XYPHAJT CTPYKTYPHOUNU XUMMUU

2014. Tom 55 Ilpunoosicenue Ne 2 S201 — 8218

Ob30PhI
VYK 542.06:546.77:546.88:548.736:549.46:54.057

OCTAHEDRAL CLUSTERS WITH MIXED INNER LIGAND ENVIRONMENT:
SELF-ASSEMBLY, MODIFICATION AND ISOMERISM

N.G. Naumov'?, K.A. Brylevl’z, Y.V. Mironov'?, S. Cordier’, V.E. Fedorov'?

'Nikolaev Institute of Inorganic Chemistry, Siberian Branch of the Russian Academy of Sciences, Novosibirsk,
Russia

E-mail: naumov(@niic.nsc.ru
’Novosibirsk State University, Russia

SUMR "Sciences Chimiques de Rennes", URI-CNRS 6226, Université de Rennes 1, Campus de Beaulieu 35042
Rennes Cedex, France
E-mail: stephane.cordier@univ-rennesl.fr

Received March, 29, 2014 2.

Octahedral cluster complexes of transition metals are associated with halogen or chalcogen in-
ner ligands to form edge-bridged {Mg(L,-X)1,2} or face-capped {Mg(p3-X)s} cluster cores. The
partial exchange of X atoms leading to mixed inner ligand environment invokes a distortion of
metallic cluster, reduction of symmetry as well as an isomerism of the cluster cores. This re-
view summarizes preparation methods of mixed ligand cluster complexes with the general
formulas [ {Mg(p2-X)12} Le]” or [{Me(p3-X)s} Lg]” and their structural features.

Keywords: octahedral cluster, ligand, structure, isomerism, substitution, niobium, molyb-
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INTRODUCTION

In the chemistry of transition metal clusters the octahedral complexes are one of the most repre-
sentative compounds [ 1—4 ]. There are two main structural types of the octahedral cluster complexes
that are defined by composition and structure of the cluster core. Complexes of the first type are typi-
cal for halides of niobium and tantalum and represent an octahedral metal cluster M with edges coor-
dinated by halide ions resulting in the core {Mg(u-X)12}" (M =Nb or Ta; X=F, Cl, Br, or I)
(Fig. 1, a). Some reviews summarized details on syntheses, structures and properties of various cluster

‘{1\/[6(H2'X)12}’VWr ‘{1\/[6(H3'X)g}’rwr

Fig. 1. Two types of cluster cores in octahedral cluster complexes
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Fig. 2. Possible geometric isomers for {MogsSe,Brs} cluster core

complexes including those heteroleptic inner ligand environment [ 5—9]. In halides and chalco-
genides of molybdenum, tungsten and rhenium each face of the octahedron Mg is coordinated by a
ligand forming the cluster core {Mg(us-X)s}”" (M =Mo, W or Re; X=CI, Br, I, S, Se, or Te)
(Fig. 1, b). Metal atoms in the cluster cores of both types are coordinatively unsaturated and conse-
quently tend to be ligated by an additional apical ligand (L) to give complexes with the general formu-
las [ {Mg(p2-X)12} Le]” or [{Me(p3-X)s} Le]”, respectively. The ligands L are often labile and can be sub-
stituted by various ions or molecules. At the same time, the inner ligands p,-X and p;-X are quite
strongly connected to metal cluster Mg and their exchange is not a trivial task for experimenters. How-
ever, the exchange of inner ligands in cluster cores can drastically change the properties of the com-
plexes.

In general, octahedral clusters with homoleptic inner ligand environment [{Mg(pp-X)12}Ls] and
[{Ms(p3-X)s}Lg] possess high local symmetry. Introduction of a second type of ligand into the cluster
core decreases the local symmetry of complex that can affect on the photophysical properties of com-
pounds. Another problem is isomery of ligand environment. For example, a heteroleptic complex with
{MosSe,Brs} cluster core have three geometric isomers (Fig. 2) with different symmetry [ 10 ], that
was confirmed by "’Se NMR spectroscopy.

In complexes with isovalent substitution {ResTes ,Se,} (0 <x < 8) 22 possible moieties and their
isomers was confirmed by 7’Se and '>Te NMR spectroscopy [ 11, 12]. These data should be taken
into account when such compounds will be used.

Indeed, isovalent substitution of p,-X or p;-X ligands in cluster core (e.g., iodine by bromine or
chlorine, or tellurium by selenium or sulfur) should not give significant changes in electronic structure,
though inner ligand environment is responsible for photophysical properties of clusters. Non-isovalent
substitution, for example, replacing of chalcogenides by halides leading to change of charge of cluster
core ({RegSes}”" — {ResSesBr,} ) greatly impacts also the electronic structure and redox properties
of cluster compounds.

This review summarizes preparation methods of mixed ligand cluster complexes with the general
formulas [ {Mg(1-X) 12} Ls]" or [ {Mg(u3-X)s}Ls]” and their structural features.

OCTAHEDRAL CLUSTERS OF {M¢X;,} FAMILY

The binary clusters of {M¢X;,} family are known for X =F, Cl and Br; they are Nb¢Fs [ 13 ],
NbeCly4 [ 14 ], TagX 14 (X =Br, I) [ 15, 16 ], and TagX;s (X =Cl, Br) [ 13, 17 ]. The fluoride species are
known only for Nb, whereas the iodides — for Ta. These halides belong to {M¢X;,} family with p,
bridging inner ligands. To date there are also numerous mixed ligand clusters of Nb and Ta. Most of
mixed ligand compounds of the {MX;,} family belong to niobium halides and oxyhalides. Table 1
summarizes known examples of halide mixed ligand octahedral cluster complexes of niobium cluster
units.

In the Nb—CIl—I system two mixed halide compounds were isolated: NbsClsl5 3 and NbgCl,,1,.
The former contains a mixed ligand cluster core {NbsCl, 1I}2+, while the latter is built from the
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Table 1
Examples of mixed ligand halides with ordered ligand distribution
Compound Cluster core | VEC M—M, A M—L’ A Ref.
NbClyosls3 {NbCl,,1}*" | 16 2.907 2.449 (C)) [18]
2.933 2.630 (I)
Cs4[NbgFs 515 516] {NbeFol;}*" 16 | 2.824—2.943 2.812 () [25]
{NbgFsl,}* 2.092 (F)
{NbgFI5}*"
{NbgFglg}*"
CsyNbgBrsF-F4F,, {NbF-Brs}*"| 15 | 2.797—2.854 2.06—2.11 (F) [19]
2.506—2.640 (Br)
NbeBrsF;Brg), {NbF,Brs}*" | 15 | 2.824—2.943 2.812 (I) [21]
2.092 (F)
Na,NbFs—NbgF,_,CL,Fe/ {NbF,Clg}*" | 15 2.831 2.361 [21]
(0.64 C1+0.36 F)
Cs 6K 4[NbeFgIs(NCS)s] {NbeFel}*" 16 | 2.824—2.943 2.812 (I) [25]
2.092 (F)
(Et4N)4[NbgFBrg(NCS)s]- 2Et;NBr {NbeFBre}*" | 16 | 2.821—2.919 2.6174 (Br) [25]
2.081 (F)
(MegN),[NbgF¢Brs(H,0),Cly]- 6H,O {NbgF¢Brg}*"| 16 | 2.8173 (L=F) 2.078 (F) [26]
2.9047 (L =Br) 2.611 (Br)
(Et4N)4[NbsF¢Bry5] {NbeFeBre}*"| 16 | 2.824—2.942 2.616 (Br) Unpublished
2.073 (F)
(BuyN);[NbgF¢Bry5] {NbeFeBre}* | 15 | 2.851—2.972 2.585 (Br) Unpublished
2.06 (F)

{NbeCl;,}*" clusters with iodide bridges: [{NbsCl;,}13/27]. It seems that the {NbsCl;,} can accom-

modate no more than one iodine [ 18 ]. In the structure of NbsClo sl 3 six p,-Cl ligands are located in a
plane, bridging between the two opposite Nb; triangles. The single iodine atom is shared over six other
positions with occupancy 0.208 (Fig. 3).

The {NbgF,} core is more favourable for the substitution of fluorine by other halogen atoms. In-
deed, combined use of niobium fluoride with another halide in high temperature solid state reactions
resulted in the formation of a series of compounds with mixed {Nb¢F,,X,} cluster cores — double

salts Na;NbFs—{NbeF, X\ }1Fe7' (X=Cl (y=8), Br (y=4)) series, Cs,[ {NbsBrsF7} F{F5,'] or

[{NbﬁBr5F7}Bag/§‘] [19*22 ], and CS4[{Nb618_5F3_5}F6] [23 ] In the structure of CS4[{Nb6F8_5I3_5}16]

three iodine and six fluorine ligands are ordered over nine inner positions, whilst the remaining three
are randomly occupied by fluorine and iodine with a I/F ratio close to 0.5/2.5 (Fig. 4, @). This disorder
is related to the coexistence of cluster units with different I/F stoichiometries in the parent solid, and
disordered over the same positions (Fig. 4, b).

The experimental I/F ratio (9.5/8.5) in Csy[{Nb¢Fssl35}1s]
can result from an equimolar mixture of {Nb¢Fgsls} and {NbeFl;}
cluster cores, or a mixture of {Nb¢Fsl;} and {NbsFcls} with ratio
5:1. The isolation of (Et;N)4[{Nb¢FsBrs}(NCS)s]-2EtsNBr in a
low yield favors the latter possibility, although the presence of

Fig. 3. Orientational disorder of [ {NbsCl;;1}Clg] cluster unit in
NbsCliosls 5.

lodide atoms are randomly distributed over six positions
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{Nb.F L} {Nb.Fgl,} {Nb.F L} {Nb.F I}

Fig. 4. Details of structure of Cs4NbgFsslos: a) environment of Nbs cluster in Cs4NbgFs slo s (occupancies of dis-
ordered I' and F' in Csy[ {NbgFgsl35}1s] are 0.5 and 2.5, respectively); b) possible isomers of {NbsL,} cluster
core in CS4Nb6F8A519‘5

traces of other isomers from the units ({Nb¢Fol3}, {NbeFsls}, {NbeF-Is} and {NbsF¢ls}) can not be ex-
cluded.

Dissolution of Cs;[ {NbgF¢Brs}Brg] and Csa {NbeFss5155}16] in aqueous solution of KSCN afforded
isolation of isomerically pure [{NbeFeXc}(NCS)s]" (X =Br,I), that were isolated as
(EtyN)4[ {NbgFBre} (NCS)s]- 2EtyNBr and Cs;¢K;4[ {NbeF¢ls}(NCS)s] [8]. Discrete anionic units
[{NbFsXs}(NCS)s]" have six p,-F ligands located in the plane between two opposite Nb triangles,
which are edge-bridged by the six p,-X ligands. Yield of [{NbsFsXe} (NCS)e]* was low according to
the proposed mixture of isomers, of which the {NbeF¢Xs} species formed only a fraction. Large dis-
crepancy between atomic radii of the halide ligands caused a strong distortion of the metal cluster. The
apical NCS groups can be substituted by treatment with strong acids [ 24 ].

The discovery of the first mixed oxyhalide cluster ScNbsCl30; [ 27 ] has opened the field of a
new class of niobium octahedral clusters in which ordered oxygen/halogen distribution within the
{NbsX;s} unit (L = O, Cl or Br) leads to clusters with greater distortions of the Nbg octahedra, posses-
sing valency electron concentration (VEC) from 13 to 16. Numerous cluster oxychlorides were iso-
lated and structurally investigated [ 27—35 ]. All these compounds contain the {NbsCl;,,O,}"" cluster
cores with x = 1—6. The {NbsX;s} units exhibit from one to six oxygen ligands in the inner positions,
while the apical ones are always occupied by halogens, with the exception of CsNbsCl;O,
(Cs[{Nb,Cl;,05}05CI13]) that exhibits two inner and two apical oxygen atoms shared between the

adjacent units.

A general approach for preparation of similar oxyhalide clusters is high temperature reduction of
NbCls with Nb metal in the presence of suitable binary inorganic compounds containing alkali metals,
Ln, Ti, or Pb. Nb,Os or Ln,O; serve as oxygen source. The stoichiometry and nature of the reagents
predetermine composition and symmetry of the cluster core. Table 2 summarizes known examples of
mixed ligand octahedral cluster complexes of niobium and tantalum with [{NbsCli, ,O,}L¢] (x = 1—
8), and [{TasBryOs}Brg] cluster units.
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Table 2

Examples of mixed ligand octahedral cluster complexes of niobium and tantalum with anionic units

[{NbeCl1>,O.}Lg] (x = 1-—8) and [ {TasBryO3}Brg]

. Mean Mean Mean
Compound Cluster unit VEC M—MO M—MO MM A Ref.
(12-0), A [ (12-X), A ’
Cs,LuNbsC1;,0 [{NbGCIHO}Clé]S’ 16 2916 [[29]
CsNbgCl;,0, [{NbGCIIOOZ}CIG]Sf 15 | 2.805 2.958 2933 [[39]
Cs,UNDb4Cly50; [{Nb6C1903}C16]5_ 14 | 2.778 3.005 2.948 [[40]
Cs,BaTagBr505 [{TaéBr903}Br6]5’ 13 | 2.798 3.042 2.981 ([38]
Cs,LaTa¢Br505 [{TaéBr903}Br6]5’ 14 | 2.754 3.010 2.954 [[38]
LuTa¢Br505 [{TaGBr903}Br6]5’ 14 | 2.797 | 2.978 2.933 [[36]
ScNbeCl;304 [ {Nb6C1903}C16]5_ 14 | 2.824 | 2.984 2.944 1[27]
Cs5[NbsClyO3(CN)g] -4H,0 [ {Nb6C19O3}(CN)6]57 14 | 2.793 2.987 2.939 ([41]
Cs;Mn[NbClyO3(CN)g] -4H,O [{NbsCLyO3} (CN)]* 14 2951 |[42]
(Me4N)s[NbgClyO3(CN)g] - SH,O [{Nb6C1903}(CN)6]5_ 14 | 2.792 | 3.004 2951 |[[41]
Cs4.75K.25[NbsClgO3(NCS)6] - 5.5H,0 |[ {Nb6C19O3}(NCS)6]57 14 | 2.784 | 2.987 2.936 ([24]
Cs, 5K; 5[NbgClgO3(NCS)4]- 2H,O [ {Nb6C19O3}(NCS)6]57 14 | 2.823 2.973 2965 [[24]
Css[NbgCl;505]-CsCl-6H,0 [ {Nb6C1903}C16]5_ 14 | 2.777 | 3.002 2946 [[24]
Ti,NbsCl,404 [ {Nb6C1804}C16]6’ 14 | 2.826 | 2.978 2.927 [[33]
Cs,Ti3NbgCly, 504Cly [ {Nb6C1304}C16]67 14 | 2.787 | 2.976 2.929 [[43]
M,Ti,NbgCl;405 [{Nb6C1705}C16]7_ 14 | 2.815 2.933 2.893 [[44]
Cs, TiuNbgCli304 [{Nb6C1606}C16]8’ 14 | 2.811 2.979 2.895 [[35]
PbLu3NbsCl1,50¢ [ {Nb6C16O(,}C16]8’ 14 | 2.799 3.002 2.900 [[45]
K .6Cs3.4[NbsC1,04(OH)4(CN)g] - 3H,0 [ [ {NbsCl404(OH),} (CN)6]6’ 14 | 2.817 | 2.912 2.875 [[46]
(12-0)
2.897
(n2-OH)

The presence of two types of ligands again enables the cluster core isomerism. To date, three
examples of such isomerism have been found featuring cluster cores {NbsClsOs}, {NbsClgO,}, and
{NbsClsO¢} (Fig. 5). For example, two distinct isomers of {NbClyO3} cluster core were found in oxy-
halides A,L.nNb¢Cl;505 (A = Cs, Rb or K; Ln = rare earth (RE) from La to Gd or U) and ScNbCl;;0s.
As an illustration, Cs,UNbgC1,50; and ScNbCl;;05 are both based on a {NbsClyOs} cluster core with
similar average Nb—Nb bond lengths of 2.947(1) A and 2.943(1) A, respectively. However, the oxy-
gen atoms in cis-arrangement (Fig. 5, type C) leading to a much more distorted unit with a C, symme-
try in ScNbCl;303, than in Cs,UNbgC1,50;. In the latter, oxygens of {NbsClyOs} cluster core are in
trans-arrangement leading to a D; symmetry (Fig. 5, type B). The cluster core is stabilized by apical
chlorine with close Nb—CIl distances of 2.581(1) A and 2.590(3) A for Cs,UNb¢C1,505; and
ScNbCl,;0s, respectively. Owing to its small size, S¢’ has a low coordination number equal to 5. Its
environment is built up from two chlorine atoms and three oxygen atoms belonging to three cluster
units. The [{NbsClyO3}Cl¢] units are connected one to each other to form a tridimensional
{NbsCly0;}ClyrCl, framework. On the other hand, the structure of CsUNbsClyO;Cl is based on dis-
crete [ {NbgCly0;3}Clg]’ units. U** has a coordination number of 9 with an environment made by three
oxygen and six chlorine atoms belonging to three adjacent units. Moreover, if no other Nbg-cluster
based oxyhalide has been found with the ScNbCl;30; structure type, several other Nbg-cluster based
oxyhalides adopt the CsUNb¢ClyO;Clg structure type. It has been observed for large RE cations (La to
Gd) and large alkali metal cations (Cs, Rb or K). These findings furnish evidence that the charge, geo-
metry and connectivity of the cluster units are directly governed by the nature of counter cations.
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[{NbCl,,0,3C1,0,] [{NbsCl4043Cl] [{NbsCl0,3Cl] [{NbsCl,05}Clg]  [{NbCl,O}Clyl
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— .—.

Fig. 5. Examples of cluster units [ {NbsCl;, O, }L¢] (x = 2—6) viewed along pseudo-three-fold axis of the cluster

Tantalum oxybromides are quite rare and are limited to two families: A,BTasBroO;Brs (A = Cs;
B =Ba, La and Ce) and LnTagBryO;Br4,Br, (Ln = Sm to Lu except Eu and Yb), respectively [ 36 ]. It
is worth noting that in Cs,LaTagBroO;Brs and Cs,BaTagBryO;Brg the charges of the [{TasBryOs}Brg]"
units are 4— and 3—, meaning an unusually low VEC value of 13 electrons per cluster [ 37, 38 ].

In oxyhalides considered steric effects of oxide and halide determine the M—M intracluster dis-
tances. The oxide bridged Nb—Nb intracluster bonds are shorter than the chloride bridged ones in
agreement with the ionic radii of the bridging ligands (See Table 2 and Fig. 6) that results in a greater
distortion of the Nbg cluster. For example, the cluster units with three-fold symmetry, namely
{NbsClyO;} (in Cs,UNbCl;503) and {NbsClsOs} (in PbLuzNbsCli50¢), are compressed along three-
fold axis, while {NbsClsO¢} (in Cs,TigNbsCl;50¢) are elongated.

When the number of inner oxygen atoms in the {NbsCl;, ,O,} cluster core increases, the Nb—O'
antibonding contribution also increases and it becomes preponderant for three oxygens per unit leading
to an overall nonbonding character for a,, level. Indeed, the usual VEC for the {NbsCl;, ,O,} cluster
core in the oxychlorides with x <3 was found to be 16 or 15 whereas this value drops to 14 for x >3
and even below 14 in some cases. Let us recall that for molecular compounds, a fractional value of
VEC per cluster corresponds, obviously, to an average of local integer VEC values.

The mean M—M distances are related to the number of valence electrons, involved in the M—M
bonding orbitals. Calculations [ 30, 47 ] performed on {MgL;s} units have shown that the highest mo-
lecular orbital levels occupied by the electrons have a M—M bonding character. Consequently, the
more electrons occupy these levels, the stronger M—M intracluster bonds are, and the shorter M—M

distances became. In addition to a M—M bonding character,

<O T T T the ax, HOMO level (fully occupied when VEC is 16) exhi-
S 3.00 E E E i E E bits an antibonding M—L' character. Two isostructural
2 1-="-F-i-7---F-1-7----1-1-1- phases, namely Cs,LaTasBr;s0; and Cs,BaTa¢Br;505 have 14
529 | _f_’T_ & [ J-r_[_i_]. and 13 cluster valence electrons, respectively. Removal one
i 2.904—1 i - i i bonding cluster valence electron on going from VEC = 14 to
z {-oop-toqdonofpoionoto1_d. VEC = 13 resulted in increase of mean Ta—Ta distance from
§ 285 T+ 2954At02.981A

= n I O e i e

2.80 T T T T T —

0 2 4 6 8 10 12
Number of O in {Nb,Cl O}

12 —x~x

Fig. 6. Influence of number of oxygen atoms in the cluster core on
mean interatomic distances
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Solution chemistry of niobium oxychloride clusters

The oxyhalide cluster phases are not directly soluble in aqueous solutions or common organic
solvents, but they can be extracted into a solution by apical ligand exchange. Thus, the reactions of
Cs,LaNDbgCly50; and ScNbeCl;305; with aqueous solutions of KCN and KNCS resulted in excision of
the intact cluster cores and formation of complexes [{NbsCloO3}Ls]’ (L = CN, NCS). The structures
of Cs,LaNbgCl;505; and ScNbgCl,305 are based on trans- and cis-isomers of the {Nb()Clc,)O3}+ cluster
core, respectively. Interaction with cyanides results in apical ligand exchange and in the formation of
expected isomeric complexes, isolated and structurally characterized as Css[ {NbsCloO3}(CN)g]-4H,O
(D5 isomer) and (MegN)s[ {NbClyO3}(CN)g]-5SH,O (C, isomer). The same pair of isomers was ob-
tained in the reactions with KNCS. The apical ligands in these anions are rather labile and can be sub-
stituted with chloride ligands [ 24, 41 |. It turned out that no inner ligand exchange and no redox pro-
cess occurred in these reactions and consequently the {NbsClyO3} cluster core remains identical in the
starting and final compounds.

Both Cs,La[ {NbClyO;} Cls] solid state precursor, as well as the resulting Css[ {NbsClgO3}(CN)g]-
-4H,0 contain ordered [{Nb6C1903}L6]5_ units with a local idealized D; symmetry. However, in
Cs,La[ {NbeC1,0;}Cls] (space group P31c¢) the unit is centered on a 3a Wyckoff position with a 32
site symmetry (D;), while in Css[ {NbClyO3}(CN)¢]-4H,O the unit is centered on a 46 Wyckoff posi-
tion with 2 site symmetry (C,). In both cases the units exhibit lower symmetry than the idealized D;
one. On the other hand, crystallization of the [{Nb6C1903}L6]5* anion with manganese cation leads to
the formation of the salt Cs;Mn[{Nb¢ClyO3}(CN)s]-0.6H,0, in which the unit is centered on a m3m
position, and exhibits high O, symmetry. The framework in (Mn[{NbsCls03}(CN)s])* is strongly re-
lated to that found in (MesN)>,Mn[{NbsCl;;}(CN)s] compound [48]. The positions of oxygen and
chlorine atoms have been well discriminated, but niobium atoms fully occupy only one crystallo-
graphic position. The steric effect of bridging Cl and O that influences locally the Nb—Nb bond
length is too small to affect significantly the niobium positions, and is absorbed in the atomic dis-
placement parameters. Consequently, the mean square displacement parameters reveal a higher aniso-
tropy for niobium atoms in the case of Cs;Mn[{NbsCloO3}(CN)s]-0.6H,O (0.0428, 0.0428, 0.0307),
than in the case of Css[ {NbsClyO;}(CN)g]-4H,0 (average: 0.0366, 0.0341, 0.0292) related to a local
distortion of the Nby cluster.

Cluster oxychloride with the highest content of oxygen in the {M¢X;,} cluster core was obtained
via soft chemistry route by the interaction of Cs,Ti;Nb;,Cly;0s, a [{NbsClgO4}Clg] unit based oxyha-
lide [ 34 ], with an aqueous solution of KCN. Beyond the substitution of apical ligands by the cyanide
group, such a reaction leads to inner ligand exchanges and to the formation of a new {NbsO4(OH),Cls}
cluster core with 4 inner oxygen atoms and 4 hydroxyl groups, that was crystallized as salt
K7.6Cs34[ {NbsC1404(OH)4}(CN)g]-3H,0. Comparison of inner ligand environments in starting
Cs,Ti3Nb,Cly;05 and resulting K; 6Css 4] {NbsC1404(OH),4} (CN)g]-3H,0 reveals that during dissolu-
tion not only chlorine atoms were substituted by oxygen atoms, but vice versa oxygen atoms by chlo-
rine atoms.

OCTAHEDRAL CLUSTERS OF {M¢Qs} FAMILY

Mixed ligand octahedral clusters of the {M¢Qs} family are well known for molybdenum and rhe-
nium. A general approach for the preparation of compounds based on hexamolybdenum or hexarhe-
nium clusters with mixed inner ligand environment is the high temperature synthesis from the ele-
ments and, if necessary, binary metal halides or chalcogenides in the systems M—Q—X (M = Mo,
Re; Q =S, Se, Te; X =Cl, Br, I). As a rule, such reactions lead to polymeric thermodynamically stable
phases with specified Q/X ratio in the cluster core. Similar reactions run with an excess of halides of
alkali metals allow to obtain corresponding salts of anionic cluster complexes that are soluble in water
and organic solvents.
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High temperature synthesis

C. Perrin et al. reported that the series of the compounds with the general formula MosCl;(Q
(Q=S, Se, Te) can be obtained by reactions "5SMoCl, + Mo + Q" or "10/3MoCl; + 8/3Mo + Q" in
sealed silica tubes heated at 1000 °C for 24 h [49]. The compounds have found to be isostructural
with Nbgl;; and can be described by a formula {M06C1 Q' }CI5 5. The Q atom is statistically distribu-

ted over the {MogXg} cluster core with X ~ 7/8Cl + 1/8Se. Similar reactions according to the reagent
stoichiometries "MoBr, + 5Mo + 65" (1100 °C, 24 h) or ”3M0Br2 + 3Mo + 35" (1200 °C, 24 h) re-
sulted in MogS¢Br, ({MogBriSk 3182 1) or MogBrS; ({MogBrSy LS5 3 1B 'S3,1), respectively [ 50,
511].

The complete systems of the mixed halide ligand clusters {MogBr,Clg }*" and {MogI,Clg (}**
were obtained by exchange innersphere bound CI' by outersphere bound Br* or I* on tempering the
solids {MoeClg}Bry (at 500 °C) and {MoCls}1, (at 400 °C), respectively [ 52, 53 ]. By '’F NMR the
complexes [{M06BrXC18_x}F(,]2_ and [{M06IxClg_x}F6]2_ were found to be composed as mixtures of 22
and 21 different species, respectively, with various x values and arrangements of inner ligands around
the Mo octahedron.

The compounds Cs;MogBr,S, and CssMoeBr;Se, were prepared by solid state routes from a
stoichiometric amount of MogBr;,, Mo powder, CsBr, and S or Se (1100 °C for sulfide or 900 °C for
selenide, 1 week). The structures are based on the [{MogBrsQ,}Brs]" (Q =S or Se) discrete units in
which two chalcogen and six bromine ligands randomly occupy the inner positions, while the six api-
cal ones are fully occupied by bromine atoms [ 10 ]. The interaction of these two compounds with
aqueous KCN solution at room temperature results in apical ligand exchange giving the anionic cyano-
chalcohalide complexes.

The series of cluster compounds Rb,,[ {MogBrs ,Q,}Brs] (Q = Se or Te) was synthesized by high
temperature reactions (900 °C, 3 days) between RbBr, Mo, MoBr, and corresponding Q in a sealed
silica tubes [ 54 ]. Combined single-crystal and powder X-ray diffraction investigations of the resulting
products revealed a phase breadth for the Rb,. [ {MogBrs . Se,}Brg] series (with 0.25 <x <0.7) and a
defined composition for Rb,s[{Mo¢Br;sTeys}Brs]. The double salts Rb;;[MoBr]s[ {MogBr;Q} Brg]
(Q = Se, Te) resulted from the partial disproportionation of the MogBr, in the presence of correspond-
ing chalcogenides and RbBr salt ("12RbBr + 19/12Mo¢Brj; + Q" in a sealed silica tube, 900 °C,
3 days) [ 55 ]. The [{MogBr,Q}Bre]’ cluster units characterised by a random distribution of seven bro-
mine and one chalcogen ligands on all the eight inner positions. Such a distribution implies a static
orientational disorder of the cluster units around the origin of the unit cell.

The compound Cs;[ {Mogl¢l, .Se,} 1] has been obtained by the reaction between Csl, Se, Mo and
Mogl;; (950 °C, 3days) [ 56 ]. For a particular x value, the structure of Cs;[ {Moglsl, Se,}1¢] is based
on a mixture of paramagnetic [ {Mogl¢Se,}Is]> and diamagnetic [{Mogl,Se}Is]* units with 23 and 24
valence electrons per Mog cluster, respectively. The two inner positions of the average face-capped
[{Moglgl, .Se}I¢]* ionic units (located on the threefold axis of the unit) are randomly occupied by
iodine and selenium, whereas the other ligand positions are fully occupied by iodine.

The first molybdenum octahedral cluster oxyhalide complex [{MogBrsL,}Bre]>” (L =0.5Br +
+ 0.50) in which two inner positions, located on the threefold axis of the unit, are randomly occupied
by one bromine and one oxygen whereas the other ligand positions are fully occupied by bromine, was
obtained as a byproduct (a few red colored single crystals of Css;[ {MosBr;O}Brs]) in a reaction de-
signed to synthesize Cs,[{MosBrs}Brg]: a stoichiometric mixture of CsBr and MoBr, was heated at
950 °C for 3 days [ 57 ]. Several attempts to obtain the bulk compound, in particular with MoO; as
starting material, failed. The presence of oxygen in the single crystals of the title compound was ex-
plained by some oxygen contamination during the preparation of MoBr,. The increase of the anionic
charge on the cluster unit going from [{MogBrs}Brs]* to a [{MosBr;0}Bre]* is accompanied by a de-
crease of the average Mo—Mo bond length from 2.6343(7) A to 2.6133(7) A. It seems that the increase
of the O/Br ratio in the inner positions of the [{M06L§}L§] unit affects significantly their structural

and electronic properties, and could also lead to [ {MogL1,} L] unit-based compounds [ 57 ].
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The reaction of MogSeg with a KCN—KSCN mixture (650 °C, 12 h) afforded a mixed-ligand clus-
ter anion [{M06(Se,S)8}(CN)(,]7_, which was isolated in the form of K, sCsss[ {Mo0eSessS12}(CN)g]-
-8H,O [ 58 ].

Molecular rhenium chalcohalides of composition RegQ4X;o have a minimal amount of chalcogen
atom possible for this type of compounds. The first synthesis of a series of hexanuclear rhenium chal-
cohalide cluster compounds, formulated as Re;Q,Xs (Q =Se, X =CI, Br; Q=Te, X =Br), was re-
ported in 1971 [ 59, 60 ]. The composition of these compounds was estimated from chemical analysis
of the products of reactions between ReSe, and Cl, at 480°C, and Br, at 580°C. In contrast, Re,Tes
begins to react with Br, at room temperature and fully transformation in Re;Te,Brs at 70°C. The com-
pounds Re;Q,X;5 (X = Cl, Br) were also obtained by reaction of ReSe, with ReCl; or ReBr; at 700—
720 °C in an evacuated silica tube.

The first single-crystal X-ray structure determination was reported for Re¢Se,Cl;, independently
by two groups of authors [ 61, 62 ]. Other members of these series, namely RegS4Clyo, RegTe,Clyy,
ResSeBry and RegTeyBr)o have been structurally characterized later [ 63—65 ]. Note that the tempera-
ture required for the preparation of RegTesClyg (~450 °C) is lower than that usually required for the
syntheses of the S and Se analogs. All these compounds are isostructural and crystallize in a triclinic
space group with two geometrically similar but independent molecules per unit cell. Evidently, other
loading stoichiometries lead to compounds with larger chalcogen content in cluster core.

Step by step substitution of the halide X in RegQ4X;o by chalcogenide Q> leads to polymeriza-
tion through the formation of halide bridges between the clusters, that allows to obtain three groups of
mixed-ligand (X/Q) compounds, namely ResQsXs, ResQsXs and ResQ7X4. In the compound RegSesClg
the cluster core {R66865CI3}5+ is surrounded by six apical chlorine atoms. Four of them are terminal,
while the two remaining ones are bridging between two adjacent units resulting in neutral zig-zag
chains [ 66 ]. ResSsCly is isostructural with its selenium analogue [ 63 ]. Both compounds can be repre-
sented by the formula {ReyQ;CI3}CI;Cl5/5 . Between the chains there are only Van der Waals interac-

tions. ReSecCls is the prototypical two-dimensional polymer, which is described as
{Re(SesCl, }CI5Cly5 5 and is isostuctural with the well-known molybdenum dichloride MogCl, [ 66 ].

The structure of ResQsBry (Q =S, Se) [66, 67 ] represents a three-dimensional halogen-bridged
octahedral rhenium cluster architecture of general formula {Re,Q;Br'}Bri,". Within the rhombo-

hedral structure, each {Re¢Se;Br}”" core is linked via halogen-bridged atoms to six neighboring cluster
cores.

Unique molecular chalcohalide compound [{ResTesCl,}Cly(TeCl,),] (Fig. 7) has been obtained
by reaction of ReCls with Te at 450 °C, the same yields RegTe,Cl;, mentioned above [ 68 |. This com-
pound contains a Reg octahedron residing inside a TesCl, pseudocube, where six of the corners are
occupied exclusively by Te atoms, and the two other corners of the cube are occupied exclusively by
Cl atoms. The four Re atoms that are bonded to pi;-Cl ligands have terminal CI ligands, while the two
Re atoms that are bonded to p;-Te anions are ligated by neu-
tral TeCl, groups.

The whole families of M[{ReQsX5}Xs] (M = an alka-
line cation, Cu or Ag; Q =S, Se; X = Cl, Br) have been syn-
thesized by high-temperature reactions [ 69—71]. Cation
exchange with tetrabutylammonium chloride yields

AGT

(BuyN)[ {ReSsCl3}Clg], which is soluble in polar organic \t“\"z =
solvents [ 63 ]. K[{ReeSesCl;}Cls]-2H,O was obtained by }//(“X"ﬂ
crystallization of K[{ResSesCl;}Cls] from wet ethanol, .‘_‘> <“__‘_'
while BuyN[{ResSesCl;}Clg] was obtained by recrystalliza- )

tion of K[{ResSesCl;}Cls] in the presence of BuyNX
(X=CI, SCN, etc.). Oa

® Re

O Te

Fig. 7. The neutral cluster complex [ {ResTesCl,} Cly(TeCly),]
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An increase by 1 molar equivalent of the chalcogen content together with the use of a divalent
cation (M*"), led to a series of compounds formulated M[{RecQ¢Cl,}Cl¢]. With divalent cations, the
high temperature synthesis was reported for alkalin-earth salts (M = Mg, Ca; Q =S, Se) that were
structurally characterized, after extraction in H,O, in the form of [Ca(H,0),][{ResQsCl,} Clg]-yH,O
(Q =S or Se) and [Mg(H,0)s][ {RecQsCl,} Cls]-2H,0O [ 72 ]. In addition, the compound with composi-
tion K[ {ResSesBr,}Brg] was obtained as a soluble salt by reacting a mixture of Re;Bry, PbS and KBr
at 550°C[73].

Ca[ {ResSesCl,} Clg], prepared by high-temperature reaction from ReCls, Re, Se and anhydrous
CaCl,, was used for preparation of single crystals of (BuyN),[{ResSesCl,}Clg] by crystallization from
ethanol in presence of BuyNCI1 [ 70 ].

The cluster compound (PryN),[{ResTesBr,}Brs] was prepared by reaction of Re;Bry with LiyTe
and following crystallization from water in presence of PryNBr, and structurally characterized [ 71 ].
The dianionic and trianionic molecular forms [{Re(,SsClz}Cl(,]z_ and [{Re6S7CI}C16]3_, respectively,
were found to coexist in 1:1 ratio in the cluster compound Rbs[ {ResSsCl,} Clg][ {ResS;C1}Clg] [ 63 ].

In the K;[{ResS¢Br,}Brs]—Ph;PO—HBr system a complex with the composition
[H(Ph;PO),]5[ {ResSeBr,} Brg] was obtained in a high yield. In this compound there are two types of
cluster anions, [{Re682(82/3Br1/3)6}Bré]z’ and [{R6684(Sl/2Br1/2)4}Br(,]z’, with different distributions of
the ps-ligands within the cluster core {ReGS6Br2}4+. In [{Re682(Sz/3Br1/3)6}Br6]2_, four sulfur and two
bromine atoms alternatively occupy six corners of a S¢Br, cube, whereas in [{Re684(S1/2Br1/2)4}Br6]2’,
two sulfur and two bromine atoms are distributed over four positions [ 74 ].

K;[{ResS;Br}Brg] results from substitution of Br™ by S* in [{ResS4Bry}Brg] in its reaction with
KCSN [ 73 ]. The most striking feature of its structure is the considerable disorder of K cations, that
arrange as partially occupied (K4)*" tetrahedral groups and (K3)*" angular groups. In similar ABr—
Re—Q—DBr systems (A =Rb, Q=S; A=Cs, Q=Se) two others salts, Rb;[{ResS;Br}Br¢] [ 75] and
Cs;[{ResSesBr}Brg] [ 76 ], have been obtained and characterized. The main difference between the
two salts is the alkaline environment: Rb" fully occupies a single site, while Cs" is distributed over
three different sites. The salts of cluster anions [{ResQ;Br}Brs]> (Q =S, Se) with lanthanide cations
were prepared by classical methods of solution chemistry, namely, by crystallization from a DMF so-
lution [ 77 ].

Low temperature syntheses

Already the first studies by J.C. Sheldon revealed that inner halide ligands in the hexamolybde-
num cluster complexes can be partially substituted even in mild conditions. He demonstrated that an
alkalinization of an aqueous solution of [ {MosXs}Xs]* (Cl or I) results in substitution of all apical and
some inner chalcogenides by OH groups producing a dark brown precipitate that was described by the
formula {MogXg (OH),}(OH)4-yH,O [ 78—80]. {MosCls ,(OH),}(OH)4-yH,O can be dissolved in
hydrohalic acids, and the salts [Ety;N],[ {MoCl;,OH}Clg¢] and [Et;N],[ {MosCl4Br;OH}Brs] were pre-
cipitated from the solution in hydrochloric or hydrobromic acid, respectively, by addition of tetrabu-
tylammonium [ 78 ].

A synthetic procedure has been devised for displacement of one chloride by sulfide, selenide or
telluride ions in the {MoeCls}*" cluster via reaction of MosCl;, with NaHS, NaHSe or NaHTe, respec-
tively, in refluxing pyridine for 24 h, followed by extraction of the reaction product into a mixture of
concentrated HCI and alcohol [ 81—83 ]. The {MoCl;Q}*" (Q =S, Se or Te) clusters have been iso-
lated in the form of different salts containing the anions [{MosCl;Q}Cle]>". The same approach can
also be applied for preparation of [{MogBr;S}Cls]> [82 ] or [{MosCl,Q}Brs]*” [ 84 ]. The substitution
of a single halide-ion by chalcogenide-ion dramatically alters the electronic structure of the cluster and
changes the color from yellow {MosXs}*" (X =ClI or Br) to red {MogX;Q}*". Similar reaction with
higher molar NaHSe/MoeCl, ratio allowed to make two substituted complex [{MogCl¢Se,}Brg]*
[ 85]. Tetrabutylammonium salts of oxidized cluster complexes [{Mo¢X;Q}Cls]* (X=CIl, Q=S or
Se; X = Br, Q = S) were also synthesized [ 84 ].
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Reaction of [{M06C18}C16]27 with H,Se, generated in situ from ZnSe and HCI under hydrothermal
conditions lead to the substitution of one or two bridging chlorides, depending on the reagents ratio
[ 86]. With the Mog/ZnSe 1:3 molar ratio [{MosCl;Se}Cl¢]>” forms selectively in high yield. Further
substitution is more hindered, and even at 1:20 cluster-to-selenide molar ratio a mixture of
[{MosCl;Se}Cl]* and [{MogClsSe,} Clg]* is formed.

Deeper and more facile sulfide substitution of inner chloride ligands in Mo¢Cl;, up to sulfide
cluster core {MosSs} can be realized by the addition of a proton acceptor like OBu™ in 1-butanol to the
reaction mixture "MogCl;, + NaHS in pyridine” [ 87 ].

Isostructural compounds based on octahedral molybdenum cluster cyanide complexes with mixed
selenide/halide ligands in the cluster core, Css[ {MogSe; sClss}(CN)g] and Css[ {MogSe; 4Bra e} (CN)g],
have been synthesized by the reaction of Mo¢Cl;, or MogBr, with an aqueous solution of Cs,Ses, fol-
lowed by treatment with an aqueous solution of KCN [ 88 |. Based on the magnetic measurements in
was proposed, that the crystalline products contain solid solutions of Css[ {MosSe;Xs}(CN)s] and
Css[ {MogSes X4} (CN)g] (X = Cl or Br) approximately in 1:1 ratio.

Reactions between W4Cl, and Na,Se or K,Se in toluene in the presence of triethylphosphine (un-
der reflux for 3 days) result in the formation of mixed chloride - selenide cluster cationic complexes
[89]. The structures of two crystals from different preparations, using Na,Se and K,Se as reagents,
were determined and found to have different compositions, [{WsSe;Cl}(PEt;)s][CI(CHCI3)s] and
[{WeSes4Cly 6} (PEt;)s][CI(CHCl5)g], respectively. The chlorine and selenium atoms are disordered
over all ps-ligand sites in both structures. In the latter case the crystal contains both the 20-electron
cluster [{W4Se;Cl}(PEt;)s]” and the 21-electron cluster [{WsSesCl}(PEts;)s]” in the mole fractions
0.40 and 0.60, respectively.

The oxo-compound (Bz;NH);[MosOCl;3] (Bz;NH = tribenzylammonium) containing a cluster
anionic complex [{MosOCl,}Cls]*” with the ps-O atom in the ordered cluster core was obtained by the
reaction of Mo¢Cl;, with molten wet tribenzylamine (170 °C, 10 h) [ 90 ]. The Mo—Cl distances in the
cluster unit vary within a broad range — from 2.464(5) to 2.529(5) A, and the longest bonds Mo—Cl
(2.517—2.529 /0\) are those in the trans-position to the O atom in the cluster core. Such elongation can
result in a higher lability of the corresponding Cl atoms in [{MogOCl;}Cls]* as compared with other
13-Cl ligands characterized by usual Mo—Cl bond lengths (2.464—2.496 A).

Oxidative treatment of MogTesl; in dry acetonitrile with dry chlorine and further extraction of in-
to HCl gave mixed ligand {MoCls I} compounds. Their compositions and structures were deter-
mined by the X-ray analysis as (H;03),[{MosCl;2:l78} Clg]-3H,0, (H9O4)o[ {M0sClg 6134} Clg] and
(H50,)2[{Mo0sClg 3611 64} Cls]- 2H,O [ 91 . The crystallographic and mass-spectroscopic data show that
the compounds are in fact solid solutions that contain the [{M06C18}C16]27, [{M06C17I)C16]27 and
[{MoeClel,}Clg]* anions in different ratios for each phase. Relative Cl/I occupancies of the pz-posi-
tions vary for different sites.

(PryN),[{ResSecCl}Clg] and (BuyN),[{Re¢SesCl,}Clg] were obtained by reaction of
PryN[{ResSesCl;} Clg] and BuyN[{ResSesCl;}Clg], respectively, with Li;Se in THF [92]. The reac-
tions take place at room temperature with relatively high yield. Another way of introducing Q* is
demonstrated by modification of cluster anion [{ResQsCl;}Cls]” (Q=S, Se) in reaction with
((CH;3);3S1),E(E=0, S, Seor Te) [93 |:

[{ResQsCls}Clg]™ + ((CH3)3Si),E — [ {ResQsECL}Clg]* + (CH;);SiClL
(Q=S,E=0,8S,8Se;Q=Se, E=8, Se, Te)

The reactions allow preparation a large range of mixed ligand anionic rhenium cluster complexes.
This chemistry was extended to the synthesis of the tetrabutylammonium salts of pi;;-imido-functiona-
lized molecular hexanuclear chalcohalide rhenium cluster dianions, namely [{ResQs(NR)Cl,}Cl]*
(Q =S, Se; R=H, SiMes;, methyl, benzyl) [94]. When E = NH, NSiMe; group in the compound
[{ResQs(NSiMe;)CL} Cle]* (Q =S, Se) formed at the first step was converted into NH by reaction
with BuyNF. Reactions of THF/MeCN solutions of Ca[{ResS¢Cl,}Clg] with E(SiMes), (E = PhAs,
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PSiMe;, HN, O, S) afforded after addition of PPr; either the neutral cluster [{ResS¢Xs}(PPrs)s]
(X = As, P) or the ionic compounds [{ResSe¢Xs}(PPrs)s]* [{ResSsCl}Cls]* (X =NH, O, S) in high
yields (> 60 %) [ 95 ]. A slightly different approach is the use of molten ligands or salts, for instance,
reaction of [{ResS;Brs}Brs] with KNCS in a silica tube at 550 °C gives an access to the
[{Re687Br}Br6]3’ ion which was crystallized as the salt (PPhy);[ {ReS;Br}Brg] [ 73 ].

Oxygen atoms also may be incorporated into the cluster core. Heating a suspension of
[{ResSesCly}Clg] in wet DMF afforded [{ResSe;0,Cl,}Clg]*, whose two isomers were isolated [ 92 ].
In a-isomer the oxygen atoms are at opposite ends of a body diagonal of the cube Se,0,Cl,, whereas
in B-isomer they are frans on the same face. Note that similar ligand exchange was also observed in a
high temperature solid state synthesis, namely oxy-bridged dicluster with oxychalcohalide core
[({ReSsOCI,} Cls),0]" formed at 850 °C in a sealed silica tube [ 96 ].

Two octahedral rhenium cluster complexes with mixed ligand cluster core {RegQ;0}*", namely
[{RecQ,0}(3,5-Me,PzH)¢]Br,-3,5-Me,PzH (Q=S or Se) have been obtained from reaction of
Cs3[{ResQ,Br}Brg] (Q =S, Se) with wet molten 3,5-dimethylpyrazole (3,5-Me,PzH) [ 97 ]. During the
reaction, all six apical bromine ligands of the cluster complexes are substituted by the organic ligand.
Additionally, the inner ligand p;-Br in the cluster core {ResQ-Br}’" is substituted by oxygen, giving
cluster cores with mixed chalcogen/oxygen ligands. Note that there is no disorder: seven corner posi-
tions of the Q;O cube are occupied exclusively by S or Se atoms and one by an O atom. Reactions of
Cs;[ {RecQ7Br}Brg]-H,O (Q =S or Se) with molten EPh; (E =P, As or Sb) lead to fac-[{ResQ;Br} -
-(EPh3);Br;] in a high yield without core modification [ 98, 99 ].

Details of the structures

Thus, to date a significant number of various cluster complexes with MgQg cluster core with
mixed inner ligand environment has been synthesized and described. The Table 3 summarizes known
examples of such compounds. Structural and spectroscopic studies showed that often mixed ligand
compounds are solid solutions of several isomers and moieties with various inner ligand distribution in
the cluster core.

Two types of disorder can be regarded.

1) Orientational disorder of a single cluster moiety in crystal structure. This type of disorder re-
sults in averaged arrangement of inner ligands and averaged interatomic distances in cluster core,
which prevent detailed structural analysis of interatomic distances as well as of distortion in metal

Table 3

Interatomic distances in some hexamolybdenum and hexarhenium cluster complexes with mixed ligand
ordered cluster cores

Compound Cluster core VEC M—M, A M—L’ A Ref.
1 2 3 4 5 6
Hexamolybdenum cluster complexes
(Bz;NH);[MogOCl,3] {MosOCl;}*" | 24 2.514—2.613 2.464—2.529 Mo—Cl); [ [90]
for Moj face ligated by ps-O 2.516—2.518 | 2.082—2.109 (Mo—O)
Cs;3[MogBri30Br] {MogBr,0}*" | 24 | 2.5778—2.6488 [2.603—2.6282 (Mo—Br);| [57]
2.125 (Mo—O0)
MogBrsS; {MogBrsS4} 24 2.630—2.682 | 2.604—2.616 (Mo—Br); | [51]
2.396—2.496 (Mo—S)
MogS¢Br, {MosSeBr,} 22 2.719—2.732 | 2.401—2.625 (Mo—Br); | [50]
2.475 (Mo—S)
Rb,[MoBrg]3[MogBr;;Te] {MogBr;Te}*" | 24 2.6341 2.589—2.608 (Mo—Br); | [55]
2.73 (Mo—Te)
Cs;3[Mogli2 5S¢ 2] {Mogl;Se}™ | 24 | 2.6560—2.7023 | 2.761—2.8013 (Mo—I); | [56]
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Continued Table 3

1 2 3 4 5 6
and and 2.535 (Mo—Se)
{MoglsSe,} ™" | 23
Css;[Mogli25Se; 5] {Mogl;Se}™ | 24 | 2.6582—2.7136 | 2.776—2.8017 (Mo—I); | [56]
and and 2.523 (Mo—Se)
{MoglsSe,} ™" | 23
Cs3[Mogl2.4Se 6] {Mogl;Se}™™ | 24 | 2.6582—2.7200 | 2.774—2.8003 (Mo—I); | [56]
and and 2.522 (Mo—Se)
{1\/10616882}34r 23
Hexarhenium cluster complexes
Jfac-[ResS;Br(PPh;);Br;] {ReeS;Br}*" | 24 | 2.582—2.627; 2.383—2.469 (Re—S); | [98]
for Res face ligated by p;-Br 2.617—2.627 2.587—2.595 (Re—Br)
Jac-[ResS7Br(AsPh;);Br;] {ReeS;Br}*" | 24 | 2.581—2.630; 2.376—2.433 (Re—S); | [99]
for Re; face ligated by p;-Br 2.621—2.630 2.610—2.619 (Re—Br)
Jfac-[ResS;Br(pyz);Br;] {ReeS;Br}®" | 24 | 2.584—2.596; 2.396—2.455 (Re—S); |[105]
for Re; face ligated by p;-Br 2.596 2.533 (Re—Br)
[ResS70(3,5-Me,PzH)s]Br, {ReeS,0}*" 24 | 2.521—2.600; 2.392—2.417 (Re—S); | [97]
for Re; face ligated by p;-O 2.521—2.530 2.114—2.129 (Re—O0)
cis-[ResSsBry(PPh;),Bry] {RecSeBr} " | 24 | 2.595—2.658; 2.410—2.487 (Re—S); | [98]
for Re; face ligated by p;-Br 2.658%* 2.615—2.637 (Re—Br)
trans-[ReS¢Bry(PPh;),Bry] {ReeSeBr,} " | 24 | 2.584—2.630; 2.430—2.459 (Re—S); | [98]
for Re; face ligated by p;-Br 2.622—2.630 2.578—2.594 (Re—Br)
(BugN),[ResSs0Clg] {ReeS;sOCL} " | 24 | 2.573—2.601; 2.435—2.438 (Re—S); | [93]
for Re; face ligated by 13-O 2.516—2.531 2.08—2.09 (Re—0O)
Jac-[ResSe;Br(PPh;);Br;) {RecSe-Br}®" | 24 | 2.612—2.658; | 2.489—2.528 (Re—Se); | [98]
for Re; face ligated by p;-Br 2.632—2.649 2.611—2.619 (Re—Br)
Jac-[RegSe;Br(AsPh;);Br;] {ReeSe;Br}®" | 24 | 2.612—2.649; | 2.490—2.532 (Re—Se); | [99]
for Re; face ligated by ps-Br 2.638—2.649 2.613—2.620 (Re—Br)
Jfac-[ResSe,Br(pyz);Br;] {ResSe;Br}®" | 24 | 2.615—2.628; | 2.498—2.531 (Re—Se); |[105]
for Re; face ligated by p;-Br 2.628 2.580 (Re—Br)
[ReeSe;0(3,5-Me,PzH)(|Br, |  {ResSe,;0}*" | 24 | 2.547—2.639; | 2.509—2.544 (Re—Se); | [97]
for Re; face ligated by p3-O 2.547—2.551 2.022—2.036 (Re—O)
(PryN),[ a-ResSes0,Clg] {ResSe,0,CL}* | 24 2.532—2.601 2.488—2.527 (Re—Se); | [92]
for Rej; face ligated by p;-O 2.532—2.538 2.07—2.10 (Re—0O)
(PrsN),[ B-ResSes0,Clg] {ResSe,0,CL}* | 24 2.516—2.614 2.475—2.527 (Re—Se); | [92]
for Rej; face ligated by p;-O 2.516—2.535 2.06—2.09 (Re—0O)
Cs11(H;0)[ResSes04Clgl5 {ReeSe 0,417 | 24 |2.610—2.618**; | 2.511—2.557 (Re—Se); |[106]
2.461—2.463%** 2.08—2.18 (Re—0)
2.539—2.548%***
[ResTesClg(TeCly),] {RegTe,Cl} " | 24 2.614—2.680 2.634—2.711 (Re—Te); | [68]
for Re; face ligated by p;-Cl 2.614—2.648 2.476—2.502 (Re—Cl)

* For the Re atom coordinated by two pi;-Br atoms.
** For the Re atom coordinated by four pi;-Se atoms.
*#* For the Re atom coordinated by four p;-O atoms.

*#** For the Re atoms coordinated by both ;-Se atoms and p3-O atoms.
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cluster. Compounds with the MgQ,X cluster core are the good examples of such disorder. In the case
of large difference in atomic radii of ligands partial (Cs;[Mo¢Br;30Br5], [ResSe;O(3,5-Me,PzH)s|Br,)
or full ordering ((BzzNH);[Mo¢OCl,;3]) can take place.

2) Orientational disorder coupled with the presence of several cluster moieties and their isomers.
This is a general case for the compounds with cluster core {M¢Qsz_,X,}.

77Se NMR study of solutions Csg4Kos(EtsN);i[{MogBresSe, } (CN)]s- 16H,0 [ 10 ] showed that de-
spite random Br/Se distribution over the inner positions in the crystal, the [ {MogBresSe,}(CN)s]* anion
exists as three geometric isomers with different arrangements of inner ligands: A, B, and C with Ds,,
C,,, and C,, symmetry, respectively (Fig. 2).

Each isomer contains one type of selenium atom, which corresponds to one resonance in the '’Se
NMR spectrum. Theoretically in the case of statistic distribution of the isomers the spectrum should
have three resonances with intensities 1:3:3. In fact the "’Se NMR spectrum of a solution of
[{MogBreSe,} (CN)s]* exhibited three sharp signals with relative intensities 1:1.8:6.5 that was ex-
plained by an "extra stability” of the C isomer.

Similarly, 7’Se NMR spectra of (PPhy),[ {ResSeqBr,}Brs] and (BugN),[{ResSeqBr,}Brg] revealed
the presence of three possible isomers, their distribution was nonequivalent. Note that
(PPhy),[ {ResSecBr, } Brg] was obtained by cation exchange from K,[{Re¢SesBr,} Brs], while (BuyN),-
-[{ResSe¢Br,} Brg] was obtained by refluxing polymeric rhenium selenobromide ResSe¢Brs in DMF in
the presence of an excess of BuyNBr. It shows that this isomery exists both in polymeric and in mo-
lecular complexes.

Full range of mixed chalcogen systems have been synthesized from the polymeric telluride
ResTers ({RegTeg}(Te,) ). It was found that all 8 Te atoms in the cluster core {RegTes} may be
substituted by S or Se in reaction of ResTe;s with elemental S or Se at 600°C. Thermal stability for
these two systems also was studied and it has been shown that the Se/Te system is stable up to 900 °C
whereas the S/Te system decomposes at the temperatures higher than 700 °C with the formation of
tetrahedral cluster compound Re,SsTey [ 12, 100 ]. Other series of mixed S/Te and Se/Te Reg cluster
complexes have been synthesized by reaction of ResTe;s with KSCN or with a mixture of Se and KCN
or NaCN [ 11, 101—103 ]. It was shown that in such mixed chalcogen systems there is the possibility
of cocrystallization of complexes with different S/Te or Se/Te ratios. Thus, ResTe;s reacts with a mix-
ture of Se and NaCN to give the salts Nay[ {ResTes ,Se,}(CN)g]. The substitution of Se for Te in the
[{ResTes .Se ) (CN)s]* anions is dependent upon both Se/Te and Se/NaCN stoichiometry similar to
that previously observed in [{RegTeg S,}(CN)s]*. The family of [{Re¢Tes .Se,}(CN)s]* anionic com-
plexes was studied using '*Te and "’Se NMR [ 11, 103 ]. Very complex NMR spectra were observed,
indicating that any solid phase with mixed ligands contains different chemical forms and includes al-
most all possible compositions from [{RegTes}(CN)o]* to [{ResSes}(CN)g]*, and their geometric
isomers (Fig. 8).

Presence of several moieties and their isomers makes these compounds chemically ingomogenius,
since these moieties and their isomers have different chemical and physical properties. Thus, the
measurement of photophysical properties of [{RecQ;Br}Brs]” and isomerically pure
[{Re6Q6Br2}Br6]27 (Q =S or Se) and [{ResSesBr;}Brg] has shown that the replacement of one-three
13 chalcogenide ligands in the {ResQs}>" core by Br atoms gives rise to extension of the emission
band to near-infrared — infrared region. The luminescence intensity of the complex becomes weaker
with the increase in the number of the Br atoms in the {ResQs ,Br,}*** core and lowering the symmetry
of the core [ 104 ].

For some of compounds with {Mg(l3-X)s} cluster core ordered ligand arrangement in crystal
structure can occur. Such ordered complexes can be divided into two groups, namely: 1) compounds
with oxygen as us-ligand; 2) molecular complexes with two types of terminal ligands, if one of them is
a bulky neutral ligand like TeCl,, or an organic molecule. Some interatomic distances for the ordered
Reg complexes are summarized in Table 3.
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Fig. 8. Distribution of the [{ResTes .Se,} (CN)s]* (x = 0—38) cluster anions depending
on the composition of the initial cluster [ 11 ]

The reasons of ordering in the structure are:

1) Large discrepancy of the atomic radii of the ligands. Indeed, most of ordered structures found
when oxygen or fluoride introduced in cluster core. The common distortions of metal cluster in cluster
core {Mg(us-X)g} are presented in Fig. 9.

The compound Cs;;(H30)[{ResSe4O4} Clg];-4H,0O contains an unusual cluster core {Re<,Se4O4}2+
with ordered inner ligands, where the 4 positions of one face of the Se4O4 cube, are occupied exclu-

a 4

Fig. 9. Examples of metal cluster distortions as a consequence of mixed ligand inner

environment (shortened Re—Re bonds are colored white; corresponding Re—Re

distances can be seen in Table 3): a) {M¢L,L'} core exemplified by {ReSe;O}*" in

[ResSe;0(3,5-Me,PzH)]Bry; b) and c¢) isomeric cores {M¢L,L,} exemplified by

{Ref,Se4OzC12}4+ in (PryN),[o-ResSe;0,Clg] and (PryN),[B-ResSesO,Clg], respecti-

vely; d) {M¢L,L,} core exemplified by {ReeSe,04)°" in Csy(H30)[ResSes04Cl]s.
All ligands except oxygen atoms are omitted for clarity
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sively by 4 Se atoms, and 4 O atoms lie in the opposite face. The compound was synthesized via inter-
action of cluster polymer ResSesBr, with molten KOH at 280 °C [ 106 ]. The non-equivalence of the
us-ligands results in a considerable variation of the Re—Re distances, where the shortest bonds
(2.4612(9)—2.4625(9) /0\) include Re atom surrounded by O atoms, and the longest ones (2.6105(9)—
2.6178(9) A) are observed for Re surrounded by Se atoms.

2) Low symmetry of apical ligand environment and packing in crystal structure. The compound
[{ResTesCl,} Cly(TeCly),] (Fig. 7) contains a Reg octahedron residing inside a TeCl, pseudocube. For
the known ResQ4+4X 102, compounds, it is usual that each corner of a Q4.,X4 , cube is occupied statis-
tically by Q and X atoms. However, in this structure there is no disorder, and six corners of the TesCl,
cube are occupied exclusively by Te atoms. The two other corners of the cube are occupied exclu-
sively by Cl atoms. The four Re atoms that are bonded to p;-Cl ligands have terminal CI” ligands. The
two Re atoms that are bonded to u;-Te anions are ligated by neutral TeCl, groups. The set of six outer
ligands includes 4 chlorine atoms and 2 TeCl, groups, the latter being linked to the rhenium atoms
through the Te atom.

From reaction of Cs,[ {ResS¢Br,} Brs] with molten PPh; two type of crystals were separated: cis-
[{ResSeBr,} (PPh3),Brs] and trams-[{ResS¢Br,}(PPhs),Brs] [98]. Positions of the inner ligands in
mixed chalcobromide cluster cores {R6687Br}~3 " and {R6686Br2}4+ are ordered. It is interesting to note
that these compounds are neutral molecular complexes, the composition strongly depending on the
charge of the cluster core {ReéQg,xBlrx}"+2 in the starting complexes. These results differ from the pre-
viously described reactions of chalcobromide octahedral rhenium cluster complexes with 3,5-dimethyl-
pyrazol, where all six terminal Br ligands were substituted by organic molecules. Note that the neutral
complexes with mixed-ligand apical ligand environment were obtained in reactions with a large excess
of EPh;. Reactions of Cs;[ {ReQ;Br}Brg]- H,O with molten pyrazine (pyz) were investigated [ 105 ]: it
turned out that this reaction at 140 °C for 2 days in a sealed glass tube afforded very interesting
supramolecular compounds, built up from fac-[ {ResQ;Br}(pyz);Brs] (Q =S, Se).
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