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Tetranuclear rhenium chalcogenide cluster complexes with a cubane core.
Synthesis, structures, and properties
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The results of studies of rhenium chalcogenide cluster complexes with the [Re,Q4] cubane
core, where Q = S, Se, or Te, are reviewed. Different approaches to the synthesis of these
compounds are surveyed and their properties and structures are considered. Substitution
reactions in the cluster core and replacements of terminal ligands are discussed. The forma-
tion of polymers consisting of the tetranuclear rhenium chalcogenide cyanide clusters as

structural building blocks is considered.
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Introduction

Tetranuclear cubane complexes are well known for
most of transition metals.!=5 These compounds contain
the M4Q4 cubane cluster core as the main structural
fragment, which can be represents as two interpenetrat-
ing M, and Q tetrahedra. In the M4Q, cluster cores, the
chalcogenide ions S?—, Se?~, and Te?~ most often
serve as the inner-sphere ps-ligands Q. The first (and
until recently, the only) rhenium cubane clusters,
viz., the chalcogenide cyanide anionic complexes
[Re;,Q4(CN)»]* (Q = S or Se), have been prepared long
ago.% However, considerable progress has been achieved
in the chemistry of these compounds in the last few years
owing primarily to our studies, which gave impetus to
the present review.

The formal oxidation state of rhenium in tetranuclear
cubane clusters is 4+ (d? configuration). Within the
framework of the ion-covalent model, four metal atoms
in the [Re4Q4]8+ cubane cluster donate 16 electrons to
form bonds with the ligands and the remaining 12 elec-
trons in the Re, tetrahedron participate in the formation
of the metal—metal bonds (two electrons per each edge
of the tetrahedron). The formal bond order in the Rey
tetrahedron is equal to unity. The most typical cubane
cluster complexes have the stoichiometry Re,Q4L4,,
where each rhenium atom is additionally coordinated by
three outer-sphere ligands L. This structure of the com-
plexes determines the pathways of chemical modifica-
tions of these compounds, which involve primarily the
replacements of the most labile ligands L, the replace-
ments of the ligands Q in the cluster core, and, finally,

the replacements of the rhenium atoms by other metals
to form heterometallic clusters. We examined all types of
modifications of the rhenium cubane cluster complexes.
The results of these studies lie at the basis of the present
review.

Polymeric mixed
telluride sulfide Re4(13-S) Te,

Two procedures for the preparation of Re S Te, (1)
are known, viz., heating of a mixture of the elements
taken in a stoichiometric ratio Re : S: Te =4 :4: 4 7 and
the reaction of hexanuclear rhenium telluride RegTes
with elemental sulfur (ResTe;s: S =1:6) at 900 °C.3

Initially, the structure of this compound was estab-
lished from X-ray powder patterns by the Rietveld
method.” Later on, the structure was refined by single-
crystal X-ray diffraction analysis.® The structure of
Re,S,Te, is shown in Fig. 1. Compound 1 is isostructural
to the molybdenum and niobium chalcogenides of the
general formula M,Q4X,; (M = Mo or Nb; Q =S or Se;
X = Cl, Br, or I).1:2 The structure of Re,S,Te, is charac-
terized by the presence of the tetrahedral Re, cluster
whose triangular faces each are symmetrically coordi-
nated by the sulfur atom to form the Re,S, pseudocube
(Re—Re, 2.785 A; and Re—S, 2.337 A). In addition,
each rhenium atom is coordinated by three bridging Te
atoms with the Re—Te bond lengths of 2.790 A. The
structure contains also the Te, fragment with the Te—Te
distances in the range of 3.486—3.616 A, which are sub-
stantially smaller than the sum of the van der Waals radii
of the tellurium atoms. In the cubic lattice (space group
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Fig. 1. Structure of the Re,S4Te |, 3 fragment in Re,SyTey (here
and in Figs. 3, 7, 8, 12a, and 13, the Re—Re bonds are omitted).

FA3m), the Re,S, and Te, cluster fragments alternate
with each other to form the NaCl structural motif (Fig. 2).
The structure of Re,S,Te, can also be considered as
quasi-spinel. In the latter interpretation, the S and Te
atoms serve as an anionic sublattice and the rhenium
atoms are located in the octahedral cavities. The rhe-
nium atoms are displaced from the centers of the S;Te;
octahedra toward each other to form the tetrahedral Rey
cluster.

Phases with partial replacements in the cluster core,
such as Re,_ Mo,S,Te, (0 <x <2) and RezMoS,_,Se, Tey
(0 <y <1), were prepared from the elements by the high-
temperature synthesis.” The possibilities of the synthesis
of a wider range of heterometallic clusters are limited
due primarily to the electronic factors (non-isoelectronic
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Fig. 2. Packing of the Re,S4 and Tey structural blocks in the
lattice of ReyS,Tey.

replacement of rhenium by molybdenum), whereas the
low degree of the replacement of sulfur by selenium is,
most likely, determined by the size factors. Attempts to
synthesize compounds with the stoichiometry Re,Se,Tey
failed.

The electronic structures of the cubane clusters of
the Rey_ Mo,S,Te, series were studied by X-ray emis-
sion and X-ray electron spectroscopy in combination
with quantum-chemical calculations.!? It was found that
the charge state of the rhenium atoms in Re,S,Te, is
close to that of Re*" and the charge states of the sulfur
and tellurium atoms are similar to that of the chalco-
genide ions, i.e., this compound can be described by the
ionic formula Re,**S,>~Te,2~. The replacement of the
rhenium atoms by the molybdenum atoms leads to a
decrease in the number of valence electrons in the
[Re4_Mo,S,] cluster core, the charge states of the Re,
S, and Te atoms being virtually unchanged. From this it
follows that the number of electrons on the orbitals cor-
responding to the metal—metal bonds decreases. This
effect agrees well with the results of calculations of the
electronic structures by the EHT method, which dem-
onstrated that the highest orbitals of the cluster core
correspond to the M—M bonds.

An interesting feature of the compounds of variable
composition Re,_ Mo, S,Te, is the appearance of metal-
lic conductivity at x <1, which peaks at x=0.33. In
these compounds, the formation of the conduction band
involving the partially occupied orbital was attributed to
overlapping of the d orbitals corresponding to the M—M
bonds with the p orbitals of the Te, tetrahedron.1?

Molecular chalcogenide
cubane cluster complexes

Rhenium chalcogenide halide cluster complexes of
the general formula Re,Q4(TeX,),Xg were synthesized
and structurally characterized for Q=S (2), Se (3),
and Te (4) and X = CI!! and also for Q = Te and
X = Br (5).12 The tellurium-containing complex Re,(u5-
Te),(TeCl,),Clg (4) was prepared by the reaction of ReCls
with elemental tellurium at 350 °C. Complexes 2 and 3
were synthesized by the reactions of ReCls with mixtures
of elemental tellurium and sulfur or selenium, respec-
tively, at 400 °C. The reactions proceeded according to
the following equations

4 ReClg + 9 Te — Rey(pg-Te),(TeCly),Clg + TeCly,

4ReCl;+4Se+5Te —»
— Rey(n3-Se)y(TeCly),Clg + TeCly,

4ReCl;+4S+5Te —»
_—> RE4(H3'S)4(T9012)4018 + TeCl4.
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The most interesting characteristic feature of these
compounds is the presence of the neutral TeX, ligands
(X = Cl or Br). The TeCl, and TeBr, molecules have
long been known. They are unstable in the condensed
state and were detected and structurally characterized
only in the gas phase.26:27 The data on the rhenium
cluster complexes indicate that coordination with metal
clusters stabilizes the TeX, molecules.

The tetranuclear rhenium chalcogenide chloride com-
plex of composition Re Q4(TeCl,),Clg under consider-
ation along with the hexanuclear rhenium telluride chlo-
ride complex [ResTesCl,](TeCl,),Cl, (see Ref. 28) are
the first and the only presently known compounds
containing the TeCl, ligand. The TeBr, ligand along
with the tetranuclear rhenium telluride bromide clus-
ter is present in two other rhenium telluride bro-
mide complexes prepared recently, viz., in the bi-

Rhenium telluride bromide cluster complex 5 was pre-
pared!? by heating the elements at 550 °C.

All compounds of composition Re Q,4(TeX,),Xg are
isostructural and crystallize in the tetragonal system (space
group /4, the unit cell parameters are given in Table 1).
Complexes each contain the [Re,Q,4] cubane cluster core
formed by the virtually regular Re, tetrahedron all trian-
gular faces of which are symmetrically coordinated by
the bridging ps-Q ligands (Fig. 3). Each rhenium atom is
additionally coordinated by two terminal X~ ligands and
the neutral TeX, ligand. In these complexes, the Re—Re
and Re—Q distances, on the average, increase in the
series Re,S,, ReySey, and ReyTe, (Table 2). An analo-
gous regularity is also observed for the Re—Cl bond
lengths (2.426(4)—2.443(4) A in 2, 2.444(7)—2.451(6) A
in 3, and 2.474(3)—2.479(3) A in 4). In all three com-
plexes, the Re—Te(TeCl,) bond has approximately the

equal length (2.725(1), 2.725(2), and 2.709(1) A, re-

spectively).

nuclear and hexanuclear rhenium telluride bromides of
compositions [Re,Bry(Te,)(TeBr),(TeBr,),] 2* and

Table 1. Principal crystallographic data for the tellurium-containing rhenium cluster complexes

Compound Space a b c o B Y V' Refer-

group 3 dog /A3 ence
Re4TegClyg 14 10.742(4) 13.616(4) 1571.1(9) 11
Re4TegBr g 14 11.202(2) 13.935(3) 1748.6(6) 12
Re,Te,Clg(DMF)s P1 11.820(4) 11.858(4) 14.274(5) 91.85(1) 107.27(1) 91.79(1) 1908(1) 13
Cs3(H)[Re TeyCly,] - 4.33H,0 2 26.403(8) 16.495(5) 11.744(3) 91.25(2) 5113.(2) 14
K4Re Te,(CN),+ SH,0 Pl 12.515(1) 12.662(2) 13.036(1) 106.263(9) 108.627(9) 109.68(1)  1660.2(3) 15
Cs4Re Tey(CN) - 4H,0 /a 15.4680) 14.005(3) 3350.8(9) 16
[Cuy(OH)4l[Re Te4(CN) 5] 14,/amd  10.236(1) 28.25(1) 2960(1) 17
CuyRe Tey(CN)y,-4H,0 Imma 10.190(3) 15.181(7) 18.953(7) 2932(2) 18
Cd,Re Tey(CN)4, - 6H,0 Imma 10.684(1) 15.528(2) 19.118(3) 3171.7(7) 18
[Ni(NH3)sl[ResTe4(CN) o] -

+3.4H,0 P2 Jc 19.572(3) 14.849(2) 23.576(3) 145.97(1) 3834.4(9) 19
[Cd(NH3)5][Cd(NH;3);3]— -

—[Re4Tey(CN)y,]-4H,0 Pl 12.726(2) 13.408(2) 13.918(2) 111.31(2) 116.77(2) 90.17(2) 1935.3(5) 19
(NH,)4Re Te,Sy) - 8H,0 Cmem  12.6463(7) 16.235(1) 19.804(1) 406592 20
(PhyAs)4Re Te (NCS), 14(1)/a  28.286(6) 14.615(3) 11694(4) 21
Re,Se,Te,Clyg 4 10.831(3) 13.233(4) 1552.1(8) 11
(Ph,P),Re,Ses(NCS) 15 A()/a  28.191(3) 14.353(2) 11406(2) 21
[PPh,l4[Re,Seq(CN) o] -3H,0  P2,/c 1545 2418  28.60 106.6 10242 6
K4Re4Sey(CN) ;- 6H,0 P1 12.459(3) 12.504(3) 13.079(3) 109.20(2) 107.30(2) 108.94(1) 1623.2(7) 18
Mnj,Re Se (CN);, - 6H,0 Imma 10.624(1) 14.999(2) 19.013(2) 3029.7(6) 18
(PryN);Re,Ses(MeCONH),Cly  P3,21  12.726(1) 26.534(5) 3721.6(5) 22
[Mey4N]s[Me;NH,|5[ReqSeqSyl, -

.2.25H,0 P2yJe 12.555(1) 38.397(4) 19.465(2) 93.135(2) 9369.80 20
Re,S,Te, Fi3m  10.044(3) 1013.18) 9
ReyS4TeyClyg 14 10.823(3) 12.920(3) 1513.4(7) 11
(Pr;N),Re,S,(MeCONH),Cly  P3,21  12.670(3) 26.09(1) 362720 22
(PhyP)4Re S4(NCS), 14(1)/a  28.235(7) 14.297(6) 11397(6) 21
Cs,K;5[ReyS4(CN)y,]-2H,0 Pl 11.404(14) 11.81(2) 13.55(2) 68.33(5) 65.47(5) 71.67(5) 1515(3) 23
[PPh,l[Re,S4CN),]-3H,0  P2/c 1543 2412 28.54 106.8 10166 6
[NH4]4[RC4822] ° 03NH4C1 °

-0.7H,0 FA3m 15.181(3) 3498.7 24
[NH,l4[RegSy,] - 2H,0 F3m  15.203(3) 35139 25
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Table 2. Interatomic distances in the [Re4(u3-Q)y4] cluster core

Compound Re—Re/A Re—(u3-Q)/A Reference
Q=Te
Re,Te,(TeCly),Clg 2.783(1)—2.843(1) 2.602(1)—2.613(1) 1
Cs3(H)[Re4TeyCly,] - 4.33H,0 2.848(2)—2.879(2) 2.587(2)—2.612(2) 14
(PhyAs)4Re Tes(SCN) o 2.864(2)—2.877(2) 2.626(2)—2.628(2) 21
Re,Tey(TeBr,)4Brg 2.774(3)—2.831(3) 2.585(3)—2.605(4) 12
Re,Te Clg(DMF)5 2.846(2)—2.864(2) 2.588(2)—2.625(2) 13
K4Re Tey(CN),,+ SH,0 2.862(2)—2.879(1) 2.625(2)—2.640(2) 15
Cs4ReyTey(CN)pp - 4H,0 2.876(1)—2.883(1) 2.641(1)—2.650(1) 16
[Cuy(OH)41[Re,Te4(CN) ] 2.834(1)—2.857(1) 2.632(2)—2.636(1) 17
Cu,Re Tey(CN) 5 -4H,0 2.853(1)—2.863(1) 2.643(1)—2.655(1) 18
CdyRe,Tey(CN) ,+ 6H,0 2.862(1) 2.635(2)—2.640(2) 18
[Ni(NH3)s],[ResTe4(CN) 5] - 3.4H,0 2.8540(6)—2.8767(7) 2.6230(8)—2.6469(8) 19
[CA(NH;3)s][CA(NH3)3][Re,Tes(CN) 5] -4H,0  2.868(1)—2.878(1) 2.622(1)—2.645(1) 19
[NH,],Re;Tey(S4)5(S3)s SH,0 2.8440(4)—2.9319(5) 2.6014(4)—2.6324(6) 20
Q=Se
Re,Se(TeCly),Clg 2.737(2)—2.785(2) 2.433(3)—2.449(3) 1
[PryN],Re,Se,(MeCONH),Clg 2.760(1), 2.813(2)—2.821(1)  2.419(2)—2.452(2) 22
[PhyP]4Re4Ses(SCN)y, 2.799(2)—2.803(2) 2.443(3)—2.448(3) 21
[PPh,]4[Re;Se4(CN) 5] - 3H,0 2.805(5) 2.46(1) 6
K,Re,Se4(CN) 1+ 6H,0 2.798(1)—2.809(1) 2.460(2)—2.467(2) 18
Mn,Re,Se4(CN) 5+ 6H,0 2.798(2) 2.483(3)—2.492(2) 18
[Me,N]5[Me,NH, 3 Re Se, Sy, - 2.25H,0 2.7794(7)—2.8786(8) 2.433(1)—2.462(1) 20
Q=5S
Re4S4(TeCl,)4Clg 2.706(1)—2.742(1) 2.332(4)—2.349(5) 11
[PryN],ResS4(MeCONH),Clg 2.754(2), 2.754(2)—2.760(1)  2.301(4)—2.340(5) 22
[PhyP]4Re4S4(SCN)y, 2.762(3)—2.768(2) 2.353(8)—2.378(7) 21
Re,S,Te, 2.784(1) 2.349(2) 9
Cs,K,[Re4S4(CN) 5] - 2H,0 2.736(3)—2.753(3) 2.329(7)—2.361(7) 23
[PPhy]4[Re S4(CN) 5] - 3H,0 2.755(5) 2.34(1) 6
[NH,]4[ReySyy] - 0.3NH,CI-0.7H,0 2.764(3) 2.319(7)—2.463(12) 24
[NH,l4[Re Syl - 2H,0 2.768(2) 2.324(5)—2.481(9) 25

[RegTeg(TeBr,)¢]Br,.28 Analogous telluride iodide ligands
were found in a number of niobium and molybdenum
cluster compounds3?—32 and in octahedral rhenium tel-
luride iodide RegTeg(Tel,)ql,.33

The Re,Q4(TeCl,),Clg compounds are insoluble both
in water and common organic solvents but very readily

—®

Cl

Fig. 3. Structure of the [Re Tey](TeCl,),Clg complex.

react with solutions of various compounds in water or
organic solvents or with the solvents by themselves upon

Scheme 1
{[R94Q4]C|12}4_ {[Re4O4](S3)4(S4)2}4_

Q= Te Q = Se, Te
CsCl S
(6 M HCI) (H Q)

[Re,Q4)(TeCl,),Clg

w R

{[Re4Q,1(NCS) 534"
Q= 8§, Se, Te

DME

[Re,Q41(DMF),Clg
Q=Te Pr,NCl, KON
MeCN  (H

{[Re,4Q,](MeCONH),Clg}2~
Q =38, Se

{[Re404](CN)12}4_
Q =S8, Se, Te
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heating or even at room temperature. All such transfor-
mations proceed with the replacement of the outer-sphere
ligands in the cluster complexes (see Scheme 1). All the
reactions under consideration can formally be divided
into two types: 1) reactions proceeding with the replace-
ment of only the neutral TeCl, ligand; and 2) reactions
proceeding with the replacement of all terminal ligands.

Compounds prepared by the replacement
of the outer-sphere ligands in Re Q4(TeCl,),Clg

Molecular complex Re,(13-Te)(DMF),Clg- DMF (6).
The Re,Tey(TeCl,),Clg compound slowly reacts with
DMF to produce a new molecular complex of composi-
tion Rey(ps-Te)y(DMF),Clg- DMF. The reaction for-
mally leads to the replacement of the neutral TeCl, ligands
by the neutral DMF molecules.

The structure of Rey(u3-Te),(DMF),Clg- DMF was
solved by single-crystal X-ray diffraction analysis
(Fig. 4).13 The complex contains the Re,Te, cubane-
like cluster fragment. In this fragment, each rhenium
atom is additionally coordinated by two terminal CI~
ligands and one neutral terminal ligand, viz., the DMF
molecule, which is bound to the rhenium atom through
the oxygen atom (the Re—O distances are in the range
of 2.11(2)—2.16(2) A). The crystal structure contains
the DMF molecules of solvation along with the
Rey(p3-Te),(DMF),Clg molecules.

Compounds with the anionic cluster complexes
(PryN),Re, Q,(MeCONH),Clg (Q = S (7) or Se (8)). The
reactions of the cluster complexes Re; Q4(TeCl,),Clg
(Q=S or Se) with a boiling solution of Pry,NCI in
acetonitrile afforded the soluble ionic complexes
(PryN),Re,Q4(MeCONH),Clg (Q=S or Se).2? Inter-

Structure  of
Re,Tey(DMF),Clg- DMF complex.

Fig. 4. Re,Te,(DMF),Cly in the

Fig. 5. Structure of the [Re4Se4s(MeCONH),Clg]?~ anion.

estingly, the reactions led to the transformation of the
solvent (acetonitrile) molecules into the acetamide ligands
and the replacement of all four neutral TeCl, ligands by
two acetamide ligands, which were coordinated at the
Re—Re bond of the tetrahedral metal cluster to give the
cluster anion with a charge of 2—.

The structures of both complexes were solved by
single-crystal X-ray diffraction analysis?? (Fig. 5). Com-
pounds 7 and 8 are isostructural and have the crystallo-
graphic symmetry 3. In both complexes, the Re, tetra-
hedron is distorted because of the presence of two shorter
Re—Re bonds resulting from coordination of the bi-
dentate (MeCONH)~ ligands at these bonds. In these
complexes, the Re—Re bonds coordinated by the acet-
amide ligands have close lengths, whereas the other
Re—Re bonds differ in the length (see Table 2). Each
rhenium atom is coordinated by two terminal chlo-
rine atoms (Re—Cl distances are in the ranges of
2.395(5)—2.413(5) (7) and 2.419(6)—2.438(6) A (8)) and
the oxygen or nitrogen atom of the bridging acetamide
ligand (the Re—O and Re—N bond lengths are 2.13(1)
(7), 2.12(2) (8) and 2.14(1) (7), 2.10(2) A (8), re-
spectively). The C—O and C—N bond lengths in
the (MeCONH)~ ligand (1.27(2) (7), 1.32(3) (8) and
1.29(2) A (7), 1.26(3) A (8), respectively) have close
values and are very close to those found in acetamide
complexes of platinum.34

The presence of the acetamide ligands was
confirmed by IR and NMR spectroscopy. The
(PryN),Re;S4(MeCONH),Clg complex was also char-
acterized by mass spectrometry. The transformation of
acetonitrile into acetamide in the coordination sphere of
the metal atom, which takes place in alkaline solutions,
is well known for platinum complexes.34:33

Complex containing the [Re Te,Cl;,]4~ cluster frag-
ment. Yet another example of the replacement of the
TeCl, ligands is the reaction of Re,Te,(TeCl,),Clg with
CsCl in a 6 M solution of hydrochloric acid.!4 Rhenium
telluride chloride was dissolved on reflux followed by
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Fig. 6. Structure of the [Re,Se,(SCN),]*~ anion.

crystallization of black crystals of the diamagnetic salt
Cs;(H)[Re,Te,Cly,]-4.33H,0. According to the X-ray
diffraction data, the complex contains only three Cs*
atoms, whereas the charge of the cluster fragment is 4+,
which was confirmed by the data from additional physi-
cochemical studies. No redox processes were revealed
for this cluster throughout the accessible range.

Rhenium chalcogenide rhodanide complexes. Rhenium
chalcogenide rhodanide complexes containing the
[Re4Q4(NCS),,]* cluster anion were readily generated
in the reactions of the molecular rhenium clusters of
composition Re,Q4(TeCl,),Clg (Q =S, Se, or Te) with
a melt of KSCN.21 The reactions were accompanied by
the replacement of all terminal ligands (Cl~ and TeCl,)
with the rhodanide ligands.

Three compounds, viz., (Ph4P)4Re S4(NCS),
9), (Ph4P)4Re Se (NCS) (10), and
(PhyAs)4Re Tey (NCS) , (11), were studied by X-ray dif-
fraction analysis. The structure of the cluster anion is
shown in Fig. 6.

All compounds are isostructural. They involve the
[Re4Q4]%" cubane cluster fragment containing the virtu-
ally regular Re, tetrahedron. Each triangular face of this
tetrahedron is symmetrically coordinated by the chalco-
genide ligand Q. The Re—Re and Re—Q distances are
given in Table 2. All rhenium atoms are coordinated by
the N atoms of three terminal NCS~ ligands; the Re—N
distances are 2.07(3)—2.14(2) (9), 2.07(3)—2.18(2) (10),
and 2.09(2)—2.14(2) A (11). Such a typical coordina-
tion was also found in molybdenum, tungsten, and nio-
bium chalcogenide rhodanide cluster complexes, which
have been characterized earlier.36—38

The most interesting feature of the above-described
reactions is the retention of the [ResSey] and [Re Tey]
cluster cores in the reactions performed in the presence
of an excess of NCS~ anions as the potential source of
sulfur. This is, apparently, associated with high kinetic

stability of the cubane cluster fragments. We emphasize
this characteristic feature because the reactions of
selenium-containing cubane complexes of W or Nb
performed under analogous conditions led to the re-
placement of the selenium atoms by the sulfur at-
oms of the NCS~ ligands.3® Selenide rhodanide com-
plexes of these metals can be prepared only by the ex-
change reactions in solutions.4? It should be noted that
(PhyAs),Re Tey (NCS),, is the first representative of tel-
luride rhodanide clusters of transition metals.

Molecular complexes with polysulfide ligands. Among
tetranuclear rhenium cubane clusters, chalcogenide com-
plexes with polysulfide ligands are of considerable inter-
est. Previously, only two such compounds, viz.,
[NH4]4[ResS4(S5)6]-0.3NH,CI1-0.7H,0 (12) ** and
[NH4]4[Re4S4(S5)6l -2H,0 (13),25 have been described
in the literature. We synthesized two new complexes,
viz., [Me4N]s[Me;NH;[3[ReqSeq(S3)4(S4),15-2.25H,0
(14) and (NHy)4[ResTey(S3)4(S4),1-8H,0 (15),20 con-
taining both the polysulfide ligands and the selenium- or
tellurium-containing Re,Q, clusters (Q = Se or Te).
Compounds 12 and 13 were prepared by heating a solu-
tion of NH4ReO, with an aqueous solution of ammo-
nium polysulfide. The cluster fragment consists of the
Re, tetrahedron. Each face of the tetrahedron is coordi-
nated by the p;-S ligand, and each edge is coordinated
by the bridging S; ligand (Fig. 7). In the Re, tetra-
hedron, the Re—Re and Re—(p;-S) distances are 2.763
and 2.319 A, respectively. The Re,S; fragments adopt
an envelope conformation with the S—S distances
of 2.140 A.

Complexes 14 and 15 containing two types of polysul-
fide ligands, viz., S; and S, were prepared by the reac-
tions of rhenium chalcogenide halides Re4Q4(TeCl,),Clg
(Q = Se or Te) with an aqueous solution of ammonium
polysulfide. The reactions started already at room tem-
perature. However, with the aim of bringing the reac-
tions to completion and obtaining crystals, the reaction

Fig. 7. Structure of the {[Re4S4](S3)¢}* anion.
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Fig. 8. Structure of the {[Re,Te,](S4),(S3)4}*~ anion.

mixtures were kept at 60 °C for 3—4 h and then slowly
cooled. The structures of both complexes were solved by
single-crystal X-ray diffraction analysis. Both complexes
contain the [Re4Qy] cluster fragment. The rhenium at-
oms are coordinated at the edges of the Re, tetrahedron
through four bidentate polysulfide S5 ligands and two S,
ligands (Fig. 8). The S, ligands are in the frans posi-
tions with respect to each other. In complexes 14
and 15, the S—S distances in the polysulfide ligands
(2.042(6)—2.105(8) A 2.000(5)—2.069(6) A, respectively)
are typical of complexes with such ligands.4!

Chalcogenide cyanide complexes. Complex cyanides
of transition metals occupy a special place among a wide
variety of inorganic compounds. It is these cyanide com-
plexes that were used for formulating the major concepts
of the coordination chemistry. Due to a number of use-
ful properties, these compounds are widely used in inor-
ganic and analytical chemistry and chemical technology.
Recently, it has been demonstrated that high-tempera-
ture molecular magnets can be created on the basis of
cyanide materials.#? Inorganic cyanides were surveyed
in recent excellent reviews.43-44 However, these in-
vestigations concerned primarily with mononuclear
complexes.

Recently, a series of chalcogenide cyanide clus-
ter complexes of composition [MX4(CN);,]"~, where
M = Mo, W; X=S, Se, or Te, were prepared.23:45—47
The first niobium cubane complex was also synthesized
and structurally characterized.48

The chalcogenide cyanide complexes
[Re4Q4(CN),,]* containing the [Re,Qq4] cubane cluster
fragment (Q =S or Se) were first synthesized by
the reaction of K,ReCly with KSCN (KSeCN).6
Both compounds were structurally characterized as the
[PPhy],[Re4Q4(CN) (5] :3H,0 salts (Q=S (16) or Se
(17)) and remained for long the only known rhenium
complexes of this type. More recently, the thio-
cyanide cluster anion [Re;S,(CN),|*~ was prepared

along with the rhombic tetranuclear cluster anion
[Re4(113-S),(1-SO,)4(CN) (18~ by the reaction of Re,S;
with an aqueous solution of KCN.4° The [Re,;S4(CN) 514~
complex was also synthesized by the reaction of the
trinuclear Re;S;Br; cluster with an aqueous solution of
KCN at room temperature.?3 Upon the addition of
CsClI to the resulting solution, crystals of composition
Cs,K5[Re,S4(CN)y,] (18) precipitated in 78% yield. Re-
cently, we have developed a new universal procedure for
the preparation of the [Re,Q4(CN),]*~ complexes, where
Q =S, Se, or Te. The potassium salts K4;[Re;Q4(CN),]
(Q=Se (19) or Q=Te (20)) were synthesized by the
reactions of Re;Q4(TeCl,),Clg with KCN in water.15-18
The cesium salt Csy[Re Te,(CN),]-4H,0 (21) crystal-
lized upon the addition of CsCI to an aqueous solution
of K4[Re,Te,(CN),,]-5H,0.16

In recent years, a series of new rhenium cyanide clus-
ters were prepared and structurally characterized. These
compounds can be divided into two types: 1) salts with
island structures, which are formed upon crystallization
of the cluster anions [Re4Q4(CN),]4 (Q =S, Se,
or Te) together with the non-coordinating cations,
such as K* or Cs™, and organic cations; and 2) poly-
meric complexes formed upon crystallization of chalco-
genide cyanide cluster anions with transition metal
cations.

All compounds contain the [Re,Q4(CN),]*~ anion
whose structure is shown in Fig. 9. The rhenium atoms
form a tetrahedron and the chalcogen atoms are p3-coor-
dinated. Each metal atom possesses three terminal CN
ligands, which are coordinated through the carbon at-
oms. In the K* and Cs* salts of the telluride complexes,
the Re—Re distances in the Re, tetrahedron have virtu-
ally equal values. These distances are somewhat shorter
in the selenide complexes and even more shorter in the
sulfide complexes (see Table 2).

¢ &

Fig. 9. Structure of the [Re,Te4(CN);,]* anion.
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Compounds of rhenium chalcogenide cyanide clusters
with transition metals

Since compounds containing the chalcogenide cya-
nide cluster anions and transition metal cations are poorly
soluble in usual solvents, the preparation of their single
crystals calls for special procedures among which counter
diffusion in silica gel proved to be the method of choice.
Most of single-crystalline samples of these compounds
were synthesized by this method.

The complicated cluster complex [Cuy(ps-
OH),][Re4(p3-Te)4(CN) 5] (22) was prepared by the re-
action of aqueous solutions of K4[Re Te,(CN),] and
CuCl,.!7 The reaction was carried out by counter diffu-
sion of the solutions in a gel based on sodium silicate.
The structure of the complex was solved by single-crys-
tal X-ray diffraction analysis. The crystal structure
of complex 22 consists of layers formed from the
[Cuy(u3-OH),4]** cations and [Re Tey(CN) 5|4 cluster
anions (Fig. 10, a and b). Eight of twelve CN ligands of
the cluster anion are coordinated to the copper atoms in
the layer. The remaining four CN~ ligands are directed
perpendicular to the layer and are bound to the hydroxo
groups of the cations lying in the adjacent layers through
hydrogen bonds (the N...O bond length is 2.82 A)
(Fig. 10, a). In the structure of 22, the layers are ar-
ranged so that they form the classical four-layer packing
(...ABCDA...) (Fig. 10, b).

The geometric characteristics of the cluster anion are
close to those of the above-discussed K™~ and Cs* salts.
In the [Cu4(;,13—OH)4]4Jr cation, four copper atoms and
four OH™ anions form a cubane-type complex with two
short (2.99 A) and four long (3.18 A) Cu—Cu contacts.
The coordination polyhedron of the copper atom is a
distorted square pyramid with two oxygen atoms and two
nitrogen atoms located in the base of the pyramid and
one oxygen atom in the axial position. On the whole,
the [Cuy(n;-OH),4] cluster in this compound is struc-
turally similar to the analogous fragments found in
[Cug(OH)4(SO3CF3),(N(py)3)4] - [SO;CF;],+ C3HgO 50
and [Cu(bpy)OH],(PFg),.5! The substantial difference is
that the copper atom in the two latter complexes is coor-
dinated by six donor atoms of the ligands, whereas the
copper atom in the rhenium complex is coordinated only
by five atoms. Besides, the Cuy clusters in the copper
complexes are more substantially distorted from the ideal
tetrahedron than the cluster in the rhenium complex
prepared by us.

Recently, it was demonstrated!8 that the reaction of
K4[Re Tey (CN),] with the use of a CuCl, solution in
1 M hydrochloric acid instead of a neutral aqueous solu-
tion of CuCl, afforded the cluster complex of composi-
tion Cu,[Re Tey(CN)j,]-4H,0 (23). According to the
results of single-crystal X-ray diffraction analysis, the
structure of 23 contains two copper cations, which have

Te
Re

Fig. 10. Covalent layer in the crystal structure of
[Cuy(OH)4l[Re Tey(CN)y,] projected onto the xy plane (a)
and the packing of the layers projected onto the xz plane (b).

different coordination environments. The coordination
polyhedron about the Cu(l) atom is a distorted octa-
hedron formed by four nitrogen atoms of the CN groups
and two oxygen atoms of the water molecules. This co-



Cubane-like rhenium chalcogenide clusters

Russ.Chem.Bull., Int.Ed., Vol. 51, No. 4, April, 2002 577

Fig. 11. Coordination environment of the M(1) cations in
Mz[Re4Q4(CN)12] . nHzo

ordination gives rise to a two-dimensional network in
which the cluster fragments are linked through the
Re—C=N—Cu—N=C—Re bridges (Fig. 11). The Cu(2)
atom has a planar-square environment formed by two
nitrogen atoms of the CN groups and two oxygen atoms
of the water molecules (Fig. 12, a). Such a coordination
is typical of copper. It was found in many Cu?* com-
plexes with organic ligands.5? The Cu(2) cations link the
two-dimensional networks to form a three-dimensional
packing with a complicated geometry.

Two cluster complexes with other transition
metals, viz., Cd,[Re Tes(CN);,]-6H,0 (24) and
Mn,[Re,Se,(CN)4,] - 6H,0 (25), which are isostructural
to copper complex 23, were prepared and structurally
characterized. The structures of both compounds also
contain two different types of transition metal cations,
viz., M(1) and M(2). The coordination polyhedron about
the M(1) cation is analogous to that described for the
copper complex. However, the M(2) cation has a some-
what different environment. In the crystal structures of
complexes 24 and 25, the M(2) cations are disordered
over two crystallographically equivalent positions with
equal occupancies (0.5/0.5). In accordance with the co-
ordination requirements of Cd>™ and Mn?*, this cation
is surrounded by two nitrogen atoms of the CN groups
and four oxygen atoms of the water molecules (a dis-
torted octahedron). In addition, these cations are linked
in dimers to which two bridging water molecules and
one cluster anion are coordinated (Fig. 12, b).

Two new tetrahedral rhenium telluride cyanide com-
plexes, viz., [Ni(NHj3)s],[Re Te,(CN),]-3.4H,0 (26)
and [Cd(NH3)s][Cd(NH3);][Re;Te (CN),,]-4H,0 (27),
were prepared by the reactions of K4Re Tey,(CN), with
solutions of NiCl, and CdSQOy, respectively, in concen-
trated aqueous ammonia.!® According to the X-ray dif-

Fig. 12. Coordination environments of the Cu(2) (a) and M(2)
(M = Mn or Cd) cations (b) in the M,[Re;Q4(CN),]-nH,0
compounds. One of statistical positions of the M(2) cation is
represented by a pale-colored ball.

fraction data, two [Ni(NH3)5]2+ cations in the structure
of 26 are coordinated to the same Re atom through
the nitrogen atoms of the CN ligands of the cluster
[Re,Tes(CN);,]* anion (Fig. 13). Hence, each Ni atom
is coordinated by five N atoms of the NH; molecules (the
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molecular

Fig. 13. Structure of the
[Ni(NHj3)s],Re Tes(CN)y, (26).

complex

Ni—N distances are in the range of 2.081(9)—2.150(9) A)
and one nitrogen atom of the CN~ ligand (the Ni—N
distances are 2.067(8) and 2.097(8) A).

Another rhenium telluride cyanide complex,
[CA(NH;)5][Cd(NHj3)3][Re Tey(CN),] (27), contains
two types of cations, viz., the terminal [Cd(NH;)s]?*
cation and the bridging [Cd(NHj;);]?" cation. The Cd
atom of each [Cd(NH3)5]2+ cation (Fig. 14, a) is coor-
dinated by five N atoms of the NH; molecules (the Cd—N
distances are in the range of 2.29(3)—2.47(4) A) and
one N atom of the CN~ ligand of the cluster fragment
(the Cd—N distance is 2.43(3) A). The Cd atom in each
[CA(NH5)5]?* cation (Fig. 14, b) is coordinated by three
N atoms of the NH; molecules (the Cd—N distances are
in the range of 2.25(2)—2.39(2) A) and three N atoms
of the CN~ ligands belonging to three cluster com-
plexes (the Cd—N distances are 2.358(18)—2.42(2) A)
to form a chain structure in which each cluster an-
ion [Re,Te,(CN),]*~ is coordinated by the terminal
[CA(NH;)5]** ligand.

Complex 27 can be considered as an inter-
mediate between the molecular complex of the
[Ni(NHj3)s],[Re Tey(CN)j,] - 3.4H,0 type and the frame-
work complex Cd,[Re Tes(CN);,]-6H,0. Like the
Cd,[Re,Te, (CN)y,] - 6H,0 complex, compound 27 con-
tains two types of cations. The formation of the frame-
work complex may be readily conceived as a result of the
replacement of one ammonia molecule by CN and the
replacement of the remaining NH; molecules by water
molecules both in the [Cd(NH;)s]?* and [Cd(NH;);]2*
cations.

Cd(2)

Fig. 14. Structure of the [Cd(NH;)s][Cd(NHj3);][Re Te4(CN)y,]
complex (27): a, coordination of the [Cd(NH;);]?* cation to
the cluster anion; b, the formation of infinite chains consisting
of the cluster anions linked by the bridging [Cd(NH3)3]2+ cat-
ions (the [Cd(NH;)s]?" cations are omitted).

Conclusion

To summarize, the tetranuclear rhenium cubane clus-
ter complexes can be arbitrarily classed into three types:
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1) compounds prepared by the high-temperature solid-
phase synthesis; among these compounds are Re,S,Te,
(polymeric structure) and Re,Q4(TeX,),Xg (molecular
complexes);

2) compounds of different types prepared by the ex-
change reactions of the neutral TeX, or all terminal
ligands in the Re,Q4(TeX,),Xg complexes;

3) cyanide-bridged polymeric chalcogenide cyanide
complexes with cations of 3d transition and post-transi-
tion metals.

Based on the data on the chemical properties of
tetranuclear rhenium chalcogenide cluster complexes with
the cubane core, it can be stated that:

1. The replacements in metal clusters producing the
heterometallic Re,_, M, clusters can, apparently, be car-
ried out only by high-temperature reactions.

2. The replacements of the inner-sphere ligands Q in
the Re,Q cluster core also proceed at high temperature;
the replacements occur according to the rule, which is
well known in the coordination chemistry, i.e., the re-
placement proceeds most readily upon the attack of
more nucleophilic ligands (for example, in the series
Te—Se—S).

3. The Re4Q, cluster cubane core is a stable fragment
and is remained unchanged (with retention of composi-
tion and structure) upon chemical transformations of
one complex into another.

4. The outer-sphere ligands L are most reactive, their
high lability allows one to perform numerous substitu-
tion reactions by methods of solution chemistry under
standard conditions.

This study was financially supported by the INTAS
(Grant 00-00689).
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