transfers. ® Potential value unknown.
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Fig. 11. Molecular structure of [Fe;S,(SPh),]*~ (from ref. 23).

sulfide ligands [23]. Multiple cathodic reduction processes are displayed by
these compounds in acetonitrile solvent, only the less cathodic one, however,
being core centered and attributed to the redox change [Fe,S,}* ——
[Fe,S;1°. The presence of chemical complications following this charge
transfer is probably due to a declustering reaction {24], which indicates no
appreciable flexibility for the present Fe/S assembly. The relevant redox
potentials are reported in Table 3.

The marked sensitivity of the redox potentials to the nature of the thiolate
group (the alkylthiolate is more electron-donating than the arylthiolate)
indicates that the ligands outside the Fe,;S, core contribute significantly to
the LUMO of these complexes.

TABLE 3

Redox polentials (in volts) for the redox processes observed in acetonitrile solutions of
(Fe;S4(SR)41*

Complex Core centred redox process Further reductions
3—4—

[Fe;S4(SPh), )~ —1.60 —1.73® —190*

[Fe,S,(SEt) )~ —1.91 —2.04 -

% Peak potential values for irreversible processes.
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(iv) Fe, S, cores

The work devoted to Fe,S, clusters is far more copious than that
concerning all other metal—sulfur assemblies. This stems from the fact that
cubane-like |Fe,S,(SR),|'7?77?~ congeners are good analogs (see Scheme
1) of bactenal ferredoxins (Fd) and high-potential iron proteins (HP), which
contain Fe,S, cores attached to cysteinyl ligands able to undergo sequential
one-¢lectron redox changes [1].

|FesS4(SR),|*~ 2 [Fe,S4(SR), |2~ 2 |Fe,Sy(SR), |~
Fd,, =@ Fd,,
HP,__, = HP,, = HP

5 (). ¥
Scheme 1

The compounds containing an Fe,S, core have been extensively studied
from the redox viewpoint, and the structural reorganizations consequent to
these redox changes have been accurately examined. Structural-redox rela-
tionships are affected by the type of terminal ligand coordinated to the
Fe,S, core.

(a) Fe,S,—dithiolene derivatives

The first electrochemical investigations devoted to derivatives containing
an Fe,S, core dealt with the isolated polynuclear dithiolene complexes
|Fe,S,(S,CoRL) P (R=CF;, z=0,1—,2—; R=Ph, z=0,1—) [18,25].

The polarographic behavior of these complexes in nonaqueous solvents
revealed the great facility of the Fe,S5,—dithiolene assembly to undergo,
reversibly, a large one-electron transfer series. The relevant redox potentials
are summarized in Table 4.

The marked effect on the redox potentials of CF; electron-withdrawing
groups gives evidence for the effective conjugation of the terminal ligands to
the Fe,S, core.

TABLE 4

Redox potentials (in volts) for the redox processes shown by Fe,8,(5,C, R ;) Fe, S, (S,C. R, ),
species (R = CF;, Ph)

Complex Redox processes Solvent Ref.
0/1 1—/2— 2—/3— 3— /4—

Fe S4(5,C,{CF;}1)4 +0.49 +0.05 —0.59 —-1.2 DCM 18
—0.36 —0.65 —1.25 — DCM 18

FesSa(5,CaPh2)s —052 —1.03 —1.74 237  DMF  25%

2 Incorrectly formulated as Fe,S,(S,C,Ph,),.
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Fig. 12. Crystal structure of [Fe,{p4-8) 4(S,C;{CF; }2)4]1*~ (from ref. 27).

On the basis of physico-chemical properties, a “cube” structure, with iron
and sulfur atoms occupying alternate vertices, was preliminarily assigned to
the cores of the isolated [Fe,S8,(S,C,R,),]° species [18]. Subsequent X-ray
investigations on the dianion [Fe,(u;-S),(5,C,{CF;},),1*" [26.27] con-
firmed this fundamental geometry, which ideally should be built by two
concentric interpenetrating regular tetrahedra of iron atoms and sulfur
atoms, respectively. The best refined structure of the dianion is presented in
Fig. 12. The Fe,S, core has a tetragonal D,; symmetry compressed along the
S, axis, with four equivalent Fe—Fe bonding distances shorter than the other
two equivalent nonbonding distances (these latter being Fe(1)...Fe(2) and
Fe(3)...Fe(4)), as well as four equivalent Fe-S bonds (the vertical
Fe(1)-S(3), Fe(2)-S(4), Fe(3)-S(2), Fe(4)-S(1), near parallel to the S, axis)
shorter than the other eight equivalent Fe-S bonds.

No other crystallographic data are available for either the monoanion or
neutral precursors, which might allow one to spot some relationships be-
tween redox changes and structurai consequences. However, Dahl and
co-workers, on the basis of the similarity of both the crystallographic
parameters of [Fey(15-8)4(8,Co{CF;},)4]?” and [Fey(p;y-8)4(n°-CsHy) 412"
and Mossbauer data on their congeners, [Fe,S;(5,C,{CF;},),1%"' 7%~ and
[Fe S,(CsHs) 1% /2% [27,28] have assumed the same qualitative MO bond-
ing model to be valid [28]. This being true, they foresee then that the anodic
oxidation of [Fe,(#3-8)4(S:C,{CF;},)41°" to [Fey(#3-8)4(8,C,{CF;},)4]”
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Fig. 13. Cyclic voltammetric response obtained at a platinum electrode in an acetonitrile
solution of Fe,S,(C;H},. Potential values vs. 5.5.C.E.

would maintain the tetragonal I},; geometry of the Fe S, core, or alterna-
tively, a slight Jahn-Teller distortion may cause an orthorhombic D, config-
uration. The further oxidation to Fe,(#:-S) 4(S,C,{CF;};)4 would again lead
to a tetragonal D,, geometry with a shortening of the four equivalent Fe—Fe
bonding distances.

(b) Fe S ,~cyclopentadienyl derivatives

The tetrameric cyclopentadienyl sulfide derivative Fe,(7°-CsHs) ,(pt5-S)4
undergoes four electrochemically reversible charge transfers in acetonitrile
[29]. The cyclic voltammogram (Fig. 13) illustrates this unusually rich redox
behaviour [28). The relevant redox potentials are summarized in Table 5.

Of the five, apparently stable, members of this series, up t0 now only the
congeners [Fe,S,(CsH,), 1% */?* have been isolated and crystallographi-
cally characterized.

The X-ray structure of both the orthorhombic [30] and the monoclinic
[31] phases of the neutral parent have been reported. In both phases the
Fe,S, core has a tetragonal D,; symmetry, with an elongated cubane
framework.

TABLE $§
Standard electrode potentials (in volts) for the redox processes of Fe,S,(CsHs), in acetonitrile
Complex Redox processes

3+ 2+ 24 /1+ 1+ /0 01—

Fe,S.(CsH, )y +1.03 +0.50 —0.05 -0.71
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TABLE 6

Selected mean distances (A) for the [Fe,S,(CsH;) 1% 72 congeners (from ref. 28) with the
number of distances having the listed value given in brackets

Tetramer Fe,(n*-CsHs)a(ps-S)y [Feo(m-CsHs)y-  [Feg(m-CsHs) o
+ 2+
Monoclinic Orthorhombic  (#33)al (r3-5)al
phase phase
Crystallographic site ;-2 C.-m C,-2 5,4
symmetry
Idealized geometry  D,;-42m D, 42 m D,-222 D,-42m
of Fey, S, core
Fe-Fe 2.65 [2] 2.63 [2] 2.65 [2] 2.83 (4]
3.36 [4] 3.36 [4] 3.19 2] 3.25 2]
3.32[2]
§S---8 2.88 [4] 2.88 [4] 2.88 [2] 2.82(2]
3.33[2] 3.34[2] 3.06 [2] 3.30 (4]
3.39[2]
Fe-S 2.20 (8] 2.21 [8] 2,18 [4] 2.16 [4]
2.25[4] 2.26 [4] 2.21 [4] 2.21 (8]
2.25 [4]

In the monocationic species, the Fe,S, core retains the cubane-like
framework, but it undergoes an angular deformation with respect to the
neutral parent, which leads to a D, geometry [32].

In the dicationic species, the Fe,S; core again assumes a tetragonal D,
geometry [28].

Figure 14 and Table 6 summarize both the structures and some salient
parameters for the [Fe,S,(CsH;),]1%'*/2* homologues.

In the neutral derivative the iron tetrahedron is elongated so that it gives
rise to two short Fe—Fe bonding distances and four long Fe-Fe non-bond-
ing distances.

The one-electron oxidation causes the elongated iron tetrahedron to twist
from tetragonal D, to orthorhombic D, symmetry, with the consequence
that the four originally nonbonding Fe—-Fe distances divide into two non-
equivalent pairs of shorter non-bonding distances, the originally two short
bonding distances remain practically unaltered. The further one-electron
oxidation finally causes the ¢longated iron tetrahedron to transform to a
flattened iron tetrahedron of D,, symmetry, with four short Fe—Fe bonding
distances and two long Fe—Fe non-bonding distances.

Interestingly, the Fe—S bonding distances follow the same trend in the
course of the redox changes.

These crystallographic data fit the bonding description well and their
variation with the redox changes [28] in these clusters. In this model [28] it is
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E'-e-nt(CsHs)zs 54:|+
o

Ee4c5H5hsaz+

(a) (b)

Fig. 14. (a) General views and (b) projections along the crystallographic axis of
[Fe,S,(CsH), 1% 7727 (from refs. 28, 31, 32).
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assumed that the 20 3d orbitals in a M,S, core of cubic 7; symmetry split as
follows: six bonding tetra-metal cluster orbitals (a, + e + ), six antibond-
ing tetra-metal cluster orbitals (7, + r,), eight symmetry orbitals (e + 7; + ;)
essentially non-bonding with respect to direct metal-metal interactions but
antibonding with respect to metal-ligand interactions. Hence, in the neutral
Fe,S,(CsHs),, the 20 34 electrons from the four formally-Fe(1Il) atoms are
so distributed: (a, + e + £,)"2(#; + ;)% e + 1, + £3)°.

On the basis of this bonding description, Dahl and co-workers have
attempted 1o predict the structural reorganizations for the non-isolated
members [Fe,S,(CsHs),]™ and [Fe,S,(CsH;),]1** [28]. For the trication the
maintenance of a tetragonal D,; symmetry is expected, with a further
shortening of the four Fe—Fe bonding distances, or, alternatively, a slight
Jahn—Teller distortion causing an orthorhombic D, geometry. For the
monoanion, a Jahn-Teller distortion should lead to an orthorhombic D,
geometry.

Note that the redox processes cited above are described as electrochem-
ically reversible [28,29]. Since in these papers the electrochemical behaviour
is only brief alluded to, we assume these charge transfers to be chemically
reversible, but electrochemically quasi-reversible. In fact, the conformational
changes accompanying these redox processes must raise the activation
barrier of the electron-transfer, slowing down the rate of the heterogeneous
charge transfer {33].

(c) Fe,S,— and Fe,S,N,— nitrosy! derivatives

The cubane-like nitrosyl complex Fe,(NO),(u;-S), undergoes two dis-
tinct one-electron reduction steps in dichloromethane, quasi-reversible in
character [34]. These redox changes are shown in Fig. 15, and the relevant
redox potentials are reported in Table 7.

From comparison with Table 5, the effect of the NO™ groups make it
easy, from a thermodynamic viewpoint, to add electrons to the Fe, S, core
compared with the C;Hy groups.

The crystal structures of both the Fe,S,(NO), [35] and [Fe,S,(NO),]™
species, obtained by chemical reduction [34], have been reported (Fig. 16).

TABLE 7

Standard electrode potentials {(in volts} for the redox process of Fe,5,(NQO), in dichloro-
methane

Complex Redox processes
0/1— 1—/2—
Fe,S,(NO), —036 —1.14
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Fig. 15. Cyclic voltammetric behaviour of Fe,{NO},S, in dichloromethane solvent. Potential
values vs. S.S.C.E.

L]

+1.10

The neutral molecule possesses a cubane-like framework in which each
triply bridging sulfur is apically bound to the three iron atoms of each face
of the iron tetrahedron, with an almost exact cubic 7, symmetry. The iron
atoms form a completely bonding tetrahedron with six Fe-Fe mean dis-
tances of 2.651 A. The twelve chemically equivalent Fe—-S bonds have a
mean value of 2.217 A.

In the one-electron reduced product, the Fe,S, core is deformed towards a
tetragonal D,, symmetry. The six originally equivalent Fe—Fe distances are
broken into two longer Fe—Fe distances (mean value of 2.704 A) and four
shorter Fe—Fe distances (mean value of 2.688 A). The clongation of the
Fe—S bonds is much smaller. The original twelve equivalent bonds would be
expected to be partitioned into eight equivalent and four equivalent dis-
tances; indeed the two sets of Fe—S bonds have an identical mean value of
2.231 A,

The stereochemical deformation occurring as a consequence of the ad-
dition of one electron to the Fe,S, framework conforms to a general MO

(a) (h)

Fig. 16. Molecular structures of: (a) Fe,S,(NQ),: (b) [Fe,8,(NO),] (from ref. 34).
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description of the bonding in these nitrosyl clusters [34]. According to this
model, the 28 iron core electrons of the neutral cluster (from a d’ Fe(I)
configuration) under a cubic 7; symmetry are distributed in the following
manner: (e + ¢, + #,)® (non-bonding tetra-iron orbitals), (a; + e+ 1,)"?
(bonding tetra-iron orbitals), (£, + £,)° (antibonding tetra-iron orbitals). The
addition of one electron causes the population of a ¢ antibonding tetra-iron
orbital. The system undergoes a Jahn-Teller distortion to a tetragonal D,,
configuration.

Strictly related to the above mentioned Fe,S,-nitrosyl clusters are the
[Fe, (NO) (p05-8) ,( - NCMe,),1° (z =0, 1 — ) congeners, in which two tri-
ply bridging tert-butyl nitrogens substitute two sulfur ligands [35,36].

From the e¢lectrochemical viewpoint, it has been briefly reported that
Fe,(NO) ;(p4-S),(p-NCMe; ), (probably in dichloromethane) undergoes
four one-electron reduction steps [35]. No redox potential values are availa-
ble.

The crystal structure of both Fe,(NO),S,(NCMe;), [35] and
[Fe,{NO),S,(NCMe,),]", obtained by chemical reduction [36], have been
resolved. Figure 17 reports the relevant molecular views.

The neutral molecule, which possesses a C,, symmetry, may be described
as a completely-bonding iron tetrahedron dipped in a cubane-like Fe¢,S,N,
core. This core can be thought to be an Fe, S, moiety joined face-to-face to
an Fe,N, moiety. The Fe—Fe bond length in the Fe,S, face is 2.642 A. The
Fe-Fe bond length in the Fe, N, face is 2.496 A. The remaining four Fe—-Fe
bond lengths for the SFeNFe faces have a mean value of 2.562 A. The four
Fe-S bond lengths in the Fe,S, fragment and the two Fe-S mean bond
lengths in the SFeNFe faces are 2.22 A. The four Fe—N bond lengths in the
Fe,N, fragment and the two Fe—N mean bond lengths in the SFeNFe faces
are 1.91 A

The mono-anion retains the (,, geometry, but significant structural
changes occur: the Fe—Fe distance in the Fe,S, fragment increases to 2.701
A: the Fe_Fe distance in the Fe, N, fragment increases to 2.552 A; the
Fe-Fe distances in the SFeNFe faces increase to 2.574 A. This results in a
relative lengthening of the Fe—Fe bonds normal to the C, crystallographic
axis, hence causing elongation of all six Fe—S bonds. Unexpectedly, how-
ever, all the six Fe-N bonds decrease.

The previously cited qualitative MO bonding description for Fe,S,(NO),
[34] under cubic 7; symmeiry, now lowered to C,, geometry because of the
presence of N-tert-butyl groups, once again agrees with the structural
reorganization foliowing the one-electron reduction of Fe(NO),S,(NCMe,),
to [Fe(NO),S5,(NCMe,),]; in fact, the additional electron enters an anti-
bonding tetra-iron orbital, giving rise to a decrease in the total metal-metal
bond order.
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{d} Fe,S,—carbonyl derivatives

Only the carbonyl derivative Fe (CO),,(p;-S), has been structurally
characterized [37]). This species is insoluble in common solvents, and this
prevented any test of its ability to undergo redox changes from being
performed. Never the less, the dianion [Fe,S,(CO),,]*>” has been prepared
and X-ray characterized [38]. The structures of both species are reported in
Fig. 18.

The neutral molecule consists of a non-bonding iron tetrahedron with
face-bridging sulfur atoms, with an Fe,S, distorted cube (C,, symmetry).

In the dianion, the Fe S, core is “linear”, with the two Fe,S, fragments
linked by an S-S bond in a centrosymmetric butterfly structure.

Even if not strictly related to the purposes of this topic (no proven
electrochemical change), this example is cited because it constitutes the first
case in which a two-electron addition to an Fe, S, core seems to cause the
rupture of the cubane-like assembly.

(a)

Fig. 18. Molecular structures of: (a) Fe,S,(C0O),, (from ref. 37); (b) [Fe,S,(CO),1?~ (from
ref. 38).
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(b)

Dahl and co-workers proposed that the bonding in the neutral carbonyl
cluster can be described through an MO model similar to the one for
Fe,S,(CsH,), [28). Hence the 24 electrons of the iron core (from a 4°
Fe(Il) configuration) have the following energy level ordering: (a;, +e +
£)12(8y + )2 (e + t; + 1,)°. It is likely that the addition of two electrons in
the (e + ¢, + ;) symmetry orbitals, which are antibonding with respect to
metal-ligand interactions, weakens the Fe—S bonds up to the destruction of
the cubane geometry.

fe) Fe,S,~ thiolate derivatives

The resemblance of the physicochemical properties of the tetranuclear
clusters [Fe,S,(SR),]?~, which contain an [Fe,S;]** core, to those of some
non-heme iron—sulfur proteins led to wide investigation of these com-
pounds. Since it is firmly established that, in their biological functions, such
proteins undergo, in aqueous solutions, a one-electron reduction at about
E% = —04 V vs. NHE (i.e. around —0.8 V vs. Fc*/Fc couple), many
studies have dealt with the redox behavior of these analogs. As exemplified
in Fig. 19, most tetrathiolate compounds undergo, in non-aqueous solvent,
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Fig. 19. Cyclic voltammetric responses obtained from: (a) [Fe,S,(SPh) ]2~ in acetonitrile
solvent; (b) [Fe,S,(S—t-Bu),]?>~ in dimethylformamide solvent. Potential values vs. S.C.E.

two distinct near reversible one-electron reduction steps. In a very few cases
a one-electron anodic process is also displayed.

It is commonly accepted that these one-electron charge transfers corre-
spond te the four-membered sequence:

[Fe,Si|>* & [Fe,S]®* 2 [Fe,S,| ' 2 [Fe,S,)°
—e —e —e

Table 8 summarizes the standard potentials of the different redox changes
in all the tetra-iron thiolate compounds studied. In addition to the inductive
effects of the different ligands, two points deserve some comment. First of
all, in non-aqueous solvents the redox potentials of the biologically signifi-
cant [Fe,S,]12%/'* step in these synthetic complexes are notably more nega-
tive than those occurring in proteins; secondly, passing from non-aqueous to
aqueous solutions, the redox potentials of the analogs approach the biologi-
cal ones. Both the influence of hydrogen bonding in the protein matrix and
the extent of dielectric of the environmental shell surrounding the iron—sulfur
center have been proposed to account, in part, for both these effects [62].

Particular interest arises as far as the structural consequences accompany-
ing the redox changes are concerned.

It can be assumed that all the [Fe,S,(SR),]*~ species isolated exhibit
compressed tetragonal structures of idealized D,, symmetry. The [Fe ;S,]°"
core consists of nearly concentric imperfect Fe, and S5, tetrahedra, the
volume of the latter being about 2.3 times larger than that of the former.
The departure from 7; symmetry results in four short Fe—S distances
parallel to the 4 symmetry axis and eight longer Fe—S distances perpendicu-
lar to the same axis. As an example, Fig. 20 shows schematic representations
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TABLE 8

Redox potentials (in volts) of the redox processes of the [Fe 8,]1°" core in [Fe S,(SR) )*
clusters

R z [Fe S, )7 2% [Fe S1°2 7' [Fe Sy1'*7°  Solvent  Ref.
CH, 2~ - —1.60 —2.33 DMF 41
CH,CH, 2— - ~1.64 —2.35 DMF 41
CH,CH, 2— - —1.80 —2.44 TMU 45
CH,CH,CH, 2— - —1.65 - DMF 41
CH(CH,), 2— - —1.69 —2.41 DMF 41
CH,CH(CH;), 2-— - —1.58 - MecOH 46
C(CH,), 2— —-017 —1.73 —2.47 DMF 40, 41
C(CH,), 2— - -1.82 - NMP 47
CH,C.H;, 2— - -1.71 —2.44 DMF 4
1,1-C,H,,CH, 2- - —1.79 ~2.51 DMF 40
C.Hs 2— - —1.35 —2.06 DMF 41
CeHs 2— - —1.45 - DMF a9
CeH, 2— - —1.23 ~1.99 DMSO 41
C,Hs 2— - ~1.25 —-1.97 AN 39
C,Hs 2— - -1.31 - AN 49
CgH, 2— - -1.44 —2.15 NMP 47
C.H, 2— - —145 —~2.08 NMP 48
CeCls 2— - —1.09 - DMF 4
C,Fs 2— - —-1.10 - DMF 41
CH,C H; 2— - —1.56 —2.27 DMF 41
CH,C,H, 2— - ~1.65 —2.35 NMP 47
CH(CH)C,H; 2- - —-1.57 —2.29 DMF 40
m-CgH (CH,), 2-— - —-1.70 —2.34 DMF 41
m-CcH,(CH,)y 2 - —1.60 ~2.36 DMSO 41
p-CeH,CH, 2- - —1.40 —2.07 DMF 41
m-CgH ,CH, 2— - -1.38 —2.04 DMF 51
o-C,H CH, 2~ - —1.36 - 205 DMF 51
p-CH 4,CF, 2— - —1.14 —1.87 DMF 52
m-CgH ,,CF, 2— - —1.19 -2.04¢ DMF 52
p-CeH,Cl 2— - -1.26 ~1.94 DMF 42
p-C H  Br 2— - ~1.24 ~1.95 DMF 55
p-CsH,NO, 2— - —1.00 - DMF a1
P-CsH -

n-C Hg 2— - —0.79 - H,O0* 60
p-CeH, -

n-CgH,; 2~ - —-0.79 - H,0* 60
P-CeHy—

n-CgH, 2— - —1.55 - DMSO 60
P-CHy—

n-CgH, 2— - —1.55 - DMF 61
p-CeH, -

n-C,,H,s 2— - —0.82 - H,0* 60
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R z [Fe S 13 +2*  [Fe 5,12 ' [Fe,S41'*"° Solvent Ref.
2,4,6-(CH,) ;-

C.H, 2— —0.43 - DMF 58
2,4.6-(CH-

(CH;);):sCeH, 2—  —0.75 - DMF 58
2,4,6-(CH-

(CH,),);CcH, 2— —0.61 —1.69 - CH,Cl, 59
2,3,5,6-

(CH;),CcH 2— —0.54 —1.59 - CH,Cl, 59
CH,CH,0OH 2— - —1.46 - DMSO* 43
CH,CH,0H 2— - —0.92 - H,O* 43
CH,CH,0H 2— - —0.98 - H,O © 56
C(CH;),CH,0H 2— —0.52 —1.54 —2.29 DMF 40
C(CH,;),CH,OH 2- - -1.0 - H,0 °© 40
C(CH,),CH,-

NHCH; 2— —-044 —1.53 —2.23 DMF 40
CH,CH,COO"~ 6— - —1.58 - MeQOH 49
CH,CH,COO~ 6— - -1.0 - H,O © 49
CH,CH,C00~ 6— - —0.97 —1.36 H,O °© 53
CH,CH,C00"~ 6— - —-0.71 -1.11 H,O° 56
CH,CH,CH,-

COO~ 6— - ~1.58 - MeOH 49
CH,CH,CH,-

CoO~ 6— - —0.9 - H,O © 49
0-C¢H ,OH 2— - -1.19 —-1.82¢ DMF 54
0-CgH ,OCH, 2— - - 1.46 —2.09¢ DMF 54
0-CeH,NH, 2— - —1.38 —2.00¢ DMF 54
o-C4H,4SCH 2— - —-1.31 —20114 DMF 54
p-CoH,OH 2— - —1.43 —217¢ DMF 54
p-C¢H,OCH, 2— - —1.40 —2.1314 DMF 54
pP-CoH,NH, 2— - —-1.51 ~2174 DMF 54
p-C¢H,NH, 2— - —1.57 —2.194d DMF 57
2-CsH,N(CH;), 2-— ~ —1.45 —2.10 DMF 41
p-CcH,N(CH,);, 2-— - —1.10 -1.67 DMF 41, 42
(CH,);Si(OMe); 2-— - —1.81 - DMF 50
Ac-(S)Cys-

NHCH, 2~ - —1.40 ~1.97 DMF 41
Ac-(5)Cys-

NHCH, 2— - —1.29 —-2.02 DMSO ® 41,43, 44
Ac-{ RS Y ys-

NHCH, 2— - —1.27 - DMSO"® 43
Ac-(RS)Cys-

NHCH, 2— — —0.90 - H,O ¢ 43

2 Aqueous micellar solution
reported. ° pH 8-10. 9 Irreversible charge transfer.

at pH 7.00. * Redox potentials

in DMSO/H ,0 mixtures also
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Fig. 20. Schematic representation of the molecular structure of two [Fe,S,(SR),]1?~ dianions
in the solid state {from ref. 63).

of two such structures. The structural assignment of the one-electron re-
duced [Fe,S,(SR),]°~ trianions appears more ambiguous. In fact, in the
solid state these cores range from elongated tetragonal to more or less
rhombic (non-tetragonal) structures. In this connection, Fig. 21 shows the
structural features of the trianions [Fe,S,(SPh),]’~ and [Fe,S,(SCH,Ph),]°",
congeners of the dianions illustrated in Fig. 20.

In the core of [Fe,S,(SPh),]°~ there are four long Fe—S bonds parallel to
the 4 axis, and eight shorter Fe—S bonds perpendicular to this axis, giving to
the core an elongated tetragonal geometry of idealized D,; symmetry. In the
core of [Fe,S,(SCH,Ph),]*>" there are six long and six short Fe-S bonds,
providing a less regular configuration with idealized C,, symmetry.

A more complete set of structural parameters for the 2 — /3 — redox
couple of some tetrathiolate complexes is reported in Table 9.

3- 3-
2354 oo 2 asinli /scnzﬂh
Fe PRCHL S~ 2 Y02
i =
PhS _’{fé'p 2 295 - 2 297
2 206 SPh l SCHpPh
(FeaSatsPhI)> [Fea S (SCHp PRI)>

Fig. 21. Schematic representation of the molecular structure of two [FeS,(SR),]? ™ trianions
{from ref. 63).
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TABLE 9
Selected structural parameters for [Fe,5,(SR) ]2 77>~ species (from refs. 40, 64)

Cluster Distance (A) Volume (A%)
Fe-S§ Fe-SR Fe, S, Fe,S,

[Fe,S,(S—t-Bu) 12~ * 4 at 2.252 (8) 2.261 (5) 2.45 5.55 9.68
8 at 2.315 (5)

[Fe,S4(S—t-Bu),]?~ ® 4 at 2.274 (3) 2.254 (3) 2.47 5.53 9.69
8 at 2.294 (2)

[Fe,S;(S—1-Bu),}3~ P° 4 at 2.297 (6) 2.300 (4) 2.50 5.7 9.93
8 at 2.330 (7)

[Fe S, (SPh) 32~ 4 at 2.267 (9) 2.263 (7 2.41 5.54 9.55
8 at 2.296 (12)

[Fe,S,(SPh) )3~ d* 4 at 2.351 (9 2.295 (D 2.43 5.76 9.73
8 at 2,288 (15)

[Fe,S,(SCH,Ph),]2~ 4 at 2.239 (7) 2.251 (5) 2.44 5.52 9.61
8 at 2.310 (8)

[Fe,S,(SCH,Ph),]*" ® 6 at 2.302 (4) 2.297(12) 2.48 5.80 9.86

6 at 2.332 (5)

2 (Me;NCH,Ph)* salt. ® (Bt ,N)* salt. ® Acetonitrile monosolvate. ¢ (Et ;MeN)™* salt. © Aver-
age values of two inequivalent anions.

Notwithstanding the non-uniformaty of the crystal structures of
[Fe,S,(SR),1°~, a body of evidence indicates that in solution all the trian-
ions assume an e¢longated D,,; structure [55,63,64]. Departures from this
geometry 1n the sohd state are attributed to environmental constraints
imposed by crystal packing forces. In conclusion, it is assumed that the
intrinsic core structural change following the one-electron redox change

[Fe S, 1%+ +é-: [Fe,S,]* may be written [63]:

[Fe,8,(SR),1* {Fe S {SR), )"
compressed D, elongated D,
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S

Fig. 22, Molecular structure of [Fe,8,(5-2,4,6-(CH(CH ) 3G H, )41 (from ref. 59).

Fig. 23. Molecular structure of [Fe,S;(8C;H 5)2C1,1%2™ (from ref. 49).

A further step towards completion of the knowledge concerning the
structural changes accompanying redox changes in these tetrametal clusters
comes from the X-ray study of the monoanion [Fe,S,(S-2,4,6-(CH(CH,), )3
Ce¢H,) 41" (Fig. 22).

The [Fe,S,]*>" core, which has a tetragonally compressed structure of
approximate D,, symmetry, contains four short Fe—S bonds parallel to the 4
axis and eight long Fe-S bonds perpendicular to this axis [59]. Both the two
sets of Fe--S distances average 0.02 A shorter than the corresponding ones in
various [Fe, S,]1°" cores. Even if this is, for the present, the only reported
structure of an [Fe,S,1°" core, it seems that in the core redox change

+e - . -
[Fe,S,1°" 2 [Fe,S,}°" the only structural consequence is a simple reversi-

ble expansifan (+e7)/contraction (—e ), without drastic configurational
reorganizations.

Electronic structural calculations on [4Fe—45) models are becoming pro-
gressively more refined [65-68], but are still too incomplete to account for
the distortions accompanying the redox changes cited.

(f) Fe S mixed thiolate—nonthiolate derivatives
In some Fe-S proteins it has been ascertained that the iron atoms in the
{Fe,S,1?* core are not precisely equivalent. Such an inequivalence may be
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TABLE 10

Standard potentials (in volts) for the redox processes observed in solutions of
[FeqSa(SR) 4 X,1*~

R X Redox n Solvent Ref.
change G 1 2 3 a

C(CH,), Cl 2—/3— —182 —1.72 —-1.58 —1.40 —125 NMP 47
C(CH,), OAc 2—/3— —182 —169 —1.56 —1.45 —1.33 NMP 47
CH,C,H; Cl 2-/3— —1.65 —1.56 —147 —1.38 —1.28 NMP 47
CH,C,H, OAc 2—/3— —165 —1.57 —1.49 —1.40 —132 NMP 47
CH,C,H, OAc 3—/4— —235 —224 —216 —207 —-2.02 NMP 47
C.H, CFCO, 2—/3— —144 —134 - - - NMP 47
CeH, CF,80, 2—/3— —-144 —-1.33%3 - - - NMP 47
C.H;, Cl 2—/3— —-131 - -1.17 - —1.10 AN 49, 69
C.H, Cl 2—/3— —145 - —1.33 - —1.25 DMF 49, 69
C.H, Br 2—/3— —131 — —1.21 - —1.06 AN 49
CeH; Br 2—/3— —145 — -1.29 - —1.22 DMF 49
CsH, OC,H; 2—/3— —131 - —1.43 - - AN 49
C,H; OCiHy 2—,/3—~ —-145 - —1.55 - - DMF 49
CeH, (C;Hy) -

NCS,* 2—/3— —145 — —1.65% _ - DMF 70,71
CeH (C,Hs) ;-

NCS,* 2—/1— - - ~-0.521 - - DMF 70,71

* (C,HINCS3 ™ = ethyldithiocarbamate ion. ® Peak potential value for an irreversible pro-
cess. © Complicated by (likely) complex equilibria among statistical mixtures. ¢ Stable only in
the short time of cyclic voltammetry { ~ 100 ms).

attributed to different coordination environments between the four iron
centres.

On this basis a series of cubane Fe,S, derivatives containing mixed
termunal ligands has been prepared and characterized. These compounds, of
general formula [Fe,S,(SR),_, X,]? ", display electrochemical behaviour
qualitatively similar to that of the parent compounds [Fe,S,(SR),]*>™ de-
scribed in Section (e) above in that they undergo two consecutive one-elec-
tron reductions, and, rarely, a one-eclectron oxidation.

Table 10 summarizes this redox behaviour.

Except for the ethyldithiocarbamate ligand, the sequential substitution of
thiolate groups with the cited ligands facilitates the reduction processes,
indicating their electron withdrawing character with respect to the thiolate
ligands.

Probably because of the closeness of the standard potentials for the
2— /3— couple in the different sequentially substituted species, no
[Fe,S,(SR),_,.]I°~ (n * 0,4) species has been isolated either as chemical or



226

electrochemical processes. This prevents any analysis of the structural re-
arrangements following the redox changes. However, an interesting aspect of
these mixed-ligated Fe,S, derivatives lies in the fact that the [Fe,S,]°* core
of these mixed thiolate—non-thiolate tetramers does not show the com-
pressed D,,; geometry, typical of all tetrathiolate complexes. In this connec-
tion Fig. 23 illustrates the crystal structure of [Fe,S,(SC,H,),Cl1,]*™ [49].

Contrary to the compressed D,; distortion from 7; symmetry, which
divides the Fe—S bonds in the tetrathiolate {Fe,S,]?" cores into two sets of
four short and eight longer distances, in the present case the Fe—S distances
are roughly nearly all equivalent, giving rise to an essentially undistorted
Fe,S, core of maximum idealized C,, symmetry; this structure is unlikely to
be attributable to unusual crystal packing forces.

Also, the [Fe,S,]1*" core of [Fe,S,(SPh),((C,H;),NCS,),]}* departs from
the compressed D,; symmetry, Fig. 24, Its cubic geometry is highly dis-
torted, and at best it possesses C, symmetry. The main reason for the
distortion arises from the Fe—Fe distance between the iron atoms (Fe(2))
coordinated to the bidentate (C,H;),NCS, ligand, which is noticeably
longer (3.05 A) than the Fe—Fe distance between the iron atoms [Fe(1)]
coordinated to the monodentate PhS ligand (2.73 A). However, the Fe—S
distances make the core assume a compressed geometry along the 2-fold

Fig. 24. Crysial structure of [Fe S,(SC,H)},((C,H,),NCS,),]1%~ (from ref. 70).
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axis. In this molecule there are two different iron sites: a tetrahedral FeS,
site having a PhS terminal ligand and a distorted square-pyramidal FeS; site
having a terminal (C,H,),NCS, chelating ligand [70,71].

(g) Fe,S,~halide derivatives

In the course of study of the reactivity of tetrathiolate [Fe,S,(SR),]>~
complexes, Holm and co-workers isolated the tetrahalide species [Fe S, X 417~
(X = (1, Br, I) [72]. As shown in Fig. 25 for [Fe,S;Cl,]7 ", the [Fe,S,]* " core
in these derivatives maintains D,; geometry compressed along the 4 axis,
typical of the tetrathiolate dianions, which are precursors in the synthesis of
the present halide species.

Figure 26 illustrates the cyclic voltammetric behaviour of [Fe,S,Cl;]*” in
acetonitrile solution [72].

Comparison with the redox behaviour of the tetrathiolate complexes
reported in Fig. 19a shows that the most striking feature is the marked
irreversibility of the 3 — /4 — charge transfer.

Table 11 reports the redox potentials for the charge transfers of the
tetrahalide species.

Fig. 25. Crystal structure of the dianion [Fe S,C1,]?>~ (from ref. 73).

Fig. 26. Cyclic voltammetric response of [Fey$,Cl4]®~ im acetonitrile solution. Potential
values vs. 8.C.E.
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TABLE 11
Standard potentials (in volts) for the redox processes of the [Fe,S,X ,]?~ species (X = halide)

X Redox changes Solvent Ref.
2—/3- 3—/4—
1 —1.04 -199 % AN 72
1 —1.10 — AN 49
i —1.25 — NMP 47
Cl1 -1.25 - DMF 49
Br - 099 -191¢% AN 72
Br —1.06 — AN 49
Br —-122 — DMF 49
)| —-0498° - AN 72

? Peak potential value for irreversible processes.

The reduction potentials of the core change [Fe,S5,]%* /[Fe S,]' " shift
towards less-negative potential values when substituting the terminal thio-
late ligands with halide ligands.

Attempts to obtain the trianions [Fe,S,X,]°~ by chemical reduction
failed [72]; it is hence impossible to evaluate if the core structural rearrange-

+e

ment D,y compressea . D24 elongatea @cCOmpanies the 2 — /3 — redox change of
—e
tetrahalide species.

(h} Fe,S,—phenoxide derivatives

In order to mimic Fe, S, centres coordinated to a protein through tyrosinate
ligands rather than cysteine ligands, the phenolato complexes [Fe S,
(OArD),)*~ (Ar = C¢H,, C4H,-p-CH,;) have been prepared [48,74]. Also in
this case, the [Fe,S,]?" core has the usual cubane shape of D,; symmetry
compressed along the 4 axis (Fig. 27).

Like tetrathiolate analogues, the dianions [Fe,S,(OAr),]?~ undergo two
quasi-reversible one-clectron reduction processes, corresponding to the sub-
sequent 2 — /3 — and 3 — /4 — charge transfers. The relevant potential
values are reported in Table 12.

Comparison with the corresponding thiolate shows the reduction poten-
tials of phenolate to be slightly more cathodic (~ 100 mV). The fact that
phenoxide ligands are unexpectedly more electron donating than
thiophenoxide ligands has been attributed to a relatively covalent Fe—-O
interaction [48], as proven by the unusually short Fe—O distances.

No attempts have been made to obtain, by chemical or electrochemical
reduction of [Fe,S,(0OAr),]°", the reduced congeners, probably because of
the difficulty of manipulating these labile phenoxide-ligated derivatives.
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Fig. 27. Stereoscopic view of [Fe,S,(0OCyH;) 1?7, and interatomic distances of the inner core
(from ref. 48).

Fig. 28. Cyclic voltammogram of [(CsH,),Fe,S;]** in acetonitrile solvent. Potential values
vs. S.C.E.

(i} Fe,S,—mixed phenoxide—halide derivatives

Only the species [Fe,S,(0OC,H,),Cl,}?>” having a mixed phenoxide—-halide
terminal ligand coordinated to an Fe,S, core, has been characterized [49].
This species is isostructural with the dianion [Fe,S,(SC,H;),Cl,)?™, the
structure of which is reported in Fig. 23. This species displays an [Fe,S,]**
core which departs from the usual compressed D,; geometry.

[Fe,S,(0C,H,),Cl,1?~ undergoes a one-electron quasi-reversible cathodic
process at E%” = —1.39 V in DMF, and E% = —1.25 V in AN [49].

TABLE 12

Standard electrode potentials (in volts) for the redox processes of [Fe,S,(QAr), 12~

Ar Redox processes Solvent Ref.
2— /3— 3 /4=

CeH, —1.55 —2.20 NMP 48

CeH, -1.46 —218 AN 48, 74

C H ,— p-CH, —1.59 —2.23 NMP 48

C,H,- p-CH, ~1.51 —2.19 AN a8
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TABLE 13

Redox potentials (in volts) for the two subsegquent one-electron cathodic processes for

[FeyS,(SeCsHs),] -

Couple E%’ Solvent
2- /3~ —1.23 AN
2—/3— —1.35 DMF
34— ~1.91 AN
3—/4— —2.03 DMF

The 2 — /3 — charge transfer seems complicated, however, by following
chemical reactions (i,,/i, < 1), which probably make the corresponding
trianion unstable.

(i} Fe,S,~selenolate derivatives

Since selenium is a component of certain proteins, the dianion
[Fe,S4(SeCgHs) 12, isostructural with the thiolate [Fe,S,(SCsH,) 4], has
been prepared [75]. In non-aqueous solvent it undergoes a quasi-reversible
2 — /3 — reduction step together with a further one-electron 3 — /4 —
reduction step, complicated by following chemical reactions. Table 13 re-
ports the relevant redox potentials [75].

There is no significant difference with respect to the corresponding
thiolate, as far as the electron-transfer ability is concerned.

The trianion [Fe,S,(SeC,H;),]°~ has been electrochemically generated
and its EPR spectrum testifies to the simularity, also structural, with
[Fc4S4(SC6H5)4]3_ [751

(k) Fe , S, biological fragment ligated derivatives

A series of derivatives containing an Fe,S, core ligated to biologically
significant molecules has been characterized electrochemically. Table 14
briefly summarizes the electrode potentials of the redox changes in these
clusters. The reader is referred to the specific references as far as the
biological abbreviations are concerned.

The incorporation of these fragments makes the redox potentials of the
relevant cubane tetramers approach those of natural ferredoxins (~ — 0.8 vs.
Fc*/Fc¢). In addition, both the serum albumin and insulin denvatives
stabilize the clusters towards aerobic oxidation [56].

fv) Fe,S; core

In the continuing effort to prepare iron—sulfur tetramers having different
coordination geometries, the (C;H;)Fe,S; assembly is assuming increasing
interest.
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TABLE 14

Redox potentials (in volts) for the redox processes of biologically significant synthetic Fe, S,
clusters, [Fe,S, —fragment]?~

Fragment 1—-/2— 2-/3~ 3—/4— BSolvent Ref.
(1-BOC-Gly—Cys—Gly, -Cys-Gly, - - —1.06 - 20% H,O,/80% 44
Cys—Gly-NH,XS-C(CH,),) DMSO
(t-BOC-Gly-Cys—Gly, —-Cys—-Gly, - — —-1.02 - 20% H,0,/80% 44
Cys—Gly-NH, X5-Cys(Ac)NHMe) DMSO
(t-BOC-Gly-Cys—Gly, ~-Cys—Gly, — - -1.00 - 20% H,0,/80% 44
Cys—Gly, —Cys-Gly-NH,) DMSO
(Ac—Gly, -Cys—-Gly, ~-Cys-Gly,NH,), - —1.15 - 20% H,0O/80% 76
DMSO
(Bovine serum albumin) - —-061 -097* H,O"® 56
(Bovine insulin} - —0.58 - H,0" 56
{PhCH ,0,C-Cys-Ile—Ala—OMe), —-0.33 - DMF 58

* Irreversible process. * Mercaptide buffer at pH 9.2.

Figure 28 shows the redox behaviour of [(CsH;),Fe,S;]>* as probed by
cyclic voltammetry [77].

This type of cluster gives rise to the four-membered chemically reversible
electron-transfer sequence

—-e

(C,H),Fe,Ss 2 [(CsH;),Fe,S;] " =
EY = —-066V

2 [(CsH;)oFeSs]*" & [(CoH,)FeySs] ™
E%=_—-036V E%=4+076V

The species with charge 0, 1 +, 2 + have been isolated [77-79). Figure 29
shows an ORTEP drawing of the Fe,S; cores of [Fey(ut;-S),(pts-
S, 0CsH) 4121 cations.

In both the assemblies there are three triply bridging S atoms and one
triply bridging S, group “side-on”, bonded to one iron atom (Fe(3)). This
unusual sulfur ligation leads to three different types of iron atom: (i) Fe(3),
bonded to four sulfur atoms, is not involved in Fe—Fe bonds; (ii) Fe(1) and
Fe(4), each bonded to three sulfur atoms, are involved in one Fe—Fe bond;
(111) Fe(2), bonded to three sulfur atoms, is involved in two Fe—Fe bonds. In
summary, the Fe-Fe bond lengths divide into four sets: two bonding
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(a)

Fig. 29. Structures of the inner core of: (a) [Fe,S;(CsHs)4]%"; (b) [FesS4(CsH),1' (from
refs. 78, 79).

distances (mean value 2.65 A in the dication, and 2.79 A in the monocation);
two non-bonding distances (Fe(1)-Fe(3) and Fe(4)-Fe(3)) having a mean
value of 3.38 A in both the dication and monocation; one non-bonding
distance (Fe(1)-Fe(4)) at 3.64 A in the dication, and 3.72 A in the monoca-
tion; finally one further non-bonding distance (Fe(2)—Fe(3)) at a mean value
of 3.41 A in both compounds.

In a similar manner the 13 Fe—-S bonds divide into two sets: nine short
bonds (involving the Fe(1), Fe(2), Fe(4) atoms) ranging from 2.17 to 2.22 A
in the dication, and from 2.19 to 2.24 A in the monocation; four long bonds
(centred on Fe(3)) ranging from 2.26 to 2.27 A in the dication, and from
2.27 10 2.28 A in the monocation.

All these data, together with some EXAFS (Extended X-ray Absorption
Fine Structure) evidence on the neutral congeners, testify that the redox
changes do not afford substantial structural modifications, except for re-
versible core contractions or expansion as a result of removing or adding
electrons. The relative variations of the metal-metal distances are interpre-
ted on the basis that upon reduction the extra electrons go into non-bonding
or anti-bonding tetrametal orbitals which are essentially centred on the
Fe(1), Fe(2), Fe(4) atoms [79].

(vi) Fe,S, core

The field of cyclopentadienyl—tetra-iron—sulfur clusters also includes
(CsHs),Fe,S,. As with the case of the less sulfur-rich complexes
(C;H,),Fe,S, and (C;H;),Fe,S,, discussed above, this compound under-
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0/1+ 1+f2¢

0/1-
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-1.00 Q.00 +1,00
EsY

Fig. 30. Cyclic voltammetric response of (C;H;},Fe 5 in dichloromethane solution. Poten-
tial values vs. S.C.E,

goes the redox series shown in Fig. 30 [77]. This sequence of reversible
one-electron charge-transfers can be written:

[(CsHs)oFe S] ™ :’*—f" (CsH; ) Fe S =
E%=-1381V

2 [(CsH;)FeiS] " 2 [(CsHj)FeaSe] ™
E%=—-043V E%=—012V

The 1 + /2 + step is followed, however, by a slow loss of sulfur according
to the reaction:

2+ —8 b
!(CSHS)éFe%Sf;] S I(C5H5)4FE4SS| *

The molecular structure of (C.Hj)  Fe,S¢ is illustrated in Fig. 31 {80]. The
Fe,S, core possesses a C, axis. The iron atoms are paired by two metal-metal
bonds (Fe(1)-Fe(2) and Fe(l) ~Fe(2)' = 2.64 A), and two non-bonding
distances (Fe(2)-Fe(2)’ = 3.41 A; Fe(1)-Fe(1)’ = 4.34 A)

Attempts to prepare the monocation [(CsHs) s Fe,S;]" by chemical oxida-
tion with silver salts surprisingly afforded the trication [{(CsHj) Fe,S¢)},
Ag]**, in which two monocations are ligated to a silver(I) ion, as shown in
Fig. 32 [80]. Assuming that ligation to the silver(l) ion does not substantially
affect the intimate geometry of the monocation core, note that the removal
of one electron causes a slight distortion of the Fe, Sy core. In fact, while the
two bondmg Fe-Fe distances lengthen to 2.66 A and the non-bonding
Fe(1)-Fe(1)’ distance increases to 4.38 A, the Fe(2)- Fe(2)’ non-bonding
distance shortens to 3.00 A. This significant shortening of one metal-metal
distance with respect to the slight expansion of the others, has been
interpreted in the sense that the HOMO of the neutral cluster has
metal-metal antibonding character [80].



Fig. 31. Molecular structure of (CsH;),Fe,Sg {from ref. 80).

Another interesting aspect of the Fe,S, core is the structural geometry it
assumes in thiolate clusters. The structural chemistry of the metal thiolate
has been reviewed recently [81]. In the thiolate dianions [Fe,(SR),0]*~
(R = Ph [82,83], Et [84]), as well as in the mixed-ligand dianion
[Fe,(SPh)Cl,]127 [69], the Fe,(p-S)¢ core assumes an adamantane-like stere-
ochemistry (Fig. 33) (composed of a nearly regular Fe, tetrahedron and a
distorted S, octahedron) which results in distortion from ideal cubic T,
symumetry.

Surprisingly, in these reports no information is given concerning the
redox behaviour. Possibly this adamantane geometry cannot support the
addition /removal of electrons without breakage. This. in fact, happens in

Fig, 32. Inner core of the trication [(Fe,Ss {CsHs }4):Ag)*>™ (from ref. 80).
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Fig. 33. Molecular structure of the Fe,S, core in [Fe (SPhy;¢}°~ (from ref. 82).

[Mn,(SPh),,]>~, which undergoes an irreversible cathodic process in
acetonitrile at about —1.9 V [85].

(vii) Fe, S, cores

A series of hexanuclear complexes [Fe,S;X 1" has recently been pre-
pared, with X = halide, phenolate, arylthiolate [86-92]. In some cases their
crystal structure has been also determined (mamely: X =1, n=2 [86];
X=ClL n=2[90]; X=Cl, n=3[87,88]; X=Br, n=3[89]; X=0C,H_,p-
CH,, n = 3 [89,92]. These complexes undergo sequential one-electron charge
transfers. Generally the 2 — /3 — step is electrochemically quasi-reversible,
but chemically reversible, even if the choice of the solvent plays an im-
portant role in stabilizing the relevant products. On the other hand the
3 — /4 — step is generally complicated by subsequent chemical reactions,
which make unstable the 4 — complex. Table 15 summarizes the redox
potentials for the series of charge transfer reactions of these clusters.

An evaluation of the structural consequences accompanying the redox
changes can easily be performed through the structures of the two congeners
[Fe,S,Cl4]?> . Figure 34 shows the molecular shape of [Fe,SCl ]>~.

The [Fes(1-S)s]>* core of the trianion can be described as a hexagonal
prism (from which the term “prismane™) with alternating Fe and S atoms of
idealized D;; symmetry, of which two identical cyclohexane-chair Fe,S,
units form the bases. Two types of parameter are of interest; those within
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TABLE 15

Redox potentials (in volts) for the charge transfers of [Fe,5,X ]~

X Redox processes Solvent Ref,
2— /3~ 3—/4- 4—-/5— 5—/6—

Cl —0.08 2 —1.13 AN B8

Cl —0.25 —1.19 DCM 88, &9
Br —0.22 —1.19 DCM 88
OC.H ;-p-C1 —1.50 -211°2 —242*" AN 91
OC H -p-CH, —1.57 —-2.11° —2.37°® AN 91
OC H -p-CH, —-049 2 AN 88
OC,H -p-CH, —0.68 DCM 88, 89
OC,H ,-p-C,H, —0.69 —1.65 DCM 89
SC,H 4-p-CH, —0.60 —1.41 AN 88
SC,H,-p-CH, © —0.65 ~1.59 % DCM 88, 89
SCH,C,H, —-0.73 —1.66 DCM 89

# Peak potential value for irreversible processes,

the “cyclohexane” Fe,S, fragments (Fe—Fe, 3.79 A; Fe-S, 2.28 A; S—Fe-S,
113.7°; Fe-S—Fe, 113.2°); those within the “rhombic” Fe,S, fragments
(Fe— Fe 2.76 A; Fe-S, 2.27 A; S—Fe-S, 105.2°; Fe—S—Fe, 74.8°).

The {Feg(p-S)¢]* ™" core of the dianion [FeS,Cl¢]*~ possesses substantially
the same hexagonal prismatic geometry as the trianion. With respect to the
trianion, within the Fe;S; unit the Fe—Fe distances (3.79 A) remain unal-
tered; slight variations occur in the Fe—S distances (2.27 A) and angles
(S~Fe-S§, 112.0°; Fe—-S—Fe, 114.5°). Within the Fe,S, fragment once again
the Fe—Fe dlstances are invariant (2.76 A), while the Fe—S distances (2.25

cLi1)
Fig. 34. Crystal structure of [Fe S, Cl,1°~ (from ref. 87).
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Fig. 35. Molecular structure of [FegS(CO)Y,,]2~ (from ref. 93).

A) are slightly shorter. The angles remain nearly equal (S—Fe-S, 104.8°;
Fe—S-Fe, 75.1%).

In conclusion, the removal of one electron from the [FesS;]1* " core simply
causes the shortening (by about 0.02 A) of all the Fe—S bonds, indicating
that the HOMO of the trianion (or the LUMO of the dianion) essentially
has antibonding metal-sulfur character.

A quite different structural Fe,3, core is contained in the dianion
[FesSs(CO)y.17~ [93]. As shown in Fig. 35, it consists of a central [Fe,S,]>*
unit, in which each Fe is ligated to a [Fe,S,(CO)4]°~ fragment. Within this
latter unit the Fe—Fe distance is indicative of a bonding interaction,

[FeSs(CO) 1212~ in acetonitrile undergoes two subsequent quasi-reversible
one-electron cathodic processes located at E°’ values of —1.51 V and
—2.11 V, respectively {93]. The electrogenerable trianion [Fe,S,(CO);,)°~
could be a stable product.

(viii) Fe,Sy core

The dication [Feg( p4-S)5(PEt;)]?>" is another member of the hexanuclear
metal-sulfur clusters [94,95]. This complex, containing six unpaired elec-
trons (p.p=6.04 uy), should be a powerful agent for multiple electron-
transfer processes. Its electrochemical behaviour supports this assertion [96].

As shown in Fig. 36, in dichloromethane this iron—sulfur assembly
exhibits the five-membered sequence
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Fig. 36. Cyclic voitammogram of [FecSg(PEt,)¢[?" in dichloromethane solution. Potential
values vs. S.C.E.

E°=+087V E“’ =+031V
e -+
[FeeSs]*" & [Fessq]™ [1=e.sss]2+ ¢

— e
E”=—-043V EO’_= 152V
S [Fe,Ss]* 2 [FeeSy)°

Macroelectrolysis experiments, however, showed both the species
[FecSg(PEt,)(]** (which causes electrode poisoning phenomena) and
Fe,S3(PEt ;)4 to be stable only in the short times of cyclic voltammetry.

Figure 37 shows a perspective view of the Fe,Sg core in [Feg(u,-
S)s(PEt;).]°". It consists of a nearly regular Fe, octahedron with all the
faces symmetrically capped by triply bridging sulfur atoms. Alternatively, it
may be descnibed as a slightly distorted cube of sulfur atoms with the iron
atoms occupying the face-centered sites. The Fe-Fe distance has a mean
value of 2.62 A; the Fe-$ dlstance has a mean value of 2.25 A the Fe-P
distance has a mean value of 2.29 A. Explanations of the bonding pattern in
this cluster are not yet unequivocal [95,97—-99]. While attempts to isolate the
stable trication [Fe;Sg(PEL;)¢]° " failed, the monocation [Fe,Sg(PEt;)4]" was
successfully crystallized [96]. It is isostructural with the dication.

The addition of one electron induces an clongation of the Fe-Fe distance
(0.02 A) as well as a shortening of the Fe-P distance (0.03 A), while leaving
almost unchanged the Fe—S distance (+0.004 A).

The magnetic moment (7.4 pg) of the monocation indicates the presence
of seven unpaired electrons. This result agrees with the proposed very-
crowded distribution of valence electron orbitals around the HOMO-LUMO
levels, which, because of the interelectronic repulsions, favours high spin
multiplicities [95].
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Fig. 37. Molecular structure of the Fe Sg core in the dication [FegSg(PEt;)4]?* (from ref. 95).

We underline the structural flexibility of the present iron-sulfur core,
which allows it to support the gradual expansion accompanying the varia-
tion of the number of valence electrons from 88 ([Fe,Sg]?*) to 92 ([Fe,S:1°%).

(ix) Fe,Sy core

The last electrochemically active member of the hexanuclear iron-sulfur
derivatives contains the FegS; core. A series of thiolate derivatives of
formula [Fe,S;(SR),]*~ has been characterized (R =C,H; [24], t-C,H,
[100,101], CH,C,H, [102]). These clusters generally undergo both an
uncomplicated quasi-reversible one-electron reduction and an uncom-
plicated quasi-reversible one-electron oxidation. Table 16 reports the redox

TABLE 16

Standard elecirode potentials (in volts) for the redox processes of [FegSo(SR) 1%~

R Redox processes Solvent Ref,
3— /44— 4— /5—

C,H, —{.88 —2.00 AN 24

C(CH 3}, —0.92 -2.01 DMSO 101

CH,C.H, —0.78 —1.03 AN 102
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Fig. 38. Structure of the tetraanion [FegSo(SCyHs),]% 7. Bottom: view along the idealized C,
axis passing through 3(1) and perpendicular to the Fe(1-4) plane (from ref. 24).

potentials of these charge transfers.

The typical molecular structure of these complexes is shown in Fig. 38,
which refers to [Fe,So(SC,H;),]* ™ [24). All six iron atoms are coplanar, and
give rise to two triangles participating in a central square; each iron atom
has an approximately tetrahedral coordination. The sulfur atoms involve
four distinct coordination modes: two terminally bound thiolato Fe-S
bonds (mean length 2.29 A); twelve Fe—p,S bonds, which divide in three
equivalent sets (Fe(1)-5(6), Fe(2)-S(7), Fe(3)-S(8), Fe(4)-5(9), mean dis-
tance 2.22 A; Fe(1)-5(3), Fe(2)-5(3), Fe(3)~S(5), Fe(4)--8(5), mean distance
2.23 A; Fe(5)-S(6), Fe(5)-S(9), Fe(6)--S(7), Fe(6)-S(8), mean distance 2.25
A); six Fe--p;S bonds, which divide into two sets (Fe(1)-S(2), Fe(2)-S(4),
Fe(3)~5(4), Fe(4)-S(2), mean distance 2.32 A; Fe(5)-S(2), Fe(6)-5(4), mean
distance 2.27 A); finally four Fe-p,S bonds (Fe(1)-S(1), Fe(2)-5(1),
Fe(3)-S(1), Fe(4)-S(1), mean distance 2.34 A).

Unfortunately, attempts to isolate the one-electron oxidized trianion
[FesSo(SR),1*~ failed, because of its instability, and no attempt to obtain the
one-electron reduced pentaanion [FesSe(SR),]°~ has been made.

C. COBALT-SULFUR CLUSTERS
(1) Co;S core

The simplest Co,S core is present in the carbonyl derivative Co;(pts-
SYCQ),. The structure of this complex is shown in Fig. 3% [103]. In this

trigonally capped molecule of C;. symmetry, the cobalt—cobalt bonding
distance in the closed trimetal tmangle is 2.64 A, and the cobalt—sulfur
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Fig. 39. ldealized molecular structure of Co,8(CO), (from ref. 103).

bonding distance is 2.14 A. Interestingly, this species possesses one electron
in excess of the closed-shell electronic configuration for each cobalt atom.

In dichloroethane, Co,S(CO), undergoes a near reversible one-electron
oxidation ( E% = +0.04 V), and an irreversible two-electron reduction (Eli’}2
= —1.1 V) [12]. The expectedly stable monocation [Co;S(CO),]" is indeed
only stable 1n solution [104]. To evaluate the stereochemical consequence of
the 0 /1 + redox change, one may compare the crystal structure of Co,S(CQO),
with that of FeCo,S(CQO),, which is isoelectronic with [Co,S(CO),]"; the
covalent radii for the two metals also being virtually identical [105].

FeCo,S(CO), is isomorphous with Co,S(CO}4. The removal of one clec-
tron from the tricobalt complex simply seems to cause a significant shorten-
ing of the metal-metal bond (about 0.09 A), accompanied by a minor
lengthening ( ~ 0.02 A) of the metal-sulfur distance. This information has
been assumed to provide evidence that in Co,8(CQ), the electron in excess
resides in an antibonding tricobalt orbital [106].

A series of tricobalt carbonyl complexes capped by a triply bridging
sulfur atom, but with a brnidging bidentate ligand substituting two CO
molecules (Chart 1) have been characterized [107-109].

Since these derivatives can be considered to arise from Co;S(CO),4 by the
substitution of two two-electron-donating carbonyl ligands with one three-
electron bidentate ligand, they possess a closed shell electronic configuration
for each cobalt atom. Something similar happens in each Co;S(COQ); moiety
of [Co;S(CO)Y,;]1,S; [110]. In both cases the stereochemical differences with
respect to Co;S8(CQ), are very similar (the trimetallic triangle is no longer
equilateral because of the constraints imposed by the chelating ligand, and
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CHART I
Ia L-X=p-1,2-9>-C(CH;)N(CH,,)
Ib 1-X=p-1,2-7>-C(CeHs)N(CHy, )
Ic L-X=p1.2%*SC[N(CHj),]
Id L-X=p-13-%9>-N(H)C(CH,)S
Ie L-X=p1,39-N(H)C(C,H;)S

the Co-Co distances are notably shorter because of the lack of the unpaired
electron in an antibonding orbital). It is hence expected that compounds
Ia—Ie are able to lodge one electron in an antibonding trimetal orbital. In
non-aqueous solvents they undergo a near reversible one-electron reduction
at the potentials reported in Table 17. The relevant monoanions seem stable
at least on the cyclic voltammetric time scale [109].

The usual trigonal pyramidal Co4(p4-S) core is also present in Co,;(n’-
CsH) s (#5-SH5-CS) [111], which is isostructural with Coy(n’-CH,) 1 ps-
S) p,-CO) [112]. A schematic representation of these molecules ts shown in
Fig. 40.

The electrode behaviour of the thiocarbonyl substituted species in benzo-
nitrile solvent is reported in Fig. 41 [13].

TABLE 17

Redox potentials (in volts) for the one-electron reduction step of (p3-SyCoq(CO),(LX)
derivatives [109]

Complex EY Solvent
Ia —-1.12 DMF
Ib —1.08 DMF
Ib —1.29 DCM
Ic —-1.12 DMF
Ic —1.31 DCM
Id —0.89 DMF
Id —1.01 DCM

Ie —-0.938 DCM
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Fig. 40. Schematic structure of Co,(CsH) (8K CX) where X = O, 8.

The derivative displays a chemically reversible one-electron reduction
step, and a declustering one-clectron oxidation step, according to the se-

quence

+ —_ e + e _
[(CsH$):Cos(CO 43w (CsHs)sCosS(CS) =2 [(C5H;);CosS(CS)]
1 fast decomposition E%=-155V

unidentified products

If we speculate that the MO diagram for (CsH;)Coy(SYCS) is likely
substantially similar to the one for (C;H;);Co4(S)(CO), reported in Fig. 42
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Fig. 41. Cyclic voltammetric response recorded for a benzonitrile solution of Coy(CsHs),
(S} CS). Potential values vs. Ag/AgCi.

Fig. 42. MO diagram for (CsH ;) Co;(S8XCO).
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[16], this result is not unexpected. In fact, at variance with Fe,(CQ)4(SYCQ)
(see Section B(i)), the LUMO e is not highly destabilized, so that the
addition of one electron does not lead to an energetically unfavoured
moenoanion. On the contrary, in this case the removal of one electron from
the stabilized e orbital, i.e. from the electron-poor M—{ u,-CS) bonds, causes
destruction of the molecular framework.

Finally, the pyramidal Co;{p,;-S) core is present in the electroactive
dianion [Co,S(1,2-(SCH,),C,H,);]*~ [17). This compound, isostructural
with the Fe(Il) analog (see Section B(i)), undergoes a single one-electron
reversible reduction in acetonitrile [17] at E? = —2.11 V. This notably
negative potential value prevented straightforward isolation and characteri-
zation of the trianion [Co,S8(1,2-(SCH,),CcH,)4]° .

(ii) Co;S, core

The compound Co,(7°-CsHs);(45-S), contains a Co,8, core, in which the
cobalt and sulfur atoms form a regular trigonal bipyramid, as schematized in
Fig. 43. The molecule possesses D, geometry with three equivalent Co—Co
distances of 2.69 A {112].

Figure 44 shows the redox behaviour of this cluster in benzonitrile
solution, as probed by cyclic voltammetry [13]. Two subsequent reversible
one-electron oxidation steps as well as a reversible one-electron reduction
step are displayed, according to the four-membered sequence

E% = +0.16 V
- 4+ e
[Co,(CsH5),S, ] 2 [Coy(CsHs),S8,] " =

% [CO(CsHS)sszlo E%: [COS(C5H5)352]-
E% — —_062V E%=—-165V
o1+ | ox 1+/2%
s
/\\ kqo.soj\
) co-_\\q}_/m ) e/ \/ +1.00
SD 0/1- Red

Fig. 43. Schematic representation of the molecular structure of Co;8,(CHs) ;.

Fig. 44. Cyclic voltammogram recorded in a benzonitrile sclution of Co0,5,(CsH ). Potential
values vs. Ag  AgCl.
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Fig. 45. MO diagram for Co3S,(CsHs) ;.

Considering the MO diagram reported in Fig. 45 {16], these reversible
redox changes correspond both to the removal of the two electrons residing
in the destabilized aje’ orbitals, and to the addition of one electron
probably in the metal-metal bonding ¢’ level.

Although there is the potential stability of the whole family [Co,(CHs),
S,1' %12+, only the monocation species has been obtained by chemical
oxidation of the neutral parent. This complex, shown in Fig. 46, is deformed
to C,, geometry, with respect to the neutral precursor, with one short
Co-Co distance of 2.47 A and two long Co—Co distances of 2.65 A [112].
The shortening of the Co—Co distances, in particular one of them, indicates
that in the oxidation process the antibonding ) electron is removed with
consequent Jahn-Teller distortion.

Cii-)
-3}

-4

Cl-33

Fig. 46. The molecular structure of [Coy(CsH),8;]1" (from ref. 112).
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iii} Co,S8, core
(iti} PP

Two cubane-like cobalt—sulfur clusters of the family {Co,(n°-CsHs),S,]7
have been isolated (n =0, 1 + ) [113]. Even if of unknown electrochemistry,
we briefly illustrate their structures. Figure 47a shows the crystal structure of
the neutral species, and Fig. 47b illustrates selected distances of both Co,S,
cores. The neutral parent possesses an almost undistorted cubic geometry
(some slight distortion lowering the symmetry from 7, to C, is attributed to
crystal packing forces) with Co—Co non-bonding distances of average length
3.29 A, and Co-S bonding distances of average length 2.23 A.

Removal of one electron causes a regular tetragonal deformation of the
Co,S, core from idealized 7; geometry to an approximate D,; geometry.
The Co—-Co distances occur in four shortened distances (mean value 3.17 A)
and two slightly elongated distances (mean value 3.30 ‘3&). On the other hand
the tetragonal distortion divides the Co-S distances into two sets: four
equivalent distances of 2.21 A, and eight equivalent distances of 2.22 A. It is
evident that the Co-S distances are only very slightly affected by one-elec-
tron oxidation.

Dahl and co-workers explain this tetragonal deformation of the starting
regular cubic framework on the basis of their bonding description based on
tetrametal orbital interactions, previously mentioned (see Section B{iv)(b)).
In the neutral molecule the 24 valence electrons (from a formal Co(III)
configuration) fully occupy both the six bonding orbitals (a, + e + #,) and
the six antibonding orbitals (¢, + 7,) (zero order Co-Co bond). Removing
one electron from one of the antibonding ¢ levels would produce an orbital
degeneracy of the ground state causing both a deformation via a Jahn-Teller
vibration, and a shortening of the metal-metal distances. An interpretation
based on slightly different orbital levels has been also proposed [97].

fiv}) CosS, core

We have recently reported on the redox properties of the cation [Cog(u 4
S)s(PEt;)¢]" [114]. As shown in Fig. 48, this polynuclear derivative under-
goes a series of reversible or near reversible one-electron charge transfers in
non-aqueous solvents, namely two anodic and one cathodic steps, according
to the sequence

CogSs(PEt;)s o [CosSy(PEL)] " & [CoSe(PEL)*" & [CagSe(PELy)e)""

AN Eyp=—089V E%=-0.13V E% =+4+0.57V
DCM E% =—097V EY=—-012V E% = 4+0.64V

Controlled potential coulometric experiments showed, however, that the
trication is stable only for a short time (half life of about 5 s). This provides
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Fig. 47. (a) Molecular structure of Co,{(C;H),8,: (b) selected distances in
[Cos(CsHs)8,]%'*; those reported in brackets refer to the monocation (from ref. 113).
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Fig. 48, Cyclic voltammetric response recorded on a dichloromethane solution of
[CogSg(PEty)s]". Potential values vs. S.C.E.

evidence for the ability of this metal-sulfur assembly to maintain its
framework, at least for short times, with gradual variation of the valence
electron number from 98 to 95.

Although [Co“;SB(Ti“Et?’)6]2+ is stable, we were unable to obtain it in a
crystalline form suitable for X-ray investigation. However, the neutral
species Co,S4(PEt;)¢ has been prepared by chemical reduction and structur-
ally characterized [114,115].

Fig. 49 shows a perspective view of the inner core of [CocSz(PEt;) ]™
[114,116]. The cation, which is isostructural with [Feg(p4-8)4(PEt;)¢]*" (see

Fig. 49. Inner core of [Cog( 3-S5}z (PEt;)]" (from ref. 116).
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Section B(viii)), consisis of a nearly regular octahedron of cobalt atoms with
all the faces symmetrically capped by triply bridging sulfur atoms. The
average Co—Co distance is 2.79 A; the average Co-S distance is 2.23 A; the
average Co—P distance is 2.16 A.

The neutral species Cog(u;-S}PEt;), possesses the same octahedral face-
capped geometry of the parent monocation species. Addition of one electron
simply causes elongation (of about 0.02 A) of the Co-Co distance as well as
shortening of the Co-P distance (of about 0.02 A), while leaving the Co-S
distance unchanged. This trend, which is the same observed for the redox
change [Feg(p1-S)g(PEt;)¢}°**, leads us to conclude that only the
metal-sulfur bonds are the stabilizing factors on which the high flexibility of
these clusters 1s centred.

(v) CogzSs core

The high-nuclearity metal—sulfur cluster [CogS.(SPh)]*~ is the last mem-
ber of the electroactive cobalt-sulfur derivatives descnbed here. Figure 50
shows the redox changes occurring in an acetonitrile solution of this tetra
anion [117,118]. Both an uncomplicated quasi-reversible one-electron oxida-
tion and an uncomplicated quasi-reversible one-electron reduction are dis-
played, testifying to the chemically reversible electron-transfer sequence

[Co0eS(SPh)s]”~ ::% [CogSe (SPh)s]*~ :_—«:» [CogSs(SPh)g]* ™
E%=-137V E%=_077V

-
—
-
=
e
o

-
-
-

-1.30 -0.50 -0.50 -0.10

Fig. 50. Cyclic voltammetric response recorded in an acetonitrile solution of [CoaS(SPh)g1* .
Potential values vs. S.C.E.

Fig. 51. Perspective view of the inner core of [CogS;(SPh)z]*~ (from ref. 118).
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While no attempt has been made to isolate the stable ome-electron
oxidized product, the one-electron reduced species [Co;S¢(SPh);]°~ was
successfully obtained by chemical reduction.

Figure 51 shows the molecular structure of the tetra-anion
[CogS,(SPh)g]*~. The anion is composed of concentric Cog cubes and S
octahedra forming a rhombic dodecahedral [Cog(124-S)1*" core, of idealized
O, cubic symmetry. Interestingly, this assembly is simply reversed with
respect to the previously described [CosSg(PEt;)4]' % as far as the positions
of the cobalt and sulfur atoms are concerned. The mean Co—Co non-bond-
ing distance is 2.66 A, the bonding Co—Spraging distance is 2.23 A, and the
bonding Co—Syoiae distance is 2.24 A.

Addition of one electron leads to a [Cog(,-S)]°" core of the same
geometry. The expected expansion is very lhmited, in that the Co-Co
distance elongates 0.01 A and the Co—S,iqging distance remains practically
unaltered. The Co— S(m,o,m} distance increases by 0.04 A. It is argued that the
LUMO of the tetra-anion has detectable cobalt character [118].

D. NICKEL-SULFUR CLUSTERS

There are indeed few reports dealing with the electrochemistry of poly-
nuclear nickel-sulfur derivatives.

(i) Ni,S, cores

The first isolated and crystallographically characterized Ni,S,-core-con-
taining derivative is the cyclopentadienyl complex (#°-CsHg);Niz(u;-S),
[119]. As shown in Fig. 52, the molecule is a triangle of nickel atoms capped
above and below by triply bridging sulfur atoms, so forming a regular
trigonal bipyramid. The Ni—Ni distance is 2.80 A, indicative of a weak

9/1+

Fig. 52. Molecular configuration of Ni S, (C;H;), (from ref. 119),

Fig. 53. Cyclic voltammeogram recorded for a benzonitrile solution of ({C H ) Ni,8,. Poien-
tial values vs. Ag/AgCl.
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TABLE 18
Standard potentials (in volts) for the redox processes of derivatives containing a Ni,S, core
Complex Redox processes Solvent Ref.

24 /1+ 1+ /0 0/1—
(CsH;);Niy S, - —0.38 —1.25 BN 13
{Ni,;S,(PEt;)4)*" —1.57 —-1.71*% - AN 122

* Peak potential value for irreversible processes.

metal-metal interaction. c’The. Ni—S distance is 2.17 13;, and the S-S non-
bonding distance is 2.90 A.

The electrode behavior of (CsH);Ni;S, is illustrated in Fig. 53 [13]. Two
reversible one-electron charge transfers are displayed, corresponding to both
a cathodic and an anodic step. The relevant standard potentials are sum-
marized in Table 18.

The apparent stability of both the monoanion and the monocation could
be interpreted, on the basis of the MO diagram shown in Fig. 54 [16], as
being a consequence of the filling of the metal-metal bonding ¢’ orbital and
removal of one electron from the metal-metal antibonding a; orbital,
respectively.

No attempts seem to have been made to isolate [(CsH;);Ni,S;]* and
[(CsH;)3Ni3S, ]

Another derivative containing a Ni,S, core is the dication [Ni;(p,-
S),(PEt;)]?", the structure of which is reported in Fig. 55 [120,121]. In this

0r
-2 4P—
-3
-6 - I a,"
“s— !’ a"
eV —g |- !

"t‘r- a’
'f:;:‘” aﬂ'
-10 - i
3d-2T._ tag
-1z} ———- S 3p

-4 o

-1 -
Ni S5.Cp

Fig. 54. MO diagram of (C;H,),Ni,;S,;.
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Fig. 55. Perspective view of [Ni;S,(PE1;),]?>* (from ref. 120).

case the Ni,S, core is composed of a substantially regular trigonal bipyra-
mid. The Ni-Ni distance of 2.91 A is longer than in the preceding case,
indicating no significant metal-metal interaction. The Ni—8 distance is 2.15
A, and the S-S distance is 2.70 A. This latter distance is indicative of a
higher extent of axial compression of the trigonal bipyramid with respect to
the preceding one.

Figure 56 shows the redox behaviour in cyclic voltammetry of
[Ni;S,(PEt,),]** [122]. The trinickel cation undergoes a series of cathodic
processes, of which only the first displays some features of reversibility
followed, however, by chemical complications (/,,/i,. <1). In conclusion,
the following electrode mechanism holds:

[Ni,S, (PEt,)e]>* 2 [Ni,S,(PEty),]" 2 Ni,S, (PEt,),

| slow | fast
decomposition products  decomposition products

The relevant redox potentials are reported in Table 18.

1t is evident that the Ni,S, core of [Ni;S,(PEt,),]?* is much less flexible
than that of (CsH,),Ni;S,, in view of its easy breakage following the redox
changes.
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Fig. 56. Cyclic voltammetric response recorded for an acetonitrile solution of [Ni,S,
(PEt;)¢)**. Potential values vs. S.C.E.

Fig. 57. Cyclic voltammetric response of [NigSy,(PEt;)4]?* in acetonitrile solution. Potential
values vs. SCE.

(ii) Ni,S, core

The enneanickel compound [Nig(p,-S);(5-8)¢(PEt;)4]2* shows an un-
usually rich redox chemistry [122). Figure 57 reports the cyclic voltammo-
gram recorded on an acetonitrile solution of this dication.

The ability of this derivative to undergo multiple redox changes, non-de-
clustering at least in the short term is in evidence by the overall redox series

E% =067V E%”=—-116V
[NioSo(PEL)e]™™ 2 [NigSo(PEts)s] 2 NigS,(PEt,), 2

+e” . - +e” . -
_"_*:_ [ngsg (PEt3)5] f,, [qusg(PEt3)6]2
E° = —-154V E¥= 190V

However, among the different congeners of the starting dication only the
monocation [NigSy;(PEt;),]" gave stable products over the long times of
macroelectrolysis tests.

The structure of [NigSe(PEt;)s]?" is shown in Fig. 58 {121,123). The
Ni,8y core, of idealized D, symmetry, is composed of a Ni, cofacial
bi-octahedron, in which three parallel Ni, triangles are connected to three
coplanar S, triangles. The sulfur ligands are divided in six triply bridging
atoms (outer triangles} and three quadruply bridging atoms (inner triangle),
respectively. The Ni—Ni distance in the basal triangles is 2.95 A, while in the
equatorial triangle it is 2.87 A. The interlayer Ni-Ni distance is 2.69 A. The
average value of Ni-(p,-S) bonds (2.17 A) is shorter than the one for
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P(6) P{5)

Fig. 58. Perspective view of the inner core of the dication [NiySq(PEt;)s]2* (from ref. 123).

Ni-(un,-S) bonds (2.23 A). In addition, for both types of sulfur atoms the
Ni-S interlayer distances are longer than the Ni—S intralayer distances.

The high flexibility of the Ni,Sy core allows it to support, at least for
short times, the stereochemical reorganization following the step-by-step
variation of the number of valence electrons from 70 (for the dicationic
form) to 74 (for the dianionic form).

In order to evaluate accurately, even if only partially, these structural
changes, work is in progress to obtain crystals suitable for an X-ray
investigation of the monocation [NigSy(PEt;)]™.

E. MOLYBDENUM-SULFUR CLUSTERS

In recent years, the interest in the chemistry of molybdenum-sulfur
complexes has been growing rapidly, mainly because of their involvement in
important biological functions, such as nitrogenases (as we shall examine in
Part II of this review, dealing with heterometallic clusters), and in the
catalysis of hydrodesulfurization processes [124].
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(i) Mo;0,S,_, cores

The complete series of triangular metal-metal bonded oxo,/sulfido bndged
molybdenum complexes (Chart 1I) has been synthesized [125]. These cores
are commonly defined as having an “incomplete cubane-type structure”.
Isomerism between (1,-S) and (j1,-O) forms can occur,

Examination of the redox properties of the [M0,0,]*" ion is outside the
range of this review, and is covered 1n refs. 126 and 127.
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Fig. 59. Molecular structure of [Mo;0,S{HN(CH;CO,),}; J2~. Average distances for core:
Mo-Mo 2.59 A, Mo-S 2.36 A, Mo-O 1.92 A (from ref. 129).

The p,-S aqua ion [Mo0,0O;S]*" undergoes a near reversible cathodic
reduction in 2 M p-toluenesulfonic acid at E% = —0.57 V. Controlled
potential coulometric tests indicate this step to involve three electrons per
molecule, suggesting that the Mo}’ /Mol!! reduction occurs in a single step,
without the formation of stable m1xed valent intermediates [128].

While the molecular structure of the ion {Mo,0,8]** is proven by that of
[Mo;O,S{ HN(CH ,CO,},};}?~ [129], reported in Fig. 59, no structural data
are available for the three-electron reduced species.

The g,-S aqua ion [Mo;O, S,]4* undergoes a two-step cathodic reduction
in 2 M p-toluenesulfonic acid [130]:

Mol¥ ‘& Mol'Mo" & Mol
E% = —057V E% = —063V

As in the previous case, only the molecular structure of the starting aqua
ion is known, through the form [Mo,0,S,(NCS),]J° ™ [130] (Fig. 60).

The 1,-S aqua ion [Mo,0S;]*" undergoes a single-stepped quasi-reversi-
ble three-electron reduction in 2 M p-toluenesulfonic acid at E% = —0.53 V
[128]). Aga.in no intermediate mixed-valent species appears stable in the
overalt Moy’ /MoY! reduction pathway.
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R‘ [ 1L

Fig. 60. Perspective view of [M0;0,S8,(NCS),]° . Average distances for core: Mo—Mo 2.66 A
(two sets of distances depending upon x,-O or g,-3), Mo—p;-S 2.32 A, Mo-p,-O 1.94 A,
Mo—5-S 2.25 A (from ref. 130).

The structure of the [Mo,;0S;]** ion is given by the X-ray analysis of
[Mo,08;{ HN(CH,CO,), }:]*~ reported in Fig. 61 {131].

A relatively large series of papers have appeared devoted to species
containing the Mo,S,; core.

The electrode behaviour of the aqua ion [1\.‘10354]4+ has not yet unequiv-
ocally been determined, in that both a single-step (Mo} /Mo}", E® = —0.52
V) [128] and a two-step (Mo} /Mo "Mo'Y /Mot [132] three-electron reduc-
tion have been reported to occur at mercury electrodes in 2 M p-toluene-
sulfonic acid; it has also been reported that adsorption phenomena occur at
mercury electrodes (in 0.1 M KCI), while no reduction process occurs at a
glassy carbon electrode [133].

The electrochemical behavior of the coordination compounds of the
[Mo5S,}** ion appears more defined. The general structure of the Mo,S,
core 1s shown in Fig. 62. A trimetallic plane capped by a triply bridging
sulfur atom forms a pyramid linked below by three doubly bridging sulfur
atoms.

Figure 63(b) shows the redox changes occurring in an aqueous solution of
[Mo,S,{ HN(CH,CO,), },;]°". the crystal structure of which is reported in
Fig. 63(a) [133].

Three subsequent steps can easily be observed, the first two being near
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Fig. 61. Perspective view of [Mo,;08,{HN(CH,CO, )}, };]*". Average distances for core: u-O
bridged MoPMo 2.61 A, #-5 bridged Mo-Mo 2.72 A, Mo—u,-S 2.35 A, Mo—p-0O 1.94 A,
Mo—p-S 2.31 A (from ref. 131).

Fig. 62. Representation of the structure of the Mo,S, core.
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Fig. 63. (a) Crystal structure of [Mo,S, {HN(CH,CO,), 13]2". Average distances for core:
Mo--Mo 275 A, Mo-py-8 2.35 A, Mo—p,-S 229 A (b) Cyclic voltammogram of
[Mo;S, {HN(CH,CO,),};]°" in 0.1 M KCl solution. Glassy carbon working electrode.
Potential values vs. S.C.E. (from ref. 133).
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reversible. At least in the short times of cyclic voltammetry the following
electron transfer series holds:

Mol¥ &  MolVMo" S MoVMol! ¥ Mol
E%= 083V E%= —_117VEY=—136V

No data are available concerning various reduction products.

The crystal structure of [Mo,;S,(CN)y]°~ [134,135] is reported in Fig. 64.
While it has been established that this compound undergoes a quasi-reversi-
ble one-electron anodic oxidation in dimethylsulfoxide solvent, Mo}’

Mo MoV, (E% = +0.06 V) [135-137], some discrepancies exist as to its
reduction behavior. In fact, 1t is reported to undergo a single three-electron

irreversible step, MoLY /Mo, (E, = —2.4 V) [135] as well as a quasi-re-
versible (supposed) one—electron step, Mo}y /Moy Mo, (E% = —1.9 V)
[136,137].

Finally, the cation [M03S4(1]5-C5H5) 317, whose structure is reported in
Fig. 65 [138], undergoes a one-electron cathodic reduction (E% = —1.04 V)
in dichloromethane solvent [138]. This agrees with the MO calculation of the

Fig. 64. Perspective view of [MO3S4(CN).;] . Average distances for core: Mo-Mo 2.76 A,
Mo—pu,-S 2.36 A Mo—p,-S 2.31 A {from ref. 135)
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S1 S8

Fig. 65. Perspecitive view of [Mo0;5,(CsHs);]". Average distances for core: Mo-Mo 2.81 A,
Mo-pu5-S 2.31 A, Mo—p,-8 2.29 A (from ref. 138).

Fig. 66. Perspcctivg view of [Mo,SQJZ".G Selected mean distances: Mo-Mo 2.95 A,
MO, —Sihridggingy 2-23 A, Mo, ~Spigging 2-39 A, Mo, -85 2.09 A, Mo,-Mo,~Mo, angle 155°
(from ref. 142).

same authors who predict that in the monocation only six electrons occupy
the four bonding metal symmetry orbitals (2a, + ¢). Hence, the electrogen-
erable neutral species would possess shorter Mo—Mo distances. Indeed,
Mo0,S,(7°-CsHs); has been chemically prepared [139], but the relevant
structural parameters are not available.

Structural comparisons among Mo,S, species reported above and other
Mo, S, derivatives of unknown electrochemistry can be found [133,140}.

(ii}) Mo;S, core

The dianion [Mo0,5,]%~ has been recently obtained [141], and its structure
is reported in Fig. 66. The molecule, of idealized C,, symmetry, can be
viewed as being formed by two tetrathiomolybdate( V1) units bridged through
a five-coordinated Mo(IV) in a square-pyramidal arrangement. In dimethyl-
formamide this dianion undergoes a quasi-reversible one-electron reduction
(E® = —1.60 V), followed by two other irreversible cathodic processes. No
attempt to electrogenerate the apparently stable trianion [Mo,S;]°~ has been
made.

(iii) Mo,S,,; core

The structure of the dianion [Mos( @3-S} #42-8,)3(S,)3]°~ is shown in Fig.
67 [143]. The pyramidal fragment Mo,S is linked both to three bridging 85~
ligands and to three terminal S~ ligands, lying above and below the
trimetallic plane.
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Fig. 67. Perspective view of the dianion [M0,8,3}°". Mean distances: Mo-Mo 2.72 A,
MO—p15-8 2.35 A, MO-Sierminu 243 A, Mo-~S 54400, 245 A (from ref. 143).

In accordance with the MO diagram reported in Fig. 68, [Mo0,S,,}*"
undergoes (in dimethylformamide solvent?) two irreversible (likely decluster-
ing) reduction processes at E, = —1.29 V and —1.54 V, respectively [144].
In fact, the added electrons can only enter antibonding orbitals, destabitiz-
ing the single metal-metal bonds.

E(kk)
~ 8§00 =

o,(dxz_yz)...-,_
-70 b

Za(d, 2 _ ¢

3~ VOIP (Mo 4d)

-90}
a,ld, 2} 7

Lt.{dxz_yz I

- 180
Fig. 68. MO diagram for [M0;5;]?" (from ref. 144).
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{iv) Mo,S, cores

A variety of cubane-type Mo,S, derivatives have been structurally char-
acterized [145-153], but only in a few cases have the eclectrochemical
properties been tested.

Figure 69 shows a perspective view of the anion [Mo,S,(CN),]*".

The cubane unit Mo, S,, in which the interpenetrating tetrahedra Mo, and
S, are almost regular, gives rise to a slight distortion from the idealized
cubic geometry towards a tetragonal D,, symmetry [145].

As shown in Fig. 70 [136] this Mo)" anion is capable of undergoing two
distinct anodic quasi-reversible one-electron steps in aqueous solution,
according to the sequence [136,137]:

[MO4S4(CN)12]8F é_ [M94S4(CN)12]7_ é_ [M04S4(CN)12]6-

EY=—-059V EY=+4007V
The resulting mixed valent species (Moj Mo'Y and MoY'Mo}Y, respec-
tively) have not been isolated.
As illustrated in Fig. 71, [Mo,(n;-S)4(edta),]’~ (edta = tetraanion of
ethylenediaminetetraacetic acid) undergoes in 0.1 M perchloric acid both a

. -

Fig. 69. Molecular structure of the anion [Mo,S,(CN),;1®~. Average distances for core:
Mo-Mo 2.85 A; Mo-S 2.38 A (from ref. 145).
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Fig. 70. Cyclic voltammetric behavior of [Mo,S,(CN),;]®~ in aqueous solution (KCl 0.1 M).
Potential values vs. NHE.

Fig. 71. Cyclic voltammetric response of [Mo,S,(edta),]*>~ in 0.1 M HCIOQ,. Potential values
vs. SCE.

non-complicated, near reversible, one-electron anodic oxidation and a non-
complicated near reversible, cathodic reduction {149], according to the
sequence:

[Mo,S, (edta),] >~ ir:’_ [Mo,S,(edta);]~ }ez [Mo,S, (edta),]*~
E% = +024V EY=—-046V

The crystal structure of [Mo,S,(edta),]>” is shown in Fig. 72.

In the cubane-type [Mo,S,]°" core, the four molybdenum atoms form an
approximately regular tetrahedron with each face triply bridged by one
sulfur atom.

Both the congeners [Mo,S,(edta),]*~ and [Mo,S,(edta),]*” have been
prepared chemically or electrochemically {149]. These two species, which
contain an [Mo,S,]1°" and an [Mo,S,]*" core, respectively, are isostructural
with the trianion; some significant structural parameters for these deriva-
tives are reported in Table 19 {150].

The fact that both the addition of one eleciron to the trianion, as well as
the removal of one electron, does not result in significant changes in the
Mo-S bond lengths, while at the same time it affects the Mo—Mo distances,
clearly indicates that the HOMO and LUMO of [Mo,S,(edta),]’~ are
essentially tetrametal based. The lengthening (—e¢7) and the shortening
(+ e ) of the Mo—-Mo distances as a consequence of the redox changes on
[Mo,S,(edta), ]~ have been explained [150] on the basis that, according to
Dah!l’s model [28], the 11 (4d) electrons of the trianion (MoY'Mo'Y) are
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Fig. 72. Molecular structure of [Mo,S,(edta), ]~ (from ref. 149).

distributed in the six bonding tetrametal symmetry orbitals (a, + € + ;)
normally available for the six Mo-Mo bonds.

A few electrochemically active cyclopentadienyl-Mo,S, derivatives have
been characterized, namely Mo,S,(CsH,-i-Pr}, [151], Mo,S,(CsH Me),
[152] and Mo,S,(C;H),(CsMes), [154]. In non-aqueous solvents these
clusters undergo two subsequent reversible one-electron anodic processes
according to the sequence:

Mo, S, (CP' Ja _‘—f_?_ [M04S4(CP’ )4] " :?:_ [M04S4 (Cp’ )4] o

(Cp” = cyclopentadienyl-type ligand) :
The standard potentials for these redox changes are summarized in Table
20.

TABLE 19 _
Selected structural parameters for the cores of the congeners [Mo,S,(edta),]> 34~
Complex Molybdenum Volume (A?) Mean distance (A)
oxidation
state Mo, Mo, S, Mo—Mo Mo-§
[Mo,S,(edta),]?~ Mo " MoYY 2.65 10.97 2.83 2.35
[Mo, S, (edta), )~ Mo Mo 2.60 10.87 2.81 2.35

[Mo,S,(edta), }*~ Mofl! 2.54 10.78 2.78 2.35
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TABLE 20

Standard electrode potentials (in volts) for the redox changes of some cyclopentadienyl— Mo, S,
clusters

Derivatives Redox changes Solvent Ref.
0,1+ 1+ 2+

M0454(C5 H4 Me)4 —0.89 —0.19 MeCN 152

MO4S4(C5 HS)I(C5ME5)2 -1 2 —0.27 MeCN 154

? In ref. 154 this step has probably erroneously been assigned to the redox change 01—
[152].

The crystal structure of the neutral derivative Mo,S,(C;H ,-i-Pr), 1is
shown in Fig. 73.

The products resulting from the removal of one or two electrons,
[Mo,S,(CH 4-1-Pr) ,1** (n =1, 2), have been chemically produced; they are

C(won)

C{107)
<o c(6)

Fig. 73. Molecular structure of Mo,S,{(C;H ;-1-Pr), (from ref. 151).
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TABLE 21
Selected structural parameters for the cores of the congeners [MosS,(CsH 4 —i-Pr) 1% +2+
Complex Mo, volume (AY) Mean distance (A)

Mo-Mo Mo--8
Mo0,S,(CsH;—i-Pr) 2.89 2.90 2.34
[MO4S4(C5H5 —i—Pr)4}+ 2.86 2.89 2.34
[Mo S, (CsH—i-Pr)J*+ 2.75 2.86 2.34

isostructural with the parent neutral compound. Table 21 reports some
selected structural parameters for the three congeners [151].

As in the case of the family [Mo,S,(edta),]””, the redox changes only
slightly affect the metal-metal bonding distances (even if now the structural
effect seems reversed, in that the removal of an electron causes shortening of
the Mo-Mo bonds). Also in this case, the Dahl bonding description has
been invoked, assigning to the 12-(4d) electron Mo,S,(C;H 4-i-Pr), a ground
state configuration (aZe®t®). The removal of the electrons seems centred on
t, orbitals [151]. The validity of the Dahl model for the description of
bonding in these clusters has been noted [152].

The stereochemical changes accompanying the electron-transfer sequences
in the two fully characterized families cited here do not seem to support the
Cotton et al. hypothesis [147] that the 12e~ — 10e~ step would involve
pronounced Jahn-Teller distortions in these clusters.

As a final consideration we note that, in agreement with the redox
behavior of the Mo,S, derivatives above, the [Mo,S,]°" aqua ion is electro-
active and in 2 M p-toluenesulfonic acid undergoes both the one-electron
oxidation [Mo,S,])°*/[Mo0,S,]°* and the one-electron reduction [Mo,S,]°* /
[Mo,S,1** [132,150]. Some discrepancies hold as far as the redox potentials
of the two steps and the stability of the [Mo,S,]®* ion are concerned.

F. TUNGSTEN-SULFUR DERIVATIVES
(i) W,S, core

Contrast to the [Mo;5,]*" ion, the [W;S,]** ion does not undergo
electrode redox processes in 2 M p-toluenesulphonic acid in the potential
range from +0.55 to —0.85 V [155]. Further electrochemical investigations
in solvents of wider useful potentials are required in order to evaluate from a
thermodynamic viewpoint the chemical evidence of a redox chemistry for
this ion, whose incomplete cubane-type structure, derived from (bpyH)[W,
S4(INCS),1 (bpy = 2,2 -bipyridine), is shown in Fig. 74. The bond distances
decidedly parallel those of [Mo,S,]**.
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Fig. 74. Molecular structure of [\}7384(NCS)9]5_. Average distances for core: W—W 2.76 A,
W—pt;,—-5 2.36 A, W—p,-S 2.31 A (from ref. 155).

(ii) W,Sg core

The preparation of the dianion [W,;Sg]*~ has recently been reported [156];
its crystal structure is shown In Fig. 75. The central W atom is essentially
planar, whereas the terminal W atoms possess tetrahedral coordination. In

Fig. 75. X-ray structure of the dianion [W,84]*~ (from ref. 156).
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Fig. 76. Cyclic voltammograms recorded in dimethylformamide solutions of: (a) IMo,S,1%7;
(b) [W,8,177; () [W;055]>~.

acetonitrile solution this species is completely unable to undergo chemically
reversible redox processes [156).
(iii) W,0,.S,_,, cores

The electrochemical behavior of the dianions [W,S;]2~ and {W,08,]> has
been studied, also in comparison with that of the homologue [Mo,S,]2~

Fig. 77. Molecular structure of: (a) [W;8,]27; (b) [W508,]1?~ (distances in pm) (from ref.
161).
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{141]. Like {Mo0,S;]*~, these tritungsten complexes undergo, in dimethylfor-
mamide solution, a quasi-reversible one-electron reduction step (E[O\{,JSQ}:— =
—1.87 V; Efi,0s,>- = —2.13 V), followed by further irreversible processes.
As shown in Fig. 76, [Mo0;S;]?>" is more easily reducible than [W,S5,]%27,
which in its turn is more easily reducible than [W;0S;]>~ [141].

Figure 77 shows the molecular structure of the dianions [W;Sg]?~ and
[W,08:]°~ [157-161] both isostructural with [Mo;S;]2~, previously dis-
cussed, and [Mo;08;]? " [162] of which we do not know the electrochemical
behaviour.

Nothing is known about the stability of the species [W,S,]°” and
[W,08;]° ", respectively.

G. CONCLUDING REMAKRS

In the examination of the structural effects following the redox changes in
metal—sulfur clusters, we have pointed out the occurrence of stereochemical
reorganization ranging from totally declustering processes to quite-slight
core expansions/contractions, through intermediate effects causing more or
less pronounced distortions in the starting core geometry.

Since the study of structural-redox relationships can greatly help a
theoretical approach to the bonding description in such polynuclear com-
pounds, we expect more attention to be paid to this aspect of the chemistry
of metal—sulfur clusters in the future.

However, we note that at the present stage, most of the electrochemical
investigations are limited to the simple, even if useful, thermodynamic
characterization of the redox processes (i.e. the determination of redox
potentials); the full potential of electrochemistry (which encompasses, for
instance, the study of the heterogeneous charge transfer as well as of kinetic
complications often following a redox change, an experimental measure of
the HOMO-LUMO energies of the metal—sulfur derivatives, and the guided
synthesis of congeners not readily chemically obtainable) is largely unex-
plored.
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