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1. Introduction

Trinuclear molybdenum and tungsten (M) chalcogenide
clusters and their heterometallic tetranuclear (cubane type)
derivatives form the basis of an extensive and comprehen-
sively studied family of cluster compounds of early transi-
tion metals. These compounds contain a stable group of
three or four metal atoms linked by bridging chalcogen
atoms (Q = S, Se, Te). The other coordination sites of the
metal atoms are occupied by terminal ligands. The follow-
ing structural types are most abundant: chalcogen-saturated
clusters {M3Q7} with three bridging dichalcogenide ligands
(structure I) and chalcogen-unsaturated clusters {M3Q4}
with monochalcogenide ligands (structure II). In both
cases, direct metal —metal contacts are present and metal
atoms form a triangle. The heterometallic cubane type
clusters {M3;Q4M"} (structure III) can be considered as
resulting from coordination of a chalcophilic transition or
post-transition metal heteroatom M’ (in a low oxidation

T The review is dedicated to Professor V.E.Fedorov on the occasion of his
80th birthday.
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state) to the triangular {M3Q4} core. This coordination
gives rise to a cluster in which the metal heteroatom is
coordinated by three bridging chalcogenide ligands and
does not form, most often, metal — metal bonds with other
metal atoms; the number of vacant sites for ligand coordi-
nation to the metal heteroatom depends on its nature. In the
case of {M3Q7} clusters, the molybdenum or tungsten atom
has (without considering the metal—metal bonds) a dis-
torted pentagonal bipyramidal environment composed of
five bridging chalcogen atoms and two donor atoms of
terminal ligands. In the {M3Q4} and {M3Q4M’} clusters, the
metal has a distorted octahedral environment of three
chalcogen atoms and three donor atoms of terminal ligands.

The chemistry of these tri- and tetranuclear clusters with
various mono- and polydentate ligands has been intensively
developed since the beginning of 1980s in various research
centres of the world. The first trinuclear molybdenum
clusters Mo3Q7X4 (Q = S, Se; X = CI, Br) were described !
in 1968. A lot of published reviews and book chapters are
devoted to various aspects of the chemistry of these com-
pounds (methods of synthesis, molecular and electronic
structure, reactivity, physicochemical properties);>~7 how-
ever, the issues related to their functional properties and the
search for potential applications are touched on only
fragmentarily. To some extent, this is caused by the fact
that intensive research along this line started only in the
2000s. For example, studies of the catalytic activity of
trinuclear molybdenum and tungsten clusters were initiated
only approximately 10 years ago.

Currently, a large body of information has been accu-
mulated on the potential use of these clusters for the design
of new functional materials. This information has not yet
been systematized in any survey publication. We made an
attempt to fill this gap. The review presents data on the
electronic structures and redox, magnetic, luminescent and
nonlinear-optical properties of complexes formed by
{M3Q7}, {M3Q4} and {M3Q4M’} clusters and catalytic
systems based on them. The prospects for application of
these compounds in such areas as molecular electronics,
nonlinear optics and catalysis are outlined.

The review is timed to the 60th year anniversary of the
A.V.Nikolaev Institute of Inorganic Chemistry, Siberian
Branch of the Russian Academy of Sciences. The research
carried out at this Institute makes a considerable contribu-
tion to the development of chemistry of the chalcogenide
clusters of Group 5 to 7 metals.

The abbreviations used in the text are expanded below.

Organic ligands and groups

Ac — acetyl,

ADP — adenosine diphosphate,

ATP — adenosine triphosphate,

acac — acetylacetonate,

All — allyl,

bdt — benzene-1,2-dithiolate,

bpy — 2,2'-bipyridine,

COD — cycloocta-1,5-diene,

COE — cyclooctene,

Cp’ — methylcyclopentadienyl,

Cp* — pentamethylcyclopentadienyl,

Cy — cyclohexyl,

Cys — cysteine,

dba — dibenzylideneacetone,

dbbpy — 4,4'-di-tert-butyl-2,2"-bipyridine,

dembpy — 4,4'-dimethoxycarbonyl-2,2"-bipyridine,

dmbpy — 4,4'-dimethyl-2,2"-bipyridine,

dmen — N,N'-dimethylethylenediamine,

dmid —2-o0x0-1,3-dithiole-4,5-dithiolate,

dmit — 2-thioxo-1,3-dithiole-4,5-dithiolate,

Dmp — 2,6-dimesitylbenzene,

dmpe — 1,2-bis(dimethylphosphino)ethane,

dpe — diphosphinoethane,

dppe — 1,2-bis(diphenylphosphino)ethane,

dnbpy — 4,4’-dinonyl-2,2’-bipyridine,

dppp — 1,3-bis(diphenylphosphino)propane,

dsit — 2-thioxo-1,3-dithiole-4,5-diselenolate,

dtp — diethyl dithiophoshate,

IPDOP — 1H-imidazo[4,5-f]-1,10-phenanthroline-2-
[3,4-bis(dodecyloxy)phenyl],

mnt — 1,2-dicyanoethene-1,2-dithiolate,

MPTES — (3-mercaptopropyl)tricthoxysilane,

nor — norbornene,

0-P2 — 3,4-dimethyl-3',4’-bis(diphenylphosphino)tetra-
thiafulvalene,

p-cymene — 1-methyl-4-(1-methylethyl)benzene,

PCy; — tricyclohexylphosphine,

phen — 1,10-phenanthroline,

Pi — phosphate,

PNP — 2,6-bis(di-tert-butylphosphinomethyl)pyridine,

PPh3; — triphenylphosphine,

pts — p-toluenesulfonate,

py — pyridine,

pysMe> — 2,6-bis[1,1-bis(2-pyridyl)ethyl]pyridine,

Pyr — pyrrolidino,

tacn — 1,4,7-triazacyclononane,

tdas — 1,2,5-thiadiazole-3,4-dithiolate,

tdci — cis-1,3,5-tris(dimethylamino)-cis-inositol,

tfd — 1,2-bis(trifluoromethyl)ethene-1,2-dithiolate,

Tol — tolyl,

Tp — hydrotris(pyrazol-1-yl)borate,

TTF — tetrathiafulvalene,

TCNQ — 7,7,8,8'-tetracyanoquinodimethane,

TRISPHAT — tris(tetrachlorocatecholate)phosphate.

Other abbreviations

CID — collision induced dissociation,

DFT — density functional theory,

ELF — electron localization function,

ESI MS — electrospray ionization mass spectrometry,

HDF — hydrodefluorination,

HDM — hydrodemetallation,

HDN — hydrodenitrogenation,

HDO — hydrodeoxygenation (oxygen removal from
oxygenated compounds),

HDS — hydrodesulfurization,

HER — hydrogen evolution reaction (water reduction
to give hydrogen),

His — histidine,

HOMO — highest occupied molecular orbital,

ILCT — intraligand charge transfer,
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LUMO — lowest unoccupied molecular orbital,
TOF — catalyst turnover frequency,

TON — reaction turnover number,

ZFS — zero field splitting,

MO — molecular orbital,

NHE — normal hydrogen electrode,

NLO — nonlinear optics,

CSE — cluster skeletal electrons,

XPES — X-ray photoelectron spectroscopy.

2. Electronic structure and redox and magnetic
properties

2.1. Complexes of trinuclear {M3Q~7} clusters

2.1.1. Electronic structure

The major difference between the {Mi(13-Q)(12-Q2)3} and
{M3(u3-Q)(n2-Q)s} clusters (M = Mo, W; Q =S, Se) is the
nature of the p,-bridging ligands. In the former case, the
triangular M3 moiety is surrounded by dichalcogenide
ligands p»-Q> (see structure I), while in the latter case, it is
surrounded by monochalcogenide ligands p»-Q (see struc-
ture II). Furthermore, the chalcogen atoms in the axial
positions of complexes based on {M3Q7} are electrophilic,
unlike those in the {M3Q4}-based complexes.

The molecular orbital diagram for metal—metal inter-
action in the {M3Q7} clusters with idealized Cs, symmetry
has three bonding (one la; and two le) and three antibond-
ing (two 2e and one a;) MOs (Fig. 1a).® The {M3Q7}
clusters are stable if six d electrons of the metal (two
electrons from each Mo!'V atom with the d? configuration)
are available for filling the low-lying metal-centred la; and
le orbitals, which formally corresponds to three localized
M —M single bonds. Thus, the number of cluster skeletal
electrons in {M3Q7} is 6. In this simplified scheme, a change
in the electronic nature of the external ligands may lead to a
change in the relative energy positions of the orbitals.

2.1.2. Redox properties

A distinctive feature of complexes of the {M3Q7} clusters is
that, irrespective of the charge state and the nature of
terminal ligands, they undergo irreversible reaction involv-
ing reduction of three bridging dichalcogenide ligands to
give {M3Q4} cluster complexes 715

{M3Q7}*" + 6e—> {M3Qu}*" +3Q° (M
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Figure 1. Simplified molecular orbital diagrams for the {M3Q7}

(a) and {M3Q4} (b) clusters (M = Mo, W; Q =S, Se) for idealized
Cs, symmetry.® 22

The electrochemical potentials of some {M3Q7} com-
plexes are summarized in Table 1. Generally, the coordina-
tion environment of the {Mo3S;} cluster affects little the
course of the reduction.® This is consistent with the fact that
lower vacant molecular orbitals of {Mo3S;} are mainly
localized on the bridging S5~ ligands and make an anti-
bonding contribution (p—n*/c*) to the S—S bond.'®

An interesting situation arises when electroactive ligands
capable of being reduced, in particular, 1,10-phenanthro-
line, is introduced into the coordination sphere of {M3Q7}.
Thus, the results of CV investigation of the complex
[MosSes(phen)s]Brs immobilized on a graphite electrode
attest to a completely reversible electron exchange reaction
occurring at cathodic and anodic half-wave potentials of
—0.086 V versus Ag/AgCl, which can be interpreted as
three-electron reduction of [MosSes(phen)s]*™ (struc-
ture IV) to give [Mo3Se7(phen)s;]* (Ref. 17). In the case of
the tungsten complex [WiSes(phen)s]Brs, the electrode
potential shifts by —0.51 V, which may imply either
metal-centred reduction (MY = M) or mixed metal-
(ligand)-centred reduction in which the electron density is
delocalized between the ligand m* orbitals and metal d
orbitals. This situation is intermediate between two limiting
cases, {[M}Ses(phen—)3]Br} and {{M."Se;(phen)s]Br}, and
is confirmed by quantum chemical calculations, which
showed the possibility for three electrons to be located in
the 15A2 (LUMO) and 60E1 (LUMO + 1) orbitals that have

Table 1. Electrochemical potentials (E') for some trinuclear molybdenum {Mo3Q7} cluster complexes.

Complex Organic ligand E |V versus Ag/AgCl Ref.
1 17 11

[Mo03S7(S2)6]>~ —1.22 — — 10
s N

[MosSs(tdas);]2~ I s 131 +0.72 - 1
“e N

[Mo03S4SesBrg]*— from —1.2to —1.4 - - 11

[Mo03S7Clg]*~ from —1.2to —1.4 - — 11
-S._CFs

[Mo:Ss(tfd)s]2 - \ 12 +0.51 +0.89 12
"S” "CFs

[Mo3S-(bdt)s>~ —1.26 +0.23 +0.41 12
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Table 1 (continued).

Complex Organic ligand E |V versus Ag/AgCl Ref.

1 17 I

-s. s

[Mo03S7(dmid);]>— I —0 —1.27 +0.36 — 12
s

[Mo3S(dsit)s]2~ SeIS>—s —1.69 +0.34 - 12
“se” TS

[Mo3S7(dmit)s]2~ S__s —1.20 +0.38 — 12

—S

[Mo3Se7(dmit)s]*— _SIS —0.92 +0.15 — 13

[MosSes(dsit)s]2~ SeIS . —0.87 +0.16 _ 13
“se¢” S
n-H19Co CoH19-n

[Mo3S7Br4(dnbpy)] 7N\ \ —1.06 — — 14

N =

[Mo03S7Brg]>— —1.15t0 —1.68 — — 15
-8._CN

[Mo3S;(mnt)s2~ I —1.04 +0.77 +1.16 15

S~ 'CN

Note. Here and in other Tables, the Roman numbers designate the electrochemical potentials of the successive redox processes.

Structure IV

comparable contributions from the molybdenum (4d) and
carbon (2p) atomic orbitals. This is the first and the only
example of reversible reduction of {M3Q7}* " clusters.

The {M3Q7} clusters are less prone to oxidation, because
this requires removal of electrons from the bonding metal-
centred orbitals (HOMOs) and is expected to decrease the
cluster core stability. In some complexes, the contribution
of metal orbitals to the HOMO is no longer dominant. For
example, the highest occupied MO in the [Mo03S7(S>)3]?~
complex (Scheme 1) is mainly formed by weakly interacting
n* orbitals of the terminal S5~ ligands, which rules out the
possibility of any oxidation. Nevertheless, the {Mo3S7}
clusters become electroactive towards oxidation as a result
of coordination of redox-active ligands such as dithiolates
(Q_Q = S,C3R,) or diselenolates (Q_Q = SexCaR3). In
this case, the electrochemical response comes mainly from

Scheme 1
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the ligand, i.e., the oxidation is mainly a ligand-centred
process. The oxidation reactions are reversible and proceed
at moderate potentials (ranging from +0.2 to +0.8 V) (see
Table 1). The corresponding dithiolate (diselenolate) com-
plexes [M03S7(Q\/Q)3]27 (QVQ = SzCsz, Se2C2R2) are
formed in moderate yields in the reactions of the bromide
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complex [Mo03S7Brg]?~ with (BusN)2[M(Q_ Q)] M = Zn,
Sn; Q__Q = S,C3R,, Sex C3R5) or Na(mnt). ! 12,18

Similar complexes were also prepared for the
{MosSe;} cluster (see Table 1). The selenide complexes
[Mo3Se7(dmit);]>~ and [Mo;Se;(dsit);]>~ are more easily
oxidized than their sulfide analogues.!? This trend is also
followed for the {Mo03Q4} and {Mo4Q4} clusters (Q =S,

Se).1?
The calculations showed that the HOMOSs in
[Mo3S7(Q__Q)3]*~ (Q__Q = S,C5R5) are fully occupied

mainly ligand-centred orbitals of ‘¢’ symmetry. The contri-
bution of ligands to the HOMO varies from 62% for
[Mo3S7(bdt);]>— (Fig. 2) to 82% for [Mo3S7(dsit)s;]>—. The
major contribution to the HOMO-1 of ‘a’ symmetry is made
by three external ligands and equatorial sulfur atoms of the
cluster core (without involvement of the molybdenum
atoms).!8

L (=

Figure 2. Form of the HOMO (above) and HOMO-1 (below) for
the [M03S7(bdt);]*>~ dianion.!3

Different colours (blue and grey) designate the areas of different
parity.

The number of observed oxidation reactions of the
[Mo03S7(Q__Q)3]?>~ dianions (Q_Q = S>C,R») and/or the
diselenolate analogues depends on the nature of the external
ligand. In the case of tfd, bdt, tdas or mnt derivatives, two
successive reversible one-electron oxidation reactions take
place; for the dmid, dmit and dsit ligands, there is only one
two-electron oxidation process, which is asymmetric
because of deposition of the neutral conductive product,
[Mo03S7(Q__ Q)] (Q_Q = S>CyR,), on the electrode (see
below).20

The ease of oxidation increases with decreasing electron-
withdrawing (increasing electron-donating) ability of sub-
stituents in SC,R, and varies in the series

bdt > dmid = dsit = dmit > tfd > tdas > mnt

Only in the case of (BusN)>[Mo3S;L3] (L = dmid, dmit
and dsit), does the chemical or electrochemical oxidation
give neutral products [Mo03S;L3] exhibiting electronic con-
ductivity (see below).

2.1.3. Magnetic properties

The above-mentioned oxidation of [Mo03S7(Q_ Q);]>~ to
[M03S7(Q_Q)3] (Q_Q = S,CoR,) changes the lalle*
ground state to the la’le? state with partially occupied
degenerate orbitals of ‘e’ symmetry (see Fig.2), which

corresponds to generation of radical anions from two
ligands. The stable radicals thus formed can participate in
numerous intermolecular interactions of sulfur atoms. For
instance, the compound [Mo3S7(dmit)s] crystallizes in a
trigonal space group in such a way that the cluster units
are directed along the ¢ axis and are connected into infinite
chains via S---S contacts, giving rise to a Cs,-symmetric
hexagonal network (Fig. 3).

Compounds of this type are of interest regarding both
magnetic and electrophysical properties. Measurements of
the molar magnetic susceptibility (ym) of polycrystalline
[Mo3S7L3] samples (L = dmid, dmit and dsit) show contin-
uous decline of the product ym7 during cooling
(Fig. 4a). At room temperature, the yy,7 values (~0.8—
0.9 e.m.u. K mol—") are obviously lower than expected for
the triplet state with the spin (S) equal to unity
(1.0 e.m.u. K mol—1). This is indicative of antiferromag-
netic exchange interactions between the unpaired electrons
of the [Mo3S7L3] molecules. The magnetic behaviour of
these compounds can be described in terms of a one-
dimensional exchange network formed from randomly dis-
tributed spins S = 0 and S = 1.20

For the phase based on [Mo03S;L3] (L = dmid, dmit and
dsit), the specific resistance was shown to increase with
decreasing temperature, i.e., these phases behave as semi-
conductors. For example, the electronic conductivity of the
single crystals of [Mo3S;(dmit);] along the ¢ axis is
25 Sm ecm~—! at room temperature; this is a relatively high
value for a neutral molecular crystal; the value doubles at
high pressures (10 kbar).!8-20

A distinctive feature of conductors based on
[Mo3S7(dmit)s], [Mo03S7(dmid)s;] and [Mo3S5(dsit)s] is that
the electrons responsible for the conductivity are also
responsible for the magnetic properties.'-2%-21 The inter-
actions of sulfur atoms giving rise to conductivity (Fig. 4 b)
were used to simulate the magnetic behaviour considering
two competing antiferromagnetic interactions J and J' as an

Figure 3. Honeycomb hexagonal packing along the ¢ axis for
[Mo3S7(dmit); ].20
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Figure 4. Temperature dependence of the product ym7 (see¥) for [Mo3S7(dmid)s] (1), [Mo3S7(dsit);] (2) and [Mo3S7(dmit); ] (3) (a),
fragments of the [Mo3S;(dmit);] structure (b) and an exchange network based on two types of competing antiferromagnetic J and J'

interactions (c).2°

(b) The view along the c¢ axis reflects the S---S contacts responsible for conducting properties; only two neighbouring clusters in the chain
and one dmit ligand per cluster are shown; the bridging disulfide groups are omitted.

example (Fig. 4¢). The interaction J corresponds to the
exchange between dithiolate ligands of different cluster
chains and the interaction J’ corresponds to the exchange
between dithiolate ligands of the same chain. In this model,
each magnetic cluster is actually a mixed-valence system
which contains two unpaired electrons delocalized among
three moieties and in which two types of antiferromagnetic
interactions compete. The hypothetical metallic state of
[Mo3S7(dmit)s] is only 50 meV mol—! higher in energy
than the antiferromagnetic state.

2.2. Complexes of trinuclear {M3Q4} clusters

2.2.1. Electronic structure

The molecular orbital diagram for metal —metal interac-
tions in the {M3Q4} clusters (M = Mo, W; Q = S, Se) with
idealized Cs, symmetry has three bonding (la;, le), one
largely nonbonding (2a;) and five antibonding (2e, 3e, a,)
molecular orbitals (see Fig. 15).8-22 According to this dia-
gram, the {M3Q4} clusters, like {M3Q7}, are stable if all
three metal-centred bonding orbitals la; and le are occu-
pied, which corresponds to three M —M bonds (six cluster
skeletal electrons). The large energy gap between the le and
2a; orbitals prevents the formation of clusters with 7 and 8
CSE (with partially or fully occupied nonbonding 2a;
orbital);>3 however, these states (and even the more reduced
9-electron state) can be generated in practice by
electrochemical reduction. As regards stable reduced
forms, only a few complexes of a seven-electron
configuration have been detected, in particular,
[Cp3Mo3S4l,>*  [Mo3S4Cla(dppe)2(PEt3)],>°  [Mo03S4X3
(dppe)s] (X = Br or a 2.6 Br + 0.4 CI mixture).2®

i The units of measurement of molecular magnetic susceptibility given in
the text and in the Figures are the same as in the original source.

The results of XPES investigations of some complexes
based on six-electron {Mo3S4} clusters confirm the 4+
oxidation state for molybdenum.?7-30

Bond analysis of the {Mo3S4} cluster performed by
advanced methods of quantum chemistry distinguished the
{Mo03S4} group as an individual chemical unit in the first
bifurcation ELF diagram (Fig. 5), whereas the metal —metal
bond within the Mos triangle is characterized by both
disynaptic basins (Mo, Mo) and trisynaptic basin V(Mo,
Mo, Mo). The results of calculations of the basin popula-
tions and covariances suggest the existence of delocalized
Mo — (u2-S) — Mo bonding.3!-32 This delocalization was also
suggested by earlier semiempirical calculations, which dem-
onstrated spatially delocalized Mo(d) — S(pn) bonding, giv-
ing rise to a continuous closed Mo3(u2-S); d —pm system
with a strong interaction between the localized three-centre
two-electron Mo — (pu2-S)— Mo bonds. This delocalization
can be described using the concept of quasi-aromaticity, as
evidenced from the results of ab initio Hartree —Fock calcu-
lations.?3=37 The concept of quasi-aromaticity of
{M30,Q4_,} heterocycles (M = Mo, W; Q=S, Se;
n = 0-4) was used to interpret the key reactivity features
of the {M3Q4} clusters, for example, the fact that, unlike the
halide analogues {M30,X4_,} (X = Cl, Br; n = 0—4), they
can form cubane type clusters according to the [3+1]
pattern.

The electronic structures of halide and the correspond-
ing chalcogenide transition metal clusters are substantially
different. A key difference is the relatively weak d—pmn
bonding in the halide complexes, which rules out the
possibility of pronounced delocalization of the lone pairs
of bridging halogen atoms over the vacant d orbitals of the
metal. One more difference is the competition of d orbitals
for the M—M bond and the M—X = bond in the
{M3(n2-X)3} moiety of halide complexes. This competition
weakens the d—pn bond and strengthens the metal —metal
bond. None of the {M3X4} halide clusters (M = Mo, W;
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V(Mo, P)
— C(Cl) —PH3 V(Mo, S(1))
V(P, H) S(1)
——C(P) V(S(1)) C(Mo)
[Mo03S4Cla(PHa)e] * Mo3S4 Mos L‘:V(Mo, Mo)
V(Mo, $(2))
V(Mo, CI) V(Mo, Mo, Mo)
S(2)
—C(S) —Cl
V(S(2))
v(Ql)
0.15 0.25 0.35 0.37 ELF
Figure 5. ELF bifurcation tree for the model [M03S4Cl3(PH3)6] © complex.3!-32
C is the nuclear attractor, V is the valence attractor.
X = Cl, Br) shows a quasi-aromatic character inherent in M;V = MUTMIV — MgII 3)

{M3 Q4} (Q =S, Se). These two reasons account for the low
reactivity of the halide complexes towards [3 -+ 1]-addi-
tion.38

2.2.2. Redox properties

The redox properties of trinuclear {M3Q4} cluster com-
plexes have been studied in detail by the CV technique
(Table 2).21:39-46 A typical feature is the presence of either
three successive one-electron reductions

Mgv - M%VMIH — Mlngll - Mgll )

or successive two- and one-electron reductions

depending on the nature of terminal ligands. This is accom-
panied by occupation of nonbonding and antibonding
metal-centred MOs — 2a; and 2e, respectively. Most
often, the first reduction reaction is reversible or quasi-
reversible, while the subsequent reactions are irreversible.
Molybdenum complexes are reduced more easily than
tungsten counterparts. For instance, the half-wave potential
(E1)2) of the first one-electron reduction for the diphoshine
complexes [M3S4Brs(dmpe)s](PFs) is —0.56 (M = Mo) or
—095V (M =W).3 The reduction potential for
[M3Qu(dppe)sX3](PFe) decreases in the series

Table 2. Electrochemical potentials for some trinuclear {M3Q4} cluster complexes (M = Mo, W; Q = S, Se).

Complex E |V versus Ag/AgCl Ref. Complex E |V versus Ag/AgCl Ref.
1 17 11 1 17 111
[Mo03S4(bdt)s]*~ —1.42 +0.47 +0.65 21 [W3Sesq(dmpe)sBrs] * —0.91 —1.12 —1.41 40
[Mo3Sa(tdas)s]?— —1.36 +0.86 — 21 [MosSa(acac)s(py)s] —0.75 —0.97 — 41
[Mo03S4(dmid);]>— —1.10 +0.57 — 21 [MosSes(acac)s(py)s] * —0.86 —0.99 — 41
[Mo03S4a(dmit)s]>— —1.33 +0.57 — 21 [W3Sa(acac)s(py)s] —1.36 —1.56 — 41
[W3Sa(dppe)sHs] ™ —1.56 —2.03 — 39 [W3Seas(acac)s(py)s] ™ —1.06 —1.19 — 41
[W3Sa(dppe)sBrs] * —0.94 —1.62 — 39 [(Cp")3W3S4]+ —1.16 +1.602 — 42
[W3S4(dmpe)sBrs] * —0.95 —1.34 — 39 [(Cp')sMo3S4]+ —0.81 +1.192 — 42
[Mo3S4(dppe)sCls] * —0.50 —1.34 — 39 [Mo03S4(0-P2)sCl5] * —0.46 +0.58 +1.14 43
[Mo3S4(dppe)sBri] ™ —0.39 —1.15 — 39 [Mo3Ses(0-P2);Cl3] —0.48 +0.55 +1.12 43
[MosSes(dmpe)sCls] + —0.60 —1.21 — 40 [Mo3S4(H20)0]*+ —0.54 —1.10 —1.83 44
[MosSes(dmpe)sBrs] ~ —0.54 —0.87 —1.20 40 [Mo3S4(dmpe);Cls] ™ —0.69 —1.38 — 44
[Mo3Ses(dppe)sBrs] * —0.46 —1.09 — 40 [Mo3S4(dmpe);Brs] * —0.56 —1.20 — 44
[V\,_zSC4(C1]I)I.‘)C)3BI‘3]Jr —0.92 —1.43 — 40 [M03S4Cl3(dnbpy)3] * —0.41 —1.21 — 45
[Mo3Ses(dppe)sCls] ™ —0.52 —1.25 — 40 [Mo03S4Cl3(dnbpy)s] * —0.39 —1.18 — 46

3 Measured versus Hg/Hg,Cl,.
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Mos3Ss > MosSes > W3Ses > W3Sy

whereas the series observed for analogous dmpe derivatives
is as follows:*0

Mos3Ss > MosSes > W3Ss > WiSey

In the case of  acetylacetonate  complexes
[M3Qa(acac)s(py)s]T (M = Mo, W; Q =S, Se), the reduc-
tion becomes more difficult in the order 4!

MosSs > MosSes > WisSes > W3Sy

It is of interest that the CV measurements for
[Mo3S4(dtp)2(n-AcO)Cl(dmbpy)] in dichloromethane did
not reveal any electrochemical processes associated with
the Mo'V reduction in the negative region up to —1.5V
versus Ag/AgCl. This is attributable to the fact that the
LUMO of this complex responsible for the reducibility is
ligand- rather than metal-centred.*’

The diimine complex [Mo3S4Cli(phen)s]Cl-4H,O
showed reversible two-electron reduction at the half-wave
potential of —0.09 V versus Ag/AgCl and fully irreversible
one-electron reduction at —1.25 V.48 In this case, consider-
ing the possibility for electrons to enter the phenanthroline
n-system, as in the case of [Mo3Ses(phen)s]Brs (see above),
this redox process can be regarded as a mixed molybdenum/

phenanthroline-centred reduction, resulting in
an intermediate between [MolVS,Cls(phen—)(phen)]—
(one-electron reduction of two phen ligands) and

[Mo!'VMo'S,Cls(phen)s ]~ (one-electron reduction of two
Mo'V).

In the absence of electroactive ligands, {M3Q4}-based
complexes are usually not prone to oxidation. As an
exception, note  methylcyclopentadienyl  derivatives
[(CpH3M3S4]T (M = Mo, W), which undergo, apart from
the one-electron reduction, also two-electron oxidation at
+1.19 and +1.60 V versus Hg/HgrClo.4* This process
involves removal of electrons from the bonding metal-
centred le orbital and can be attributed to the Mo!V/MoV
pair.

Apart from the metal-centred reduction, the cyclic
voltammograms of the complexes [Mo03Qu(0-P2);Cl3](PFs)
(Q =S, Se) containing electroactive 3,4-dimethyl-3,4-bis(di-
phenylphosphino)tetrathiafulvalene exhibit oxidation proc-
esses resulting in the formation of tetrathiafulvalene radical
cation and dication at E;» =0.58, 1.14 V (for S) and
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Eip=0.55 1.12V (for Se) and attributable to the
[Mo03Q4(0-P2)3Cl5]1"/4* and [M03Q4(0-P2);CI3]* /7 * pairs.
The products of oxidation of [M03Qa(0-P2)3CI3](PFe)4 were
isolated upon the reactions of this compound with an excess
of NOPFg in CH>Cl, and were characterized by analytical
and spectroscopic methods.*’

A similar electrochemical behaviour was found for
the dithiolate complexes, [Mo03S4(Q_Q)3;]>~ and
[Mo03S7(Q_Q):]>~ (Q_Q = S>C3R»); the former are oxi-
dized at potentials shifted to the anodic region by ~0.2 V
compared with the potentials of the {Mo3S7} derivatives.?!

2.2.3. Magnetic properties

There are relatively few examples of magnetically active
complexes of the trinuclear {M3Q4} cluster and the number
of CSE > 6. The addition of the seventh electron to
{Mo03S4} may reduce the symmetry because of the Jahn—
Teller effect, for example, as in [(Cp*)3Mo03S4].24

The paramagnetic complex [Mo3S4Cls(dppe)2(PEts)]
with seven CSE was obtained in the reaction of Mo03S;Cls
with PEt; followed by reduction with magnesium at —20 °C
with the addition of dppe. The introduction of the seventh
electron into the antibonding orbital of the reduced
{Mo03S4}3 " cluster leads to elongation of the Mo—Mo
bonds (2.806 A) by 0.05-0.07 A with respect to analogous
bonds in diphosphine complexes of the {Mo3S4}*" clus-
ter.?’

The reaction of six-electron [Mo3S4Xs(dppe)s]™ with
gallium gives the neutral [Mo3S4Xs3(dppe)s] complex
(X = Br or a 2.6Br + 0.4Cl mixture) with seven CSE.?°
The paramagnetic nature of the reduced complexes was
unambiguously confirmed by EPR and by measurement of
the molar magnetic susceptibility (Fig. 6). The products of
the molar magnetic susceptibility by the temperature (ym7')
are 0.40 (X = Br) and 0.35cm? K mol—! (X =2.6Br +
0.4Cl) at 300 K, which attests to the presence of one
unpaired electron (S = 1/2); these values remain almost
invariable down to low temperatures, as expected for a
nearly ideal paramagnetic system.

The EPR spectra of polycrystalline samples of both
complexes (Fig. 7) are very similar and contain a weak
single signal at 125 K; the signal intensity increases with
decreasing temperature. Below ~80 K both EPR signals
are split into six lines as a result of hyperfine coupling of the
unpaired electron with the molybdenum nuclei with the 5/2
spin (°’Mo and °’Mo with natural abundances of 15.9%
and 9.6%, respectively). This fact indicates that below the

1000 -
800
600 -

400

zm~1/e.m.u. mol—"

200

0 50 100 150 200 250 TIK

Figure 6. Temperature dependences of the molar magnetic susceptibility of [M03S4X3(dppe)s], X = Br (¢) and X = 2.6 Br+ 0.4 Cl (b).2°
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Figure 7. Q-band EPR spectra for [Mo03S4X3(dppe)s], X = Br (a) and X = 2.6 Br + 0.4 Cl (b) at various temperatures.
(a) T=5(1),10(2), 15 (3), 20 (4), 25 (5), 40 (6), 50 (7), 60 (8), 70 (9), 80 (10), 90 (1), 100 (12), 125 (13), 150 (14), 290 K (15); amplitude

scaling factor: 10 (1-35), 5 (6-10);

(b) T =5(1), 8 (2). 10 (3), 15 (4), 20 (5), 30 (6), 40 (7), 50 (8), 60 (9), 70 (10), 80 (11), 90 (12), 100 (13), 300 K (/4); amplitude scaling factor:

10 (1-6), 2 (7—12).26

mentioned temperature, the unpaired electron is localized
on one of the three atoms of the Mos; moiety, which attests
to an asymmetrical structure of the moiety.

Quantum chemical calculations for the model
[Mo3S4(dpe)3Br3]? complex (¢ = 0, 1 +) confirmed the geo-
metric distortion due to the Jahn—Teller effect (caused by
the appearance of the seventh electron in the system). For
the [Mo3S4(dpe)s Brs]t cluster with six CSE and a C5 axis,
the lowest unoccupied molecular orbital is doubly degener-
ate and has ‘e’ symmetry. The addition of one electron
should give rise to the degenerate electronic state 2E, which
can be stabilized by lowering the symmetry and removal of
the degeneration. The calculations for neutral
[Mo3S4(dpe)sBrs] (C; symmetry) confirmed the geometric
distortion of the Mos moiety to an acute-angled triangle
and energy splitting of e-orbitals. The unpaired electron
occupies the orbital mainly localized on one molybdenum
atom, which leads to spin polarization.?®

In this context, mention should be made of a rare
example, the [ResSs(dppe);Bri]™ rhenium(1v) cluster.4® It
was obtained by treatment of Re3S;Br; with phosphine
(dppe) in MeCN, and its structure resembles that of
{Mo3S4}, but contains nine CSE instead of six. The rhenium
cluster has an unusual quadruplet ground state with three
unpaired electrons, while the virtually invariable effective
magnetic moment (3.87 pug) in the temperature range of
30-300 K attests to a nearly ideal paramagnetic system.

It is known that  diphosphine = complexes
[M3Q4(dmpe)s;X3]t (M = Mo, W; Q =S, Se; X = Cl, Br)
react with nucleophiles with replacement of terminal halide
ions by H—, HO—, SCN— or CN~.3%-50 Conversely, when
the six-electron [Mo3S4Br3(dppe)s](PFe) cluster reacts with

Bu'SNa, complete elimination of the bromide anions from
the cluster takes place, instead of formation of the expected
thiolate-substituted complex; this is accompanied by one-
electron reduction and insertion of an additional ps-capping
sulfur atom into the cluster. This gives rise to a seven-elec-
tron paramagnetic complex [Mos(p3-S)2(n-S)s(dppe)s](PFe)
(Fig. 8 @)>! containing a rare trigonal-bipyramidal {Mo3Ss}
cluster.>>33 The reduction of [Mo3SesBr3(dppe)s]Br with
gallium affords a similar paramagnetic complex
[Mos(us-Se)a(u-Se)s(dppe)s](GaBry).”* This is the only
example of a complex with the {MosSes} cluster. In such
complexes, one molybdenum atom occurs in the reduced
state (Mo!).

The magnetic nature of the complexes was confirmed by
EPR and magnetochemical data. In the diagram
of the temperature dependence of ym7T  for
[Mos(u3-S)2(u-S)s(dppe)s](PFe) (Fig. 8 b), the product ymT
remains constant down to ~20 K (0.381 cm3 K mol—! at
300 K), which is indicative of isolated paramagnetic centres.
A minor decrease in the product ym7 observed at low
temperature is, most likely, due to zero field splitting
and/or very weak intermolecular interactions.

For [Mos(ps-Se)2(p-Se)s(dppe)s](GaBry), the ymT value
is 0.372 cm® K mol—! at 300 K and remains almost invar-
iable down to 10 K. The Weiss constant is very low
(—0.01 K), which was to be expected for a virtually ideal
paramagnetic system with very weak antiferromagnetic
interactions.>*

The EPR spectra of solid samples confirm the para-
magnetic character of the complexes [Mo3Ss(dppe)s]* and
[Mo3Ses(dppe)s]t in the ground state S = 1/2. The
unpaired electron of half-occupied HOMO is delocalized
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Figure 8. Structure of [Mo3(u3-S)2(p-S)s(dppe)s](PFs) (¢) and tem-
perature dependence of ymT (b).5!

between three molybdenum atoms, which is consistent with
the symmetry ‘a’ obtained in the calculation of the elec-
tronic structure. This type of delocalization causes EPR line
broadening, which hides the hyperfine coupling of the
electron with the *>Mo and °’Mo nuclei.’! The first order
Jahn—Teller effect in these complexes is forbidden because
of the non-degenerate nature of the HOMO (a;). The
second-order Jahn-—Teller effect is unlikely due to the
large difference between the HOMO and LUMO energies
as well as the HOMO and HOMO-1 energies.>*

2.3. Complexes of tetranuclear {M3zQ4M’} clusters
2.3.1. Electronic structure
The MO diagram for metal-metal interactions in
{M3QsM’} cluster complexes (Fig. 9) shows the presence
of a group of three strongly bonding MOs (le and 1a;), the
doubly degenerate bonding orbital (2e) from M’ and a
group of weakly antibonding (2a; and 3e) and strongly
antibonding (4e and 3a,) orbitals.>> In the clusters with the
14 and 16 CSE, twelve electrons occupy the bonding
orbitals (le, 1a; and 2e) and weakly antibonding orbitals
(2a;), while two or four electrons partly or completely fill
the 3e orbital (HOMO). In the clusters with >16 CSE, the
electrons also occupy the 4e and 3a; antibonding MOs.
Comparison of the bond lengths for 14- and 16-electron
cubane type metal clusters such as M3;M’ did not identify a
clear relationship between the metal —metal distances and
the number of electrons. This may be due to the rather high
degree of delocalization of these bonds. Considerable differ-
ences between bond lengths are also observed in the
{Mo3S4M’} cluster complexes with equal CSE numbers.
This indicates that changes in the donor capacity of external

Ejev

—-15 [ INi(CO)S3]®~ [Mo3S4Ni(CO)(H20)e]**  [M03S4(H20)g]**

L X--?Z ,Vj; y
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Figure 9. Energy level diagrams for [Mo3S4Ni(CO)(H.O)g]*+
(16 CSE), [Ni(CO)S3]6~ and [Mo3S4(H20)s]** (Ref. 55).

ligands substantially affect the electronic structure of the
cluster.

According to the Fenske — Hall calculations, bonding or
antibonding nature of the middle group of cluster orbitals
(2a; and 3e) depends on the relative energies of the orbitals
of the M’ and M3 groups.>® Since the M’ orbitals are higher
in energy than the M3 orbitals, they are mixed to a higher
extent with the unoccupied orbitals of the M3S4 moiety and,
hence, the middle group of cluster orbitals becomes more
bonding (or less antibonding). The M’ energy increases in
the series

Cu < Ni < Co < Fe

The antibonding character of the 2a; and 3e orbitals in
this series of elements decreases and, hence, the M —M’
interaction strength increases. The calculated M —M’
bond orders in [M03S4Co(Cp’)3(CO)] and
[Mo03S4Ni(H20)9(CO)J* " are 0.561 and 0.432, respectively.

Variational calculations of the discrete X, levels for
[Mo03S4sM’(H,0)0]*t (M’ = Fe, Ni) are in line with the
overall picture of bonds determined by the Fenske—Hall
method, except for the fact that in the case of nickel, the
highest occupied MO has ‘a’ rather than ‘e’ symmetry.>¢
This symmetry coincides with the symmetry of LUMOs for
small molecules such as carbon oxide or ethylene; this
accounts for the high reactivity of the {Mo3S4Ni} cluster
complexes towards these molecules. The lack of reactivity of
[Mo3FeS4(H>0O)10]** can be attributed to the fact that the
HOMOs of the {MosFe} core and the LUMOs of small
molecules do not coincide in symmetry.

The complexes of {Mo03S4Cu} have CSE numbers of 16
and 17. In 17-electron complexes [M03S4Cu(tdci);Br]** and
[Mo03S4Cu(H»0)0]* " with isolated cube structure and in the
bis-cubane complex [(H20)9Mo03S4CuCuSsMos(H20)o]3 ",
the Mo —Cu distances are longer than those in analogous
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16-electron clusters.’’-8 The extended Hiickel calculations
for the isolated {Mo03S4Cu} clusters indicate that the addi-
tional electron in the 17-electron cluster occurs in a highly
antibonding orbital (4 e); this accounts for longer Mo —Mo
and Mo — Cu distances.

2.3.2. Redox properties

The electrochemical potentials for some {M3Q4sM'} cluster
complexes are summarized in Table 3. Comparison of the
electrochemical behaviours of tetranuclear
[Mo3S4sM'(H0)10]*t (M’ = Fe, Ni) and their trinuclear
precursors based on the {Mo3S4} cluster revealed that the
reduction potential is 0.45 V higher for the former than for
the latter.® This attests to a change in the metal atom
charge state upon the introduction of M’ (which is formally
in the zero oxidation state). Indeed, the formal oxidation
states of the metal in the cluster are Mo!VMo{(M/)!1, which
was confirmed by XPES and Md&ssbauer spectroscopy data
(see below). The three reduction processes observed in CV
experiments can be attributed to three successive one-
electron steps, namely

Mo!VMo (M) — Mo!VMo{(M')l — (4)
= Mo!VMo}'(M')® == Mo}'(M")0

It was noted that the potential for the third step is very
close to the third reduction potential of the aqua complex of
the {Mo3S4}*" cluster at which Mo!'YMol! is reduced to
Mo},

A CV study of [Mos(FeCl)S4Tp3] showed a reversible
one-electron reduction and oxidation (Ej2 = —1.40 and
0.52 V versus Hg/Hg>Cly, respectively) and two irreversible
oxidation processes (at 1.54 and 1.66 V versus
Hg/Hg»Cl,).>® The detected reduction and oxidation steps
(except that at 1.66 V) can be assigned to one-electron
redox transformations:

reduction
Mo!VMo'Fel! —= Mo!VMo}!Fe! (5)
oxidation
Mo!YMo'Fell === Mo}’ Mo!!IFell —= Mo}'Fel! (6)

Table 3. Electrochemical potentials (E) for tetranuclear molybdenum and tungsten {M3Q4M’} cluster complexes.

Complex E |V versus Ag/AgCl Ref.
1 17 s V4
[(Cp')sMo03S4Ni(PPhs)] * —1.20 +0.80 +1.40 - 44
[(Cp')sMo03S4Pd(PPh3)]* —1.07 +0.72 +0.72 — 44
[(Cp’)3sM03S4Pt(PPh3)]* —1.16 +0.79 +0.79 — 44
[(Cp")sW3S4Ni(PPh3)] ™ —1.55 +0.57 +1.16 - 44
[(Cp")sW3S4Pd(PPh3)] * —1.39 +0.56 +0.56 — 44
[(Cp')3W3S4Pt(PPh3)] * —1.40 +0.57 +0.98 = 44
[Mo3SsFe(H20)0]* —0.91 —1.47 —1.81 - 56
[Mo03S4Ni(H,0)10]* " —0.91 —1.48 —1.72 — 56
[Mo3S4FeClTps] —1.40° +0.522 +1.542 +1.66° 59
[M03S4CuCl(dmpe)sCls] * —0.81 —1.19 — — 60
[M03S4CuBr(dmpe);Br3] * —0.73 —1.08 - — 60
[Mo3SesCuBr(dmpe)sBrs] © —0.73 —1.31 —1.56 — 61
[M03S4CuCN(dmpe);Cls] * —0.78 - — — 62
[Mo03S4Cu{CN~--Mo(CO)s}(dmpe);Cls] * —0.76 —0.35 — — 62
[Mo3S4(CuCl)Cl3(dbbpy);][CuCly] —0.047 +0.55 — — 63
[Mo03S4CoCl(dmpe)sCls] " —0.10 —0.91 — — 64
[Mo3S4FeCl(dmpe)sCls] * +0.26 +1.06 — — 65
[Mo3SsFeCN(dmpe);Cls] * +0.38 +1.16 — — 65
[Mo3SsFeN3(dmpe)sCls] * +0.25 +1.01 — — 65
[Mo3SsFeSPh(dmpe);Cls] * +0.16 +1.03 — — 65
[Mo03S4CuCl(H20)3(C204)3]*~ —0.35 +0.03 — — 66
[Mo03S4Cul(H>0)3(C204)5]> —0.33 +0.21 — — 66
[Mo03S4CuSCN(H20)3(C204)3]>~ —0.35 - — — 66
[Mo3SesCoCl(dmpe);Cls] ™ —0.15 — — — 67

@ Measured versus Hg/HgoCla.
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The introduction of a copper atom (unlike that of iron
and nickel) into [M3Q4(dmpe); X3]* (X = Cl, Br) leads to
an anodic shift of the electrode reduction potentials,®0-61
i.e., copper-containing complexes with tetranuclear clusters
are reduced more easily than their precursors with trinu-
clear clusters. This fact as well as the distribution of the
molybdenum oxidation states, Mo}YMo!!Cu!, in the
17-electron aqua complex of {Mo03S4Cu}**, derived from
EPR data, make it possible to describe the successive
reduction processes as

Mo} Cul =— Mo} Mo!!Cu! =—= Mo!VMo}'Cu! (7

with the copper atoms being unaffected. A similar interpre-
tation can be extended to {W3S4Cu} complexes. In the
general case, selenide derivatives [Mo3Q4CuL(dmpe);Xs3] "
are reduced more easily than the sulfide ones.*® Different
natures of ligands in the [Mo3;S4sCuL(dmpe);X3]" com-
plexes [L =Cl—, CN—, CN~ --- Mo(CO)s] do not cause
any considerable changes in the redox behaviour. Con-
versely, the substitution of CN for X (Cl, Br) at molybde-
num in both the heterometallic complexes
[Mo3S4CuLl(dmpe);Xs3]™* and  trinuclear  precursors
[Mo3S4(dmpe)sXs]* leads to a considerable anodic shift of
potentials. For example, the anodic shift for cyanide com-
plexes [(CN);Mo03S4CuL(dmpe)s;]t is 200-500 mV with
respect to [ClsMo03S4Cul(dmpe)s] ™ (Ref. 62).

A CV study of [Mo3S4(CuCl)Cls(dbbpy)s][CuCls]
showed that, apart from the reversible reduction at
Eip= —0.047 V (potential difference of 0.077 V versus
Ag/AgCl), one-electron Cu't oxidation to Cu?" takes
place in the [CuCl,]~ anion at E;» = 0.55V (potential
difference of 0.55 V versus Ag/AgCl) (Ref. 63).

The introduction of cobalt into [Mo3Ss(dmpe);Cl3]*
results initially in the neutral complex
[Mo03S4CoCl(dmpe)s;Cls] (15 CSE), which is then readily
oxidized to [Mo3S4CoCl(dmpe)sCl3]* (14 CSE).** For-
mally, this can be attributed to Co® oxidation to Co! within
the cluster. Like the copper coordination to the trinuclear
cluster, the introduction of a cobalt atom induces a 0.59 V
anodic shift of the first reduction potential. The first
reduction process for [Mo3S4CoCl(dmpe)s;Cls]* is centred
at Ejp = —0.10 V and is reversible. The second process
(—0.91 V) is completely irreversible and is accompanied by
Cl— elimination from the reduction product.

[Mo03S4CoCl(dmpe);Cl3] " —= )

== [M03S4CoCl(dmpe)sCl3] —> [M03S4Co(dmpe);Cl3]* Cl—

The differences in the electrochemical behaviour are
associated with changes in the charge state of molybdenum
atoms upon insertion of the metal heteroatom.

Studies of the redox properties of isostructural com-
plexes of a  heterometallic tetranuclear cluster,
[(Cp')sM3S4M'L]Y +/2+/3+ (M = Mo, W; M’ = Ni, Pd, Pt;
L = PPhs, AsPhs) demonstrated4* that [(Cp’)3W3S4
NiPPhs]* and [(Cp’)sW3S4PtPPhs] ™ have similar properties
and undergo one reduction (1+/0) and two oxidation
reactions (1+/2+ and 2+/3+). A cyclic voltammetry
study of [(Cp')3sW3S4PdPPhs]™ revealed one two-electron
oxidation process. The addition of the M'(PPhs) moiety
(where M’ = Pd) to [(Cp')3W3S4] ™, which tends to undergo
reversible one-electron reduction and two-electron oxida-

tion, exerts a simple electron-donating effect on
[(Cp)3W3S4] ™. In the case of nickel and platinum com-
plexes, the electronic effects induce splitting of the two-
electron anodic wave, which attests to two separate one-
electron processes. Presumably, in these cases, the addition
of the M'(PPh3) group acts as a molecular electronic switch.
Similar molybdenum complexes are more difficult to oxi-
dize (but easier to reduce), probably because of the fact that
[(Cp)3sMo3S4]* damps the electronic effects of M’'(PPhs)
more efficiently than [(Cp’)3sW3S4]* does.*4

Study of the electrochemical properties of iron-contain-
ing complexes [MosS4FeX(dmpe);Cls] with various sub-
stituents at the iron atom (X = Cl, CN, N3, SPh) identi-
fied® a quasi-reversible oxidation process in the
0.16-0.38 V range corresponding to the {Mo3SsFe}* /5
pair. The ligands at the iron atom in these complexes
considerably affect the oxidation process. The oxidation
potential decreases in the following series of substituents:

SPh~ > Cl- = N; > CN—

The difference between the Ej,» values in this series
reaches 0.22 V (see Table 3). Thus, the heterometallic deriv-
atives formed upon the insertion of an iron atom into
[Mo03S4(dmpe)sCl; ] are easier to oxidize, but more difficult
to reduce than the complex with the trinuclear cluster. It is
noteworthy that in the case of [Mo3S4FeX(dmpe);Cls], no
reduction processes were found in the potential range
suitable for the use of dichloromethane as the solvent.

2.3.3. Magnetic properties

From magnetic susceptibility measurements, the effective
magnetic moments of [Mo3S4M'(H20)0][pts]s-7 H-O
(M’ = Fe, Ni) were determined to be 2.78 pup at 2.16 K
and 3.26 pp at 269.95 K for M’ = Fe and 0.11 pp at 2.00K
and 1.26 up at 260.70 K for M’ = Ni.56-68.69 These results
are consistent with the presence of two unpaired electrons
(in the 3e orbital) in the 14-electron {MosFe} core and their
absence in the 16-electron {Mo3Ni} core. The obtained
values of molar magnetic susceptibility (Fig. 10) were ana-
lyzed using the vector model formalism of Kambe and the
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Figure 10. Temperature dependence of the molar magnetic suscept-
ibility of [Mo3FeS4(H20)10]* (Refs 67 and 68).

The dots are experimental values and the continuous line is
approximation of experimental data with the parameters
J]/kB = 25 K and Jz/kB = 75 K.
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formal oxidation states were assigned as Mo!VMol{(M/)IL.
This distribution of oxidation states in the ground state is
consistent with the iron oxidation state in {MosFe} equal to
2.39 +, which was established by 3’Fe Mdssbauer spectro-
scopy.

X-Ray photoelectron spectra of the tetranuclear clusters
and their trinuclear precursors gave the following Mosds)»
and Mosds» binding energies: E(Mos) = 233.7, 230.7 eV;
E(MosFe) = 233.1, 230.0eV and E(MosNi)= 2333,
230.3 eV. These values are in line with the 4+ formal
oxidation state of molybdenum. Also, the decrease in the
binding energies upon insertion of the heteroatom (iron or
nickel) attests to an increase in the electron density on
molybdenum atoms upon electron density transfer from
the heteroatom to the Mos core, which is in good agreement
with the distribution of oxidation states presented above:
Mo!VMo (M) |

According to EPR studies of the 17-electron heterome-
tallic [M03S4Cu(H20)10]** cluster cation, which is formed
upon dissociation of [{Mo03S4Cu(H20)9},]¥*, the mono-
meric cluster is paramagnetic (S = 1/2) and the hyperfine
splitting of spectral lines is consistent with the distribution
of the metal oxidation states in the ground state:
MolYMoICu!. The unpaired electron is not located on a
particular molybdenum atom, but migrates among all three
sites at a rate of about 107 s—! (Ref. 58). Extended Hiickel
calculations for the [Mo3S4sCu(H20);0]*" aqua ion also
attest to delocalization of the unpaired electron among
three molybdenum atoms.

It is of interest that the insertion of Cu! into
[Mo03S4Cl3(dbbpy)s] ™t to give [Mo03S4(CuCl)Cls(dbbpy)s]*
with 16 CSE does not induce redistribution of the Mo}YCu!
oxidation states determined by XPES. In this case, the
{Mo03S4} cluster can be considered as a Cu'-coordinated
metallothiacrown.”® In view of the ease of oxidation
of [Mo3S4(CoCl)(dmpe)sCls] (15 CSE, S=1/2) to
[Mo03S4(CoCl)(dmpe)sCls] ™ (14 CSE, S = 1), the complex
[M03S4(CoCl)(dmpe)s;Cl3] was oxidized by treatment with
7,7,8,8-tetracyanoquinodimethane, which is often used to
prepare conducting charge transfer salts. The reaction gave
the hybrid salt [M03S4(CoCl)(dmpe);Cl3]J(TCNQ), in which
both the cation and the anion are paramagnetic.®* The
obtained compound is the first example of a charged trans-
fer complex based on the {M3Q4M’} cluster that is dielec-
tric.

The plot for the dependence of ym7 on T shows a
continuous decrease in ym7 on cooling from 300 to ~50 K
down to the value of 1.1 cm? K mol—!, which is indicative
of antiferromagnetic interactions in the chains composed of
the TCNQ ™~ anions with § = 1/2. Only the contribution of
the paramagnetic [M03S4(CoCl)(dmpe);Cl3]* cation with
S =1 is present below ~50 K. On cooling below ~10 K,
the ymT value sharply decreases, which attests to antiferro-
magnetic interactions and/or zero field splitting in the
cation with S = 1. The observed dependence of ym7T on T
is consistent with the zero field splitting model comprising a
regular antiferromagnetic chain with S =1/2 and the
monomer (S = 1). Conversely, for the selenide complex
[Mo3Ses(CoCl)(dmpe)sCLI3)(TCNQ), the ymT  value
(1.1 ecm® K mol—1) virtually does not change in the
20-300 K range.®” This behaviour agrees with the presence
of the [Mo3Ses(CoCl)(dmpe);Cl3]T cation with S =1,
whereas the TCNQ ™ anion does not contribute to the
total magnetic susceptibility. Like for the sulfide complex,

ymT sharply decreases below ~15 K. Thus, the magnetic
behaviour of the selenide derivative shows only a contribu-
tion of the paramagnetic [Mo3Ses(CoCl)(dmpe);Cls]* cat-
ion, as opposed to the sulfide analogue in which both the
cation and the anion make contributions to the overall
magnetic susceptibility, although cooperative magnetic
interactions are also not observed.

The oxidation of [Mo3S4(CoCl)(dmpe);Cls] with iodine
affords the paramagnetic salt [Mo3S4(Col)(dmpe);Cls]I
(14 CSE, S = 1) in a nearly quantitative yield. The replace-
ment of chlorine at the cobalt atom by iodine does not affect
considerably the structural or electrochemical properties.

The reaction of [Mo3S4(Col)(dmpe);Cl3]I with the
paramagnetic nickel dithiolate complex
[Ni(mnt),] (S =1) affords the hybrid compound
[Mo3S4(Col)(dmpe);Cls]2[Ni(mnt)2]. In  the 10-300 K
range, the ym7 value of this complex, equal to

0.99 cm3 K mol—!, virtually does not change, which is
consistent with S =1 of the [Mo3S4(Col)(dmpe);Cls]™
cation. The [Ni(mnt)>] moiety does not contribute to para-
magnetism because of formation of the diamagnetic
[Ni(mnt);]?>— anion.”!

The magnetic properties of
complexes [Mo3S4FeCl(dmpe)sCls] (Fig. 11),
[Mo3S4FeCN(dmpe)s;Cls], [MosSsFeNs(dmpe);Cls] and
[Mo3S4FeSPh(dmpe)s;Cl3] have also been studied.®> The
[Mo3S4FeCl(dmpe);Cls] complex with 15 electrons is oxi-
dized to [M03S4FeCl(dmpe)s;Cl3](PF¢) with 14 CSE (for the
{Mo3S4Fe}* /5% redox pair, see above). Since the 14-elec-
tron complex [Mo3S4FeCl(dmpe)s;Cl5](PF¢) was not isolated
in a pure state, the magnetic measurements were carried out
for its mixture with the 15-electron complex (see Fig. 11).
At room temperature, the product ym7T for
[Mo03S4FeCl(dmpe)sCls] is ~1.15 cm?® K mol—!, which is
consistent with the triplet ground state (S = 1). This value
linearly decreases with decreasing temperature to reach
~1.02 cm3 K mol—! at 7 K, and below this temperature
ymT decreases more sharply (0.94 cm® K mol—! at 2 K).
Complexes with other ligands at the iron atom behave in a
similar way. The magnetic behaviour of a mixture of

15-electron
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Figure 11. Temperature dependence of amT for
[Mo3S4FeCl(dmpe)sCl;] 1) and its mixture with

[Mo3S4FeCl(dmpe);Cls](PFs) (2).65
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[Mo3S4FeCl(dmpe);Cls ] and [Mo3S4FeCl(dmpe);Cl3](PFe)
shows a similar temperature dependence of ym7, with the
ymT values being lower, as is to be expected for a mixture of
compounds with S = 1 and S = 1/2, respectively.

The reduction of  [Mo3S4(dppe);Br3]Br and
[Mo3S4(dmpe)sBrs]Br with gallium metal yielded rare gal-
lium-containing tetranuclear [Mo3SsGa(dppe);Brs] and
[Mo3S4Ga(dmpe)sBry] clusters with nine CSE.”> Their
formation can be described as follows: first,
[Mo3S4(dppe/dmpe);Brs] ™  (six CSE) is reduced to
[Mo3S4(dppe/dmpe);Br3] (seven CSE) and gallium is oxi-
dized to GaBr, then [Mo3sS4(dppe/dmpe)s;Brs] reacts with
GaBr to give cubane type derivatives. The obtained com-
pounds are paramagnetic. At 300 K, the y, 7 value for both
complexes is 0.34 cm?® K mol~! (the expected value for
S=1/2 is 0.375cm?® K mol~!') and remains almost
unchanged as the temperature decreases. The EPR spectra
of solid samples exhibit only one signal, the intensity of
which increases with decreasing temperature. In both cases,
no hyperfine splitting of spectral lines is observed at low
temperature, which is indicative of electron density delocal-
ization among the three metal sites. As noted above, in
[Mo3Sa4(dppe)s Bri], the electron density of the unpaired
electron is located on one metal atom.?®

3. Luminescent properties

The  photoluminescent  properties of  heteroleptic
[Mo03S7X4(IPDOP)] complexes [X = CI (V), Br (VI)] con-
taining imidazophenanthroline moieties were studied by
Recatala et al.”?

The emission spectra of both complexes in CH>Cl»
(excited at 330 nm) show peaks at 436 nm (Fig. 12). The
emission is caused by intraligand transitions. The quantum
yield for free IPDOP (0.21) is markedly higher than that for
compounds VI (0.06) and V (0.11). A decrease in the ligand
luminescence intensity upon coordination of the ligand to
the metal cluster was also detected for binuclear molybde-
num complexes with dipyridinodithiolene ligands.”*

An interesting feature of the fluorescent behaviour of
complexes V and VI is that the emission spectra are sensitive
to the presence of some anions. The addition of anions such
as F—, HO~ and AcO~ to a solution of complex VI in
DMF induced a pronounced (~ 90 nm) shift of the emission
band towards longer wavelengths (the maximum at

OC12Ha5-n Structures V, VI

OC12H25-n

X = CI (V), Br (VI)

Emission

Intensity (rel.u.)

I edm o

300 350 400 450 500 550 A/nm

Figure 12. Absorption and emission spectra of a solution of
[Mo03S7Brs(IPDOP)] (5 mol litre—') in CH,Cl, (continuous line)
and DMF (dashed line). The excitation wavelength is 330 nm.”*

~540 nm). Meanwhile, other anions (Cl—, Br— and
SCN~) do not affect the fluorescence spectrum of
[Mo3S7Br4(IPDOP)]. This behaviour is attributable to elec-
tron density redistribution induced by interaction between
the hydrogen atom of the imidazole N—H group of the
ligand and F—, HO~ and AcO~ anions (capable of hydro-
gen bonding, unlike Cl1—, Br— or SCN ~). These are the first
examples of luminophores comprising imidazophenanthro-
line ligands coordinated to molybdenum clusters. The
selectivity of these complexes to F—, Cl— and Br— anions
could be used in the future to design halide ion sensors.”?

4. Optical limiting properties

Optical limiting is a physical phenomenon associated with
the decrease in the transmission coefficient of a material
with increasing intensity of the incident light. In the field of
nonlinear optics, a lot of effort has been directed in recent
years towards the development of devices based on inor-
ganic semiconductors, organic polymers and fullerene.
Inorganic cluster compounds have been less studied. This
is due to the fact that cluster complexes are usually deeply
coloured, which makes them unsuitable for most NLO
applications; they are also unstable on exposure to high-
intensity light.”>

Despite these drawbacks, metal clusters have a number
of advantages over other inorganic and organic compounds
that are traditionally used in nonlinear optics. First, the
heavy atoms that compose the clusters supply higher energy
levels; therefore, a larger number of allowed transitions
appear compared with organic molecules. Second, the NLO
properties can be controlled by changing the cluster core
composition (for example, replacement of molybdenum
atoms by tungsten, replacement of sulfur by selenium, etc.,
in trinuclear clusters), its structural type (the number of
nuclei, charge, etc.) and coordination environment (varia-
tion of terminal ligands). For these reasons, metal clusters
have attracted considerable attention in recent years.”>~ 8>

The photochemical stability of metal clusters can be
increased by reinforcing the metal-metal bonds with
bridging groups. In this respect, the trinuclear
{M3(n3-Q)(12-Qx)3}* " clusters (M = Mo, W; Q =S, Se,
Te; x =1, 2), in which the metal atoms are linked by
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bridging chalcogenides, demonstrate high stability against
light exposure. The optical limiting properties for the
tri- and  tetranuclear  {M3(u3-Q)(u2-Qy)3}* " and
{M;3Cu(u3-Q)(n2-Q)3}°* clusters (M = Mo, W; Q =S, Se)
surrounded by diphosphine ligands (dmpe, dppe) were
studied by Z-scan technique.!5 40-60 The high ratio of the
excited state effective cross-section (ger) to the ground state
cross-section (gg) serves as a criterion for evaluating the
applicability of a compound as an optical limiter. The oeg/g0
values for metal cluster complexes are within one order of
magnitude (from 1.1 to 12), which attests to a standard
power limiting mechanism, probably, purely thermal one.
The threshold density for these optical limiters decreases on
going from tetra- to trinuclear complexes and from tungsten
to molybdenum derivatives.

Heteroleptic complexes with the {Mo3S7} cluster con-
taining either m-acceptor diimines (2,2'-bipyridine and 1,10-
phenanthroline derivatives) or both m-donor dithiolates
(dmit) and m-acceptor diimines (diimino dithiolate com-
plexes) were also studied for the optical limiting properties,
because m-conjugated systems are known to increase the
NLO properties of materials.3¢ 37 For these complexes, too,
oer > 00, Which is a criterion for the presence of reverse
saturable absorption; the o¢r values increase with increasing
n-delocalization of electrons upon the introduction of the
n-donor dmit ligands (on going from diimine to diimine
dithiolate complexes). In the diimine dithiolate series of
complexes, the ger value decreases upon the introduction of
electron-withdrawing carboxyl or ester groups, which lower
the energy of the bipyridine ligand n-system. The highest oer
value is achieved for the complex [Mo3S;(dnbpy)(dmit);]
containing n-donor dithiolate ligands (dmit) and electron-
donating alkyl (n-CoHj9) substituents at the bipyridine
moiety.®8

Similar trends were identified for binuclear niobium
complexes (Et4N)>[Nb2S4(NCS)sL]; the oer value decreases
in the following series of ligands (L): 87

dnbpy > bpy > dembpy

The introduction of electron-donating nonyl substitu-
ents into bipyridine leads to increasing g.r, whereas elec-
tron-withdrawing CO>Me groups decrease this value. The
oef/00 ratio varies from 3.4 to 38.3 for both complexes.

5. Catalytic properties

The past decades have seen increasing interest in the
catalytic properties of trinuclear molybdenum and tungsten
complexes with tetranuclear heterometallic clusters in vari-
ous chemical transformations, which is caused by the trend
towards optimization of composition, lowering the cost and
increase in the specificity and selectivity of catalytic reac-
tions. This can be attained by replacing relatively simple
metal compounds by more complex metal clusters.

5.1. Catalytic properties of trinuclear cluster complexes
5.1.1. Hydrodefluorination of perfluoroaromatic compounds

The increasing demand for fluorine-containing pharmaceut-
icals and agrochemicals has stimulated the development of
various synthetic strategies towards easily accessible fluori-
nated derivatives.”®°! The selective elimination of fluorine
atoms provides for the diversity of building blocks for the
fine organic synthesis of organofluorine products.®? In this

context, the replacement of the C—F bond by the C—H
bond via hydrodefluorination in the presence of transition
metal complexes and a hydrogen source is the most facile
and promising approach.”? A widely used type of reaction
described for intermolecular HDF includes hydrogen — fluo-
rine exchange between a transition metal hydride complex
and a fluorinated organic substrate to give a hydrogenated
organic product and a fluorinated metal complex.

High fluorine affinity of early transition metals makes
the HDF of R—F substrates thermodynamically favour-
able. A variety of compounds, including lanthanide and
Group IVa metal hydride complexes are employed as
catalysts for hydrogenation of fluorinated aromatic, vinyl
and aliphatic substrates.?*°5 These reactions are deemed to
involve the nucleophilic attack by the hydride ligand on the
electrophilic centre of the organic substrate, the B-insertion
of the alkene and the subsequent B-fluoride elimination (in
the case of hydrogenation of vinyl substrates) or o-bond
metathesis to give a four-centre M---H---C---F transition
state.”®

Hydride systems based on trinuclear cluster complexes
also proved to be active in these reactions. The hydride
complexes [W3SsH3L3]A (L = dmpe, dppe; A = PF¢, BPhy)
were first obtained in 1989 by the reaction of the chloride
precursors [W3S4Cl3L3]A with lithium borohydride. Later,
this synthetic procedure was extended to molybdenum
analogues and bromine-containing derivatives.®” In 2011,
fluorine-containing molybdenum and tungsten complexes
[M3S4F3(dmpe)s] " were prepared for the first time by the
reaction of hydride complexes with an excess of HPF¢. The
hydride and fluoride complexes are highly efficient and
regioselective towards the microwave-assisted HDF of pen-
tafluoropyridine at a temperature of 180 °C in the presence
of silanes as a source of hydrogen (Scheme 2).°® The only
product of these reactions is 2,3,5,6-tetrafluoropyridine in
which the para-fluorine is replaced by hydrogen.

Catalysts based on hydride complexes were more effi-
cient than those based on fluoride complexes, which is
attributable to the key role of the hydride intermediate in
the reaction. The tungsten hydride complexes are more
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active than the molybdenum complexes; conversely, in the
case of fluoride complexes, molybdenum derivatives are
more active than tungsten counterparts. For
[W3S4Hs(dmpe)s]*, the yield of the product is 90% and
TON = 90, whereas in the case of [Mo3S4Hs(dmpe)s]™, a
60% product yield and TON = 60 were attained. The
complex [Mo3S4F3(dmpe)s]™ provides 51% yield of the
product (TON = 51) and in the case of [W3S4F3(dmpe)s] ",
the yield is 31% (TON = 31). The reaction is accompanied
by partial decoordination of the diphosphine ligand, and
the structure of intermediate VII accounts for the selective
substitution at the para-position.”®

Structure VII
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The replacement of the dmpe ligand by the less basic
dppe ligand in hydride or fluoride complexes increases the
catalytic activity to an extent that the microwave activation
of the reaction mixture is no longer necessary and the
temperature can be reduced to 115 °C.°° The tungsten
hydride complex [W3SsHs(dppe)s] ™ still remains the most
active, with the yield of the product being 55% (87% with
additional microwave activation) and the TON increases to
124. The molybdenum complex is inferior in efficiency even
to the dmpe analogue; the yield of the product in this case is
only 21% and the highest turnover number is 31. Unlike
fluoride complexes with dmpe, the tungsten derivatives of
[M3S4F5(dppe)s] * are more active than molybdenum coun-
terparts and demonstrate 65% yield of the product and
TON = 94; in the case of molybdenum, the yield is 19% and
the turnover number is 27.

5.1.2. Reduction of nitro and azo compounds
Aromatic amines are important intermediates of the pro-
duction of pigments and dyes, agrochemicals, pharmaceut-
icals and polymers. Most often, they are produced by
reduction of nitroarenes or (more rarely) azo com-
pounds.'%0-103 Among various industrial reduction proc-
esses that have proved to be efficient, preference is given to
catalytic hydrogenation. However, despite the considerable
progress made in the last decades, this method still has
limitations regarding substrates containing various func-
tional groups capable of being reduced.'?3-19% For this
reason, the use of selective homogeneous catalysts that
allow the preparation of structurally complex functional-
ized amines is still the most reasonable approach. An
alternative to the catalytic hydrogenation, which is most
often carried out under drastic conditions (high temperature
and pressure), is hydrogen transfer hydrogenation with the
use of formic acid or hydrosilylation in the presence of
silanes under homogeneous conditions. These methods
show higher selectivity under relatively mild conditions.
Complexes of the {Mo3S4} cluster functionalized with
diphosphine ligands (dmpe) proved to be efficient and

chemoselective homogeneous catalysts for both hydrogen
transfer hydrogenation of nitroarenes and hydrosilylation
of nitro and azo compounds.'9% 110 In the former case, the
reactions are carried out in the presence of an HCOOH and
Et;N mixture as the reducing agent (Scheme 3). In these
transformations, the molar content of the catalyst is 5%
relative to the substrate.

Scheme 3
R R

®/N02 [MOSS4H3(dmpe)3](BPh4l @/NHZ

HCOOH + EtsN (5:2),
THF,70°C, 18 h

Both the hydride complex [Mo3SsH3(dmpe)s] " and the
chloride analogue [M03S4Cls(dmpe)s] " show high catalytic
activity. The chloride complex is the precatalyst (Scheme 4),
which reacts with formic acid with subsequent elimination
of CO> to be converted to catalytically active hydride
complex [Mo3S4Hs(dmpe)s]*, which does not undergo
fragmentation during the reaction. Initially, HCOOH reacts
with the cluster hydride ligand to give a weak hydrogen
bond between the hydride and the acid proton. This is
followed by elimination of hydrogen to give the formate
complex, and hydrogen thus formed reduces nitrobenzene.
The hydrogenation of a nitro group is selective with respect
to a large number of potentially reducible functional groups
R such as alkyl, vinyl, halide, amide, carboxyl, ether, ester,
amino, keto, alcohol and thiol groups, also in the presence
of several different groups in the ring. The selectivity is
higher for the hydride complex than for the chloride one. In
the case of hydride complex, the conversion exceeds 99%
for all substrates (an exception is 2,5-dimethylnitrobenzene,
for which the conversion is 98%). The minimum yield of the
product is 89% in the case of the sulfonamide derivative; in
most cases, the yield is nearly quantitative. It is noteworthy
that these reactions virtually do not proceed if hydrogen is
used instead of a mixture of HCOOH with Et;N. This rules
out the possibility of direct hydrogenation with hydrogen
formed upon decomposition of formic acid and supports the
proposed hydrogen transfer mechanism (see Scheme 4).19°

The preservation of the cluster structure in the catalytic
reactions was proved by mass spectrometry (ESI MS).

The reduction reactions of nitro and azo compounds
with  silanes  were  studied for the complex
[Mo03S4Cl3(dmen)s](BF4), in which the relatively expensive
and easily oxidizable phosphine ligand !''! has been replaced
by more readily available and stable diamine. The diamine
complex was obtained by treatment of (BusN)>[Mo03S;Clg]
with excess triphenylphosphine followed by the addition of
dmen and the freshly prepared HBF,4- Et,O adduct. This is
the first example of a diamine complex of a trinuclear
cluster.!'% The catalytic reactions were carried out under
conditions similar to those described above, but with
silanes, in particular, Ph,SiH,, being used instead of
HCOOH + Et3N. In this case, the diamine complex (like
the diphosphine one) had high activity and selectivity in the
presence of various groups (alkyl, allyl, halide, amide,
cyanide, carboxylate, efc.). An important distinction of the
diamine system is that the conversion and product yield
>99% can be attained under milder conditions (at room
temperature), whereas the diphosphine complex
operates only at 80 °C. The catalyst based on
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[Mo03S4Cls(dmen)s;](BF4) is also effective in the case of azo
compounds (Scheme 5), although this requires heating.!!?

It is assumed that the reduction of nitroarenes to ani-
lines can follow two different pathways (Scheme 6):

— the first pathway is the direct reduction involving
nitrosoarene and hydroxylamine derivatives;

— the second pathway is the condensation of these
intermediates to give azoxyarenes followed by reduction in
situ via the formation of azo and hydrazino deriva-
tives,112.113

If nitrobenzene in these catalytic reactions is replaced by
the most probable intermediates formed upon its reduction
(N-phenylhydroxylamine, nitrosobenzene, azoxybenzene or
azobenzene) in the presence of [M03S4Cls(dmen)s](BF4), the
following situation is observed: azoxybenzene is only partly
converted to aniline (39% conversion, 32% yield), whereas
N-phenylhydroxylamine and nitrosobenzene give aniline in
92% and 86% yields, respectively. This indicates that the
reactions predominantly proceed by the direct reduction
mechanism (framed in Scheme 6).119

Using the ESI MS method, it was shown that during
catalytic reactions, the cluster catalyst does not undergo
destruction, which suggests the formation of four-centre
hydride intermediates Mo---Cl---H---Si, by analogy with
diphosphine complexes.?”-109- 114 However, a more detailed
mechanism of hydrogenation is still obscure. Additional
experiments with hydrogen being used instead of silane
showed the lack of reactivity of nitroarenes, which dis-
proves the possibility of direct hydrogenation with the
hydrogen formed upon the reaction of silane with meth-
anol.!10

It is evident that the catalytic systems considered above
for the laboratory synthesis of anilines with various func-
tional groups involving formic acid, triethylamine and
silanes compare poorly from the green chemistry stand-
point, because they are characterized by low atom efficiency
(the ratio of the molar mass of the target product to the sum
of molecular masses of all other products in the stoichio-
metric equation of the chemical reaction). From this stand-

+2cycles
—2H20
©/N02
Scheme 5
R
o [M03S4CI3(dmen)3](BF4),
N=N Ph2SiH2, MeOH, 80 °C, 6 h
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Table 4. Conversion of the substrate and yields of the product in the reduction of nitroarenes catalyze
[M03S4C13(dnbpy)3](PF(,).45

d by the diimine complex

Substrate Conversion (%) Yield (%) (see?) || Substrate Conversion (%) Yield (%) (see®)
NOZ NOz
/@ >99 >99 /@ >99 93
1 c 12
NO,
NO2 cl cl
>99 >99
OH >99 >99 cl cl
cl
2 13
% CF
© @ >99 90 (80) Q ° >99 >99
OuN Br NO»
3 14
o
EtomN >99 >99 j;éﬁr >99 >99
O:N OEt H2N
4 NO, 15
O2N NO2
>99 97 (90) /©/ >99 34
O~ (see?) s
5 16
NO,
' NO,  >99 98 (91) 98 85
(see®) —
6 17
F@NOZ >99 95 ON Q N >99 95
7 18
NO
/@ 2 >99 92 (80) 0N @—\\j/o >99 87
cl
8 19
NO, o
/@ >99 99 (80) 0N ©_< >99 94
Br
9 20
NO,
/©/ >99 96 (80) o @SOZNHZ >99 80
| (see )
10 21
>99 98 O oN >99 >99 (96)

’-‘\@
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=z
(@]
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Table 4 (continued).
Substrate Conversion (%) Yield (%) (see?) || Substrate Conversion (%) Yield (%) (see?)
CN (0]
OzN 4
OZNGF >~ 99 94 (87) @iﬁ’\“ >99 95
\O
23 29
CN Py
>99 88 < > >99 70
0N CN QN NO,
Q
O
24 30
NO
o Py >99 80 s >99 91
2 . N/
25 31
(0] (0]
0o 0 >99 94 NE >99 >99
NO NO2
2 32
26
NO-»
O\ % /O =N,
>99 (99) - N,S >99 >97(93)
SO .
27
o} N
O2N N
/@/l >99 88 2 @ % 0>99 >99
N /\ =
0 CFs  OEt
02N
28 34

Note. Reaction conditions: substrate amount, 0.1 mmol; H» pressure, 20 bar; catalyst content, 5 mol.%; MeOH amount, 2 ml; reaction time,

18 h, T =70 °C.

4 The yields were determined by gas chromatography (with n-hexadecane as the internal reference), the values in parentheses are the isolated yields

of the product. ® 7= 100 °C. ¢ H, pressure 35 bar.

point, catalytic systems using molecular hydrogen, which is
a cheap and environmentally clean reducing agent, are more
appropriate. An example is provided by catalytic systems
based on binuclear {Mo2(p-S)2(n-SH),} cluster, which are
closely related to trinuclear {Mo3s(pus-S)(1-S)s} cluster-based
catalysts for hydrogenation of nitroarenes, nitrosobenzene,
phenylhydroxylamine and azoxybenzene in the presence of
H,,'"5 however the selectivity of these catalysts for sub-
strates containing simultaneously several reactive groups
has not been studied. A study of hydrogenation of more
than 30 nitroarenes in the presence of H, catalyzed by the
diimine complex [Mo3S4Cl3(dnbpy)s](PFs) has been
reported; the results are summarized in Table 4.45

The hydrogenation of nitroarenes containing inert
and/or low-reactivity functional groups (alkyl, hydroxyl,
alkoxyl, biphenyl) gives the corresponding anilines in up to
quantitative yields (compounds 1—6 in Table 4). Commer-
cially useful halogen-substituted nitroarenes are hydrogen-
ated without any dehalogenation reactions and the desired
halo-substituted anilines are formed in high yields irrespec-

tive of the halogen nature or position in the ring (com-
pounds 7-13). In addition, other substituents including
trifluoromethyl, amino and thiomethyl groups are also
retained in the final aniline derivatives (compounds 14 —16).
It is important that the easily reducible alkene groups
remain almost intact in these reactions and the expected
anilines are formed in high yields (compounds 17—19). Note
that ketones and sulfonamides are converted to anilines in
good to high yields (substrates 20 and 21). Cyanide, ester
and amide groups are also little affected in these reactions
(substrates 22-30). In addition, some heteroaromatic
amines that are important building blocks for the prepara-
tion of various agrochemicals and pharmaceuticals were
obtained in 91% —99% yields (compounds 31—34).4°

5.1.3. Reductive amination of nitro compounds with aldehydes

The complex [Mo03S4Cl3(dmen)s](BF4) mentioned in the
previous Section was tested as the catalyst of amine N-alky-
lation starting from nitro compounds and aldehydes in the
presence of H, as a reducing agent.!!® The reactions of nitro
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Scheme 7
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compounds with p-anisaldehyde (Scheme 7) and the reac-
tions of p-chloronitrobenzene with various benzaldehydes
(Scheme 8), resulting in the formation of secondary amines
in high yields, were studied. Electron-donating substituents
(alkyl, alkoxy or thiomethyl) in either the nitroarene or the
aldehyde promote smoother formation of the reaction
products. Meanwhile, in the presence of electron-withdraw-
ing groups, pressure increase is required for these reactions
(up to 50 bar), in order to prevent the accumulation of
imino derivatives. Halo-substituted nitroarenes and alde-
hydes give the corresponding haloamines in good yields
without any dehalogenation reactions. Other reducible sub-
strates (nitriles, esters, alkenes) are also converted to secon-
dary amines in 82% —85% yields.

It is noteworthy that these catalytic systems are also
efficient for aliphatic nitro compounds (nitrohexane) and
aliphatic aldehydes (cyclohexanecarbaldehyde) as sub-
strates. The expected amines are obtained in ~60% yields.
The secondary amines can be isolated from the reaction
mixture in an individual state. In relation to the model
reaction between nitrobenzene and benzaldehyde, it was
shown that the reaction can be scaled up and gives N-ben-
zylaniline in 90% yield after chromatographic purification.
The homogeneous catalytic systems found for these reac-
tions contain no noble metals for the first time.

5.1.4. Photo- and electrocatalytic systems based on the trinuclear
{Mo3S4} and {Mo3S+} clusters

5.1.4.1. Photo- and electrocatalytic decomposition of water and
hydrogen evolution reaction

The photocatalytic decomposition of water using solar
energy is a promising way for generation of molecular
hydrogen to be used as an environmentally benign renew-
able energy source.!'”118 In recent years, molybdenum
sulfide-based materials for the photo- and electrocatalytic
water reduction have been developed;!!® these materials can

be considered as an inexpensive alternative to platinum
metal complexes.

The evolution of hydrogen upon water photodecompo-
sition includes the following key stages:

— generation of electron—hole pairs in a semiconductor
upon light absorption;

— electron and hole migration towards the semiconduc-
tor surface;

— efficient transfer of the photogenerated electrons on
water molecules by means of a co-catalyst adsorbed on the
semiconductor surface; simultaneously, holes must be trans-
ferred either on water molecules or on other electron donors
in the solution, for example, $2~ or SO3 ™.

Photodecomposition of water

2H,0 —= 2H> + O, ©)

Hydrogen evolution reactions
in acidic electrolytes

2H, + 2e —= Ha(g) (10)
in alkaline electrolytes
2H,0 + 2e — Ha(g) + 2HO,, (11)

It should be noted that in alkaline electrolytes, water
oxidation with elimination of oxygen can also take place '2°

2H,0 —4e —=4H* + O, (12)

Nanostructured molybdenum disulfide with developed
surface, unlike the amorphous compound, shows high
catalytic activity towards H, evolution reactions.!?!.122
Modifying the surfaces of Ti0,,'2%123 (CdS,124 Sj125.126
and copper(I) and copper(IT) oxides!'?” with MoS, nano-
particles of various morphology leads to increasing photo-
catalytic activity.

After microscopic determination of the geometry of the
catalytically active sites in MoS, nanocrystals (Fig. 13),
studies of the molecular clusters with a similar topology
were initiated.

The molybdenum aqua complex [Mo3S4(HO)9]*" has
been studied most comprehensively. Like MoS,, this com-
plex deposited on highly ordered pyrolytic graphite '28
showed high electrocatalytic activity. The number of moles

a b
/T /T
/ i ; iT [/ i ; \
JATAVAVAVAYA
WNW
T \f T/ T/
Figure 13. Crystal structures of MoS (a) and the {Mo3S7} cluster
core (b).
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Membrane

The photocathode absorbs in the red
and IR spectral regions

p-Si

Connection to the anode

<

Cubane type cluster on the
silicon surface

Figure 14. Scheme of the tandem setup for photoelectrocatalytic decomposition of water.!3?

of the substrate converted by one mole of the catalyst per
second (TOF) for [Mo03S4(H20)9]** is 0.07 s— 1, which is 3.5
times higher than that for nanostructured MoS,,'?° but an
order of magnitude lower than those for Pt or Pd, and is
comparable with the values for other catalysts based on
non-noble metals (Ni, Cu or W).!130

The aqua complexes [M3S4(H20)9]* " and a number of
heterometallic complexes, [(M>-Cp')sM3SsM'](pts) and
[(M3-Cp")sM3SaM' (X)](pts) M =W, Mo; M’ = Co, Cu;
X = CO, Cl), deposited on a p-type semiconductor sub-
strate, for example, silicon (Fig. 14), also catalyze water
splitting to oxygen and hydrogen.!3!-132

The use of tungsten-based clusters results in more
intense evolution of hydrogen than observed with molybde-
num counterparts, and the photoelectrodes decorated with
cobalt-containing particles are unstable to radiation
because of oxidation and destruction. The photocurrent
depends linearly on the light intensity, and the efficiency
of conversion of photons to electricity, so-called quantum
efficiency of conversion, can reach 80%.

The overvoltage (potential difference between thermo-
dynamically determined half-reaction reduction potential
and the experimental redox potential) of hydrogen evolu-
tion systems at the current density of 8§ mA cm—2is —0.81
M =W) and —0.55V versus NHE (M = Mo); for the
cubane type {M3S4Cu} derivatives, the values are —0.82
and —0.53 V versus NHE, respectively. The undecorated
p-Si demonstrates a current density of 8 mA cm~—2 at the
potential of —0.6 V versus NHE. The decoration with the
clusters (Fig. 15) induces a considerable positive shift of the
potential in the range of 0.3 to 0.35 V for tungsten clusters
and up to 0.6 V for molybdenum clusters. At this current
density, the potential difference between the cluster on
silicon in the dark and on exposure to light is ~0.55 V in
all cases (except for the {Mo03S4Co}/p-Si systems unstable
on irradiation).!3!

The hydrogen evolution rate in these systems is compa-
rable with the rates found with the use of a platinum co-
catalyst on the p-Si surface. The resulting two-photon
chemical battery (upon absorption of two photons, the

electron passes from one bound state to another, the differ-
ence between the two states of the electron is equal to the
sum of the energies of two photons) evolves hydrogen on
exposure to red or IR light.

The adsorption of the [Mo03S4(H20)9]* " clusters on the
NaTaOs surface increases the photocatalytic activity of
sodium tantalate towards water splitting to oxygen and
hydrogen by factors of tens. The catalyst activity depends
on the pH value of the solution; the best result was obtained
at pH2. Among the co-catalysts used with NaTaOs3, the
aqua complex has the smallest size (~1 nm diagonally). If
we assume that the characteristic length of NaTaOs is 1 um,
the {Mo03S4} and NaTaOs3 volume ratio is ~5 x 10~8%. The
cluster is distributed only over the substrate surface or edge
parts, thus providing numerous efficient active sites for H»
evolution.!33

Complexes of the {Mo3S7} clusters also posses catalytic
activity towards water reduction. For example, graphite-
supported submonolayers of [M03S7(S,)3]>~ with terminal
disulfide ligands are highly active towards the HER process
and are stable in acidic media.!3* The TOF value is 3 s—!
for the overvoltage of 0.20 V, which is comparable with
performance of a catalyst based on Au!'! nanoparticles with
MoS; deposited in a high vacuum, which has TOF of 1 and
10 s— ! (per {MoS,} active site) for overvoltages of 0.10 and
0.16 V, respectively.!?® The higher catalytic activity of the
[Mo03S7(S2)3]>~ cluster anion compared with the aqua com-
plex of {Mo3Ss}as (TOF = 0.07 s—') 128 is attributable to
the presence of a larger number of sulfur atoms mimicking
the electroactive groups of MoS,. This is also consistent
with the high activity of the mononuclear molybdenum
complex [(pysMe2)MoS,]>" with the coordinated disulfide
group in a similar process with TON reaching ~3.5x 103
moles of H, per mole of the catalyst.!35

Recatala et al.®® reported the electro- and photocatalytic
properties of P25 TiO, nanoparticles with the adsorbed
complex (BusN){[Mo3S7Brs(decmbpy)|Br} (Fig. 16)!° for
the generation of hydrogen from water in the presence of a
Na,S + Na»SO3 mixture as an electron donor.
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Semiconductor: n—p Si

B Conducting substrate

°Mo

S

Figure 15. Presumed designs of photocathode decoration with MoS, or cubane type clusters.'3!
(a) The concentric {MoS,} nanotubes shortened along the radial direction for optimization of the number of active areas with retention of
the layered structure are responsible for absorption of photons by the materials. These nanotubes should not be too long. In this design,

{MoS,} acts as both a semiconductor and an electrocatalyst.

(b) The {MoS,} nanoplates are attached to the semiconductor in the basal plane perpendicular to the semiconductor pillar axis. This design
optimizes the energy transport from the light harvesting semiconductor (Si) through the conducting substrate to the active edges of the

electrocatalyst.

o c ’Q\Br

PN
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Figure 16. Structure of the {{Mo03S;X4(dcmbpy)]|Br}
(BusN){[M03S;Br4(dcmbpy)]Br}.!*
Hydrogen atoms are omitted.

associate in

Electrochemical experiments with TiO; film-coated elec-
trodes with deposited (BusN){[Mo3S;Brs(dcmbpy)]Br}
showed that the complex is reduced to give an efficient
hydrogen evolution catalyst. The overvoltage (for the polar-
ization current density of 1 mA cm—2) decreases by
~0.30 V (in 0.1M Na,S+0.02M Na,SO3) or 0.40 V (in
0.1M HCIOy) in the presence of the complex. The initial
overvoltage values are —0.05V in 0.1M HCIO4 and
—0.26 Vin 0.1 M Na»S+0.02 M Na,SOs3, which is compa-
rable with the published data for MoS, on various sub-
strates. The Tafel coefficient (several hundreds in 10—! mV
units) and TOF (1.4 s~! in 0.1 M Na,S+0.02M Na,SO3)
are comparable with those for MoS,.

According to X-ray photoelectron spectroscopy and
diffuse reflectance spectroscopy data for modified electro-
des, the electrocatalyst has the composition Mo.S, and

contains molybdenum atoms in the 4+ oxidation state
surrounded mainly by S2— groups (instead of S37); in the
limiting case, the composition of the -electrocatalyst
approaches MoS,.

Molybdenum sulfide-modified TiO, nanoparticles dis-
persed in a 0.1 M Na,S+0.02M Na,SO; mixture showed a
noticeable hydrogen formation on exposure to light
(A > 410 nm). The hydrogen evolution rate was
30 nmol min—!, which corresponds to a quantum efficiency
of 0.6% and TON = 2.3 after irradiation for 8 h. The
calculated TOF, equal to 8 x10—> s—! (per Mo atom), is
much lower than the value obtained in electrochemical
experiments. This is due to the fact that the driving force
for charge separation is lower in the photocatalytic experi-
ment than under electrochemical conditions where electrons
easily migrate from the electrode to TiO,. The H> evolution
rate virtually does not change over a period of 8 h, which is
indicative of catalyst stability.

The overall process is described by the following equa-
tion:

NasS + Na,SO3 + 2H>0 — H» + Na»S,03 + 2NaOH  (13)

5.1.4.2. Bleaching of organic dyes

In recent years, bismuth oxohalides BiOX (X = Cl, Br, I)
have been used as photocatalysts for photodegradation of
organic compounds. Their advantage is operation also in
the visible range, unlike the classical TiO»-based photo-
catalysts, which operate only in the UV range (spanning
only 4% of the whole solar spectrum). The most promising
photocatalyst is the stable oxybromide BiOBr with an
appropriate band gap, which is active in photodegradation
of dyes (rhodamine B, bisphenol A and methylene
blue) 136~ 138 and microcystin-LR (toxin produced by cya-
nobacteria) and decarboxylation of D-glutamic and methyl-
D-aspartic acids.!3 Noble metal complexes can be used as
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co-catalysts of these processes. However, they are inappro-
priate for treatment of liquid wastes of industrial dye
production processes, which usually contain considerable
amounts of sulfur (in particular, as S>—). Therefore, the
search for other co-catalysts containing no noble metals is
still a relevant task.

The preparation of [Mo03S;3]>~/BiOBr nanocomposite
with the sulfide complex [M03S;3]>~ as the co-catalyst was
reported.'#® The composite obtained by impregnation of
bismuth oxybromide formed in situ from Bi(NO3);-5 H,O
and cetyltrimethylammonium bromide with a
(NH4)2[Mo3S;3] solution shows a high photocatalytic activ-
ity in the decomposition of rhodamine B. The activity of
this photocatalyst is comparable with the activities of the
Pt/TiO>, [Mo03S13]?~/TiO, and Pt/BiOBr composites.!*?
Spectroscopic studies showed complete bleaching of a
rhodamine B solution in the presence of 5 mass% of
[Mo03S13]?>~/BiOBr and [Mo03S;3]>~/TiO; and 1 mass % of
Pt/BiOBr and Pt/TiO. Also, the addition of S?>~ ions to the
reaction mixture does not affect the catalytic activity of the
[Mo03S;3]>—/BiOBr composite. Conversely, the activity of
Pt/BiOBr sharply decreases in the presence of S?—.

5.1.5. Synthesis of aldehydes from alcohols
The selective oxidation of alcohols to aldehydes is per-
formed using transition metal oxides, in particular, molyb-
denum and tungsten oxides, as heterogeneous cata-
lysts.!41-142 According to the simplest model of interaction
of organic substrates with an oxide surface, the surface
structure is usually considered as a set of polynuclear MO,
groups with various x values and x/y stoichiometry.!#
Clusters with a clearly defined structure are convenient
models for catalytic studies; their reactivity is determined by
size effects. For example, the dimeric [M02,0¢(OH)]~ anion
efficiently catalyzes the gas-phase conversion of methanol
to formaldehyde, while its monomeric analogue
[MoO;(OH)]~ does not show a catalytic activity.'*3 The
gas-phase tungsten(VI) oxide trimer with the presumptive
{W3(n-0)30¢} structure, either free and/or TiO»-supported,
catalyzes the dehydration of alcohols, for example, propan-
2-0l to propene, with high efficiency.!** The trinuclear
{W3(u3-S)(u-S)3} clusters (structure VIII) resemble the
{W3(n-0)306} group (structure IX) and are appropriate
models for studying reactions of this type.

Structures VIII, IX

L
Lot O, P
LEAS N
W W O=W__W=0
LY sY L N
L L 0
Vil IX

A variety of tandem mass spectrometric experiments
provided a fairly full description of the ionic products
formed upon successive fragmentation of diphosphine com-
plex cations [W3S4(dmpe);Xs3]t (X = Br and OH). The
nature of ligands X largely determines the predominant
route of gas-phase dissociation. This gives various ionic
products containing W—Br, W=0O and W—OH groups
within the cluster complex. Under electrospray ionization
conditions, the cluster cations [W3S4(dmpe)2(OH)O]" acti-
vate methanol to give methoxo complexes (Scheme 9). The
methanol O —H bond is activated via interaction with the

Scheme 9
+ +

\/ /P*
Z§ [ 7<§
E SN

hydroxyl group of the cluster followed by elimination of this
group and a methanol proton to give water and the
[W3S4(dmpe)2(OMe)O] " cation, which can regenerate
[W3S4(dmpe)2(OH)3] 145

Like the methoxo complex, the ethoxo complex
[W3S4(dmpe)2(OEt)O] is also formed from
[W3S4(dmpe)2(OH)3]+ upon electrospray ionization in the
presence of ethanol. In the CID mass spectrometric experi-
ment, elimination of acetaldehyde takes place to give
[W3S4(dmpe)>(H)O] . Additional experiments with a deu-
terium label demonstrated that the mechanism involving
hydrogen transfer only from the a-position of the ethoxo
ligand is most probable.

[/\

[W3S4(dmpe)2(OCD2Me)0] e (14)

— > [W3S4(dmpe)>(D)0]* + MeC(O)D

On the basis of DFT calculations, two competing
mechanisms were proposed, one involving hydrogen atom
transfer from the a-position of the alkoxo ligand to the
oxygen atom of the neighbouring W=O0O group to give a
seven-membered intermediate (Fig. 17) and the other
involving hydride transfer from the a-position of the alkoxo
ligand to the metal.!4?> The Gibbs energy variation profiles
calculated for the reaction

[W3S4(Ph3)4(OEt)O]* —> [W3S4(Phs)2(H)O]* + MeCHO (15)

Figure 17. Structure of the seven-membered intermediate formed
upon hydrogen atom transfer from the a-position of the ethoxo
ligand to the oxygen atom of the neighbouring W=0 group.!4°
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Table 5. Data on the catalytic activity of molybdenum and tungsten complexes of trinuclear clusters.

Catalyst Reaction Ref.
[M3S4X3(dmpe)s] * Microwave-assisted hydrodefluorination of fluorine-containing substrates 98

(M =Mo,W; X =H,F) in the presence of silanes as the source of hydrogen
[M3S4X3(dppe)s] * Hydrodefluorination of fluorine-containing substrates in the presence of silanes 99

(M = Mo, W; X =H,F) as the source of hydrogen
[Mo03S4X3(dmpe)s] © Selective hydrogenation of aromatic nitro compounds in the presence of HCOOH—-Et;N 109

(X =H,C)
[Mo03S4Cl3(dmen)s] * Selective hydrogenation of aromatic nitro and azo compounds with silanes and 110

hydrogen; reductive amination of nitro compounds with aldehydes

[Mo03S4(H20)0]* * /graphite Reduction of water to generate hydrogen 128
[Mo03S15]>~ /graphite The same 134
(BusN){[Mo03S7Brs(dcmbpy)]Br}/TiO> " 19
[Mo03S4(H20)0]* * /p-Si Photo- and electrodecomposition of water to give oxygen and hydrogen 131,132
[Mo03S4(H>0)9]** /NaTaO3 Photodecomposition of water 133
[Mo03S13]>~/BiOBr Photodecomposition of rhodamine B 140
[Mo03S4(H>0)9]** /zeolites NaY, Hydrodesulfurization of benzothiophene 147, 148

HUSY, KL, NaMOR, NaH f

(for the sake of simplicity, the dmpe ligands are replaced by
Phs), with the Gibbs energy of the initial
[W3S4(dmpe)(OEt)O]* being taken to be zero, showed
that the former mechanism is thermodynamically favour-
able and the latter one is kinetically favourable; the energy
difference between the two reaction pathways is slight.
Thus, these mechanisms can compete in experiment.!'4°

The data on the catalytic activity of the above molybde-
num and tungsten trinuclear cluster complexes are summar-
ized in Table 5.

5.2. Catalytic properties of heterometallic tetranuclear
cluster complexes
5.2.1. Oil hydrotreating: desulfurization with sulfide catalysts
Along with hydrocarbons (alkanes, alkenes, cycloalkanes,
arenes), crude oil contains considerable amounts of sulfur
compounds (mercaptans, sulfides, disulfides, thiophenes
and dibenzothiophenes), nitrogen compounds (anilines,
aliphatic amines, quinoline, acridine, carbazole, indole),
oxygenates (phenols, ketones and carboxylic acids), and
also vanadium and nickel compounds, which occur as
V4T =0 and Ni?* porphyrin complexes. For the produc-
tion of high-quality oil refining products, these components
should be removed during hydrotreating, which includes
catalytic reactions such as hydrogenation of unsaturated
hydrocarbons, hydrodesulfurization, hydrodenitrogena-
tion, hydrodeoxygenation and hydrodemetallation. The
hydrotreating is necessary in order to prevent air pollution,
avoid poisoning of the catalysts used in the catalytic
reforming and cracking and to improve the fuel quality.

Most of the industrially used hydrotreating catalysts
contain active components such as cobalt- and/or nickel-
promoted MoS,/WS; supported on a substrate with a high
specific surface area (e.g., y-Al,03) (Fig. 18).14°

In the absence of a substrate, the activity of noble metal
sulfides towards hydrodesulfurization is much higher than
the activity of sulfides of other transition metals, which
varies in the order 130

Figure 18. Models of HDS active sites of NiMoS (a) and
CoMosS (b).'#°

RuS; > Rh,S; > PdS > MoS, > NbS, > ZrS»

Study of dibenzothiophene hydrodesulfurization cata-
lyzed by MoS,/Al,O3 promoted by noble metals or by
cobalt and nickel demonstrated that the activity decreases
in the series 13!

PtMo > CoMo > RuMo > PdMo > Mo

For the fabrication of an activated catalyst, tight con-
tacts between the promoter and the catalyst are needed. As
a rule, catalysts based on noble metal—molybdenum sys-
tems are prepared by successive or joint impregnation of the
substrate with aqueous solutions of the metals; this does not
ensure close positions of molybdenum and promoter atoms.
Heterometallic complexes of the tetranuclear {Mo3S4M’}
cluster (M’ = Co, Ni) contain the desired metal atoms in the
appropriate ratio (Mo : M’ = 3:1) in one molecule as well as
sulfide groups and molybdenum in 4+ oxidation state.!52
Therefore, such complexes are considered as structural
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models of the active sites of the industrial Co/MoS,- and
Ni/MoS;-based hydrotreating catalysts.!53. 154

Noble metal complexes like {(n3-Cp’)sMo3;S4M'L,}
(M’ = Ru, Os, Rh, Ir; L = CO, PPh;, COD, COE, dppp),
stabilized by methylcyclopentadienyl and/or cycloocta-
dienyl ligands and soluble in organic solvent, have been
prepared.'>> Presumably, transition to organic solutions
would allow the design of homogeneous catalytic systems,
with the activity being based on the noble metal hetero-
atom. However, the catalytic activity of these complexes in
hydrotreating processes has not yet been described. Only
moderate catalytic activity of analogous nickel complexes
[(M>-Cp')sMo3S4NiL]* (L = Me,S, Et,S, BusS, tetrahydro-
thiophene, pyridine, quinoline, etc.) in hydrotreating proc-
esses (HDN and HDS) of a benzothiophene and quinoline
mixture in the presence of H, (30 bar) at 250 °C has been
reported.'>> Most likely, the complexes undergo partial
thermal decomposition under these conditions to give
catalytically active solid MoS»/Ni particles. Temperature
decrease to 130 °C leads to complete disappearance
of the activity. Analysis of structural data for
[(M>-Cp’)sMo03S4NiL]* confirmed the absence of any acti-
vation of the C—S or C—N bonds upon ligand L coordi-
nation to nickel.

Study of diphosphine complexes [M3NiS4X3L;L']+
(M = Mo, W; X =Cl, Br; L =dmpe, dppe; L' = MeCN,
py, CO, tetrahydrothiophene) as potential homogeneous
catalysts of HDS showed the absence of catalytic activity
in reactions with octane-1-thiol.!5¢

Thermolysis of [(Cp')sMo3SsM’ Ly](pts), (M" = Ru, Rh,
Ir, Pd, Pt; L = CO, COD, COE, PPhs, bicyclo[2.2.1]hept-2-
ene) (see, for example, structures X —XV) at 350 °C gives the
{MoS,M’} phases, which are preorganized towards the
optimal mutual positions of noble metal atoms and the
{MoS,} sites.!7

The catalytic activity of these phases in oil hydrotreating
reactions was studied on a model diesel feed containing
dibenzothiophene, indole and naphthalene dissolved in

Scheme 10
H2, Cat

0

Cat = MosS4M’' (M = Ru, Rh, Ir, Pd, Pt)

|
<
=

n-heptane, because these compounds adequately represent
the sulfur and nitrogen compounds and aromatics present
in crude oil with boiling points within the diesel fuel boiling
range. During the process, naphthalene is hydrogenated to
tetralin, dibenzothiophene is converted to biphenyl and
cyclohexylbenzene (HDS), and indole is converted to ethyl-
benzene and ethylcyclohexane (HDN) (Scheme 10).
Depending on the metal heteroatom, the catalyst activity
increases in the series %7

MosPd < MosPt < MoszRu < MosRh < MosIr

The catalysts based on water-soluble complexes
[Mo03S4(H20)9]* " and [Mo3S4(NiCl)(H>0)0]** and various
zeolites (NaY, HUSY, KL, NaMOR, NaH ) obtained by
ion exchange showed high catalytic activity in the hydro-
desulfurization of benzothiophene. The activity of the
tetranuclear {Mo3S4Ni} cluster-based catalyst is much
higher than that of the Ni?>™ promoted trinuclear {Mo03S4}
cluster-based catalyst, which is more active than the unpro-
moted analogue.!47- 148

Structures X - XV
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5.2.2. Cyclopropanation of diazo compounds

Specific coordination of bidentate ligands to the trinuclear
{M3Q4} cluster can lead to complexes in which one donor
atom (e.g., the phosphorus atom of the diphosphine com-
plexes [M3Q4Xs(diphosphine)s;]*) is located in the trans-
position to the ps-capping sulfur atom, while another donor
atom is in the trans-position to the p»-bridging sulfur atom,
which leads to chirality of the resulting cluster cations and
gives rise to enantiomers XVI and XVII. In these cluster
cations, all three metal sites are asymmetric; therefore,
designations for dextro- (+) and levorotatory (—) isomers
were introduced to describe the absolute configurations.
Evidently, without optically pure reactants, these complexes
are formed as racemic mixtures.!>8

Structures XVI, XVII
(+) (=)
- a+ - -1+
PF\:P X x 2
N N
9\\\\ ‘ ’//,Q 9\\\\\ ‘ ///,Q
N Ny /F’) (P\,\EA/Q\,\EA/X
P\\\ ‘ ///Q\\\\ "//,P P\\\ ‘ //,/Q\\\\ "//,/P
\_P X X P
XVI XVII

There are two approaches to the preparation of optically
active {M3Q4} cluster complexes. The first one is to separate
racemic mixtures by introducing a chiral ion, for example,
TRISPHAT, which gives rise to supramolecular struc-
tures.!>® The success of this procedure is based on the
configurational stability of the cluster cation at room and
higher temperatures. However, in the case of
[Mo3S4Cls(dppe)s] ¥, the racemic mixture cannot be sepa-
rated using the A- and A-TRISPHAT enantiomers.!%® The
second strategy is based on the transfer of chirality to the
metal site using organic ligands with easily controllable
configuration.

The second approach was used to obtain a family of
enantiomerically pure complexes with the {M3Q4} core via
stereoselective ‘cutting out’ of monomers from polymeric
chalcohalides {M3Q7X>X4/2}, (X = Cl, Br, H) in the pres-
ence of chiral diphosphines such as (+)-1,2-bis[2,5-(dime-
thylphospholan-1-yl)lethane.®” Heterometallic cubane type
derivatives of these complexes were prepared and studied as
chiral catalysts of cyclopropanation.!¢!. 162

Metal-catalyzed cyclopropanation of alkenes with diazo
compounds is of both fundamental and practical value;
therefore, it attracts attention of researchers. The cyclo-
propane (the smallest cycloalkane) moiety is present in
many natural compounds, including terpenes, pheromones,
fatty acid metabolites and unusual amino acids.!®3 High
ring strain and unique electronic properties make cyclo-
propanes exceptionally valuable precursors for the prepa-
ration of other cyclic and acyclic compounds. Chiral cyclo-
propanes accessible in enantiomerically pure state serve as
versatile synthons for the synthesis of other cyclic com-
pounds. There are three approaches to the synthesis of
chiral cyclopropanes:

— transition metal-catalyzed carbene transfer reac-
tions;!64

— Simmons—Smith reactions,!®> including transition
metal-catalyzed ones; 166

— nucleophilic addition followed by ring closure in the
presence of organic catalysts.!¢7

When chiral metal complexes are used as cyclopropana-
tion catalysts, the ligand structure can strongly affect the
yield and enantioselectivity of the process, but cases in
which the E: Z isomer ratio is > 2.5 are very rare.'¢!

Enantiomerically pure complexes [Mo3zCuS4L3X3]X
(X = Cl, Br, PF¢) with coordinated chiral diphosphines
{L = (+)-1,2-bis[(2R,5R)-2,5-(dimethylphospholan-1-yl)]ethane
(R,R)-L and its enantiomer (S,S)-L} show relatively high
catalytic activity in the intramolecular cyclopropanation of
1-diazo-5-hex-5-en-2-one (Scheme 11) and intermolecular
cyclopropanation of alkenes, such as styrene or 2-phenyl-
propene, with diazoacetates (Scheme 12).162

Scheme 11
MCHM Cat (1 mol.%), CHzClz -0
0 —Ne
Scheme 12
Ar
. >/ COEt Cat (1 mol.%), CH.Cl,
R Nz e
CO,Et COEt
Ph ( R
s +
R Ph
Z-lsomer E-lsomer
R=H, Me

When styrene reacts with ethyl diazoacetate in the
presence  of racemic [Mo3CuS4(dmpe);Cly]*  (see
Scheme 11), the yield of the product is 80% and the isomer
ratio E:Z = 2.4; in the presence of the enantiomerically
pure catalyst [Mo3CuS4((R,R)-L)3Cl4] ", the cyclopropane
yield increases to 88% and the E: Z ratio increases to 2.6,
according to the results of '"H NMR spectroscopy and gas
chromatography. In the case of intramolecular cyclopropa-
nation (see Scheme 11), the yields of the product are
comparably high for both catalysts (Scheme 12), though
the catalyst based on the racemic mixture has a higher
activity (the yield is 95% instead of 84% obtained with the
chiral catalyst).!62

Despite the considerable yields of products, the diaster-
eoselectivity (for intermolecular reactions) and the enantio-
selectivity (for inter- and intramolecular reactions) of the
catalyzed processes are moderate. In all probability, this is
related to the structure of the catalytically active species.
Two alternative mechanisms can be conceived (Scheme 13).
One is related to decoordination of the halide ligand from
Cu! to give the carbene intermediate {Mo03Q4CuCHCO;Et}.
The other mechanism implies cleavage of one Cu—Q bond
to give the carbene intermediate {Mo3Q4Cu(X)CHCO:Et}.
In both intermediates, the distance between the copper-
containing active site and the phosphine chiral centre is
rather large, resulting in low enantioselectivity.!8
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Scheme 13
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In the series of complexes [Mo3;CuQ4L3X3]"

{L = (+)-1,2-bis[(2R,5R)-2,5-(dimethylphospholan-1-yl)]-
ethane (R,R)-L and its (S,S)-L-enantiomer, Q =S, Se;
X = Br, Cl}, Se compounds are less reactive, but more
selective than S counterparts. The product yields are 77%
and E:Z=23 (for Q=S, X=Cl) and 70% and
E:Z=2.6 (for Q =Se, X = Cl). Meanwhile, replacement
of chloride ligands in the sulfur complex by bromide ligands
leads to product yields decreasing almost twofold and E: Z
ratio increasing to 2.6.168

5.2.3. Hybrid materials based on the {Mo03S4} and {Mo3S4Cu}
clusters

Functionalization of mesoporous silicon oxide via adsorp-
tion of [Mo3Ss (dmpe)s(MPTES);](PF¢) can be accom-
plished by the following procedures (Scheme 14):

— co-deposition of the complex and tetraethyl orthosi-
licate in situ in the presence of a surfactant (cetyltrimethyl-
ammonium bromide);

— standard immobilization of the complex on the sur-
face of mesoporous silicon dioxide MCM-41.169

The chemical and structural integrity of the cluster
complex are retained in materials fabricated by both proc-
esses. Depending on the incorporation process, the trinu-
clear cluster complex is immobilized either within the silicon
matrix (the former process) or on the surface (the latter
process). In the case of the standard deposition, the materi-
als have an ordered mesoporous structure with a narrow
pore size distribution. The materials obtained in situ using
methanol as the co-solvent have a disordered structure with
a pore size ranging from micro- to mesopores due to
incomplete extraction of the surfactant. Physicochemical
analysis showed that the cluster structure is preserved and
that the specific surface area of the materials with various
amounts of [MosSs(dmpe)s(MPTES);](PFs) exceeds
700 m? g—'. The introduction of monovalent copper into
the materials fabricated by both the usual deposition and

. Scheme 14
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N
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the self-assembly in situ results in copper coordination to
{Mo03S4} and the formation of the cubane type {Mo3;CuS4}
derivative. The interest in these materials is largely associ-
ated with the catalytic activity of tri- and tetranuclear
heterometallic clusters and with the possibility to develop
new heterogeneous catalysts. In particular, {Mo3S4Cu}-
based materials could serve as heterogenecous catalysts in
cyclopropanation reactions (see above).!62. 168

5.2.4. Fiedel — Crafts allylation

The Fiedel—Crafts allylation of aromatic and heteroaro-
matic compounds, which is an important tool for the
formation of carbon-—carbon bonds,!7% 171 is an environ-
mentally benign chemical process. From the economic and
environmental standpoints, allyl acetates, allyl carbonates
and allyl halides, which are used as substrates in allylation
reactions, should better be replaced by allylic alcohols,
because water is the only by-product in this case.

Among the catalytic systems involving transition metals
that are used in the Fiedel—Crafts allylation of aromatic
and heteroaromatic compounds, ruthenium and palladium
complexes are best studied.!”?:173 In view of the benefits
related to the direct use of allylic alcohols as allylating
agents, the search for more efficient and practicable cata-
lytic systems for this process is a topical issue.

The complex [(Cp*);Mo3S4Pd(dba)](PF¢) obtained by
the reaction of [(Cp*)sMo3S4](PFs) with Pd(dba), in
CH,CI,'7* is an efficient catalyst for the allylation of
amines and methylene compounds under mild reaction
conditions (the reaction proceeds within 4 h at room tem-
perature); allylic alcohols are used as allylating agents in the
presence of boron-containing reagents (Lewis acids for
stimulating C— O bond cleavage).!”>

The allylation of N-methylaniline (Scheme 15) and other
substrates (aniline, 2,4,6-trimethylaniline, N-phenylacet-
amide, dibenzylamine, phenylbenzylamine) was carried out
in the presence of equal amounts of various boron
reagents — B,Os3, BEts, H3BO3;, PhB(OH), or B(OMe)s.
The yields of the products were 13% —16% in the presence
of B>O3 and BEt;. When H3BO3;, PhB(OH)> or B(OMe)s
was used, the yields reached 96% —98%. In the absence of
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Scheme 15 Scheme 17
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boron reagents, the products were not formed. Catalysts ‘\SﬁPd)
based on mononuclear palladium compounds [PdCl,, . S—‘—I\L ‘ R
Pd(dba),, PdCIl»(PPhs),] did not show catalytic activity. N l~cp*
The activity was found only for Pd(PPhs)s, but it was /Moi
lower than that of [(Cp*);sMo3S4+Pd(dba)](PFs). The trinu- Cp* (90%)
clear cluster-based precursor [(Cp*);sMo3S4](PFs) and other

heterometallic complexes — [{(Cp*)3sMo03S4Ni},.
.(COD)](PFo), [(Cp*)3sMo3S4RuH»(PPh3)](PFé)a,
[(Cp*)sM03S4Pd(PPh3)]|(PFs) 174 and [(Cp*);Mo3S4RuCls] 176 —
proved to be inert under these reaction conditions. A
moderate activity (26%  yield) was found for
[{(Cp*)3M03S4Ni}>(COD)](PF¢) for the reaction conducted
for 24 h.

The substrates used to study the regioselectivity of the
catalyst are allylic alcohols containing methyl or phenyl
substituents in the o- or y-position, e.g., 3-phenylprop-2-en-
1-ol (cinnamic alcohol), a-vinylbenzyl alcohol, but-3-en-2-
ol, but-2-en-1-ol, 2-methylprop-2-en-1-ol, 3-methylbut-2-
en-1-ol and  2-methylbut-3-en-2-0l. The complex
[(Cp*)sMo3S4Pd(dba)](PFs) demonstrated high regioselec-
tivity, giving mainly linear products. The lowest yield (in the
case of 2-methylbut-3-en-2-ol) was 85%, while for other
alcohols, the yields ranged from 89% to 95%, while the
E: Z ratio was 7.6 in the case of but-3-en-2-ol and 6.2 in the
case of but-2-en-1-ol.

The presumptive mechanism of the reaction is illustrated
by Scheme 16 (with H3BO3 as the boron-containing agent).
The hydroxyl group of the allylic alcohol can donate the
electron pair to boron, which facilitates the formation of the
n -allylpalladium intermediate. Then the nucleophile (NuH)
attacks the intermediate to give the corresponding product.

This mechanism is similar to the Pd-catalyzed allylation in
the presence of BEt;.!77 The {(Cp*);Mo03S4} moiety can be
considered as a bulky ligand creating steric hindrance to the
formation of branched products.

The complex [(Cp*);sMo3S4Pd(n3-All)](PF¢)> synthe-
sized on treatment of [(Cp*);sMo3SsPd(dba)][(PFe) with
vinyl chloride in the presence of AgPF¢ (Scheme 17) 178
efficiently catalyzes the Friedel—Crafts allylation of nitro-
gen-containing aromatic compounds, for example, N,N-
dialkylaniline and indole (Scheme 18; the substituents
R'-R5 can be represented by ketone, carboxyl, halide,
amide and multiple-bonded groups and so on).

In the model reaction of N,N-dimethylaniline
with  cinnamic  alcohol in  the  presence  of
[(Cp*)3sM03S4Pd(n3-All)](PFs)2, the yield of the product
reached 87% after stirring of the reaction mixture for 6 h.
Meanwhile, palladium(II) chloride, mononuclear complexes
[(M3-AIDPACIl], and Pd(PPhs)s, gold(1ml), iron(Ill) and
zinc(11) chlorides and [{(Cp*)3Mo03S4Ni}>(COD)](PFs) and
[(Cp*)sMo3S4RuH2(PPh3)](PF¢)s the cubane type com-
plexes do not exhibit a catalytic activity in this reaction,
while the use of [(Cp*)3sMo3S4Pd(dba)](PFe) leads to an
only 38% product yield.!”® It is noteworthy that the
position of the methyl group in the benzene ring markedly

Scheme 16
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Scheme 18
NR3
NR3

(a) [M03S4Pd(n-All)] (3 mol.%), MeCN, 60 °C, 4—24 h

affects the reactivity of the aniline substrate. The meta-
substituted N,N-3-trimethylaniline is most reactive and
gives the allylation product in 84% yield. In the case of
para-substituted N,N,4-trimethylaniline, the yield of the
product is noticeably lower (35%), while the ortho-substi-
tuted N,N,2-trimethylaniline does not react at all. This may
be due to a combination of steric and electronic effects. The
highest yield of the product (91%) was found for 3-bromo-
N,N-dimethylaniline.'”®

Cinnamic alcohol or a-vinylbenzyl alcohol reacts
with N-methylaniline in the presence of
[(Cp*M0)3S4Pd(n3-AlD](PFs), to give one and the same
product — N-methyl-N-[(2E)-3-phenylprop-2-en-1-yl]ani-
line — in 95% and 92% yields, respectively, which attests
to the formation of a common =-allylpalladium intermedi-
ate. The substituted indoles such as 5-methoxy-, 5-bromo-
and 2-methylindoles, N-methyl- and N-phenylindoles and
so on are allylated with allylic alcohols in the presence of
[(Cp*M0)3S4Pd(n3-AlD)](PFe), to give products in up to
98% yields with high regioselectivity.!”8

5.2.5. Addition to the triple bond catalyzed by
[Mo3S4(PdCl)(tacn)s|(PFe)s

The complex [Mo3S4(PdCl)(tacn)s](PF¢); can promote
stereoselective addition of alcohols to esters of alkynoic
acids (Schemes 19 and 20) with high efficiency (the E-iso-
mer and the saturated addition product are formed in < 3%
yield), which cannot be attained using mononuclear palla-
dium complexes {Na,[PdClsy], Pd(OAc),, Pd(dba),,
PdCl2(PhCN), or PdClo(PPhs),}, and suppress the alkyne
oligomerization. The minimum conversion is 93%, being
observed for ethyl 4-phenylbut-3-ynoate.!80

Scheme 19

Cat(0.06mol%) _ MeO_  COpMe

E + MeOH
COzMe 40°C,24h

(Z:E>100:1)

High selectivity of the trans-addition of alcohols can be
attributed to the following reaction mechanism
(Scheme 20). Presumably, the alkynoic acid ester is first
coordinated to Pd incorporated in the cluster, which is
followed by nucleophilic attack by the alcohol on an
electron-deficient carbon atom in the outer coordination
sphere. At the final stage, the proton attacks the Pd—C
bond to form the trans-addition product. The coordination
of the palladium atom in the cubane type complex is
tetrahedral and there is only one vacant coordination site,
which precludes oligomerization of the alkyne.

Apart from the stereoselective addition of methanol to
methyl propiolate, [Mo3S4(PdCl)(tacn)s](PFe); efficiently
catalyzes the stereoselective addition of carboxylic acids to
electron-deficient terminal alkynes (Scheme 21; the sub-
stituents according to this Scheme can be represented by
various functional groups: alkyl, aryl, multiple-bonded,
ester, halide and amide groups and so on). Common
palladium catalysts based on mononuclear complexes
[Pd(OAc),, PdCly(PPhs),, PdCl,(PhCN),, Pd(PPhs)s],
[Mo03S4PdCI(H20)]Cl3, [Ru(p-cymene)(PMes)Cl,],
[RU{T‘]3-CH2C(ME) = CHz}z{th(CH2)4PPh2}] and
RhCI(PPh3); do not give the Z-isomer. In the reaction
catalyzed by [Mo3S4(PdCl)(tacn)s](PFe)3, the minimum
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4
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conversion is 91% and the selectivity to Z-isomers
exceeds 97%, with the yields ranging from 51% (for
HC=CSO:,Tol) to 85% (for HC=CCOPyr). For the
reaction carried out for 18 h, the TON was 2 500 without
the loss of selectivity.!8!

Scheme 21
/O 0—R2 0—R2
=——R"' 4 R2‘< — 0=<( R' + O=—x
OH — —
~ 1
Z-lsomer E-lsomer R

The presumptive reaction mechanism is shown in
Scheme 22. In this case, as in the previous Scheme 21,
various functional groups can be present as substituents
such as alkyl, aryl, multiple-bonded, ester, halide and amide
groups and so on. First, acetylene is coordinated to Pd and
then the carboxylate anion nucleophilically attacks the
terminal acetylenic carbon atom in the outer coordination
sphere to give a vinylpalladium intermediate. Then the
proton attacks the Pd — C bond with retention of the double
bond stereochemistry and formation of the trans-product.

Scheme 22
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The complex [Mo3S4(PdCl)(tacn)s](PFe)s also catalyzes
the intramolecular cyclization of alk-3-, alk-4- and alk-5-
ynoic acids under mild conditions to give the corresponding
enol lactones. Palladium- and rhodium-containing catalysts
proved to be inactive towards lactonization of alkynoic
acids. As opposed to this, 2,2-dimethylhex-5-ynoic acid is
converted to 3,3-dimethyl-6-methylene-2-pyrone in 98%
yield after a 3 h reaction in acetonitrile in the presence of
[Mo3S4(PdCl)(tacn)s](PFs); and a slight amount of EtsN
(3 mol.%), and the TON reaches 300 (Scheme 23). The
reaction mechanism includes intramolecular nucleophilic
attack by the carboxylate anion on the C=C bond of Pd-
coordinated acetylene, this is followed by the attack by the
proton on the Pd—C bond similar to that described
above.!82

Scheme 23

[Mo3S4PdCl(tacn)s](PFe)s

According to spectroscopic data, in all of the above
reactions, the structure of the [Mo3S4(PdCl)(tacn);](PFe)3
catalyst is preserved after the reaction.!83

5.2.6. Cleavage of the N—N bond in hydrazines

The ruthenium complexes [(Cp*)3sMo3S4RuH»(PCy3)](PFe)
and [(Cp*)3Mo3S4RuH2(PPh3)](PFs) catalyze the hydrazine
disproportionation to ammonia and molecular nitrogen.
Tetranuclear cluster complexes with NHis;, NH> and
NHNH, ligands bound to ruthenium were detected as
intermediates. In addition, these complexes also cleave the
N—N bond in phenylhydrazine to give ammonia, aniline,
benzene and nitrogen.

At a temperature of 333 K in the presence of
[(Cp*)sMo3S4RuH»(PCy3)](PFs), ~20 mol of NHj; and
~5 mol of N, per mole of the catalyst are formed, while
in the presence of [(Cp*);sMo3SsRuH»(PPh3)](PF¢), the
reaction gives only 6.6 mol of ammonia and ~ 1.6 mol of
nitrogen. The authors did not investigate why the replace-
ment of PPh; by PCys had a so pronounced effect on the
yields of products. The activity of these complexes is lower
than that of mononuclear molybdenum and ruthenium
thiolate complexes.!84

5.2.7. Modelling of the active sites of nitrogenase

The reduced nitrogen is a major component of nucleic acids
and proteins and, hence, it is vitally important for all
organisms. The content of N, in the Earth atmosphere is
79%; however, this nitrogen can be converted to usable
forms, for example, ammonia, only by biosynthesis. In
nature, the MgATP-dependent reduction of N> to ammonia
is catalyzed by nitrogenase.!85 186

N>+ 8H* + 8¢ + 16 MgATP —»> (16)

— 2NH3 + H, + 16 MgADP + 16 Pi

The only industrial method for the catalytic reduction of
atmospheric nitrogen to ammonia is the Haber process in
which N, reacts with H» at high temperature (300—-400 °C)
and pressure (~250 atm) in the presence of a Fe catalyst.
Although this process was developed almost 100 years ago
and is associated with enormous economic and environ-
mental expenses, no alternative industrial processes that
would be more cost-efficient, environmentally benign or
efficacious than the Haber process have yet been found.

Numerous attempts are made to reproduce the topology
of the active site of the nitrogenase FeMo cofactor (struc-
ture XVIII). In particular, complexes with the {Mo>FesSo},
{FesSsO} and {MFesS4} cores (M = Mo, W) have been
used for this purpose (Fig. 19),'87 although no catalytic
activity was found for these complexes towards N> reduc-
tion to ammonia.

The active site of the FeMo cofactor has been modelled
by [M02F6659(5Et)8]37 ,188 [(Tp)zMOzFCsSg(SH)zP - ,]89
[(DmpS)FesS30][(DmpS)FesS;](1-SDmp)2(n-OCPhs), !0
[MFe3S4(SR);((cyclo-C3Hs)(cyclo-C3Hs)xcat)L>—/3— (M = Mo,



700 A.L.Gushchin, Yu.A.Laricheva, M.N.Sokolov, R.Llusar

Russ. Chem. Rev., 2018, 87 (7) 670—-706

[MOzFGGSQ(SEt)s] [FeSSGO]
[MoFesS43+ [MoFesS4](citrate)
[(Tp)MOFe3S4Cla] - [FesSaNBu
Figure 19. Complexes modelling the FeMo cofactor active site.!87-193
Structure XVIII Structure XIX
S NH3 P—
S -P '
R1 S\Fe3+ \F 3+7 — / ‘/
R2 O\ / \\\C - \ R N /N*DAO*N*N*I\/AO*N
Mottas? “Fed+- " Fe?t Ngum Fe2+—5(Cys) P,\‘, N \
> AN N Z
» 7 Y N 7 p
oF —O7:s > g WS Il N
(His)N S/Fe2+ Fe?*_ g XIX
R = H, Me, MeO
XVII
R' = CH,CO3, R2 = (CH»)2CO;
N+ 6e+6H+ —C3L s 2NH, a7

W; R =Et, 4-CIC¢H4; L = 4-CICsH4S—, PhO—, CN—,
PEt;),'°! [MoFes;S4 CIsL]?— (L is oxalate, citrate, citrama-
late) 1°2 and [(Tp)MoFe3S4Cl3]—.193

Meanwhile, mono- and binuclear molybdenum com-
plexes with chelating ligands containing also coordinated
nitrogen molecules (structure XIX) 194195 proved to be
catalytically active in the reaction

The TOF reaches 28 h—! for TON = 46 and the yield of
ammonia is 49%. One more product of the reaction is H»
formed in a yield of 37%.19°

The presumptive mechanism of the reaction comprises
the protonation of one of the N> ligands in the first stage.
This is followed by electron transfer from one molybdenum

Scheme 24
NH3
2H*, e
NH
P =PBu}, OTf = OSO,CF3 |2 N
P Y
N \7
77 N
{ N—Mo—N=N—Mo“N
P/‘ N ‘ \
OTf N// b
N H+,67
[l
T
N7 /U ~OTf
3H*, 4e- 4 NHs
[Mo(N2)3(PNP)]

[Mo(N2)3(PNP)]
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atom to the other via the bridging N> ligand, which activates
the addition of one more proton to the NH, group to give
the NH3; molecule (Scheme 24). Ammonia and molecular
hydrogen are formed in complementary reactions in this
system. The suppression of hydrogen formation leads to
increasing yield of ammonia.!®>

As can be seen from structure XVIII, the active site of
FeMo cofactor of nitrogenase also contains a bridging
carbide ligand. Despite the increasing number of complexes
with carbide bridges,!9¢~198 there are virtually no metal
sulfide clusters with carbide ligands that could model the
active sites of the FeMo cofactor. Only rhenium clusters
with bridging carbides have been described.'®® It is still
unknown whether the carbide ligand affects the reduction
potential of model clusters, because, for example, the
replacement of sulfide ligands by imide ones in {FesS;X}
(X = S, NR) shifts the reduction potential by —0.4 V.200

The reaction of [(Cp')sM3SsM'Llpts (M = Mo, W;
M’ = Pd, Pt; L' = dba, nor, pts) with the ruthenium carbide
complex (PCy3)2(C1)RuC?°! gave a number of cluster
complexes [(Cys;P)>2CLLbRu=C —M’'S4(MCp’ )s]pts with the
cubane type {M3S4M’} core in which the metal heteroatom
is coordinated to the terminal carbide at the ruthenium
atom (Scheme 25).292 According to the results of electro-
chemical measurements, the Ru=C ligand has a pro-
nounced electron-withdrawing effect as compared with
PPhs, which results in a considerable positive shift of the
redox potential. Cycic voltammograms for

Table 6. Complexes of heterometallic tetranuclear clusters as catalysts.

Scheme 25

c N
Cygp\w _c , ) 'V\IS
u .

CI/ \PCyg \M’/
|
o

CysP_| P

R

Cl PCys

[(Cp")sM3S4M'L]* (L is the Ru or PPh; carbide complex)
showed one reversible one-electron reduction and two
successive one-electron oxidation processes. The difference
between the redox potentials for complexes with M = W
and M’ = Pd and for (PCy3)2(Cl);RuC with PPh; is 0.11,
0.16 and 0.56 V, respectively.202 Study of these carbide-
containing sulfide clusters is a natural development of the
works related to modeling of the nitrogenase active sites,
which is promising for investigation of the catalytic activity
in the N» reduction. It is noteworthy that these are the first
examples of carbide coordination to molybdenum and
tungsten clusters.

The reactions using the above tetranuclear cluster com-
plexes are summarized in Table 6.

Catalyst Process Ref.

[(Cp")2M0,S4C05(CO)1], [(Cp')aM02S4Fes(CO)g), Hydrodesulfurization of thiophene 152
[(Cp’)2M02S4Nix(CO),] (see )

[{(Cp")3M03S4Ni} »(n-C4HgS»)](pts)2, Hydrodesulfurization and hydrodenitrogenation 153
[{(Cp')3sMo3S4Ni}2(u-bpy)l(pts)>

[Mo03S4{NiCl}(H20)9]** /NaY zeolites, Hydrodesulfurization of benzothiophene 147, 148
HUSY, KL, NaMOR, NaH

[(Cp")3sMo3S4M'L,](pts), (M" =Ru, Rh, Ir, Pd, Pt; Naphthalene hydrogenation to tetralin; dibenzothiophene hydro- 157
L' = CO, COD, COE, PPhs, bicyclo[2.2.1]hept-2-ene)  desulfurization to biphenyl and cyclohexylbenzene; and indole

hydrodenitrogenation to ethylbenzene and ethylcyclohexane

[Mo3CuS4L3X3] " , L = (+)-1,2-bis[(2R,5R)-2,5- Intra- and intermolecular cyclopropanation 162, 168
(dimethylphospholan-1-yl)Jethane (R,R)-L and
its enantiomer (S,S)-L, dmpe

[(Cp*Mo);S4Pd(dba)] * Allylation of amines and active methylene compounds with allylic 175

alcohols in the presence of H3;BO3

[(Cp*Mo)3S4Pd(n3-AlD)]*
[Mo03S4(PdCl)(tacn);]3+
[Mo3S4(PdCl)(tacn);]* ™

Stereoselective addition of carboxylic acids to electron-deficient

Friedel — Crafts allylation of nitrogen-containing aromatic compounds 179

Stereoselective addition of alcohols to esters of alkynoic acids 180

181, 182

terminal alkynes

[Mo03S4(PdCl)(tacn);]* +

[(Cp*)3sMo3S4RuH(PCy3)](PFs),
[(Cp*)3M03S4RUH2(PPh3)](PF(,)

Intramolecular cyclization of 3-, 4- and 5-alkynoic acids to enol lactones

Cleavage of the N—N bond in hydrazines 184

a Cubane type heterometallic clusters {M02S4M5} (M’ = Co, Fe, Ni) are not considered in the review: the complexes of these clusters are presented

here in relation to their catalytic applications.
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6. Conclusion

This review demonstrates a broad diversity of functional
properties and potential applications of coordination com-
pounds based on trinuclear molybdenum and tungsten
cluster complexes and their heterometallic derivatives.
These properties are determined by the natures of both the
cluster core (the composition, geometry and electronic
structure) and the outer ligand environment. Currently, it
is possible to carry out targeted modification of cluster
compounds of this type by varying the number and nature
of the chalcogenide bridging ligands in the cluster core and
the nature of terminal ligands, which gives rise to new
compounds and materials with specified properties.

A very important characteristic of trinuclear molybde-
num and tungsten chalcogenide clusters and their hetero-
metallic derivatives is the ability to undergo redox trans-
formations, which can be used to prepare magnetically
active compounds and electronically conductive materials.
The dichalcogenide ligands in {M3Q7} type clusters tend to
undergo irreversible reduction to give {M3Q4} clusters,
which can undergo a series of successive redox transforma-
tions (reversible and irreversible) associated with Mo** to
Mo3*  reduction. The heterometallic cubane type
{M3QsM’} clusters can be either reduced [(M')2*/(M')°,
Mo** /Mo37] or oxidized (Mo3 " /Mo* ™).

The outer coordination environment can markedly
affect the redox processes. A vivid example is the coordina-
tion of redox active dithiolates (possessing n-donor proper-
ties) to the {M3Q7} and {M3S4} clusters, which changes the
character of the highest occupied molecular orbital (from
metal-centred to ligand-centred), thus providing the clusters
with the ability to be reversibly oxidized at moderate
potentials. The coordination of m-acceptor diimines (1,10-
phenanthroline, 2,2'-bipyridine and their analogues) pos-
sessing low-lying m*-orbitals to the {M3Q7} and {M3S4}
clusters leads to reversible one-, two- and three-electron
reduction processes involving both the metal and the ligand.

The presence of reversible oxidation and reduction
reactions makes it possible, in some cases, to isolate and
study paramagnetic products of chemical or electrochemical
redox reactions. In the case of dithiolate derivatives, para-
magnetic complexes of the [Mo03S;7L3] type (L = dmit, dmit
and dsit) exhibing strong antiferromagnetic interactions and
electron transport via non-covalent S---S contacts (elec-
tronic conductivity) were obtained. Upon the reduction of
diphosphine derivatives of {M3Q4}** with mild reducing
agents, it is possible to isolate one-electron reduction
products ({M3Q4}3 "), which behave as ideal paramagnets.

Luminescent properties are not inherent in this type of
clusters. However, the coordination of an imidazophenan-
throline derivative to the {Mo3S;} cluster gives rise to
fluorescent complexes in which luminescence is caused by
ligand-centred transitions. By means of this coordination,
one can control the photophysical properties of imidazo-
phenanthroline, which provides opportunities for the prep-
aration of novel hybrid materials. It is remarkable that the
selective reactions of these complexes with halide anions
lead to a substantial shift of the emission band (in the case
of F~) or the absence of such shift (in the case of C1—, Br™).
This selectivity can be utilized for the design of halide ion
Sensors.

Another feature of the clusters considered in the review
is their high photochemical stability and the applicability as

optical limiters of laser radiation. The optical limiting
characteristics can be enhanced by introducing dithiolate
ligands with an extended m-system and/or electron-donating
substituents at bipyridine into the heteroleptic diimine
complexes of the {Mo3S7} cluster.

Perhaps, the best studied property of tri- and tetranu-
clear clusters is their catalytic activity. The review demon-
strates the huge catalytic potential of the chalcogenide
clusters towards various chemical transformations. First of
all, this is hydrogenation of organic substrates and water
reduction to give molecular hydrogen. In the latter case,
trinuclear sulfide clusters are considered in comparison with
molybdenum disulfide, in view of their chemical and struc-
tural similarity. The catalytic activity of heterometallic
derivatives is caused, most often, by the presence of a
metal heteroatom (Ni, Pd, etc.). The active metal sites
within the cluster catalyze a broad range of organic trans-
formations.

It is noteworthy that the {Mo3S4} clusters functionalized
by various bidentate ligands (diphosphines, diamines, di-
imines) efficiently catalyze the reduction of nitro and azo
compounds under homogeneous conditions. The reaction is
highly selective for substrates containing several potentially
active functional groups, which provides the route to
functionalized anilines that are difficult to prepare, but are
valuable for synthetic and practical purposes. The atom
efficiency of these catalytic systems can be increased by
using cheap and environmentally benign hydrogen. Under
these conditions, diimine and diamine complexes of the
{Mo3S4} cluster are efficient. The diamine complex
[Mo3S4Cl3(dmen)s](BF4) is also a selective catalyst of tan-
dem N-alkylation of amines starting from nitro compounds
and aldehydes in the presence of H,, which can be consid-
ered as an efficient way to secondary amines.

Some complexes act as co-catalysts in photo- and
electrocatalytic water oxidation and reduction processes.
Examples are [Mo03S4(H>0)9]** and [Mo03S;3]>~ supported
on graphite or silicon substrates. The possibility of mod-
ification of TiO» nanoparticles with diimine complexes of
the {Mo3S7} cluster was demonstrated. The obtained mate-
rials show high electrocatalytic activity in the water reduc-
tion to hydrogen, comparable with the electrocatalytic
activity of molybdenum disulfide-based materials.

The persistent interest in the molybdenum and tungsten
chalcogenide clusters expressed, in particular, by specialists
engaged in catalysis and materials science gives confidence
that we are heading towards the design of novel materials
and catalysts.

This review was written with the financial support of the
Federal Agency of Scientific Organizations of Russia and
the Russian Foundation for Basic Research (Project
No. 15-03-02775-a).
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