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Abstract—This review describes approaches to the targeted multistep synthesis of coordination compounds
exemplified by Group 5 and 6 metal chalcogenide and oxide clusters and polynuclear compounds. Methods
for the introduction of two different chalcogen atoms and methods for the synthesis of mixed oxide chalco-

genide complexes are considered.
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Synthesis of new compounds is the core of chemis-
try. This is not only an efficient means for understand-
ing of chemical laws, but also a necessary stage on the
way to the long-proclaimed goal, namely, creation of
compounds and materials with specified properties.
The advances in the synthesis are usually demon-
strated by vivid examples from organic chemistry in
which planning and implementation of multistep (tens
of steps!) syntheses of complex compounds, mainly
natural ones, became possible back several decades
ago. It became possible to speak of fine organic syn-
thesis. Is anything like that possible in coordination
chemistry, a field that is traditionally attributed to
inorganic chemistry, but resembles organic chemistry
in ideology? It is symptomatic that two key persons of
coordination chemistry, Werner and Chugaev, first
worked as organic chemists. Indeed, both researchers
heading their schools made a large body of work in the
coordination chemistry of Cr(Ill), Co(IlIl), Pt(II),
and Pt(IV), being guided by the classical strategy of
organic chemistry: substitution, addition, elimination,
and isomerization [1]. The formulation and ingenious
use of the frans-effect principle allowed, for example,
the targeted synthesis of Pt(IV) complexes with six dif-
ferent ligands [2]. However, soon the applicability
limits were revealed for the classical approach, which
is suitable only for complexes that are kinetically inert
to substitution and have ¢> and low-spin ¢° and &® elec-
tron configurations. Exactly the inertness of these
complexes is responsible for applicability of strategy
developed for organic synthesis. The classical strategy
is still utilized to develop the chemistry of Ru(Il) and
Os(II) nitrosyl complexes (the low-spin d®-configura-
tion ensures the required inertness) [3, 4]. In other

cases, the lability of the coordination sphere precludes
this approach. An exception is provided by low-spin
transition metal carbonyl complexes and -complexes
derived from them, which resemble organic com-
pounds by not only “preparative” inertness, but also
the predictable electronic structure (18-electron rule)
and invariable coordination number. This analogy is
vividly illustrated by the isolobal principle proposed
and developed by R. Hoffmann [5]. Therefore,
organometallic chemistry of transition metals is now
characterized by a high degree of predictability and the
possibility to conduct rather multistep sequences of
transformations [6, 7]. Recently, a promising trend
appeared in the chemistry of polynuclear carboxyl-
ates, in particular, rather predictable step-by-step
assembly of polynuclear systems from stable homo-
and heterometallic fragments of lower nuclearity and
binding of such fragments to give coordination poly-
mers. This can be done by using combinations of 3d
and 4f elements and even d and s elements [8, 9]. The
supramolecular coordination chemistry stands some-
what apart; its current state enables the synthesis of
topologically  complex  structures, molecular
machines, and devices; however, it is largely based on
multistep fine organic synthesis [10—12].

New opportunities for intricate, multistep inor-
ganic synthesis were provided in the 1970—1980s by
vigorous development of the chemistry of cluster com-
pounds [13]. The possibility of modification of the
number and nature of metal atoms in the metal core
was widely used, first of all, in the chemistry of car-
bonyl and related organometallic clusters, including
the synthesis of chiral cluster cores [14—18].
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The chemistry of transition metal chalcogenide
clusters has been elaborated somewhat later; currently
it can serve for rather intricate, multistep transforma-
tions to prepare clusters with a specified structure and
composition of the metal core, including nitrogenase
models based on iron sulfide and iron molybdenum
sulfide clusters [19—23].

A specific feature of the chemistry of non-car-
bonyl, so-called “high-valence” clusters is the pres-
ence of bridging (or capping) ligands, most often,
halide, oxide, or chalcogenide ones, strongly bound to
the metal core. Unlike manipulations with the number
and nature of metal atoms, the development of selec-
tive methods for the synthesis of transition metal clus-
ters with different types of bridges is a non-trivial task
and a sort of challenge for a synthetic chemist. The dif-
ficulties of this trend are well illustrated in a recent
review [24]. In the case of metal clusters containing
bridging chalcogen atoms differing in geometric posi-
tions, the selectivity can be attained by either cluster
self-assembly in which two different chalcogen atoms
enter specific positions or selective exchange associ-
ated with different reactivities of structurally non-
equivalent chalcogen atoms.

The selective preparation of mixed-chalcogenide
clusters can be accomplished by two fundamentally
different approaches. If the bridging chalcogen atoms
in the cluster are nonequivalent, the selectivity can be
attained by either cluster self-assembly in which two
different chalcogen atoms enter their specific positions
corresponding to the minimum energy (thermody-
namic approach) or selective exchange of chalcogen
atoms associated with different reactivities of structur-
ally nonequivalent atoms (kinetic approach). The
cases where the cluster contains bridging polychalco-
genide (most often, dichalcogenide) ligands should be
specially distinguished; in this case, bonds can arise
between two different chalcogen atoms (SeS*~, TeS?,
and TeSe?~ ligands). This situation occurs in a number
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of binuclear complexes of iron, vanadium, chromium,
and niobium. For example, the reaction of a mixture
of Na,TeO; and Na,SeO; with [Fe(CO)s] in the pres-
ence of KOH in methanol affords a mixture of trinu-
clear complexes, [Fe;(CO)q(Us-Se)(us-Te)]l, [Fe;-
(CO)o(13-Se),], and [Fe;(CO)y(us-Te),], which can-
not be separated by chromatography. If this mixture is
successively treated with sodium methoxide and an
acid, the reaction gives a set of binuclear complexes,
[Fe,(CO)(u-SeTe)],  [Fey(CO)(u-Sepl,  and
[Fe,(CO)4(1-Te,)], which can be separated to obtain
pure [Fe,(CO)4(u-SeTe)], the first complex with the
SeTe?~ ligand [25]. Irradiation of a solution of
[Fe,(CO)s(1-SeTe)] in the presence of [Fe(CO)s]
results in a quantitative formation of [Fe;(CO)q(u;-
Se)(u;-Te)]. The complexes [Fe,(CO)4(1-SSe)] [26]
and [Fe,(CO)4(1-STe)] [27] were prepared in a similar
way. All complexes of the [Fe,(CO)q(u-QQ")] type
(Q=0Q/', Q+# Q) are highly reactive towards insertion
of other transition metal atoms into the Q—Q bond,

which was used to prepare heterometallic clusters [25,
26, 28].

In the reaction of niobium selenochloride
NbSe,Cl,, which is described by the crystal chemical
formula . [Nb,(Se,),Clg 5], with a potassium thiocya-
nate melt, selenium is replaced by sulfur and com-
plexes containing SeS?~ ligands are formed as inter-
mediates [29]. However, the reaction is not selective
and cannot serve for the preparation of single repre-
sentatives of the {Nb,S,Se, _ ,}** family. The reverse
replacement of sulfur by selenium is also possible: the
dithiocarbamate = complex [Nb,(S,),(Et,NCS,),]
reacts with SePEt; in the presence of PEt; to give
[Nb,(Se,),(EtyNCS,),] [30]. The reaction requires the
presence of some free phosphine. The putative
sequence of steps is shown in Scheme 1 and includes
the formation of intermediates with the SeS?~ ligands.
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Scheme 1.
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Fig. 1. Structure of{M3(u3—Q)(u2—Q2)3}4+ (M =Mo, W; Q =8, Se, Te): (a) top view and (b) side view.

The intermediate complexes with the SeS?~ ligand
cannot be isolated in a pure state. However, upon a
similar reaction between [Nb,(S,),(Et,NCS,),] and
TePEt,;, the isolation of the complex [Nb,(S)-
(Te,)(Et,NCS,),] containing simultaneously L-S and
u-Te, ligands was successful [30].

The intermediate steps of this reaction include the
attack by the selenium source (PEt;Se) on the mono-
sulfide ligand arising upon elimination of a sulfur
atom from the disulfide ligand by free phosphine. The

reaction of [CpiV,(1,-S);] and Na,Ses, resulting in

[CpEV,(1,-S),(1,-SSe)] (Scheme 2), which was iso-
lated in a pure state, is likely to proceed in a similar
way [31].

/Se—S\

S

\V/ \V/
\S/

Scheme 2.

It was shown by spectroscopic methods that the
reaction of the chromium monoselenide complex
[Cp(CO),Cr=Se=Cr(CO),Cp] with Sg, giving [Cp-
(CO),Cr=5=Cr(CO),Cp] as the final product,
involves the formation of [Cp,Cr,(CO)s(SSe)] and
[Cp,Cr,(CO),(SSe)] with the SeS?* ligand, which
were not isolated [32].

The trinuclear {M;(15-Q)(1,-Q,)+}** clusters (M =
Mo, W; Q =8, Se, Te) are the most interesting objects
for studying the selective introduction of two different
chalcogen atoms into the cluster core. They contain
three sorts of chalcogen atoms: an apical atom (Q,, or
W;-Q), three equatorial atoms located virtually in the
M; plane (U,-Q,), and three axial atoms located
above the triangle plane opposite to the apical atom

(1,-Qyy) (Fig. 1).
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Thus, each W,-Q, bridging ligand can be repre-
sented as [1,-Q.Q,,. Therefore, in the case of two sorts
of chalcogen atoms, various types are a priori possible
for selective incorporation of one of them into any of
three sites, including U,-Q,Q%/Mr-Q' Q4 isomer-
ism. The interest in selective generation of mixed-
chalcogen {M;(1;-Q)(1,-Q,);}*" complexes is due to
the fact that physicochemical properties of complexes
can be controlled by replacing one chalcogen atom by
another. In particular, this is important for the design
of molecular conductors based on chalcogenide clus-
ters involving numerous specific intermolecular non-
valence Q---Q contacts, which play an important role
in the electron transport [33—35]. As an example,
consider the well-known semiconductor [Mo;S;-
(Dmit);] with E, = 12—22 meV, in which the
[Mo0;S;(Dmit)s] units are linked via the p;-S---u,-S,
contacts, thus forming conducting stacks [33]. Mean-
while, charge transfer salts based on the [Mo;(l;-
S)(1,-S,);Clg]*~ and [M03(H3‘S)(Hz'saxseeq)3Br6]2_
cluster anions and bis(ethylenedithio)tetrathiaful-
valene can be either semiconductors or insulators,
which is determined by different types of chalcogen—
chalcogen and chalcogen—halogen interactions [36,
37]. It is evident that the synthesis of mixed-chalcogen
trinuclear clusters in which chalcogen atoms of differ-
ent sorts would occupy strictly defined sites will help
to better understand the contributions of each type of
nonvalence contacts and the conduction mechanism
and to optimize the conducting properties.

Several approaches can be used to obtain mixed-
chalcogen trinuclear clusters. One of them is based on
the empirical fact that the equatorial chalcogen atoms,
being more reactive, are the first to be replaced in the
chalcogen substitution reactions. Higher lability of
chalcogen atoms in equatorial positions can be attrib-
utable to metal—chalcogen bond length, which are
regularly greater for equatorial atoms than to axial
atoms by up to ~0.1 A [38]. This approach was used to
prepare clusters with the {Mos(l3-S)(1,-S,Seqq)s)*
core (Scheme 3). They were identified for the first
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time in halide complexes, which are formed in high
yields upon heating of [M05S,X¢]>~ (X = Cl, Br) with
SePPh;. Selenium atoms occupy only equatorial posi-
tions. The axial and, the more so, the central sulfur
atom are not displaced even with excess SePPh;. The
salt (Ph;EtP),[Mo;(l;-S)(U,-S,,See,)3Clg] is the first
example of structurally characterized compound con-
taining the SeS?~ ligand [39]. Later, crystal structures
were determined for (PPN),[Mos(lU;-S)(U,-S,-
Secq)sClgl [40] and (TTF)(TBA)[Mos(it3-S)(1y-S,-
Se.);Brg] (TTF = bis(ethylenedithio)tetrathiaful-
valene, TBA = tetrabutylammonium) [36]. The latter
salt was obtained by electrooxidation of TTF in the

presence of the [Mo;(;-S)(U,-S,,Se.,);Brg]*~ anions.
cL

Se

Mos
N AN A
NN

Clume- Mo\ /Mo ------ wCl
Cl/ \i/ \Cl
Se

Scheme 3.

The aquation of (Et,N),[Mos(U;-S)(ly-S.-
Se.);Brg] in 4 M HPts (para-toluenesulfonic acid)
gives the aqua complex [Mo;(l3-S)(Uy-S,S€eq)s-
(H,0)4]**, which reacts with water-soluble phosphine

PR, (R = C¢H,S0;) to give quantitatively
[Mo,S,(H,0),]*". The rate constant of this reaction
(2 M HPts) is 1.48 x 10° M~!s7! [41, 42]:

[Mo,S,Se; (H,0), ] +3PR
— [Mo;S, (H,0),]™" +3SePR;".

Similarly, the reaction of the tungsten complex
(Ph,P),[W;S,Brg] with SePPh; affords (Ph,P),[W;-
(M3-S)(Mp-S,Se,q)3Brg]. The complete consumption
of the starting thio complex [M;S;X(]?>~ is conve-
niently detected by Raman spectroscopy as the disap-
pearance of the strong v(S—S) band at 550 cm~' and
appearance of a new strong v(S—Se) band at 450 cm~.

One more reagent for the introduction of selenium
into the triangular cluster is potassium selenocyanate.
If the reaction of [M;S;X4]*~ with KNCSe is con-
ducted in the presence of excess KNCS, the reaction
gives [Mi(ls3-S) (-S4, Seeq)s(NCS)]*~ (M = Mo, W;
X = Cl, Br). These reactions are irreversible; even an
excess of KNCS or PPh;S does not convert {M;(;-
S)(1,-S,Se.)s}*" back to {M;S;}**. In the case of
tungsten, reverse reaction of selenium elimination
from [W3(13-S)(1,-S,Se.):(NCS)g]*~ takes place to
afford the {W,S,}*" cluster. Unlike halide complexes,
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the dithiocarbamate complex [Mo;S,(Dtc);]Dtc
(Dtc = diethyldithiocarbamate) does not react with
PPh;Se, but it can be converted to [Mo;([L3-S) (U,-S,i-
Se.)3(Dtc);]SeCN by treatment with KNCSe in
CH;CN at room temperature. The structure of this

salt incorporates nearly linear (S—Se---Se---S—
Se---Se-), chains formed via short (2.9-3.3 A)
cation — anion contacts. The S—Se distances in the
SSe ligand are 2.16—2.23 A [43].

A similar dithiocarbamate complex, [Mo;(l;-
S)(U,-S,,Se.y)3(Dtc);]Br, is produced upon the reac-
tion of [M0;S,(CH;CN),]** with Se(Dtc), [42]. In his
case, the S~ ligands are converted to SeS?~.

The high degree of regioselectivity of these reac-
tions was demonstrated by isotopomer experiments.
The isotope exchange reactions between (Et;N),-
[M;3S,Brg] (M = Mo, W) and K3?SCN taken in 1 :
100 ratio give only complexes (Et,N),[M;(i;-3*S)(U,-
8,,728.9)3(NCS),4] containing the **S,,—*S,, ligand,
as indicated by isotope shifts in the Raman spectra.
The axial sulfur atoms and the |;-S atom are not
affected by this exchange [44]:

(Et,N), [M;"'S,Brg |+ 6K”SCN

— (EtN), [ My(s-*S) (158, *S.0)s (NCS), .

Low-melting KNCSe (7,, = 100°C, decomp.)
was used in ligand exchange reactions with the

[M3Te7I2I4/2]i cluster polymers and their sulfide and

selenide analogues belonging to the same triangular
cluster family. The reactions were conducted by heat-
ing solid chalcohalides in a KNCSe melt at 200°C fol-
lowed by extraction into water [45]. In the case of
Mo,Te;l,, tellurium was completely displaced from

the {Mo,Te,}*" core:

Mo, Te,I, + 7TKCNSe
— K, [Mo;Se, (CN), ]+ 7Te + 4KI + KCN.

The same product is formed in the reaction of
Mo;Se,Br, with a KCNSe melt, which is the method
of choice for the preparation of [Mo,;Se;(CN)4]*".
According to mass spectrometry data, the reaction of
Mo;Te,;I, with KCNSe is stepwise and gives
[Mo;Te,Se;(CN)¢]>~ in an intermediate step. The
chalcogen exchange in Mo,;S,;Br, in a KCNSe melt
also proceeds via [Mo0;S,Se;(CN)¢]>~ and [Mo,S-
Sec(CN)4]?~, with [Mo;Se;(CN)4]?>~ being formed as
the final product.

With the assumption that the exchange of Te for Se
is as regioselective, as the exchange of S for Se in the
above examples, the Se atoms should first enter the
equatorial positions in the {M3(},L3—Q)(}L—Q3X—Qeq)3}4+
core. For the reaction between W;Te,;Br, and KNCSe,
the successive formation of [W;Te,Se;(CN)gl*,

No. 6 2019
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[W;Te;Ses(CN)gl*~, [W;Te,Ses(CN)gl*~, [W;TeSeq-
(CN)¢]?>~, and [W;Se;(CN)4]>~ was demonstrated by
mass spectrometry (Scheme 4). Unlike the molybde-
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num analogue, [W,Se;(CN)]*~ easily splits off selenium
from equatorial positions under the reaction conditions to
give [W;Se,(CN),]>~ as the final product [45].
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By thorough control over the course of the reac-
tion, it is possible to isolate the mixed Se/Te complex
K{[Wi3(13-Te) (1y-Te,, Seeg)s(CN)g I Br} - 6H,0 (Fig. 2),
in which the Se atoms are selectively located in the
equatorial positions of dichalcogenide ligands. Cur-
rently, this complex is the only structurally character-
ized compound with the TeSe?~ ligand.

The W;Se,;Br, and W;S,Br, polymers react with a
KCNSe melt to be converted to [W;Se,(CN),]°~ and
[W5S,(CN),]°~, respectively, in agreement with the
lower stability of the {W;Q,}** cores, which readily
lose three chalcogen atoms of the W,-Q, ligands, being
converted to more stable {W,;Q,}** clusters.

The addition of KCN to an aqueous extract of the
reaction products formed from W;Te,;Br, and KNCSe
resulted in isolation of Ks[W;(u;-Te)(u,-Se);(CN)ol
[45] containing the {W;(1;-Te)(l,-Se);}** cluster core
(Fig. 3). Presumably, the CN~ ion attacks either the Te
atom in [W;(us-Te)(Uy-Te,,Se,)3(CN)g]>~ (the TeCN-
ion formed in an initial stage is unstable in aqueous
solution and decomposes to CN~ and Te), or Se atom
in [W3(us-Te)(1,-Se,Se.);(CN)gl?>~. The nucleop-
hilic attack by the SeCN~ on Te with successive
replacement of tellurium by selenium cannot be ruled
out either. It is known that the {M;Q,}** cluster cores
can (in very rare cases) be sensitive to the chalcogen
exchange, as indicated by the unexpected generation of
[Mos(u;-S) Tes(iso-PrO),PS,);(PAB)(PBu;)], PAB
para-aminobenzoate from [MosTe;(Dtp);]I (the dith-
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iophosphate ligand serves as the source of the sulfur
atom) [46].

Apparently, this lability is caused by the fact that
the M—Te bond is the weakest one out of the metal—
chalcogen bonds, which enables the replacement of

Fig. 2. Structure of the {[W3Te4Se3(CN)6]Br}3_ associate
in K3{[W}(“.}-Te)(Hz—Teaxseeq)3(CN)6] Br} : 6H20

Vol.45 No.6 2019
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Fig. 3. Structure of [W3(u3-Te)(u2-Se)3(CN)9]5_.

tellurium by atoms of lighter chalcogens under rela-
tively mild conditions.

It should be borne in mind that the reactivity of
disulfide and diselenide ligands in the {M;Q,}** clus-
ters sharply differs from that of ditelluride ligands. The
bridging S, and Se, groups in {M;Q,}*" react with nuc-
leophiles such as CN—, triarylphosphines, or thiols to
give {M;Q,}*" clusters, while the {M;Te,}*" clusters
either remain unaffected under these conditions or
require more bulky trialkylphosphines for elimination
of tellurium [46, 47]. Conversely, sulfide and selenide
clusters are rather stable with respect to electrophilic
reagents (H*, dihalogens) [48]. The ditelluride ligands
are susceptible to electrophiles. Indeed, the reaction of
[Mo;Te,((EtO),PS,);]I with S,Cl, in 1 : 5 molar ratio
results in the partial regioselective tellurium displace-
ment by sulfur and gives [MosTe,74S; -
((EtO),PS,);11; 72Cly 25 [49]. According to X-ray dif-
fraction data, ~90% of Te,, and~50% of Te,, positions
are occupied by tellurium atoms. In the mass spectrum
of [MosTe, 745, 26((EtO),PS,);]1, 7,Cly 55, the distribu-
tion of the {Mo;Te,_,S,}** cluster species varies, with
x being 0 to 5. The reaction of [Mo;Te,((EtO),PS,);]1
with a large excess of S,Cl, (1 : 15 molar ratio)
givesaproduct with the composition [Mo;Te,S;-
((EtO),PS,);]1. This is not a single compound, but a
mixture of [Mo;Te,S;((EtO),PS,);]", [Mo;Te;S,-
((EtO),PS,),]", [Mo;Te,S;((EtO),PS,);]", and
[Mo;TesS,((EtO),PS,);]" with the S3-, TeS*~, and
Tes;~ ligands. Thus, the degree of displacement of
axial tellurium atoms increases with increasing
amount of S,Cl,; the [;-Q capping position remains
invariable and corresponds to 100% Te content. The
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observed situation is in line with the reactivity series
Te., > Tey > Ws-Te. From analysis of the Q—Q dis-
tances in the {M;Q-} clusters, the expected S—Te bond
length is 2.35—2.40 A. Indeed, the S—Te distances
found in both products (2.35—2.39 A) fall in this
range.

Upon the reaction of [W;(us-Te)(u,-Te,);-
((EtO),PS,);]Br with S,Cl,, the product [W;Te, ;,-
S, 70((EtO),PS,);]Bry5,Cly 55 was isolated [49]. It
could have formed in the following way:

[ W,Te, ((EtO), PS,), | +35,Cl,
— [WiTe, ((EtO), PS,), | +3“TeCl,” + 6,

[W,Te, ((EtO), PS,), | +3S
— [ W,Te,S; ((EtO), PS,), ] .

The replacement of tellurium by sulfur occurs
mainly in equatorial positions: the Q,, positions are
predominantly occupied by Te atoms, whereas the Q.
positions are occupied by both S and Te. In the mass
spectra of products, peaks of [W;Te,S;((EtO),PS,);]*
predominate. The spectrum exhibits medium-inten-
sity  signals for [W;Te;S,((EtO),PS,);]* and
[W;Te,((EtO),PS,);]* and minor signals for
[W;TesS,((EtO),PS,);]" and [W;TeS((EtO),PS,);] ™.

Thus, regioselectivity of substitution and elimina-
tion reactions is inherent in all clusters of the {M;Q}
type (Q =S, Se, Te) for which the elimination or chal-
cogen exchange reactions affect mainly the equatorial
positions, probably, because of weaker chalcogen
binding [50].

The [W;(us-Te)(1,-Te,)3((EtO),PS,);]Br complex
does not react with soft electrophiles Ph;PX, (X = CI,
Br), but reacts with Br, to give [W;Te,,sS;75-
((EtO),PS,);]Br with the TeS?>~ ligand [49]. The for-
mation of mixed-chalcogen [W;Te,S;((EtO),PS,);]*
complex can be interpreted by the following sequence
of reactions:

W,Tes" +3Br, - W,Te," + 3“TeBr,,”
2(EtO), PS; + Br,
— (EtO), P(S)-S-S—P(S)(OEt), + 2Br",
W3Tei+ +3(EtO), P(S)—S—S—P(S)(OEt),
- W3Te4S§+ +3(EtO), P(S)-S—P(S)(OEt),.
The {M;(3-Se)(1y-Se,,Seq)st* " clusters containing

the HQ—SeaXS; , ligand are isomeric to those described

above, because selenium atoms occupy axial positions
(Scheme 5). This type of coordination of the SeS?-
ligand was first detected in the [Mos(lL3-Sy 655€0 35) (-
Se,Seq)3((EtO)PS,);]1 complex obtained by the reac-

No. 6 2019



ON THE WAY TOWARDS FINE INORGANIC SYNTHESIS 391

tion of [Mos(lL-S¢5S€ 35)Ses((EtO)PS,)4(Py)] with
H,S in the presence of I, [51]. Selenium-containing
{M;(13-Se)(U,-Se,,Se)st* " clusters do not undergo
chalcogen exchange reactions with sulfur sources
(Ph;PS, KNCS) under mild conditions. Therefore,
the reaction of selenide {M;(1;-Q)(1,-Se);}** clusters
with sources of “active” sulfur (H,S + L, polysulfides)
proved to be appropriate for the preparation of
{M;(13-Se)(Uy-Se,,Se)st . The  reaction  of
[M;Se,(H,0),]** with P,S,, in ROH results in the
selective  formation of  [M;(l;-Se)(Uy-SeyySeq)3-
((RO),PS,);]ICl, (M = Mo, W; R = Et, iso-Pr) [52].
Here phosphorus sulfide acts as both the source of the
(RO),PS, ligand (according to the equation P,S,, +
8EtOH — 4(EtO),P(S)SH + 2H,S) and the source of
“active” sulfur, which converts U,-Se to [,-Se,,S,,.
Most likely, this “active” sulfur comes from a mixture
of di-, tri-, and tetrasulfides, (RO),P(S)S,P(S)(OR),,
which is present in the products of reaction between
P,S,,and ROH [53].

NAAN A
AN

Y

Selective introduction of one of the chalcogen atoms
into the capping p;-position. Since the chalcogen atom
in the capping position is held most strongly, chalco-
gen exchange reactions are of little use for the selective
preparation of {M;(l;-Q")(,-Q")s} type clusters. An
alternative is provided by cluster self-assembly reac-
tions in the presence of sources of two different chal-
cogen atoms; in this case, one may hope that different
chalcogen atoms would prefer positions with different
connectivity. An example is the high-temperature syn-
theses of cubane rhenium clusters, {Re,(L;-Q),} (Q =
S, Se), from the elements in the presence of two differ-
ent chalcogens (S + Te or Se + Te): the lighter chalco-
gen always occupies the “inner” position (l1;-Q) in the
cluster. In Re,S,Te, and Re,S,Cly(TeCl,),, only sulfur
atoms are involved in the formation of the {Re,(l;-
S)4} cubane core, while tellurium atoms form the
external coordination environment [54, 55]. In the
structure of Csy[RegS, 455€; 55] obtained by heating a
mixture of Re, Cs,CO;, H,S, and Se at 850°C, the ;-
positions in the {Reg(1;-Q)g} cluster are occupied only
by sulfur atoms, whereas selenium atoms are present
only in the u-Q, bridges between octahedral clusters
[56]. The sulfotellurochloride Mo,S,Te,Cl,,, which is
formed upon the reaction of Mole, with S,Cl, at
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100°C is thought to have the {Mo,(l1,-S,),}*" cluster
core containing only sulfur atoms [57]. In all of the
listed cases, the cluster core consists of chalcogen
atoms of only one type (sulfur or selenium).

In the case of trinuclear clusters, self-assembly
reactions may put two different chalcogens into speci-
fied positions of the cluster core. The lighter atom
always occupies the L;-position. Indeed, the chalco-
halides formed in the Re,0,—S—Se,Cl,, Re,0,—Se—
S,Cl,, and OsO,—Se—S,Cl, systems (at 200°C) had
the composition Re;SsSe,Cl;, Re;S¢5Se;sCl;, and
0Os,S,SeClg, respectively, and contained trinuclear
{M;(U5-S)(U-Q,)5} clusters (M = Re, Os; Q = S, Se)
in which the p;-position was occupied by the sulfur
atom and the [1-Q, groups consisted of sulfur and sele-
nium atoms [58]. The reaction between MoCl; -
3H,0, ZnSe, and Me,N(S,P(OEt),) was less selective
and gave a mixture of trinuclear dithiophosphate com-
plexes, [Moy(3-S)(1y-Se,)5((EtO)PS,);] and [Mos-
(K5-Se)(U,-Se,)s((EtO)PS,);], from which the prod-
uct [Mos(13-Sg655€0.35)(Se,)3((EtO)PS,);] was iso-
lated [51].

In order to obtain the {Mo;(l15-S)(lL,-Se,);}** and
{Mo5(U5-S)(U,-Se)s}** clusters, we carried out the
reaction of Mo, S, Se, and Br,in 3: 1:6:2 molar ratio
at 350°C, according to the stoichiometry (by analogy
with the synthesis of Mo;S,Br, and MosSe,Br,),
which was expected to provide selective incorporation
of sulfur into the capping position:

3Mo + S + 6Se + 2Br, — “Mo0,;SSe(Br,.”

The reaction of “Mo;SSe¢Br,” with Bu,NBr con-
ducted with mechanochemical activation in a vibra-
tory mill gave [Mo;(l15-S)(U,-Se,);Brg]>~, which was
isolated as the salt (BuyN);{[Mo;(u;-S)(uU,-
Se,);Brg]Br}  [59]. The Raman spectrum of
(BuyN)s{[Mo;(3-S)(U,-Se,);Bryg | Br} exhibits a band
at 448 cm™!, corresponding to vibrations of the Mo;—
U;-S group [60]. The 77Se NMR spectrum of this com-
plex shows only two signals with § = 256.3 and
—132.0 ppm, corresponding to axial and equatorial
selenium atoms in the ,-Se, ligand.

The aquation of [Mo;(U;-S)(U,-Se,);Brg]>~ in 4 M
HPts with the subsequent addition of a stoichiometric
amount of PPh; leads to the formation of the [Mo;(;-

S)Se;(H,0),]** aqua complex [59]:

[Mos (13-S)(Se,), Bry |~ + 3PPh, + 9H,0
— [Mo; (13-S)Se; (H,0),]"" + 3SePPh; + 6Br

which corresponds to the cluster core conversion from
{Mo;(13-S)(1y-Se,)s} " to {Mo;(1;-S)(Uy-Se)st*™. In
order to confirm the identity of the product, the aqua

complex was allowed to react with acetylacetone
(HAcac) and pyridine, which afforded [Mos(u;-
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Fig. 4. Structure of (a) [Mo3(u3—S)(u2—Se)3(H20)6C13]+ and (b) [W3(p.3—S)(p.z—Se)3(H2O)6C13]+ (50% probability ellipsoids).

S)Se;(Acac);(Py);](PFg). Electrospray ionization
mass spectrum of an acetonitrile solution of the com-
plex exhibited only a peak due to [Moj(U;-
S)Se;(Acac);(Py)s]" and peaks for pyridine elimina-
tion products down to [Mos(l;-S)Se;(Acac);]*. The
{Mo;(15-S)Se;}** cluster core was not fragmented
under these experimental conditions, thus demon-
strating high strength. No peaks corresponding to a
different selenium to sulfur ratio were present.

It is known that aqua complexes of the {M;Q,}**
clusters (M = Mo, W) form supramolecular adducts
with macrocyclic cavitands, in particular, with cucur-
bit[6]uril (CB[6]). These adducts readily crystallize
even from millimolar aqueous solutions [61]. This
approach was used to prepare and structurally charac-
terize the adduct {[Mo;(u;-S)(U,-Se);(H,0)sClsl,-
CBJ[6]}Cl, - 11H,O (Fig. 4a) from a solution of
[Mo;(15-S)Se;(H,0)q]*" in 2 M HCL

The behavior of the tungsten analogue was more
intricate. The optimal method for the synthesis of the
[W;Q,(H,0)0]*" aqua complexes (Q = S, Se) includes
reactions of the W;S;Br, or W;Se;Br, polymers with
H;PO, in concentrated HCI [62]. Similarly, the prod-
uct (or a mixture of products) with the gross composi-
tion “W;SSe¢Br,,” formed in the reaction of tungsten
with a mixture of sulfur, selenium and bromine, was
allowed to react with H;PO,. The following reaction
was expected to occur:

W, (u5-S)(Se,), Br, + 3H;PO, + 12H,0
- [W3 (13-S)Se; (H2O)9]4+
+ 3H,Se + 3H,PO; + 4Br .

However, all species of the series [W;S.Se, _ -
(H,0)o]** were found among the products. This
implies low selectivity of the cluster self-assembly in
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this case. The simultaneous presence of five species in
the solution behaving in a similar way on a cation
exchange resin precluded complete separation of the
products [59]. The use of standard separation condi-
tions with the Dowex resin (room temperature, elution
with 2 M HCI) gives a purple (mainly [W;S,(H,0),]**
according to UV/Vis data), blue, and green (major)
fractions. The addition of CB[6] to the blue solution
gave the crystals of [W;S;Se(H,0),ClL,],CL(CBI6]) -
15H,O0 [63]. The product [W;S, sSe, sCl, 5-
(H,0), 5],CIs(CBJ[6]) - 18.5H,0 crystallized from the
green solution [63]. In both cases, the p,-bridging
positions are occupied by both sulfur and selenium.
This means that the starting solutions comprise mix-
tures of aqua complexes, separation of which requires
special conditions. Very slow elution with 0.5 M
H,SO, at 4°C resulted in the isolation of a green frac-
tion enriched with [W;5(l3-S)Se;(H,0)0]*" (74%), but
containing also  [W;Se,(H,0)4]**  (20%) and
[W;S,Se,(H,0)4]** (6%) [59]. Complete separation of
these products was not attained because of their low
stability during long-term elution (several days or even
weeks). After elution with 0.2 M H,SO, at 4°C for sev-
eral weeks, the species with lower content of selenium
(IW5S,Se,(H,0)4]*) becomes predominant, while
the fraction of [W;(l;-S)Se;(H,0)o]*" decreases.

The green crystals of {[W;(l;-S)(1,-Se);(H,0),-
C1,],CBJ6]}Cl, - 12H,0 (Fig. 4b) were obtained by
adding CB[6] to the green solution in 2 M HCI with
the predominant content of [W;(l;-S)Se;(H,0)q]*"
[59]. In this compound, W,-bridging positions are
occupied by selenium atoms, i.e., compound contains
only the {W;(l;-S)(1,-Se);}** cluster core.

It is noteworthy that if the amount of sulfur added
for the high-temperature reaction step corresponds to
the “W,;S,Se;Br,” stoichiometry, then the reaction
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with H;PO, affords [W;S,(H,0),]*" as the final prod-
uct [59]. The formation of [W;S,(H,0),]*" can be rep-
resented by the following equation:

Wi (115-S) (12-Se.ySay ), Bry + 3H;PO, + 12H,0
— [W3S, (H,0),]"" + 3H,Se + 3H,PO; + 4Br .

The above-considered approach for the selective
introduction of sulfur into the capping position can
also be used to prepare mixed-chalcogen tantalum
clusters. It is known that tantalum forms the square
clusters, {Ta(1L-Q)(1,-Qy)a}** (Q = S, Se), a sort of
higher homologues of the triangular clusters consid-
ered in the review [64, 65]. For the preparation of a
mixed-chalcogen (S/Se) cluster, a mixture of Ta, S,
Se, and I, taken in 4 : 1 : 8 : 4 molar ratio was heated;
this gave the chalcoiodide Ta,S, sSe; 51, in which the
L4-position was occupied by only the sulfur atom [66].

{Mo;(n;-Q)(n,-Tey)s} (Q = O, S, Se) clusters. In
the Mo—Se—Te—Br, and Mo—Se—Te—I, systems,
[Mo;Se,(TeBr;)Br,],[Te,Br,,] and [Mo;Se,(Tel;)1,]1
chalcohalides (Fig. 5), containing the {Mo;Se,} clus-
ter core are formed at 350°C [67]. The tellurium atoms

do not belong to the cluster core, but occur as TeX5,
ligands coordinated to molybdenum.

For introducing sulfur or selenium into the ;-
position, we carried out the reaction between Mo,
Te + Q(Q=S, Se), and Br,in 3: 6 : 1 : 2 molar ratio.
The products were subjected to solid-state reactions
with KDtp (Dtp = diethyl dithiophosphate) with
mechanical activation, which is an efficient way for
“cutting out” telluride clusters from the polymeric
chain [68]. This gave the dithiophosphate complexes
[Mo;(15-Q)(1,-Te,);(Dtp)s]™ (Scheme 6) containing
a sulfur of selenium atom in the p;-position [69]:

3Mo + 6Te + Q + 2Br, - “Mo0;QTeBr,,”

“Mo0,QTeBr,” + 4KDtp
— [Mo,QTe, (Dtp),|(Dtp) + 4KBr (Q = S; Se).

Dtp
77N
"
T S\M/S T
e o e
NN N~
Te< ' \\\ Te
S ’/Q\~ /S
o Q?Ao\/ S )p-OE
tp §
S Te/ S/ \
| OEt
Te
[Mo3QTeg(Dtp)s] ™
Scheme 6.
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1(3)

Fig. 5. Structure of [Mo3Se,(Tel;)1,]1. All atoms are pre-
sented as 50% probability thermal ellipsoids. The dashed
lines show Te(Tel,)---I and 3Se,,--1 contacts.

As a side product, this reaction gave the oxo deriv-
[Mos(13-O)(U,-Te,y)5(Dtp);]*.  This mixture
could not be separated by chromatography.

Isomerism of [Mos(ns;-S)(1,-SSe);(Dtp);]CL.
Preparation of two types of isomers with different coor-
dination modes of the p,-SSe ligand. The above regu-

ative

larities allowed us to convert {Mo5(1;-S)(l1,-Se);}* to
{Mo;(13-S)(My-Se,,Sey)st*".  The latter may be
regarded as a bond isomer with respect to {Mos(l;-
S)(uz—SaXSeeq)3}4*; hence, a unique pair of the
[Mo;(us3-S)(u,-SSe);(Dtp);]Cl bond isomers differ-
ing only by the coordination mode of the u,-SSe
ligand can be deliberately synthesized [70].

The isomer [Mo3(l3-S) (- Se,,Seq)3(Dtp); ] Cl was
obtained (Scheme 7) by reacting the [Mo;(u;-S)(W,-
Se);(H,0)4]*" aqua complex with a freshly prepared
solution of P,S,, in ethanol, similarly to the prepara-
tion of [Mos(us-Se)(u,y-SeySeq)s(Dtp);]Cl - from
[Mos(us-Se)(u,-Se);(H,0)o]** [52]. The second iso-
mer was obtained by using the reaction of the [Mo,S,Cl¢]|>~
chloride with SePPh; giving [Mo;(1s-S)(W,-S,-
Se.q)3Clg]>~. The reaction with P,S,, in ethanol affords
the isomeric [Mo;(u3-S)(U,-S,,Se.q)3(Dtp);]Cl dith-
iophosphate (Scheme 7) in which the sulfur atoms
occupy only axial positions [70].
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Scheme 7.
The mass spectra of both isomers are identical and ~ III: X = Se, Q. = Se, Q,, = S; IV: X = Se, Q., = S,
show the major peak corresponding to the Q,, = Se). The calculated energies for complexes I, 11,

[Mo,S,Se;(Dtp);]* cation. Nevertheless, the isomers
can be differentiated considering the characteristic
fragmentation products upon collision-induced disso-
ciation (CID). It is known that for {Mo;Q,}** type
clusters, the gas-phase selective elimination of the
“Q,” molecule from equatorial positions can serve for
reliable determination of the chalcogen nature in these
positions [71, 72]. The CID spectrum of the [Mo;(;-
S)(M,-S,,Se.):(Dtp);]* cation shows elimination of
the Se, group. This confirms the fact that selenium
atoms occupy equatorial positions. Conversely, the
CID mass spectrum of [Mos(l;-S)(Uy-Seyy-
Seq)3(Dtp);]" shows elimination of the S, group under
the same conditions [70].

The 77Se NMR chemical shifts proved to be quite
sensitive to the positions of chalcogen atoms in ,-
SSe?~. The isomer with [1,-Se,,S,, exhibits a signal at
131 ppm, whereas for the isomer with W,-S,,Se,, the
signal is shifted to the negative region (—107 ppm),
which points to more pronounced shielding of the Se,
position. The relative stabilities of the two isomers
were estimated by DFT calculations. Optimization
was carried out for complexes with sulfur (isomers I
and II) and selenium (isomers III and IV) atoms in the
capping position: [Mo;(13-X)(QeqQ,0)3(H0)]™ (I:
X=8,Q,4q=S5,Qx=Se; I X=S8,Q.,=Se, Q)= S;
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III, and IV were —2.480517, —2.480518, —3.005715,
and —3.005713 x 10~7 kJ/mol, respectively. Proceed-
ing from these data, it can be concluded that for each
pair, the isomer with selenium atoms in the equatorial
positions is more stable [70].

Selective introduction of an oxygen atom into trian-
gular chalcogenide clusters. Almost simultaneously
with the discovery of the [Mo;(U5-S)(1-S);(H,0),]**
cluster highly stable to hydrolysis in strongly acidic
media, it was proven that Mo(IV) exists in acidic
aqueous solutions exclusively as a similarly con-
structed oxide cluster, [Mo;(l;-O)(U-0);(H,0)o]**
[73]. Tungsten analogues of both clusters [74, 75]
and selenide clusters for both molybdenum and tung-
sten [62] were obtained. The preparation of intermedi-
ate, oxide sulfide and oxide selenide clusters was of
obvious interest. Indeed, the reduction of the binu-
clear oxo-bridged Mo(V) complex, [Mo,0,S,-

(H,0)4]?*, by various reagents gave the desired prod-
ucts, [M0;0,S, _ .(H,0)4]** (x = 0-3) [76, 77], as a
mixture, the isolation of single compounds from
which was realizable, but a very labor-consuming task.

Is selective synthesis of these clusters possible? For this
purpose, one can use the retrosynthetic approach well
developed in organic synthesis. For example, [Mo;(lL;-

S)(L-S)(1-0),(H,0)o]** can be regarded as the product
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of coordination of the {Mo(H,0),}** moiety to two sulfur
atoms and one oxygen atom of the [M0,0,S,(H,0)¢]**
aqua complex. The comproportionation reactions
between [Mo0,0,(1-S),(Cys),]>~ and [MoCl]*-, or
between [Mo,0,(1-0)(1-S)(Cys),]*~ and [MoCl¢]*~ in
2 M HCI or HPts are known to give [M0;0,S,(H,0),]**
and red [Mo;0;S(H,0),]**, respectively [77]. Mo(CO);
could serve as the {Mo(H,0),}*>* precursor. In this case,
molybdenum would be completely incorporated into the

395

cluster, whereas in the case of hexachloromolybdate, a
part of the reagent should function only as the source of
electrons. Indeed, under drastic conditions (140°C, 4 M
HCI), the reaction of [M0,0,S,(H,0),]** with Mo(CO),
gives, almost exclusively, [Mos(lU;-S)(L-S)(U-O),-
(H,0)o]** (Scheme 8). It is curious that under these con-
ditions, even the metallic molybdenum powder reacts to
give the same product in 90% yield. Similarly, [W;(;-

S)(L-S)(1-0),(H,0)o]** was obtained (Scheme 8):

. (‘)‘/OH2 _‘2+ ﬁ/OHz _|2+
O
H S—Mo OH, S—W——O0H, oH
20_MO/_S/(‘)H H2O_/V’\//_S/AH Mo(CO) ‘ 2/OH2 —‘H
0 6
Hzo/(‘)H 2 Ha0 C’)H T~ Hzo_/M\o_(\) OH,
2 2 /
Mo(CO)¢/W(CO)g W(CO), T /S—/V‘V—OHz
H,O—W—S
OH
OH2/(‘)H 2
(‘)Hz oH, |* C‘)P;OHz | ?
H2OO_N‘[°_(|) OH, ZOO_/V‘V_(‘) OH,
S—Mo OH, S—W——O0H,
ey N ay
/ ’ OH2 /‘ OH2
OHjy OH,
OH, OH,
Scheme 8.

Scheme 8 ([M,0,S,(H,0)¢]*" + source of M'
(M' = Fe, Co, Ni, Pd, Pt, Cu, etc.) in a low oxi-
dation state) can, in principle, be used for the syn-
thesis of heterometallic clusters. Indeed,
[W,0,8,(H,0)¢]*" and Mo(CO), gave [W,Mo(3-
S)(U-S)(u-0),(H,0)4]**, which was isolated and
structurally characterized as [W,Mo(u;-S)(u-
S)(1-0),(Acac);(Py);]PF,. It is noteworthy that
other combinations of reactants ([M,0,S,-
(H,0)g]** + Cr(CO)¢ or [Mo0,0,S,(H,0)¢]*" +
W(CO)4) afford only homometallic triangular
clusters, [M;(13-S)(1-S)(1-0),(H,0)0]*", with
the metal coming only from the binuclear complex
[78]. Unexpectedly, it turned out that the
[Mo0,0,S,(H,0)4]>"/Re(CO);Cl combination
gives the monosulfide [Mo;(l;-S)(L-0);(H,0),]**
cluster [79]. The pathway of these transformations
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is obscure, but remarkably, only one trinuclear
cluster rather than a mixture is formed. One can
expect that similar reactions of the binuclear
monosulfide clusters [M,0,(1-0)(u-S)(H,0)4]*"
with appropriate carbonyls should give triangular
[M;(15-S)(1-0)5(H,0)]*".  The feasibility of
Scheme 8 is indirectly supported by the prepara-
tion of selenide clusters [M;(u1;-Se)(u-
0);(H,0)4]*" via self-assembly of mononuclear
[MoOCIs]>~ or WOZ~ and H,Se (Scheme 9).
Hydrogen selenide is a strong reducing agent (E°
Se/H,Se —0.4 V). Presumably, binuclear [M,0, (-
O)(u-Se)(H,0)4]%>" is formed at a certain stage;
metal atom coordination to this complex followed
by reduction affords [M;(U;-Se)(1-0);(H,0)o]*,
which was previously hardly accessible (the known
synthesis of the Mo cluster gave a 3% yield, while
the tungsten cluster was unknown). Attention is
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attracted by high selectivity of these reactions,
which give no triangular clusters with a different
oxygen : chalcogen ratio; and the isolation of the
target product does not cause difficulties. This

SOKOLOV, GUSHCHIN

made it possible to perform a number of ligand
exchange reactions and to study the electrochemi-
cal behavior of molybdenum and tungsten oxosul-
fide and oxoselenide clusters [80, 81].

[MoOCls]*~ o~ l\fio
+ ZnSe/HCI —— |/ Se\|
- M M
[WO4] AN O/
{M3SeO3}**
Scheme 9.

The same approach can be extended to Group 5
metal clusters. In particular, the reduction of NbCls in
the presence of ZnSe/HCI gives only one product with
the {Nb,(lL4-Se)(1,-O)s}** cluster core [82]. Thus, the
Se?~ anion probably plays a key role in cluster self-
assembly reactions, functioning as the ligand with the
highest connectivity: u, for trinuclear Mo and W clus-
ters and W, for tetranuclear Nb clusters.

Mixed-metal {Mo,W; _ ,Q,} and {Mo,W, _ Q,}
clusters (Q =S, Se). The only synthetic route to mixed
clusters of this type is the reduction of an equimolar
mixture of (NH,),WS, and [Mo,0,(lt-S),(Cys),]*~
with excess NaBH,. This gives a mixture of products,
chromatographic separation of which results in green
[Mo,WS,(H,0)e]** (17%) and gray [MoW,S,-
(H,0)o]** (3%) [83]. It is obvious that this procedure
cannot considered as a preparative method. The prob-
lem of selective preparation of {Mo,W;_ Q,} (Q =S,
Se) proved to be closely connected with the prepara-
tion of the {Mo,W, _ ,Q,4} cubane clusters and their
selective degradation.

We demonstrated that the cubane clusters can be

obtained in a high yield by triangular cluster “comple-
tion” reaction (Scheme 10):

4 _
[W:Q, (H,0),]"" + [Mo,Cl,]*
5
— [MoWS, (H,0),,]",

[W:Q, (H,0),]'" + W (CO), + 2H"
— [W,Q, (H,0),,]"" + H, +6CO (2M HCI, 140°C).

This reaction is based on the fact that the triangular
and cubane clusters are closely related both structur-
ally and chemically. Three bridging chalcogen atoms
of the triangular cluster can be considered as ligands
able to coordinate the metal atom and thus to “com-
plete” the triangular cluster to a cube. On heating of
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solutions of cubane aqua complexes in air, the reverse
reaction takes place, namely, oxidative degradation of
clusters to give trinuclear complexes; in the case of
heterometallic clusters, the tungsten rather than
molybdenum atom is always selectively lost. Thus, the
[W,M0Q,(H,0)4]** clusters (Q = S, Se) become
available (Scheme 10):

[W3MOQ4 (Hzo)lz]5+ +0, - [W2MOQ4 (H2O)9]4+'

It is notable that this cycle can be repeated
5 4
[W,Mo,Q, (H,0),,]" — [WMo,Q, (H,0),]",

[W,MoQ, (1'120)9]4+ +[Mo,Cly]*" (Mo (CO),)
- [Mo,W,Q, (H,0),,T",

[W,Mo,Q, (H20)12]5+ +0, - [WMo,Q, (H2O)9]4+ ’

and even the following stage can be performed

]4+

[M02WQ4(H20)9
- [M03WQ4(H20)12]5+ - [M03Q4(H20)12]5+-

It is of interest successive implementation of all
three completion—degradation stages starting from
triangular tungsten clusters finally gives the triangular
molybdenum cluster, which is thus successively
assembled on the matrix of sulfur atoms. This can be
considered as a unique example of transfer of struc-
tural information upon complete replacement of one
metal in the cluster by another one [84, 85].
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The mixed-chalcogen triangular cluster [Mo;-
(13-S)Se;(H,0),]** reacts with Mo(CO), at 130°C
in an HCI solution in a sealed tube to give the red-
brown  [Mo,(l3-S)(13-Se)3(H,0) p]*"  complex,
which is oxidized in air to green [Mo,(L;-S)(Us-

PPh;
—_—

[Mos(p3-S)Seq(H,0)6]**
Orange

O,

heating

[Mog(p3-S)Se3(Hy0) 15"

Green

Se);(H,0),]°" (Scheme 11). Heating of a solution
of [Mo,(1;-S)(Us-Se)5(H,0) 51> in air induces
degradation of the complex and gives the initial
[Mo;(15-S)Ses(H,0)o]*" complex identified using
the UV/Vis spectra [59].

[Mo3(13-S)Se3(Hy0)o]+*

Brown

Mo(CO)g
0,

[Moy(p3-S)Se3(Hy0) o] **
Red-brown

Scheme 11.

The degradation of the cubane cluster can follow
two pathways. First, the Mo,SSe; cube can lose one
vertex via either Mo—S or Mo—Se bond cleavage. This
should give the Mo;SSe; cluster in which one sulfur
atom occupies the L,-position (this cluster is
unknown). Second, cleavage of three Mo—Se bonds is
possible. This would give the initial Mo;SSe; cluster,
which is actually observed in our case. The latter frag-
mentation pathway is preferred, probably, due to the
relative ease of the Mo—Se bond cleavage [59].

Chalcogen-containing polyoxometallates (POMs)
are polynuclear complexes whose structures are based
on transition metal atoms (Mo, W, V, Nb, Ta) in
higher oxidation states connected through bridging

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

oxygen atoms. As a rule, the replacement of oxygen
atoms by chalcogen atoms causes complete degrada-
tion of the POM structure. A rare exception is pro-
vided by reactions of niobium-substituted polytung-
states ([W50,5{NbO}]*~, [PW,,;05,{NbO}]*") with sul-
fur or selenium sources ((Me;Si),S, (Me;Si),Se,
R,P,S,), resulting in selective replacement of oxygen
at the niobium atom by chalcogens with the retention
of POM structure [86]. An alternative approach to the
synthesis of hybrid chalcogen-containing POMs was
proposed in [87]. The authors prepared the sulfur ana-
logue of 7Y-[SiW;,04]* by the reaction of
Y-[SiW,,044]®~ with binuclear [Mo,S,0,(H,0),]**. In
this simple and elegant reaction, the silicotungstate
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Fig. 6. Structural analogy between (a) [Mo3S4(H20)9]4+ and (b) [W3013]8_.

(b)

Fig. 7. (a) Structure of EW150609_ (E=As, Sb) and TeW, 5026 , with the lower half corresponding to the starting anions expanded
to a 15-nuclear anion by three {W30 3} groups; and (b) the same structure with one {W;0 3} group being replaced by the struc-

turally equivalent {Mo3S4(H,0)30¢} group.

acts as a tetradentate ligand, which replaces four water
molecules in the binuclear thio cation. We paid atten-
tion to one more potential building block: the
[Mo;S4(H,0)4]*" aqua complex and its analogues
[88]. Their structural analogy with the [W;0,;]®~ moi-
ety, the key building blocks of many Keggin and Daw-
son type polyoxometallates, is obvious (Fig. 6).

In practice, the insertion of [Mo;S,(H,0),]*" was
implemented in the following way. Trilacunary
anions, EW,03; (E = As, Sb) and TeW,05; , can be
expanded in the presence of excess tungstate to form

larger EWISOzg (E = As, Sb) and TeW15020_ anions
(Fig. 7).

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

We were able to synthesize [AsW;sMo0;S,-
(H,0);05:]°~, [SbW sMo0,S,(H,0);053]°~, and [Te-
W,sMo,;S,(H,0);05;]®~ by adding the necessary
amount of the tungstate and [Mo;S,(H,0),]*" to
As(1IT), Sb(III), and Te(IV) nonatungstate deriva-
tives. The resulting hybrid chalco-polyoxometallates
(chalco-POMs) correspond to the highest currently
attained degree of oxygen replacement by chalcogen in
the POM structure. The introduction of sulfur atoms
sharply changes the POM reactivity and, hence,
enables the coordination of soft metal ions such as
Cu(I) or Au(I). Indeed, [AsW,sMo,;S,(H,0);05;]°~
reacts with CuCl to give the heterometallic [AsW -
Mo;(CuCl)S,(H,0);04,]°" cluster, which was isolated
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Fig. 8. Structure of [AsW15M03(CuCl)S4(H20)3053]9_.

and structurally characterized as the cesium salt
(Fig. 8) [89, 90].

Thus, we demonstrated the possibility and neces-
sity of rational design of the synthetic approaches to
complex clusters and polynuclear compounds. This
was illustrated mainly by molybdenum and tungsten
cluster complexes with chemically different chalcogen
atoms in the core. For these clusters, targeted syn-
thetic routes to mixed chalcogenide and oxide chalco-
genide clusters and polynuclear complexes were devel-
oped. The synthesis of these compounds not only
stimulates the strategy towards complex (mixed-
ligand, polynuclear and cluster) coordination com-
pounds, but is also suitable for step-by-step modifica-
tion of physical and chemical properties, which is
undoubtedly important for the design of functional
materials with predictable properties.

FUNDING

This work was supported by the Russian Founda-
tion for Basic Research (project no. 18-33-20056).

REFERENCES

1. Kukushkin, Yu.N. Khimiya koordinatsionnykh soedi-
nenii (Chemistry of Coordination Compounds), Mos-
cow: Vysshaya Shkola, 1985.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

2. Essen, L.N., Geometricheskie izomery platiny i trans-vli-
yanie (Platinum Geometric Isomers and Trans-Effect),
Moscow: Nauka, 1969.

3. Sinitsyn, N.M. Problemy koordinatsionnoi khimii.
Trans-viliyanie v khimii koordinatsionnykh soedinenii
(Problems of Coordination Chemistry. Trans-Effect in
Coordination Chemistry), Moscow: Nauka, 1979.

4. Kabin, E.V., Emel’yanov, V.A., Vorob’yev, V.A., et al.,
Russ. J. Inorg. Chem., 2012, vol. 57, p. 1146.
https://doi.org/10.1134/S0036023612050105

5. Hoffmann, R., Angew. Chem., Int. Ed. Engl., 1982,
vol. 21, p. 711.

6. Gubin, S.P. and Shul’pin, G.B. Khimiya kompleksov so
svyazyami metall-uglerod (Chemistry of Complexes
with Metal—Carbon Bonds). Novosibirsk: Nauka. Sib.
otd-nie, 1984.

7. Elschenbroich, C., Organometallchemie,
Teubner, 2008.

8. Eremenko, I.L., Sidorov, A.A., and Kiskin, M.A.,
Magnetic Nanoparticles, Weinheim: Wiley-VCH, 2009,
p. 349.

9. Sapianik, A.A., Zorina-Tikhonova, E.N., Kis-
kin, M.A., et al., Inorg. Chem., 2017, vol. 56, p. 1599.

10. Balzani, V., Credi, A., and Venturi, M., Molecular

Devices and Machines: Concepts and Perspectives for the
Nanoworld, Weinheim: Wiley-VCH, 2008.

11. Beer, P.D., Gale, P.A., and Smith, D.K., Supramolec-
ular Chemistry, Oxford: Oxford Univ., 1999.

12. Meshkov, I.N., Bulach, V., Gorbunova, Y.G., et al.,
Inorg. Chem., 2016, vol. 55, p. 10774.

13. Gubin, S.P. Khimiya klasterov. Osnovy klassifikatsii i
stroenie (Cluster Chemistry. Classification Grounds
and Sructure), Moscow: Nauka, 1987.

14. Pasynskii, A.A., Eremenko I.L., Gasanov, G.Sh.,
et al., Koord. Khim., 1984, vol. 10, no. 5, p. 634.

15. Pasynskii, A.A., Skabitski, I.V., Torubaev, Y.V,, et al.,
J. Organomet. Chem., 2003, vol. 671, p. 91.

16. Konchenko, S.N., Virovets, A.V., Tkachev, S.V., and
Podberezskaya, N.V., Polyhedron, 1997, vol. 16, p. 707.

17. Vahrenkamp, H., Comments Inorg. Chem., 1985, vol. 4,
p. 253.

18. Zhang, Y.H., Yuan, J.C., Yin, Y.Q., et al., New J.
Chem., 2001, vol. 25, p. 939.

19. Holm, R.H., Comprehensive Coordination Chemistry I1,
Amsterdam: Elsevier, 2004, vol. 8, p. 61.

20. Malinak, S.M. and Coucouvanis, D., Prog. Inorg.
Chem., 2001, vol. 49, p. 599.

21. Ohki, Y. and Tatsumi, K., Z. Anorg. Allg. Chem., 2013,
vol. 639, p. 1340.

22. Sokolov, M.N., Hernandez-Molina, R., and
Abramov, P.A., Molybdenum: Its Biological and Coordi-
nation Chemistry and Industrial Applications, New York:
Nova Science, 2013, p. 105.

23. Gushchin, A.L., Laricheva, Y.A., Sokolov, M.N., and
Llusar, R., Russ. Chem. Rev., 2018, vol. 87, p. 670.

24. Naumov, N.G., Brylev, K.A., Mironov, Y.V,, et al., J.
Struct. Chem., 2014, vol. 55, p. 1371.

25. Mathur, P., Chakrabarty, D., and Hossain, M.M., J.
Organomet. Chem., 1991, vol. 401, p. 167.

Stuttgart:

No.6 2019



400

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

SOKOLOV, GUSHCHIN

Mathur, P., Sekar, P., Satyanarayana, C.V.V., and
Mahon, M.F., Organometallics, 1995, vol. 14, p. 2115.
Mathur, P., Chakrabarty, D., Hossain, M.M., and
Rashid, R.S., J. Organomet. Chem., 1991, vol. 420,
p.-79.

Chakrabarty, D., Hossain, M.M., Kumar, R.K., and
Mathur, P., J. Organomet. Chem., 1991, vol. 410, p. 143.
Mishchenko, A.V., Fedorov, V.E., Kolesov, B.A. et al.,
Koord. Khim., 1989, vol. 15, no. 2, p. 200.

Sokolov, M., Imoto, H., Saito, T., and Fedorov, V., J.
Chem. Soc. Dalton Trans. (1972—1999), 1999, no. 1,
p. 85.

Herberhold, M., Kuhnlein, M., Schrepfermann, M.,
et al., J. Organomet. Chem., 1990, vol. 398, p. 259.
Goh, L.Y., J. Chem. Soc. Dalton Trans. (1972—1999),
1989, no. 3, p. 431.

Llusar, R., Uriel, S., Vicent, C., et al., J. Am. Chem.
Soc., 2004, vol. 126, p. 12076.

Llusar, R. and Vicent, C., Coord. Chem. Rev., 2010,
vol. 254, p. 1534.

Gushchin, A.L., Llusar, R., Vicent, C., et al., Fur. J.
Inorg. Chem., 2013, p. 2615.

Alberola, A., Llusar, R., Triguero, S., et al., J. Mater.
Chem., 2007, vol. 17, p. 3440.

Alberola, A., Fourmigue, M., Gomez-Garcia, C.J., et
al., New J. Chem., 2008, vol. 32, p. 1103.

Virovets, A.V. and Podberezskaya, N.V., J. Struct.
Chem., 1993, vol. 34, p. 306.

Fedin, V.P., Mironov, Y.V., Sokolov, M.N., et al.,
Inorg. Chim. Acta, 1990, vol. 174, p. 275.

Fedin, V.P., Sokolov, M.N., Fedorov, V.Y., et al.,
Inorg. Chim. Acta, 1991, vol. 179, p. 35.

Saysell, D.M., Fedin, V.P., Lamprecht, G.J., et al.,
Inorg. Chem., 1997, vol. 36, no. 14, p. 2982.

Fedin, V.P., Mironov, Y.V., Sokolov, M.N., et al., Zh.
Neorg. Khim., 1992, vol. 37, p. 2205.

Fedin, V.P., Sokolov, M.N., Virovets, A.V., et al., Poly-
hedron, 1992, vol. 11, p. 2395.

Fedin, V.P., Sokolov, M.N., Kibirev, O.S., et al., Zh.
Neorg. Khim., 1991, vol. 36, p. 3089.

Sokolov, M.N., Abramov, P.A., Gushchin, A.L., etal.,
Inorg. Chem., 2005, vol. 44, p. 8116.

Lin, X., Chen, H.Y., Chi, L.S., et al., Polyhedron, 2000,
vol. 19, p. 925.

Chen, H.Y., Lin, X., Chi, L.S., et al., Inorg. Chem.
Commun., 2000, vol. 3, p. 331.

Sokolov, M.N., Fedin, V.P., and Sykes, A.G., Compre-
hensive Coordination Chemistry II, Amsterdam: Else-
vier, 2004, vol. 4.

Gushchin, A.L., Sokolov, M.N., Vicent, C., et al.,
Polyhedron, 2009, vol. 28, p. 3479.

Mayor-Lépez, M.J., Weber, J., Hegetschweiler, K.,
et al., Inorg. Chem., 1998, vol. 37, p. 2633.

Hu, J., Zhuang, H.H., Liu, S.X., and Huang, J.L.,
Trans. Met. Chem., 1998, vol. 23, p. 547.

Hernandez-Molina, R., Sokolov, M., Nunez, P., and
Mederos, A., Dalton Trans., 2002, no. 6, p. 1072.

Lippman, A.E., Org. Chem., 1966, vol. 31, p. 471.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

. Sokolov,

. Mironov, Y.V., Albrechtschmitt, T.E., and Ibers, J.A.,
Inorg. Chem., 1997, vol. 36, p. 944.

Fedorov, V.E., Mironov, Y.V., Fedin, V.P., et al., Acta
Crystallogr., Sect. C: Cryst. Struct. Commun., 1996,
vol. 52, p. 1065.

Bronger, W., Miessen, H.J., Neugroschel, R., et al., Z.
Anorg. Allg. Chem., 1985, vol. 525, p. 41.

Geras’ko, O.A., Cand. Sci (Chem.) Dissertation, Novo-
sibirsk: Inst. Inorg. Chem., 1989.

Volkov, S.V., Fokina, Z.A., Yanko, O.G., et al., Russ. J.
Inorg. Chem., 2005, vol. 50, p. 1150.

Gushchin, A.L., Ooi, B.L., Harris, P., et al., Inorg.
Chem., 2009, vol. 48, p. 3832.

Fedin, V.P., Sokolov, M.N., Gerasko, O.A., et al.,
Inorg. Chim. Acta, 1990, vol. 175, p. 217.

Gerasko, O.A., Sokolov, M.N., and Fedin, V.P., Pure
Appl. Chem., 2004, vol. 76, p. 1633.

Fedin, V.P., Sokolov, M.N., Virovets, A.V., et al.,
Inorg. Chim. Acta, 1998, vol. 269, p. 292.

Abramov, P.A., Gushchin, A.L., Sokolov, M.N., and
Fedin, V.P., J. Struct. Chem., 2010, vol. 51, p. 378.

Sokolov, M.N., Gushchin, A.L., Virovets, A.V., et al.,
Inorg. Chem., 2004, vol. 43, p. 7966.

Sokolov, M.N., Gushchin, A.L., Abramov, P.A_, et al.,
Inorg. Chem., 2005, vol. 44, p. 8756.

Gushchin, A.L., Sokolov, M.N., Abramov, P.A., et al.,
J. Cluster Sci., 2009, vol. 20, p. 241.

Sokolov, M.N., Gushchin, A.L., Abramov, P.A_, et al.,
Inorg. Chem., 2007, vol. 46, p. 4677.

Virovets, A.V., Gushchin, A.L., Abramov, P.A., et al.,
J. Struct. Chem., 2006, vol. 47, p. 326.

Gushchin, A.L., Ryzhikov, M.R., Virovets, A.V., and
Sokolov, M.N., Russ. J. Coord. Chem., 2013, vol. 39,
p. 181.

https://doi.org/10.1134/S1070328413020036

Hernandez-Molina, R., Gushchin, A., Vicent, C., and
Gili, P., J. Cluster Sci., 2015, vol. 26, p. 83.
Hegetschweiler, K., Caravatti, P., Fedin, V.P., and
Sokolov, M.N., Helv. Chim. Acta, 1992, vol. 75, p. 1659.
Llusar, R., Polo, V., Velez, E., and Vicent, C., Inorg.
Chem., 2010, vol. 49, p. 8045.

Benory, E., Bino, A., Gibson, D., and Cotton, F.A.,
Inorg. Chim. Acta, 1985, vol. 99, p. 137.

Segawa, M. and Sasaki, Y., J. Am. Chem. Soc., 1985,
vol. 107, p. 5565.

Shibahara, T., Kohda, K., Ohtsuji, A., et al., J. Am.
Chem. Soc., 1986, vol. 108, p. 2757.

Shibahara, T., Yamamoto, T., Kanadani, H., and
Kuroya, H., J. Am. Chem. Soc., 1987, vol. 109, p. 3495.
Martinez, M., Ooi, B.L., and Sykes, A.G., J. Am.
Chem. Soc., 1987, vol. 109, p. 4615.

Abramov, P.A., Sokolov, M.N., Hernandez-Molina,
R., et al., Inorg. Chim. Acta, 2010, vol. 363, p. 3330.
Abramov, P.A., Laricheva, Y.A., Peresypkina, E.V.,
et al., Inorg. Chim. Acta, 2012, vol. 383, p. 7.

Abramov, P.A., Sokolov, M.N., Peresypkina, E.V.,
et al., Inorg. Chim. Acta, 2011, vol. 375, p. 314.

M.N., Gonzalez-Platas, J., Hernandez-
Molina, R., et al., Polyhedron, 2013, vol. 60, p. 116.

No. 6 2019



82.

83.

84.

85.

86.

ON THE WAY TOWARDS FINE INORGANIC SYNTHESIS 401

Gushchin, A.L., Ooi, B.L., Harris, P., et al., Z. Anorg.  87. Cadet, E., Bereau, V., Marg, B., et al., Inorg. Chem.,
Allg. Chem., 2019, vol. 645. p. 398. 1996, vol. 35, p. 3099.

Shibahara, T., Yamasaki, M., Watase, T., and 88. Cadot, E., Sokolov, M.N., Fedin, V.P., et al., Chem.
Ichimura, A., Inorg. Chem., 1994, vol. 33, p. 292. Soc. Rev., 2012, vol. 41, p. 7335.

Sokolov, M., Esparza, P., Hernandez-Molina, R., 89. Sokolov, M.N., Kalinina, I.V., Peresypkina, E.V.,
et al., Inorg. Chem., 2005, vol. 44, p. 1132. etal., Angew. Chem., Int. Ed. Engl., 2008, vol. 47,
McLean, 1.J., Hernandez-Molina, R., Sokolov, M.N., p. 1465.

et al., J. Chem. Soc. Dalton Trans. (1972—1999), 1998,  90. Sokolov, M.N., Peresypkina, E.V., Kalinina, 1.V,
no. 15, p. 2557. etal., Eur. J. Inorg. Chem., 2010, p. 5446.

Klemperer, W.G. and Schwartz, C., [norg. Chem.,

1985, vol. 24, p. 4459. Translated by Z. Svitanko

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.45 No.6 2019



	FUNDING
	REFERENCES

		2019-06-19T16:29:56+0300
	Preflight Ticket Signature




