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This microreview surveys some novel possibilities in the de-
sign of coordination polymers using the tetrahedral rhenium
cluster chalcocyanide complexes [Re4Q4(CN)12]4– (Q = S, Se,
Te) and 3d transition metals. The large number of cyano
groups in the cluster complexes [Re4Q4(CN)12]4–, their am-
bidentate character and their strong ability to form cyano-
bridged structures lead to the formation of a wide variety of

1. Introduction

Tetranuclear cluster complexes are well known for most of
the transition metals.[1–4] These compounds contain the
M4Q4 cluster core as the main structural fragment, which
can be represented as two interpenetrating M4 and Q4 tetra-
hedra. In these M4Q4 cluster cores, the inner µ3-Q ligands
are most often chalcogenide ions. In this paper we will re-
view only those tetrahedral rhenium cluster chalcocyanide
complexes that have the stoichiometry [Re4Q4(CN)12] (Q =
S2–, Se2– and Te2–) where each rhenium atom is additionally
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coordination polymers with different architectures that de-
pend on the reaction conditions. The diversity of the coordi-
nation environment of the transition metals has been used as
one of the most important factors to control the dimensional-
ity of the crystal structures of the target compounds.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

coordinated by three outer-sphere CN ligands. Within the
framework of the ion-covalent model the formal oxidation
state of rhenium in similar clusters is 4+ (the d3 configura-
tion), therefore there are six covalent metal–metal bonds
in the Re4 tetrahedron (two electrons for each edge of the
tetrahedron).

Significant progress in the developing chemistry of Re4

cluster compounds was achieved after synthesis of the chal-
cogenide-halide clusters [Re4Q4(TeX2)4X8] (Q = S, Se, Te;
X = Cl;[5] Q = Te, X = Br[6]). The tellurium-containing com-
plex [Re4Te4(TeCl2)4Cl8] was prepared by the reaction of

ReCl5 with elemental tellurium at 350 °C. Complexes with
Q = S and Se were synthesised by the reaction of ReCl5
with mixtures of elemental tellurium and sulfur or sele-
nium, respectively, at 400 °C.
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Table 1. Labels for the CN ligand couples taking part in binding with transition metal cations.
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The [Re4Q4(TeCl2)4Cl8] compounds are insoluble both in

water and common organic solvents but readily react with
various compounds in aqueous solution or organic solvents
or even with the solvents themselves upon heating or occa-
sionally at room temperature. All such transformations pro-
ceed with the replacement of the outer-sphere ligands
(TeCl2 or Cl–) of the cluster complexes, resulting in the for-
mation of compounds with different outer ligands (fluoride,
polysulfide, thiocyanate, cyanide, acetamide, DMF etc.; see
Scheme 1).[7–12]

The cyanide complexes [Re4Q4(CN)12]4– are of particular
interest among these compounds. Due to their ambidentate
character, the CN groups can serve as bridging ligands to
give polymeric compounds of different dimensionalities.
Such an approach has been applied for the preparation of
coordination polymers based on Re6

[13–19] cluster chalcocy-
anides and very recently was successfully used for W6

[20]

and Nb6
[21–22] cyano complexes. Re4 cluster complexes have

12 CN ligands (three for each Re atom), in contrast to the
six CN ligands (one for each Re atom) in M6 cluster com-
plexes. This difference leads to a greater variety of coordi-
nation complexes of Re4 chalcocyanides with transition
metals. In recent years, we have carried out systematic stud-
ies of the synthesis of cyano-bridged coordination polymers
based on the tetrahedral rhenium cluster complexes
[Re4Q4(CN)12]4– (Q = S, Se or Te) and 3d metal complexes.
The use of polydentate ligands in the coordination sphere
of transition metals offers additional possibilities for con-
trolling the dimensionality of the resulting cyano-bridged
compounds.

For the convenience of structure description in cases
where two transition metal cations are coordinated by one
cluster anion we offer the following labels for the CN ligand
couples that take part in binding (Table 1).

One of the important experimental factors for the reac-
tions mentioned below is the reaction medium. The com-
pounds described in this review were obtained either in
aqueous solution or in aqueous ammonia solution.

2. The Interaction of [Re4Q4(CN)12]4– Anions
with Aqua Complexes of Transition Metals

The reaction of water solutions of K4[Re4Te4(CN)12] and
CuCl2 in a gel based on sodium silicate leads to the cluster
complex [Cu4(µ3-OH)4][Re4(µ3-Te)4(CN)12] (1).[23] The
structure of this compound contains layers built up from
tetranuclear [Cu4(µ3-OH)4]4+ cations and [Re4Te4(CN)12]4–

cluster anions (Figure 1). Eight of the twelve CN– ligands
of the cluster anion coordinate copper atoms in the layer;
the four remaining CN– ligands are directed perpendicular
to the layer and are bonded to the OH groups of cations
from adjacent layers. In the [Cu4(µ3-OH)4]4+ cation, which
is synthesised by a self-assembly reaction, the four copper
atoms and four OH– groups form a cubane-like structure
with two short and four long Cu–Cu distances of 2.99 and
3.18 Å, respectively.
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Figure 1. a) The covalent layer in 1 (projection along the ab plane).
b) The packing of the layers (projection along the ac plane). Hydro-
gen atoms have been omitted for clarity in this figure and others.

If the reaction of K4[Re4Te4(CN)12] and CuCl2 is carried
out in 1  hydrochloric acid solution the three-dimensional
cluster complex [{Cu(H2O)2}{Cu(H2O)2}Re4Te4(CN)12] (2)
is formed.[11] There are two copper cations with different
coordination environments in the structure of this com-
pound. The Cu1 cation is coordinated by four nitrogen
atoms of CN groups and by two oxygen atoms of water
molecules to form a two-dimensional network in which the
cluster units are linked through Re–C�N–Cu–N�C–Re
bridges, whereas the Cu2 cation is coordinated by two nitro-
gen atoms of CN groups and two oxygen atoms of water
molecules to give a square-planar environment of the Cu2
atoms (Figure 2). The Cu2 cation bridges two-dimensional
networks to give a complicated three-dimensional packing.

The ions Cd2+ and Mn2+ give two related cluster com-
plexes, namely [{Cd(H2O)2}{Cd(H2O)4}Re4Te4(CN)12] (3)
and [{Mn(H2O)2}{Mn(H2O)4}Re4Te4(CN)12] (4).[11] They
are isostructural to the copper complex 2 although, unlike
the Cu2 cation, Cd2 and Mn2 demand an octahedral envi-
ronment. Such a coordination preference results in disor-
dering of the M2 cations over two crystallographically
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Figure 2. A fragment of the crystal structure of compound 2.

equivalent positions with equal contributions in complexes
3 and 4. This cation is coordinated by two nitrogen atoms
of CN groups and four oxygen atoms of water molecules.
M2–M2 dimers are present in the structure, with two water
molecules and a cluster anion coordinated as bridges (Fig-
ure 3).

Figure 3. The M(2)···M(2) dimers in the structures of 3 and 4. The
second, disordered positions of M(2) are shown by dashed bond
lines.

3. The Interaction of [Re4Q4(CN)12]4– Anions
with Amino Complexes of Transition Metals

The interaction of cluster anions with amino complexes
of metal cations such as Ni2+, Cd2+ and Cu2+ gives different
products to those obtained with aqua complexes.

The compound [{Ni(NH3)5}2{Re4Te4(CN)12}]·3.4H2O
(5) was prepared from NiCl2 and K4[Re4Te4(CN)12] in
aqueous ammonia solution.[24] The molecular structure of
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this compound contains two [Ni(NH3)5]2+ cations bonded
to one cluster anion through the nitrogen atoms of the gem-
CN groups. The coordination polyhedron of the Ni atoms
is practically a regular octahedron (Figure 4).

Figure 4. View of the [{Ni(NH3)5}2Re4Te4(CN)12] molecule in 5.

The use of CdSO4 instead of NiCl2 leads to the for-
mation of a compound formulated as [{Cd(NH3)5}-
{Cd(NH3)3}{Re4Te4(CN)12}]·4H2O (6).[24] This compound
contains two types of cations: a terminal [Cd(NH3)5]2+ cat-
ion and a bridging [Cd(NH3)3]2+ one. Whereas the
[Cd(NH3)5]2+ cations are coordinated by only one cyanide
group, the [Cd(NH3)3]2+ cations are coordinated by three
CN groups of different cluster anions to form a chain-like
structure (Figure 5).

Figure 5. A fragment of the crystal structure of 6.

The reaction of aqueous K4[Re4Q4(CN)12] solutions with
an ammonia solution of CuCl2 give the complexes
[{Cu(NH3)3}2{Re4Q4(CN)12}]·nH2O [Q = S (7), Se (8)]
(Figure 6) and [{Cu(NH3)3}1.7{Cu(NH3)4}0.3Re4Te4(CN)12]
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(9).[25] In compounds 7 and 8 the [Re4Q4(CN)12]4– cluster
units are linked by cyanide bridging ligands through
[Cu(NH3)3]2+ to give chains that extend along the c axis. In
the case of Q = Te these chains have a discrete character
because some of the copper atoms are coordinated by four
ammonia molecules (Figure 7). These copper cations have
a distorted square-pyramidal coordination environment
formed by three ammonia molecules and the N atom of the
CN ligand in the equatorial plane, and additionally by the
N atom of the CN ligand in the apical position.

Figure 6. A fragment of the crystal structure of compound 7.

Figure 7. Disordering of the Cu atoms over two positions in the
crystal structure of compound 9.

Compounds 7–9 have a one-dimensional topology sim-
ilar to 6. However, there are several differences. For in-
stance, the Cd atoms have an octahedral coordination envi-
ronment whereas the Cu atoms have a square-pyramidal
environment, and in 6 only half of the Cd atoms are bridged
linking three clusters at once.

The reaction of an aqueous K4[Re4Te4(CN)12]·5H2O
solution with a ZnCl2 ammonia solution leads to formation
of [{Zn(H2O)2}{Zn(H2O)4}Re4Te4(CN)12] (10), which has
a structure similar to that of compounds 3 and 4. Com-
pound 10 dissolves when ammonia is added and can be
recrystallised by removing this ammonia.[26]

Thus, the formation of compounds 5–9 can be consid-
ered as stages in the formation of 2–4. In this scheme, the
polymeric complex 10 is the final product.

4. The Interaction of [Re4Q4(CN)12]4– Anions
with Amino Complexes of Transition Metals in
the Presence of Polydentate N-Donor Ligands

One of the most convenient and effective ways to change
the dimensionality of structures is by using polydentate li-
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gands, which can effectively block coordination sites around
the transition metal cations and thus control the number
of coordination sites available for binding with CN groups.
Partial or complete blocking of coordination sites allows
the directional regulation of structure dimensionality. A
wide assortment of polydentate ligands having N-donor
atoms, such as ethylenediamine (en), diethylenetriamine
(dien), triethylenetetraamine (trien) and threo-tetraami-
nobutane (threo-tab), have been used for such a purpose.
These ligands can block two, three or four coordination
sites around the transition metal, and also can behave as
bridges.

4.1. Complexes with Ethylenediamine

The interaction of M2+ transition metal cations having
different coordination numbers [n = 6 (Ni, Zn, Cu) and 5
(Cu)] with bidentate ethylenediamine in water or aqueous
ammonia solution leads to the formation of complexes with
different M/en ratios. This can be described by the stepwise
complex formation shown in Equations (1), (2) and (3) (L
= H2O, NH3).

[MLn]2+ + en � [MLn–2(en)]2+ + 2L (1)

[MLn–2(en)]2+ + en � [MLn–4(en)2]2+ + 2L (2)

[MLn–4(en)2]2+ + en � [M(en)3]2+ + 2L (3)

Generally, all cationic forms coexist simultaneously in
solution and can interact with cluster anions to give com-
pounds of different stoichiometry. The predominance of
one form or another depends on the ligand concentration,
i.e. the M/en ratio in solution, and the stability constants
of the corresponding complexes; the form that reacts with
the cluster anion to give the solid depends on these factors
and its solubility too.

4.1.1. Compounds Containing [Mln–2(en)]2+

The interaction of K4[Re4Se4(CN)12] with an equimolar
mixture of CuCl2 and en in aqueous ammonia solution
leads to the formation of [{Cu(en)}{Cu(NH3)(en)}-
Re4Se4(CN)12]·5H2O (11)[27] in which the chemical form
[CuL3(en)]2+ (L = CN and NH3; n = 5) is observed. There
are two copper cations in the structure of this compound,
both of which have a distorted square-pyramidal environ-
ment but different coordination compositions. The Cu1 cat-
ion is coordinated by two amino groups of an en molecule
and three nitrogen atoms of CN ligands of different cluster
anions, whereas Cu2 bridges only two cluster anions so it
is coordinated by two N atoms of CN ligands, en and am-
monia molecules. As a result this compound has a compli-
cated polymeric structure in which two infinite chains di-
rected along b axes are linked through Re–CN–Cu1 bridges
(Figure 8).
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Figure 8. A fragment of the structure of complex 11.

4.1.2. Compounds Containing a Mixture of [MLn–2(en)]2+

and [MLn–4(en)2]2+

A mixture of chemical forms corresponding to the first
and the second steps of complex formation, in a 1:1 ratio,
was observed in complexes [Ni(NH3)4(en)][{Ni(NH3)-
(en)2}Re4Te4(CN)12]·2H2O (12) and [Zn(NH3)2(en)2]-
[{Zn(NH3)2(en)}Re4Te4(CN)12]·H2O (13) (L = NH3 and
CN).

Compound 12 was obtained from an aqueous ammonia
solution containing K4[Re4Te4(CN)12], NiCl2 and ethyl-
enediamine (Ni/en ratio of 1:1.5).[28] The structure of 12
is ionic, with an [Ni(NH3)4(en)]2+ cation and an
[{Ni(NH3)(en)2}Re4Te4(CN)12]2– anion (Figure 9). The
[Ni(NH3)4(en)]2+ cation corresponds to the [MLn–2(en)]2+

chemical form in Equation (1) for an octahedral environ-
ment. At the same time, the [{Ni(NH3)(en)2}Re4Te4-
(CN)12]2– anion can be described as the result of substitu-
tion of an ammonia molecule by the [Re4Te4(CN)12]4– clus-
ter anion in the coordination environment of a cis-[Ni-
(NH3)2(en)2]2+ complex cation.

Compound 13 also has an ionic structure, with an cis-
[Zn(NH3)2(en)2]2+ cation corresponding to the [MLn–4-
(en)2]2+ (n = 6) chemical form and a [{Zn(NH3)2-
(en)}Re4Te4(CN)12]n2n– anion, which has a zigzag chain-like
structure (Figure 10).[26] Once again, the anion formation
can be viewed as the result of substitution of cis-ammonia
molecules by nitrogen atoms of two different cluster anions
in the [MLn–2(en)]2+ chemical form.

It should be noted that only these two compounds out
of the whole series of tetrahedral rhenium cluster complexes
including [MLn–4(en)2]2+ units contain cis-[ML2(en)2]2+ cat-
ions. An analysis of the structural data of all compounds
deposited in the CCDC (CSD v.5.25) shows that the
number of trans-[ML2(en)2]2+ complexes is much higher
than that of cis-[ML2(en)2]2+ complexes. Apparently, trans-
[ML2(en)2]2+ complexes are energetically more stable than
the cis-[ML2(en)2]2+ form. However, the isolation of this
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Figure 9. Structure of the complex [Ni(NH3)4(en)]2+ cation (a) and
the [{Ni(NH3)(en)2}Re4Te4(CN)12]2– anion (b) in compound 12.

Figure 10. A fragment of structure of 13.

form from solution has proved to be possible upon crystalli-
sation with cluster anions.

4.1.3. Compounds Containing Only [MLn–4(en)2]2+

All compounds synthesised in the presence of ethylenedi-
amine with an M/en ratio of 1:2 contain trans-[MLn–4(en)2]
units. Such complexes are known with bridging {M(en)2}
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(M = Ni2+, Cu2+ and Zn2+) groups or terminal {Cu(en)2}
(n = 5) groups coordinated to CN ligands of the cluster
anion.

The compound [{Cu(en)2}2Re4S3.83Te0.17(CN)12]·H2O
(14) has a polymeric grid structure in which the [Re4-
S3.83Te0.17(CN)12]4– cluster anions are situated at the cross-
points of this lattice and are linked by [Cu(en)2]2+ cationic
units, as depicted in Figure 11. Each Cu atom in the cat-
ionic part has a [4+2] coordination environment: it is coor-
dinated by four NH2 groups of two ethylenediamine units
in the equatorial plane and by two N atoms of CN ligands
of different cluster anions with longer Cu–N distances
(2.367 and 2.759 Å).[29]

The isostructural compounds [{Ni(en)2}2Re4Se4(CN)12]·
3.25H2O (15)[18] and [{Zn(en)2}2Re4S3.60Te0.41(CN)12]·
3.75H2O (16)[29] have a polymeric grid structure with
[Re4Q4(CN)12]4– cluster anions at the cross-points and
[M(en)2]2+ moieties on the edges (Figure 12). However, two
of these lattices are arranged differently. In the case of 14
four CN groups of two rhenium atoms (2+2) take part in
binding; whereas in of 15 and 16 four CN ligands belonging
to three Re atoms (2+1+1) of the cluster anion are involved
in formation of the polymeric structure. In this context, the
different bridging modes have a crucial influence on the
packing characteristics. The bent bridging modes in 14 re-
sult in the formation of wavy layers (Figure 13, a), whereas
the tentatively flat binding of 15 and 16 generates approxi-
mately planar layers (Figure 13, b).

Figure 11. A fragment of the layer in compound 14.
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The compound of composition [Ni(NH3)2(en)2][{Ni-
(en)2}3{Re4Te4(CN)12}2]·38H2O (17) was obtained under
the same reaction conditions as those of 15. However, the
structure of this compound differs dramatically. Figure 14
shows the structure of the [{Ni(en)2}3{Re4Te4(CN)12}2]2–

anion, in which [Re4Te4(CN)12]4– clusters are linked by
{Ni(en)2}2+ units to form hexagonal layers. There are two
types of channels in this structure: large hexagonal and
smaller triangular ones, which are filled with water mole-
cules and [Ni(NH3)2(en)2]2+ counterions. The volume of the
large cavity is 1590 Å3 and the volume of each of the two
smaller ones is 640 Å3. The total available volume for sol-
vent per unit cell is 2870 Å3, corresponding to about 37%
of the unit cell volume. Compound 17 is the first example
of a highly porous structure derived from the tetrahedral
Re4Q4 cluster core. The en molecules coordinated to the Ni
atoms make the framework in 17 robust and prevent its
collapse after dehydration. Indeed, powder diffraction stud-
ies of samples left in air for weeks at room temperature and
after heating to 120 °C (a temperature at which the material
is completely dehydrated according to thermal analysis)
indicate that the original crystal structure remains essen-
tially unchanged. The walls of the large channels of the
framework in 17 are decorated by twelve N atoms from the
terminal CN ligands of the [Re4Te4(CN)12]4– cluster anion
in every sheet. This feature makes this robust framework
an attractive matrix for inclusion of molecules or ions of
corresponding size and shape based on “host–guest” prin-
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Figure 12. A fragment of the layer in compound 15.

Figure 13. Views of the stacking of layers in 14 (a) and 16 (b) using
a stick model.

ciples. The N atoms directed into the channel are able to
form both covalent bonds, with any N-acceptor atoms such
as transition metals, and hydrogen bonds, with H-contain-
ing molecules such as alcohols, to guest molecules.[30] Ap-
parently, the reason for formation of such differently ar-
ranged structures as that of 15 and 17 is the different cluster
core composition (Re4Se4 in 15 and Re4Te4 in 17).
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Figure 14. View down the c axis of the crystal packing of the
[{Ni(en)2}3{Re4Te4(CN)12}2]2– polymeric anion in 17.

The use of [Cu(en)2Cl2] instead of [Ni(en)2Cl2], which
was used for the synthesis of 15 and 17, gives the formation
of the molecular compounds [{Cu(en)2}2Re4Q4(CN)12]·
5H2O [Q4 = Te4 (18),[31] STe3 (19)[32]], which have different
structures. In these compounds the [Re4Q4(CN)12]4– cluster
anions are coordinated by two {Cu(en)2}2+ units in oppo-
site directions (Figure 15). To put it another way, every
trans-{Cu(en)2} unit is linked to only one CN ligand of the
cluster anion, which means that n in this case is equal to 5;
this results in the formation of a molecular structure.
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Figure 15. View of the [{Cu(en)2}2Re4Te4(CN)12] molecule in 18.

Thus, the interaction of [Re4Q4(CN)12]4– (Q = S, Se, Te)
cluster anions with Ni2+, Cu2+ and Zn2+ metal cations in
the presence of a chelate ligand such as ethylenediamine
leads to the formation of compounds with various struc-
tures made up of cluster anions and cationic units corre-
sponding to the different chemical forms that coexist in
solutions containing a transition metal salt and en.

4.2. Complexes with Diethylenetriamine

The diethylenetriamine ligand can block one, two or
three coordination sites around a transition metal cation. It
can also bridge two cations. Table 2 shows the labels of
three different coordination modes of the dien molecule.

Table 2. Labels of the coordination modes of the dien molecule.

All three coordination modes have been found in com-
plexes containing tetrahedral chalcocyanide rhenium cluster
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anions and transition metal cations bonded with dien. The
(1,2,3)-coordination mode is present in all compounds but
the bridging mode only exists in compounds with a dien/M
molar ratio greater than 1. A possible reason for this situa-
tion is that the K1 stability constant of [M(dien)]2+ (M =
Ni, Cu and Zn) is higher than the K2 constant.

4.2.1. Complexes with Only the (1,2,3)-Coordination Mode

Five complexes containing {MLn–3(dien)} cationic units
(where L is either ammonia molecules or nitrogen atoms of
CN ligands) have been obtained by the reaction of M2+

cations (M = Ni, Cu or Zn) with [Re4Q4(CN)12]4– (Q = S,
Se, Te) cluster anions in the presence of diethylenetriamine
(M/dien = 1:1) in aqueous ammonia solution.

The [Ni(NH3)3(dien)]2+ chemical form was observed in
the ionic compound [Ni(NH3)3(dien)]2[Re4Se4(CN)12]·
5.5H2O (20), which contains fac-[Ni(NH3)3(dien)]2+ cations
(Figure 16). The compound [{Ni(NH3)2(dien)}2Re4Te4-
(CN)12]·2.5H2O (21) can be considered the result of an am-
monia molecule substitution in a fac-[Ni(NH3)3(dien)]2+

cationic unit by the nitrogen atom of a CN ligand (Fig-
ure 17).[28]

Figure 16. Structure of the complex [Ni(NH3)3(dien)]2+ cation in
compound 20.

Figure 17. View of the [{Ni(NH3)2(dien)}2Re4Te4(CN)12] molecule
in 21.

At the same time, the formation of compounds
[{Cu(NH3)(dien)}2Re4S3.64Te0.36(CN)12]·3H2O (22)[29] and
[{Cu(NH3)(dien)}2Re4Se4(CN)12]·2.5H2O (23)[33] can be
presented as the result of coordination of a CN ligand to a
[Cu(NH3)(dien)]2+ unit with a square-planar structure. The
structures of 22 and 23 have only one distinction: in the
case of 22 gem-CN ligands are bonded to two cationic units,
whereas in 23 these bridging ligands have an ortho orienta-
tion (Figure 18).
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Figure 18. View of the [{Cu(dien)(NH3)}2Re4S3.45Te0.55(CN)12]
molecule in compound 22 (a) and [{Cu(dien)(NH3)}2Re4Se4-
(CN)12] molecule in compound 23 (b).

The next step of complication can be viewed in
[{Cu(dien)}2Re4Te4(CN)12]·9H2O (24).[27] This compound
has a chain-like structure in which the cluster anions are
linked to each other through two complex {Cu(dien)}2+ cat-
ions. An alternation of the -2Cu(dien)-cluster-2Cu(dien)-
fragments gives rise to a coordination-chain polymer whose
structure is shown in Figure 19. Thus, the formation of this

Figure 20. Chain fragment of the structure of compound 25.
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compound can be considered as a two-step process. First,
the molecular complex [{Cu(NH3)(dien)}2Re4Te4(CN)12],
similar to that described for 22, is formed, and in the next
step these molecular units are condensed by means of sub-
stitution of an ammonia molecule in the equatorial plane
of the copper cation by a nitrogen atom from an adjacent
cluster anion.

Figure 19. A fragment of the chain in structure of 24.

We have described above analogous chain structures for
compounds 7 and 8 in which the cluster anions are linked
to each other by two cationic {Cu(NH3)3}2+ fragments. In
the ammonium analog, four CN groups of one cluster
anion involved in the formation of the polymeric structure
are coordinated to two Re atoms [2 + 2], whereas the bridg-
ing CN ligands in the compound with dien are coordinated
to three Re atoms [2 + 1 + 1].

4.2.2. A Complex with the (1,3)-Coordination Mode

Decreasing the dien/M2+ ratio leads to the formation of
complexes in which dien molecules exhibit bridged coordi-
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nation modes along with the (1,2,3)-coordination mode.
The (1,3)-coordination mode has been found only in the
case of [{Cu2(dien)3}Re4S4(CN)12] (25),[33] which has a
polymeric structure where the [Re4S4(CN)12]4– cluster
anions are bridged by [(dien)Cu-dien-Cu(dien)]4+ cationic
chains (Figure 20). Each Cu atom in the cationic chain-like
building blocks is coordinated by one dien molecule with
(1,2,3)-coordination mode and one amino group of bridged
dien molecule with (1)-(3)-coordination mode. On the other
hand the formation of this compound can be also consid-
ered as a result of two-step process. On the first step the
formation of [{Cu(NH3)(dien)}2Re4S4(CN)12] takes place
analogously to that described for 22. And then these molec-
ular units are linked by dien molecules which substitute am-
monia molecule in equatorial plane of copper cation by ter-
minal amino groups.

4.2.3. The Complexes with (1,2)-(3)-Coordination Mode

The two isostructural compounds [{Cu2(dien)3}-
Re4Q4(CN)12]·nH2O [Q = Se (26) and Te (27)] have been
synthesised following the same synthetic procedure.[33] It is
very interesting to note that both these compounds have a
compositions similar to that of 25, but their structures are
sufficiently different. Whereas compound 25 has a chain-
like polymeric structure, 26 and 27 are molecular (Fig-
ure 21) and consist of [Re4Q4(CN)12]4– (Q = Se, Te) cluster
anions and non-binding [Cu2(dien)3]4+ cationic units, the
structure of which differs noticeably from the correspond-
ing cation in 25. Both Cu atoms in 25 are crystallographi-
cally equivalent and are coordinated by N atoms of CN
ligands of different clusters. In 26 and 27, however, the Cu
atoms exhibit different coordination environments: one Cu
atom has a similar arrangement to the Cu atom in com-
pound 25, whereas the second Cu atom is coordinated by
three N atoms of one dien ligand and by two N atoms of
another dien ligand, in a (1,2)-(3)-mode, which bridges the
two Cu atoms of the cationic unit through its third N atom.
Such a coordination type prevents the formation of a poly-
meric structure. A comparison of 26 and 27 with 25 shows
that the structure of the latter can be transformed into the
structure of 26 and 27 by the rupture of one Cu–NC bond
and the formation of a new bond with the middle amino
group of the bridging dien ligand.

The composition of [{Zn2(dien)3}Re4Te4(CN)12]·6H2O
(28)[26] is similar to that of 26 and 27. However, its molecu-
lar structure looks like 26 and 27 only partially. The struc-
ture of the [Zn2(dien)3]4+ cationic unit is analogous to [Cu2-

(dien)3]4+ in 26 and 27, but it is bonded to the cluster cation
through not one but two CN ligands, i.e. in this case both
metal cations are coordinated by nitrogen atoms of CN li-
gands (Figure 22). Thus, there are interesting structural
transitions between 25 and 26 (or 27), and then 28, in which
the dimensionality initially decreases from 1D to 0D due to
the rupture of an M–NC bond, with an adjustment of the
cluster cation and the formation of a new bond inside one
molecular unit.

If the Cu2+ concentration is reduced the isostructural
compounds [K(H2O)2]2[{Cu3(dien)4}{Re4Q4(CN)12}2]·
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Figure 21. View of the [{Cu2(dien)3}Re4Se4(CN)12] molecule in
compound 26 and 27.

Figure 22. View of the [{Zn2(dien)3}Re4Te4(CN)12] molecule in
compound 28.

8H2O [Q = Se (29) and Te (30)] can be obtained.[33] The
anionic unit of this structure is provided by the complex
[{Cu3(dien)4}{Re4Te4(CN)12}2]2– (Figure 23), in which two
[Re4Te4(CN)12]4– cluster anions are bridged by the cation
[Cu3(dien)4]6+, which can be described as [(dien)Cu-(dien)-
Cu(dien)-Cu(dien)]. There are two symmetry-equivalent Cu
atoms, each coordinated by three N atoms of one dien li-
gand, one N atom of the bridging dien ligand [(1,2)-(3)-
coordination mode], and by one N atom of a CN ligand of
the [Re4Q4(CN)12]4– anion. The third Cu atom lies at the
centre of this cation and is symmetrically coordinated by
four N atoms of two bridging dien ligands and at the same
time by two additional trans-situated N atoms of CN li-
gands of two different anions (Figure 23). Thus, this Cu
atom is octahedrally coordinated and bridges the
[{Cu3(dien)4}{Re4Te4(CN)12}2]2– anionic units to construct
the polymeric structure. The negative charge of this one-
dimensional network is compensated by K+ cations.
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Figure 23. Anionic connectivity pattern in the crystal structure of compounds 29 and 30.

Thus, the interaction of [Re4Q4(CN)12]4– (Q = S, Se, Te)
cluster anions with Ni2+, Cu2+, and Zn2+ in the presence of
the tridentate ligand diethylenetriamine leads to the forma-
tion of a number of complex cluster compounds containing
different cationic units: mononuclear {M(NH3)n–4(dien)} or
polynuclear {M2(dien)3}4+ and {Cu3(dien)4}6+. The ob-
tained complexes allow us to trace the structural connection
between the compounds formed in this system. The param-
eters affecting the structural type are:
Ratio of reagents: When the M/dien ratio is 1:1 compounds
with a (1,2,3)-coordination mode of dien are formed. The
M/cluster anion ratio is also important. Although in all
these reactions the concentration of M2+ ions was sufficient
to form complexes containing only M2+ cations, two com-
pounds (29 and 30) were obtained that crystallise with ad-
ditional K+ cations. This may be due to structural factors:
these compounds contain longer oligomeric cations
{Cu3(dien)4}6+.
The cluster core composition: The influence of this param-
eter is obvious in the case of 25, 26, and 27, where, on going
from Q = S to Q = Se and Te, the structure changes from
chain-like to molecular.
The coordination polyhedron of the transition metal cation:
The Ni2+ cation prefers a rigid octahedral environment,
Cu2+ a square-pyramidal [4+1] or distorted octahedral
[4+2] environment, and Zn2+, with n = 5 or 6, can have
various coordination polyhedra.

Compounds 25–30 are of particular interest because they
contain cations (Cu2+, Zn2+) with bridging coordination
modes of the dien molecule. Such coordination modes have
not previously been observed in M complexes; in all similar
complexes three N atoms of the dien ligand are always co-
ordinated to one M atom as, for example, in [Cu(dien)]3-
[Fe(CN)6]2·6H2O.[34] There are only two known examples
of metal compounds (both Ag-containing complexes) with
bridging dien ligands.[35] Compound 23 is the first example
in which the (1,3)-coordination of dien is realized.

4.3. Complexes with Triethylenetetraamine

Complexes have also been obtained with the next mem-
ber of this homologous series, namely triethylenetetraam-
ine. The interaction of Cu2+ with [Re4Q4(CN)12]4– (Q4 =
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Se4, Te4, STe3) cluster anions in the presence of trien leads
to the formation of complexes formulated as [{Cu(trien)}2-
Re4Q4(CN)12]·nH2O (Q4 = Se4 (31),[27] Te4 (32),[36] STe3 (33)
[32]). trien is present in these compounds as a tetradentate
ligand occupying four coordination sites. The fifth coordi-
nation site is occupied by a nitrogen atom of a bridging CN
ligand (Figure 24). In the structures of the compounds, two
crystallographically independent [Cu(trien)]2+ cations are
bonded by the nitrogen atoms of the meta-CN ligands of
one [Re4Q4(CN)12]4– anion. Thus, the formation of these
complexes can be considered as a result of coordination of
CN groups of the cluster anion to two [Cu(trien)]2+ com-
plex cations. It should be noted that this chemical form is
the most stable in solution.

Figure 24. View of the [{Cu(trien)}2Re4Q4(CN)12] molecule in com-
pounds 31–33.

Several examples of compounds containing a [Cu-
(trien)]2+ complex cation with a square-pyramidal copper
atom, namely [CuL(trien)] compounds (L = SCN–,[37]

NCS–,[38] I–,[39] N(CN)2
–,[40]) and also three recently ob-

tained [Cu(NH3)(trien)]2[Re6Q8(CN)6]·nH2O (Q = S, Se,
Te)[41] complexes have been described in the literature. In
all these cases the coordination environment of the copper
atoms is formed by a triethylenetetraamine molecule in the
equatorial plane with an L ligand or NH3 molecule in the
apical positions with structures close to those of 31–33.



Design of Cyano-Bridged Coordination Polymers MICROREVIEW
The reaction of Ni2+ with [Re4Q4(CN)12]4– (Q = S, Se)

cluster anions in the presence of trien leads to the forma-
tion of [Ni(NH3)2(trien)][{Ni(NH3)(trien)}Re4Se4(CN)12]·
2.5H2O (34) and [{Ni(trien)}2Re4S4(CN)12]·3H2O (35),
which have various crystal structures. The trien ligand in
these complexes is also tetradentate, occupying four coordi-
nation sites in the Ni atom environment; two more coordi-
nation sites are occupied either by ammonia molecules or
by nitrogen atoms of CN ligands.[28] The [Ni(NH3)2-
(trien)]2+ chemical form is observed in 34. The structure
of the [{Ni(NH3)(trien)}Re4Se4(CN)12]2– anion (Figure 25)
can be viewed as the result of substitution of an ammonia
molecule in [Ni(NH3)2(trien)]2+ by a nitrogen atom of a CN
ligand. However, there is a difference in the conformations
of the trien ligands in the cationic and anionic complexes.
In 35, the nitrogen atoms of the CN ligands of various clus-
ter anions substitute two ammonia molecules in [Ni-
(NH3)2(trien)]2+, binding each other and giving a 1D struc-
ture (Figure 26, a). It should be noted that 35 also shows
conformational disorder (Figure 26, b and c), the reason for
which seems to be the presence of various chemical forms
in solution corresponding to different coordination types of
triethylenetetraamine.

Figure 25. Structure of the complex [Ni(NH3)2(trien)]2+ cation (a)
and [{Ni(NH3)(trien)}Re4Se4(CN)12]2– anion (b) in compound 34.
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Figure 26. a) A fragment of the structure of 35; trien ligands have
been omitted for clarity. b) The coordination environment of the
Ni1 cations. c) The coordination environment of the Ni2 cations.

The chain-like structure of 35 is similar to that of 24.
Based on these two compounds, the connection between
ligand denticity, the coordination number of the metal cat-
ion, and the formation of a certain structural type can be
traced easily. In 24, the dien molecule occupies three coordi-
nation sites in the copper atom environment such that the
copper atoms have n = 5. Correspondingly, there are two
coordination sites open for bonding to CN ligands. An
analogous situation is observed in 35 with only one differ-
ence: the trien molecule occupies four coordination sites in
the environment of nickel atoms with n = 6.

4.4. Complexes with threo-Tetraaminobutane

(1,2S,3S,4)-Tetraaminobutane, like triethylenetetraamine,
has four amino groups, however, this ligand coordinates
preferably in a bis-didentate mode with a metal–metal sepa-
ration of about 7 Å. The bis-didentate coordination mode
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arises from steric constraints, which prevent binding of the
four amino donor atoms to the same metal centre. As has
been shown previously,[42] this results in the formation of
chiral {...(threo-tab)-Cu-(threo-tab)...}n oligomeric species
with a linear chain structure and square-planar {CuN4}
units. Additional binding of a bridging unit to the axial
positions of the Cu2+ centres would thus provide a route to
new, two-dimensional and chiral metal organic frameworks
with an open structure. The bridging unit would serve as a
spacer, and its size and structure could be used to adjust
the distance between individual {[Cu(threo-tab)]2+}�

strands.
This strategy has been exploited by using [Re4Q4-

(CN)12]4– clusters as bridging units to interlink linear
[{Cu(threo-tab)}2+]� strands. The crystalline solids
[{Cu(threo-tab)}2Re4Te4(CN)12]·6.5H2O (36) and [{Cu2-
(NH3)(threo-tab)2}Re4Te4(CN)12]·4H2O (37) were prepared
by direct combination of threo-tab, Cu2+, and the rhenium
cluster anion in aqueous ammonia solution.[43,44]

There is a clear influence of the individual steric proper-
ties of the bridging units possessing different compositions
on the grid structure. In the [Re4Te4(CN)12]4– ion, for exam-
ple, the high number of cyano ligands enables different
types of Cu-cluster-Cu interactions, and two of them are
realized in 36 and 37. The nitrogen atoms of four CN li-
gands of the cluster anion take part in binding in com-
pound 36, and this mode of binding means that all copper
atoms are coordinated by CN ligands; at the same time, all
copper atoms are equal and have a distorted octahedral
[4+2] environment formed by nitrogen atoms (Figure 27).

In compound 37, two of the twelve CN groups of the
cluster anions take part in binding. In this case, only every
second copper atom is coordinated by a CN ligand; the
remaining copper atoms are coordinated by ammonia mole-
cules. Half of the copper atoms are in a [4+2] environment
and the others are in a [4+1] environment. The one-dimen-
sional {...threo-tab-Cu-threo-tab-Cu-threo-tab...}� strands
formed by Cu2+ cations and threo-tab molecules have a
complicated zigzag structure (Figure 28).

Figure 27. A fragment of the [{Cu(threo-tab)}2Re4Te4(CN)12] polymer layer in 36.
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Figure 28. A fragment of the [{Cu2(NH3)(threo-tab)2}Re4Te4-
(CN)12] polymer layer in 37.

The third type of packing is realized in the compound
[{Cu(NH3)(threo-tab)}]2[Re4S3.4Te0.6(CN)12]·1.25H2O (38),[44]

which contains undulating, infinite {...threo-tab-Cu-threo-
tab...}� chains that are weakly bonded to cluster anions.
The nearest Cu–N(CN ligand) distance is 2.95 Å. In this
case, the cluster anions are situated in voids formed by
chain packing. The Cu2+ cations have a typical five-coordi-
nate environment with four nitrogen atoms from threo-tab
and an ammonia molecule (Figure 29).

The question as to what caused the structures to be so
different in these systems was answered when it was found
that in the case of tetrahedral rhenium complexes the struc-
ture of the formed coordination polymer depends on two
factors, namely the method of synthesis and the cluster core
structure.[44]



Design of Cyano-Bridged Coordination Polymers MICROREVIEW

Figure 29. Mutual arrangement of {...(threo-tab)-Cu-(threo-tab)-Cu-(threo-tab)...} chains and location of the cluster anions in 38 (the
shortest distances between the N atoms of the CN groups in the cluster anions and the Cu atoms in the polymer chains are shown as
dashed lines).

4.5. Complexes Containing Re4S4–xTex Cluster Cores

According to the single crystal diffraction analyses, com-
pounds 14, 16, 19, 22, 33 and 38 contain mixed S/Te chalco-
genide ligands in the cluster core {Re4S4–xTex}. The starting
cluster compound K4[Re4S4–xTex(CN)12] has been synthe-
sised accidentally during preparation of the cluster
K4[Re4S4(CN)12] from [Re4S4(TeCl2)4Cl8] by boiling with
KCN as described for K4[Re4Se4(CN)12]·6H2O.[11] Accord-
ing to elemental analysis, the compound obtained contains
tellurium. This could be due to a sulfur shortage during the
preparation of [Re4S4(TeCl2)4Cl8] from ReCl5, S and Te.[10]

In compounds 14, 16 and 22 there are two different clus-
ter anions, with compositions [Re4S4(CN)12]4– and [Re4-
S3Te(CN)12]4–. In the latter cluster one sulfur atom is sub-
stituted by a tellurium atom. In the structures of all three
compounds the Re4S4 and Re4S3Te cluster cores are or-
dered in such a way that three positions of the Q4 tetrahe-
dron are equivalent and occupied by only sulfur atoms; the
fourth position is occupied by either a sulfur or a tellurium
atom.

It should be noted that in all three structures the metal
cations are bound to the CN groups that are closest to the
tellurium atom position. To understand the reason for this
density functional theory calculations have been carried out
on different [Re4S3Q(CN)12]4– (Q = S, Se, Te) cluster anions
with the ADF program.[45] According to these calculations,
there are several types of CN ligands in these cluster anions.
Considering each Re atom to be octahedrally coordinated,
without taking Re–Re bonds into account (Scheme 2), there
are three CN groups bonded to the ReS3 fragment (type 1).
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The remaining CN ligands are coordinated to three ReS2Q
(Q = Se, Te) fragments. Within the ReS2Q(CN)3 units, one
CN group is more distant from the Q atom than the other
two groups (these ligands are denoted types 2 and 3, respec-
tively). For CN ligands of types 1 and 2 the changes are
negligible, but for six CN groups of the third type they are
considerable and increase with a decrease of the electrone-
gativity of the chalcogen atoms. The increase of negative
charge on the N atoms of type 3 results in a considerable
preference for the metal ions to coordinate to these atoms.

Scheme 2.

All copper atoms in compound 14 are coordinated by
CN groups of type 3 to give a polymeric structure
(Scheme 3, a). This differs slightly from compound 16, in
which the Zn1 atoms are coordinated by two CN groups of
type 3 whereas the Zn2 cations are linked to CN groups of
both types 2 and 3. To put it another way, only three of the
four bridging CN ligands of one cluster anion are of type 3,
while the fourth one is of type 2 (Scheme 3, b). In molecular
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Scheme 3.

compound 22, two bridging CN groups also belong to type
3 (Scheme 3, c).

It was also interesting to study the behaviour of the
{Re4STe3} cluster core in similar systems. For this, the clus-
ter salt K4[Re4STe3(CN)12]·5H2O (I) was synthesised and
characterised.[32] However, in compounds 19 and 33 the ex-
pected ordering of sulfur positions was not observed. The
sulfur atoms are disordered over two (19) or four (33) of
the apexes of the tetrahedron. One of the possible reasons
for this might be the cluster core composition of the start-
ing materials, which could contain {Re4S2Te2} and
{Re4Te4} clusters as well as {Re4STe3}.

5. Conclusions

Throughout this microreview we have mainly reported
the isolation and characterisation of various complexes
based on tetranuclear rhenium cluster anions [Re4Q4-
(CN)12]4– (Q = S, Se, Te) and transition metal cations, the
coordination sites of which are fully or partially occupied
by water molecules or N-donor ligands, particularly ammo-
nia, ethylenediamine, diethylenetriamine, triethylenetetraa-
mine and chiral threo-tetraaminobutane. The structures of
all compounds have been confirmed by single-crystal X-ray
analysis.

We should emphasise, again, that the composition and
structure of the obtained compounds are determined by se-
veral parameters, namely:
1) the reagent ratio: M2+ cation/polydentate ligand or M2+

cation/cluster anion;
2) the M2+ cation coordination environment;
3) the coordination number and coordination polyhedron
of the M2+ cations;
4) the cluster core composition.
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It has been shown that the reaction of chalcocyanide rhe-
nium cluster complexes [Re4Q4(CN)12]4– with cations of 3d-
transition metals (Ni2+, Cu2+, Zn2+) in the presence of che-
lating ligands gives many complex compounds with various
structures (ionic, molecular or polymeric). Complicated
cluster complexes with polymeric structures containing
bridging polydentate ligands, namely diethylenetriamine
and threo-tetraaminobutane, were obtained for the first
time.

We have also introduced a new and straightforward syn-
thetic pathway to heterometallic and chiral coordination
polymers. The use of oligonuclear bridging units has proved
to be of particular interest because it allows the design of
open networks with sufficiently large voids for host–guest
interactions. More importantly, the use of the chiral, bis-
didentate threo-tab ligand guarantees the formation of a
chiral crystal structure which has the ideal prerequisites for
the coating of suitable surfaces with a chiral monolayer.

Complexes containing mixed-ligand {Re4S4–xTex} cluster
cores have been obtained and characterised for the first
time. Their structural data supplement previous research
and show that six CN groups of the cluster anion can be
activated for interaction with metal cations by substituting
one sulfur atom by a tellurium atom in the Re4S4 cluster
core; these groups are those nearest to the Te atom.
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