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There are considerable advantages for using metal clusters
as building units of supramolecular materials because of
their unique structural, chemical, and physical properties, all
of which fall in between normal valence compounds and the
metals. In this microreview, we describe the synthetic meth-
odology and structural properties of recent findings in the
use of octahedral niobium hexacyanochloride anions as
building units of assemblies of different size, charge, and di-
mensionality. We focus on the use of a metal-directed ap-
proach to prepare cluster-based supramolecular assemblies

and coordination polymers with one-, two-, and three-dimen-
sional frameworks. The materials described herein are all
built from diamagnetic cyanochloride cluster anions
[NbeCly5(CN)g]*~ and coordinatively unsaturated metal com-
plexes such as [Mn(salen)|* and their derivatives. The overall
structures are largely determined by the number of coordina-
tion sites available for linkage to the cluster unit and coordi-
nation preferences of the metal complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

Supramolecular chemistry “chemistry beyond the mole-
cule” focuses on the rational design and preparation of
supramolecular structures through self-assembly processes
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in which building units are linked through noncovalent
forces such as hydrogen bonding, coordination bonds, elec-
trostatic and charge-transfer attractions, and aromatic m-nt
stacking interactions."?! It is fundamentally related to the
field of crystal engineering which focuses on the organiza-
tion of molecular or ionic building units into functional
crystalline materials with desired structures and proper-
ties.[*]
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Progress in supramolecular chemistry has led to the use
of more complex molecular building units to prepare mate-
rials with novel structures and properties. Inspired by the
success of using hexacyanometalate anions [M(CN)g]" as
building units to construct functional solids with diverse
structures, several groups are actively exploring the use of
their expanded analogues, such as octahedral transition
metal clusters, as building units to investigate the effect of
the metal-metal bonds on their physicochemical properties.
Octahedral transition metal clusters based on an Mg octa-
hedron in which six metal atoms are linked to each other
through metal-metal bonds and p, or ps ligands to give a
ML > or M¢Lg cluster core (Figure 1) have received con-
siderable interest since the discovery of the Chevrel phases
which consist of 3D frameworks based on the 6-8 type clus-
ters.l’l Different synthetic methodologies have been devel-
oped to excise these clusters from their solid-state precur-
sors through solution chemistry routes.[®! The cluster core
[MgL ] or [MsLg]"* has an atom- or ion-like behavior. It
is larger in size compared with mononuclear metal com-
plexes, has versatile electronic structures, multiple coordina-
tion sites, and potential catalytic properties that make them
promising candidates as building units of supramolecular
structures.’l. Face-capped  octahedral cluster units

[WeSs(CN)g]® and [RegQg(CN)g]” (Q = S, Se and Te) have
been used as building units of supramolecular structures,
some of which show functional properties such as catalysis
and molecular sieves.®!

&

(b

Figure 1. (a) The structure of the cluster [(MgLs))L¢?] common for
M = Mo, W, Re; L = halides, S, Se, Te. (b) The structure of the
cluster [(MgL;,)L¢?] common for M = Nb, Ta; L = Cl, Br, O; and
M = Zr; L = halides.

The use of edge-capped octahedral niobium halide clus-
ters as building units remains largely unexplored compared
with the extensive work that has been reported on octahe-
dral face-capped rhenium and tungsten clusters. These two
cluster types differ from each other not only in terms of the
coordination mode of inner ligands, but also by the number
of wvalence electrons available for metal-metal bonding
(VEC). The use of the cyanochloride cluster [NbgCl,,-
(CN)g]" as building units should, in principle, lead to the
formation of supramolecular materials with new structures
and properties. This microreview describes our recent re-
sults in the use of [NbsCl;»(CN)¢]* and metal complexes
as building units of supramolecular structures by using the
cyanide ditopic coordination ability and the coordination
requirement of the metal complexes.
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2. Synthetic Strategy

The cluster anion [NbysCl;»(CN)¢]* can be considered as
an expanded analogue of [Fe(CN)g]* in which Fe®" is re-
placed by an [NbgCl;,]** cluster core. As in the case of
[Fe(CN)g]*, the cyanochloride cluster reacts with virtually
all hydrated [M(H,O)4]** ions to afford compounds that are
expanded analogues of the iron-based Prussian-blue.”]
Their crystal structure is based on edge-bridged
[NbeCl,»]** clusters and M?* ions bridged by cyanide li-
gands to form a cubic face centered anionic framework
[MNbCl;5(CN)¢]> in which all tetrahedral sites are occu-
pied by the cations [Me,N]*, which act as charge compen-
sating templates.

After investigating the interaction between the cyano-
chloride cluster and simple metal ions, we focused on the
use of the “directional-bonding” approach first cited by
Stang and coworkers and systematized by coordination
chemists to prepare supramolecular species.'%!!] The fun-
damental principle of this approach is the use of coordina-
tively unsaturated metal complexes as building units. These
complexes have specific coordination sites available for li-
gands from other building units located at appropriate
angles to “direct” the formation of desired supramolecular
structures. For instance, cis-[Ni(bpy)a(p1.3-N3)](PFe)!'? and
trans-[Ni(N-Eten),(pt; 3-N3)](PF)!'* have been used to pre-
pare 1D coordination polymers with different structural
features because of different angles between the two coordi-
nation sites available for the incoming azide ligand. Similar
strategies have been developed for metal clusters where site-
differentiated clusters [RegSeg(PEts),(MeCN)g_,J** have
been used as building units of supramolecular assembl-
ies.[14]

The reactivity between coordinatively unsaturated metal
complexes and [NbgCl;,(CN)e]* equipped with six cyanide
ligands was studied. Two types of metal complexes have
been investigated: 1) complexes with tetradentate salen-type
ligands (L1-L3) (Figure 2) chosen for their potential cata-
lytic properties,'>! and 2) complexes coordinated by one or
two chelating diamine ligands (phen and en) that block two
or four coordination sites, respectively. This leaves different
numbers of coordination sites available depending on the
nature of the metal ions. The structures of the compounds
obtained can be, to a certain extent, predicted from the co-
ordination requirements of the metal complexes. However,
the competition between different geometries with similar
stoichiometries does not allow complete predictability with-
out considering the effect of solvent, counterions, and sta-
bility of the complexes.'® This review intends to highlight
some basic structures to illustrate the use of the concept of
“metal complex directed assembly” to build supramolecular
structures with versatile geometrical and topological fea-
tures. Investigations into the combination of metal com-
plexes such as [Mn(salen)]” with Reg clusters resulted in the
synthesis of extended framework materials, whereas the use
of metal porphyrins with Reg clusters led to discrete supra-
molecular units that have shown excellent catalytic activity
toward the epoxidation of olefins.!!7-8d]
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Figure 2. Molecular structures of Mn'""! complexes with tetra-

dentate salen-type ligands used in the present study. L/> = bis(ace-
tylacetonato)ethylenediamine; L2> = bis(salicylidene)ethylene-
diaminato; L3%> = bis(5-methoxysalicylidene)ethylenediaminato.

3. Synthesis of the [NbCl;5(CN)g]* Building
Unit

The clusters are prepared following a three-step pro-
cedure. Firstly, solid-state precursors containing the chlo-
ride cluster [NbgCl;,]** are prepared from reactions be-
tween Nb metal, NbCls, and chloride salts that provide the
cations as needed. The reactants are sealed in silica con-
tainers under vacuum and heated at 700-900 °C.!'8] The sec-
ond step involves dissolving the solid state precursor in a
common polar solvent to excise the chloride cluster. In the
third step, substitution of all outer chloride ligands by cya-
nides is performed. Li,NbsCl;¢s was used as the solid-state
precursor because of its ease of preparation, high yield, and
ease of solubility in different solvents. The complete procedure
is described by the chemical equations given in steps 1-3.

Scheme 1 shows the use of Li;NbgCl,4 as the solid state
precursor for the preparation of [NbgCl;H(CN)e*.
Li,NbeCl s features a 2D framework in which each
[NbeClg]* cluster is connected to four neighboring clusters

700°C

by sharing four outer chloride ligands. [MesN]5[NbgClg]
(1), which contains the 15-electron cluster [NbyCl;g]*~, was
obtained by dissolving Li,NbsCl,s in EtOH and adding ex-
cess Me,NCL.Pl The reaction time was substantially reduced
to 30 min when these two steps were performed at 60 °C.
Addition of excess KCN to a solution of 1 in MeCN/H,O
followed by recrystallization from MeOH/ether results in
the formation of [MesN]4[NbsCl;»(CN)g] (2).['1 The com-
pounds were characterized by single-crystal XRD. The
average Nb-Nb [2.983(5) A], Nb-CI [2.441(6) A], and Nb—
CI2 [2.53(1) A] bond lengths in 1 are close to those reported
for compounds containing the 15-electron cluster [Nbg-
Cl,g]> .29 The average bond lengths of Nb-Nb [2.927(4) A]
and Nb-Cli [2.464(7) A] in 2 are the same as those observed
in Li,NbgCl;s [Nb-Nb: 2.919(6) A; Nb-ClI: 2.46(2) A],
which contains the 16-electron cluster [NbgCls]*. The
bond lengths Nb—C [2.282(1) A] and C=N [1.131(6) A] are
close to those observed in other compounds containing
[NbeCly»(CN)g]* 21221 The stretching frequency for the
C=N group appears at 2126 cm™' in the IR spectrum,
which is higher than that observed in Ky[Fe(CN)]
(2044 cm™') but close to that found in K;[Cr(CN)g]
(2129 cm™!).[23 The Nb-C=N linkages are almost linear [~
Nb-C=N = 178.3(6)°].

[Et4N]4[NbsCl;»(CN)g] was prepared through a cation
metathesis reaction in which an aqueous solution of
Et,NBr was added to an aqueous solution of 2.
[Me,NL[NbsCl»(CN)s] (aq.) + 4Et,NBr (aq) —
[NbgCl2(CN)¢] (s) + 4MeyNBr (aq.)

[Et4N]4-

4. Supramolecular Assemblies and Their
Hydrogen-Bonded Frameworks

Supramolecular assemblies in which the cluster is coordi-
nated by a different number of metal complexes have been
isolated and investigated. For a clearer description, we con-

Step 1: 10LiCl + 14NbCl5 + 16Nb —————® 5Li;NbsClis
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EtOH, 60°C
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sider each cluster as an entity and follow the nomenclature
that is widely used for assemblies built from hexacyanomet-
alates and metal complexes.l**??! For example, supramolec-
ular assemblies with two metal complexes attached to one
cluster will be referred to as heterotrimers.

In compounds 3, 4, and 6, each cluster is coordinated by
one, two, or four manganese complexes to give di-, tri-, and
pentamers. Each cluster in 5 is coordinated by two
[Ca(phen),(H,0);5]** to give neutral trimeric units, whereas
7 is built from a combination of cationic heptamers and
anionic trimers. In all these compounds, the supramolecular
assemblies are held together through significant hydrogen
bonding to form one-, two-, and three-dimensional frame-
works.

4.1 Anionic Heterodimers

Reactions between methanolic solutions of 2 and
[Mn(L1)]CI afforded [Me,;N][Mn(LI)(MeOH),],{[Mn(LI)-
(MeOH)][NbgCl;5(CN)e]} (3).2°1 In 3, each cluster is coor-
dinated by one [Mn(Ll)(MeOH)]* through a Nb-C=N-
Mn linkage to give anionic heterodimers {[Mn(L/)-
(MeOH)][NbCl;»(CN)e]} 3 (Figure 3a). Only one of the six
CN ligands is bridging, whereas the other five are involved
in extensive hydrogen bonding. The bond length of the
bridging C=N ligand [1.150(7) A] is significantly longer
than those for nonbridging CN ligands [1.133(7) A]. IR
spectra show a broad unsymmetrical absorption band at
2134 cm™!, which corresponds to the CN bond stretching
frequency. The Mn-C=N linkage is significantly bent
[£Mn-N=C = 150.3(4)°] because of the electronic struc-
ture of the metal complex. The heterodimers are connected
to each other through strong hydrogen bonds between the
CN ligand and the coordinated MeOH molecule. The di-
mers are further connected to each other by two solvated
metal complexes [Mn(LI)(MeOH),]* through hydrogen
bonding between the CN~ ligand and the coordinated
MeOH to afford hybrid tubular-like chains (Figure 3b). The
manganese adopts distorted octahedral coordination envi-
ronments (MnN3O; in the dimer and MnN,Oy in the cat-
ions). The chains lie on top of each other when viewed
along the crystallographic « axis to form layers within
which the chains are parallel to each other and separated
by solvent molecules and cations. The layers are related to
each other by an inversion center. Analogous dimers built
from hexacyanometalates and Mn™! Schiff-base complexes
were found in [EtyN],{[Mn(saldmen)(H,O)][Fe(CN)g]}-
(I).[27]

The anionic charge of the heterodimer is balanced by two
solvated Mn complex cations, which leads to an Mn:Nbg
ratio of 3:1; however, 3 also formed even when the starting
ratio Mn:Nbg was increased to 6:1. Interestingly, direct mix-
ing of the two solutions followed by vigorous stirring led to
slow formation of the Prussian-blue analogue [MeyN],-
[MnNbeCl;»(CN)g]! probably because of slow decomposi-
tion of the manganese complex in methanol followed by
further hydrolysis to afford Mn?* ions.[*%]
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Figure 3. (a) The anionic heterodimeric unit {{Mn(LI)(MeOH)]-
[NbeCl;5(CN)g]}3". (b) The anionic tubular-like chain built through
extensive hydrogen bonding. L/ ligands except N,O, atoms, and
all hydrogen atoms except those involved in hydrogen bonding are
omitted for clarity. Hydrogen bonding is represented as dashed
lines. The Mn complexes are shown as {MnN;O3} and {MnN,O4}
octahedra.

4.2 Anionic Heterotrimers

Reactions between [Et4;N]4[NbsCl;»(CN)g] and [Mn(L2)]-
(ClO4):2H,0 in methanol led to precipitation of [Et4;N],-
{IMn(L2)(MeOH)],[NbeCl;5(CN)g]} (4).''In 4, each clus-
ter is trans-coordinated by two [Mn(L2)(MeOH)]* com-
plexes to afford anionic heterotrimers {{Mn(L2)(MeOH)],-
[NbeCl;»(CN)e]}> (Figure 4a). The cluster core [NbgCl;,]**
in 4 is similar to that found in 3 in terms of its bond lengths
and angles. Of the six CN ligands, two link the cluster to
Mn complexes, and four have their N atom involved in hy-
drogen bonding. The bond lengths of the bridging C=N
ligand [1.143(5) A] are not significantly different from those
found for the nonbridging ones [1.146(5) A]. Only one band
at 2131 cm! in the IR spectrum was observed for the C=N
stretching frequency. The bond angle Mn—C=N [157.2(3)°]
is slightly larger than that in 3 because of the differences
between the salen-type ligands. The heterotrimers are con-
nected to each other through hydrogen bonds between co-
ordinated MeOH molecules and CN~ ligands to afford
chains along the crystallographic a axis (Figure 4b). The
chains run parallel to each other and are separated by sol-
vent molecules and ammonium ions.

Analogous trimeric units built from [M(CN)¢]*" (M = Fe,
Cr) trans-coordinated by two Mn Schift-base (SB) com-
plexes have been previously reported.?-3!1 For instance, in
K{[Mn(5-Br-salen)(H,O)],[Fe(CN)¢]}-2H,O  (II)  each
[Fe(CN)¢]* anion is coordinated by two solvated Mn com-
plexes to afford the units {[Mn(5-Br-salen)(H,O)],[Fe-

(CN)el}

Eur. J. Inorg. Chem. 2007, 1053-1066
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(a)

Figure 4. (a) The anionic heterotrimeric unit {{Mn(L2)(MeOH)]5[NbsCl;»(CN)g]}>" in which each cluster is coordinated by two
[Mn(L2)(MeOH)]* complexes in a trans fashion. (b) The anionic chain along the a axis in which the heterotrimeric units are connected
to each other through hydrogen bonds. All hydrogen atoms except those involved in hydrogen bonding are omitted.

4.3 Neutral Heterotrimers

{[Ca(phen),(H,0);],[NbsCl;»(CN)¢]} (5) was obtained
by mixing a solution of Ca(NOs), and phen (mol ratio =
1:2) in H,O/EtOH with an aqueous solution of [MesN]4-
[NbeClyg] and KCN.[3?l In 5, each cluster is trans-coordi-
nated by two [Ca(phen),(H,0);]*>* complexes through Nb—
C=N-Ca linkages to form neutral trimeric units
{[Ca(phen),(H>0);],[NbsCl;»(CN)¢]} (Figure 5a). Each Ca

ion is coordinated by four N atoms from two phen ligands,
one N atom from the cyanide ligand, and three O atoms
from water molecules to give an overall eight coordination
environment (distorted square antiprism) that is common
for calcium.333 For the cyanide ligands coordinated to
Ca ions, the C=N bond length is 1.149(9) A, whereas for
nonbridging cyanide ligands the bond lengths range from
1.11(1) to 1.15(1)A. Only one absorption band at

Figure 5. (a) The neutral trimeric unit {[Ca(phen)(H,0);3]5[NbsCl;»(CN)g]} in which each cluster is coordinated by two [Ca(phen)-
(H,0)5]** complexes in a trans fashion. (b) Projection along the b axis of the neutral layer in which each trimeric unit links four trimeric
units through hydrogen bonding. phen Ligand and all hydrogen atoms except those involved in hydrogen bonding are omitted. (c)
Perspective view along the a axis, which shows the 3D framework of 5. Inner chloride ligands are omitted.
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2128 cm™! was observed for the C=N stretching frequency.
Each trimer is linked to four neighboring trimers by hydro-
gen bonds between the aqua ligand in [Ca(phen),(H,0);]**
and the cyanide ligands to afford layers (Figure 5b). The
layers are further connected by hydrogen bonds between
calcium complexes and cluster units from neighboring lay-
ers to form a 3D framework (Figure 5c). Hydrogen-bonded
frameworks built from similar trimeric units in which mo-
nonuclear hexacyanometalates such as [Fe(CN)g]*~ and
Ca-phen complexes have been reported, as is the case
in  {[Ca(phen),(H,0),][Fe(CN)q][Ca(phen),(H,O)(NO;)]}-
(III).[36’37]

4.4 Heteropentamers

Slow evaporation of a solution of [MesN]4[NbeCl,»-
(CN)s] and a sixfold excess of [Mn(L/)]CI in partially dried
acetonitrile resulted in crystals of {[Mn(L/)(MeCN)],-
[Mn(L1)(H,0)],[NbsCl;»(CN)g]} (6).2°1 In 6, each cluster
uses four CN ligands to connect to four solvated manganese
complexes: two [Mn(LI)(MeCN)]* complexes and two
[Mn(LI)(H,O)]* complexes to form neutral heteropenta-
mers (Figure 6a). The complexes are located opposite to
each other across the cluster and are related by an inversion
center. The average bond length of the bridging cyanide li-
gands is 1.148(4) A, which is close to that of nonbridging
cyanide ligands [1.145(5) A]. In the IR spectrum, only one
broad absorption band at 2142 cm™ is observed. The bond
length Mn—Ncy [2.26(2) A] is slightly shorter than that
found in 3 and 4. The pentamers link to each other through
hydrogen bonds between the cyanide and aqua ligands from
adjacent assemblies and form chains (Figure 6b) that run
parallel to each other and interact through acetonitrile sol-
vent molecules.

Pentameric units of this type have been found in com-
pounds built from hexacyanometalate and Mn Schiff-base
complexes such as {[Mn(saltmen)(H,O)],[Fe(CN)¢]} (ClO,)?7]
in which the pentamers are hydrogen bonded to each other,
and {[Mn,(saltmen),],[Fe(CN)¢]}(ClO4)-H,O (IV)! which
is a 2D coordination polymer built from the pentamers
{[Mn(saltmen)]s[Fe(CN)s]}* linked through phenoxo
bridges between the manganese complexes.

In the synthesis of 6, it was observed that a small amount
of water in the acetonitrile plays an important role in its
formation. When dry acetonitrile was used and extra care
was taken to reduce inadvertent exposure to moisture, a 3D
coordination polymer [MesN]{[Mn(L1)]3[NbsCl;»(CN)g]}
(12) was obtained (vide infra).?® Despite the availability of
two cyanide ligands, attempts to increase the nuclearity of
the supramolecular assemblies by using a tenfold excess of
[Mn(L1)]Cl were not successful. Only when the reaction
was performed in a MeOH/H,O mixture were heptameric
assemblies containing a cluster connected to six manganese
complexes isolated (vide infra).

4.5 Heteroheptameric and Heterodimeric Supramolecules

When 2 was mixed with [Mn(L/)]CI in a MeOH/H,O
mixture, {[Mn(L1)(H,O){[Mn(LI)|,[NbsCl;2(CN)g]} {[Mn-
(LD)[NbgCl15(CN)g]} (7) was isolated. Its structure con-
sists of the heptamers {[Mn(LI)(H,O)4[Mn(LI)],-
[NbeCl1o(CN)g]}?* (Figure 7a) and trimers {[Mn(LI)],-
[NbgCl;»(CN)e]}> (Figure 7b). The cation assembly con-
sists of [NbgCl;»(CN)g]* linked to six Mn complexes by
way of Nb-C=N-Mn linkages. Two complexes are penta-
coordinate, two oxygen atoms and two nitrogen atoms from
the Schiff-base ligand and one nitrogen atom from the cya-
nide ligand, which leads to a distorted square-pyramidal
coordination geometry. The complexes are related to each
other by an inversion centre. The other four manganese ions
are coordinated by two oxygen atoms and two nitrogen
atoms from the tetradentate ligand, one nitrogen from the
cyanide ligand, and one oxygen from the solvent molecule,
which leads to the formation of a distorted octahedral envi-
ronment. The overall shape of the heptameric cation can be
described as a large flattened sphere with a diameter of
about 2.1nm. The anionic trimer 1is built from
[NbeCl;»(CN)e]* complexes coordinated by two pentacoor-
dinate manganese complexes that are similar to those ob-
served in the heptamer. The trimers are similar to those
found in 4 except that the manganese ions in 4 are hexaco-
ordinate because of the presence of a solvent molecule as a
ligand. Hydrogen bonds between the CN™ ligand from the

Figure 6. (a) The heteropentamers {[Mn(L/)(MeCN)],[Mn(L7)(H,O)]5[NbsCl;»(CN)]} in which each cluster is coordinated by two
[Mn(LI1)(MeCN)]* complexes and two [Mn(L1)(H>O)]* complexes. (b) Neutral chains extending along the b axis in which heteropentam-

eric units are connected to each other through hydrogen bonding.

1058

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2007, 1053-1066



Octahedral Metal Clusters [NbsCl;»(CN)¢J* as Molecular Building Blocks

MICROREVIEW

Figure 7. (a) The heteroheptamer {[Mn(LI)(H>0)]4Mn(L1)],[NbsCl;5(CN)¢]}>* complex where each cluster is coordinated by four
[Mn(L1)(H>O)]* complexes and two [Mn(L/)]* complexes. (b) The heterotrimer {{Mn(LI)],[NbsCl;»(CN)c]}>~ where each cluster is linked
to two [Mn(L1)]* complexes in the zrans position. (c¢) Chains built from hydrogen bonding between coordinated water molecules from

cations and cyanide ligands from anions.

anions and the coordinated H,O molecules from the cations
lead to the formation of chains (Figure 7c). The C=N bond
length [1.146(4) A] for the ligands coordinated to the hexa-
coordinate Mn complex is longer than that for the CN li-
gand coordinated to the pentacoordinate manganese
[1.137(4) A]. The average bond length of Mn—N¢y for the
pentacoordinate Mn complex [2.150(3) A] is significantly
shorter than that found in the hexacoordinate Mn complex
[2.287(3) A] as a result of the solvent coordination effect.

The structure of compound 7 is interesting in terms of
the coexistence of the cationic heteroheptamers and anionic
heterotrimers as well as penta- and hexacoordinate Mn
ions. However, both penta- and hexacoordinate Mn ions
have been observed in [Mn(L2)]4[ResTeg(CN)¢] 74 in which
two [Mn(L2)]" complexes bridge the cluster units to give a
2D framework whereas two other complexes are attached
to one cluster unit only through the Ny atom. Similar cat-
ionic-anionic assemblies have been observed in compounds
containing hexacyanometalates [M(CN)¢]>~ (M = Fe**,
Cr3") as building units.?%4% For example, {{Mn(L2)(H,0)]s-
[Fe(CN)g]} [Fe(CN)g] (V)H! is built from [Fe(CN)g]>~ com-
plex anions coordinated by six solvated [Mn(L2)(H,O)]*
complex cations to form the heptamer {{Mn(L2)(H,O)]¢-
[Fe(CN)g]} "

5. Coordination Polymers Built from
[NbCl;,(CN)g]* and Metal Complexes

The species described in Section 4 can be described as
octahedral clusters ligated by one, two, four, and six metal
complexes to form larger supramolecular assemblies. In
most cases, the solvent completes the preferred octahedral
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coordination environment for Mn'™, which prevents the

formation of coordination polymers. Judicious choice of the
synthetic conditions such as cations, solvents, stoichiomet-
ries, metal complexes, and salen-type ligands led to the
preparation of coordination polymers with 1D, 2D, and 3D
frameworks. The framework dimension depends on the
cluster/metal complex ratio and the connectivity mode be-
tween the two building units. The clusters in all the coordi-
nation polymers are similar to those found in supramolec-
ular assemblies in terms of bond lengths and angles.

5.1 One-Dimensional Coordination Polymers

Two coordination polymers with one-dimensional frame-
works built from [NbgCl;»(CN)e* and [Mn(L)]" connected
by cyanide ligands have been characterized. The salen-type
ligand and the solvent system determine which one of these
two compounds forms.

[MeyN]3{[Mn(LI)][NbsCl;»(CN)g]} (8) cocrystallized
with [MeyN],[MnNbgCl;,(CN)g] from the reaction of equi-
molar amounts of 2 and [Mn(L/)]CI in dry MeCN. It crys-
tallizes in the tetragonal symmetry (space group: /4;/a) and
is formed from two sets of chains related to each other by
a 4, screw axis (Figure 8a). In 8, each cluster is coordinated
by two [Mn(L/)]* complex cations through Nb-C=N-Mn
linkages, and each [Mn(L/)]* complex connects two clusters
to give anionic zigzag chains {{Mn(L/)][NbgCl;»(CN)g]}..>
(Figure 8b) that extend along the crystallographic ¢ and b
axes. The chains are bent with £ Mn—N=C of 152.9(2)° and
156.5(3)°. The Nb—C bond length associated with the bridg-
ing cyanide ligands [2.301(3) A] is larger than that of a non-
bridging cyanide ligand [2.268(3) A]. The bond length for a
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L
— - -

Trans-

(c)

Figure 8. (a) Perspective view of the 1D coordination polymer [MesN]3{[Mn(L/)] [NbsCl;2(CN)e]} (8); (b) The anionic zigzag chain
extending along the « axis. (¢) Each Mn complex is coordinated by two cluster units in a trans conformation. The Mn complexes are

shown as {MnN,O,} octahedra.

bridging C=N ligand [1.145(4) A] is slightly longer than
that for a nonbridging C=N group [1.139(4) A]. Two Mn-—
Ncn bond lengths are observed [2.332(3) and 2.382(3) A]
and they are longer than those found in all supramolecular
assemblies described above. The chains belong to the 2,2-
TT type because each cluster is trans coordinated by two
Mn complexes and each Mn complex is connected to two
clusters in a trans conformation (Figure 8c).*?! The chains
are stacked parallel to each other along the ac and ab pla-
nes and are separated by solvent molecules and ammonium
ions (Figure 8a).

[MeyN3{[Mn(L3)][NbsCl;»(CN)s]} (9) was obtained
from reaction of 2 with [Mn(L3)(MeOH)](ClO,) in meth-
anol (mol ratio [NbgCl;5(CN)¢*:[Mn(L3)]* = 1.0).38 1t is
a 1D coordination polymer with the same cluster complex
connectivity as that observed for 8. Each cluster is con-
nected to two complexes through two cyanide ligands on
opposite sides, and each complex connects two clusters to
afford anionic zigzag chains {[Mn(L3)][NbgCl;>(CN)g]} o>~
that extend along the crystallographic ¢ axis. The chains
stack parallel to each other along the a axis (Figure 9a) to
form layers parallel to the ac plane. Ammonium ions and
solvent molecules are located between the chains. The Nb—
C bond lengths for the bridging C=N ligands are 2.278(8)
and 2.288(8) A, slightly larger than those for nonbridging
CN ligands [2.25(1)-2.271(9) A]. The bond lengths of the
bridging C=N ligand [1.129(9) and 1.126(9) A] are signifi-
cantly smaller than those for nonbridging cyanide ligands
[1.15(1) A]. Yet only one broad asymmetric band is ob-
served in the IR spectrum at 2128 cm™!. The Mn-N=C
1060
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(b)

Figure 9. (a) Perspective view of the structure of 1D coordination
polymer [MesN]3{[Mn(L3)] [NbsCl;»(CN)¢]} (9) along the crystal-
lographic a axis; (b) each Mn complex is coordinated by two cluster
units in the cis conformation.

Eur. J. Inorg. Chem. 2007, 1053-1066



Octahedral Metal Clusters [NbsCl;»(CN)¢J* as Molecular Building Blocks

MICROREVIEW

linkage [£Mn-N=C = 148.59(8)°] is bent to a greater ex-
tent than in 8. The Nen—Mn—Ney linkage [£Neny—Mn—
Nen = 174.2(2)°] is also slightly more bent compared to
that observed in 8. The geometric conformation of the
metal complex dictates the topology of the chains in 8 and
9. In 8, each manganese is linked to two clusters located on
opposite sides of the Nen—Mn—Ney axis (trans conforma-
tion), whereas in 9, each Mn complex is linked to two clus-
ters located on the same side of the Nen—Mn—Ney axis
(cis conformation) (Figure 9b). Complex 9 is an expanded
analogue of [EtyN],{[Mn(LI)][Fe(CN)g]} (VI) in which
[Mn(LI)]* and [Fe(CN)g]* are linked by CN ligands to af-
ford chains.[*]

Reactions between [Et,N];[Fe(CN)g] and [Mn(L3)(H,O)]*
in methanol led to the formation of [Et;N]{[Mn,(L3),][Fe-
(CN)g]} built from phenoxo-bridged dimers [Mn»(L3),]**
and [Fe(CN)g]*~ linked by the cyanide ligand to form one
dimensional coordination polymers.**l The formation of
the dimeric Mn complexes is most likely due to the relative
stability of the monomer versus the dimer, which depends
on the solvent used.

5.2 Two-Dimensional Coordination Polymers

Direct mixing of dilute methanolic solutions of 2 and
[Mn(L2)](ClO4) (mol ratio complex:cluster = 2) led to
quantitative formation of [MeyN],{[Mn(L2)],[NbsCl;,-
(CN)g]} (10).1'91 Polymer 10 can be obtained as a microcrys-
talline powder when the molar ratio [Mn(L2)]*:
[NbeCl;»(CN)e]* ranges from 1.0 to 4.0. In 10, each cluster
is coordinated by four [Mn(L2)]* complexes through Nb-
C=N-Mn linkages and each [Mn(L2)]" complex connects
two [NbgCl;»(CN)¢]* anionic complexes to generate an-
ionic layers {{Mn(L2)],[NbeCl;»(CN)g]}..> that are parallel
to the bc plane (Figure 10b). The Nb—C bond lengths asso-
ciated with bridging cyanide ligands are about 2.29 A and
longer than those associated with nonbridging cyanides
(2.27 A). In contrast, the C=N bond lengths are all about
1.13 A, which is consistent with the observation of only one
absorption band in the IR spectrum at 2134 cm ! for the
C=N stretch. The Mn—N¢cy bond lengths are significantly
different from each other and vary between 2.23 and 2.36 A
owing to the bowl-shaped salen-type ligand L2 with the
longer Mn—Ncy linkages on the concave side of the ligand.
The Mn-N=C bond angles are also significantly different,
144.2(3) and 155.0(3)°, respectively. The two phenyl groups
of the L2 ligand in 10 are located in a cis fashion with
respect to the basal N,O, plane; in contrast, the phenyl
groups in [Mn(L2)](Cl0,)*), which is used as a precursor,
are located in a trans fashion.®! The layers are stacked in
a staggered fashion along the crystallographic a axis and
are separated by ammonium ions that are found in the vi-
cinity of the uncoordinated cyanide ligands (Figure 10a).
Similar layers have been observed in [Mn(L2)]4[ResTes-
(CN)g]'"7 in which Req clusters are coordinated by six
[Mn(L2)], two of which are dangling. Polymer 10 represents
a cluster-expanded analogue of the compound
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[Et;N]{[Mn(L2)]-[Fe(CN)s]}  (VID“7 in which each
[Fe(CN)g]*~ is linked to four complexes and each complex
links two ferricyanides to form anionic layers that stack

perfectly on top of each other contrary to the stacking in
10.

(b)

Figure 10. (a) Perspective view of the structure of 2D coordination
polymer [MeyN],{{Mn(L2)][NbsCl;,(CN)g]} (10) along the crystal-
lographic a axis; (b) A projection of the anionic layer parallel to
the crystallographic bc¢ plane along the a axis.

5.3 Effect of the Metal Complex Coordination
Requirements: The Layered Framework of
[Zn(em)]2[NbsCl12(CN)6l

The topology, dimension, and properties of frameworks
built from clusters and metal complexes presumably depend
on the metal complex and the coordination preferences of
the metal ion. The use of [Zn(en)]** and the cluster as
building units led to the formation of [Zn(en)],-
[NbgCl;»(CN)g] (11) which has a layered framework and
was obtained from the reaction between an aqueous solu-
tion of Nay[NbgCl;»(CN)g] and an ethanolic solution con-
taining equimolar amounts of Zn(ClO,),-6H,O and en.[®]
The structure of 11 consists of neutral layers in which each
cluster [NbgCl;»(CN)¢]* is coordinated by six [Zn(en)]**
complexes through Nb-C=N-Zn linkages and each
[Zn(en)]** is connected to three cluster units to afford layers
parallel to the ab plane (Figure 11a). Although the C=N
bond lengths are all found at ca. 1.15 A, not much different
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from that observed in 10, the C=N IR bond stretch fre-
quency appears at 2167 cm™!, which is much higher than
that observed for 10. The Zn-N bond length [2.051(8) A] is
shorter than that of the Mn—N bond found in compounds
containing supramolecular assemblies and coordination
polymers and reflects the smaller ionic radius of Zn?*. The
Zn—-N=C bond angle is 172.5(9)°, which is close to those
found for Ca-N=C in 5 [172.9(8)°] but larger than the Mn—
N=C bond angles in 3, 4, and 6-9 [144.2(3)-165.8(3)°]. The
layers stack on top of each other along the ¢ axis and are
held together only through weak Van der Waals interac-
tions. Projection along the crystallographic b axis indicates
that [Zn(en)] complexes are alternatively located above and
below the plane (Figure 11b).

-—e

(b)

Figure 11. (a) A projection of the layer in [Zn(en)],[Nb¢Cl,,-
(CN)g] (11) along the ¢ axis. (b) A projection of the layer along the
crystallographic b axis, which shows that the [Zn(en)] complexes
are alternatively located above and below the plane.

Similar layers have been observed in [Zn(H,O)],[Fe-
(CN)e]*! and in [Zn(H,0)],[ResSegFe(CN)g].*<] However,
in contrast to 11 where Zn>* is coordinated by two N atoms
from the chelating en ligand and three Ny atoms from
three different clusters to form a distorted square pyramid
ZnNG;, in the latter compounds Zn?* is coordinated by one
oxygen atom from the aqua ligand and three Ny atoms,
which leads to the formation of distorted ZnN;O tetrahe-
dra. The layers in 11 can be considered as expanded layers
of the CdCl, or CdL, structure typest®*>! in which the
[NbeCly,]** cluster core takes the place of Cd>*, and the
complex anion [Zn(en)(CN);] takes the place of the halide;
thus the chemical formula can be written as
1062
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[NbeCly5][Zn(en)(CN)s],. However, the layers are stacked
on top of each other in 11, whereas in CdCl, and CdlI,, the
layers are staggered.

5.4 Three-Dimensional Coordination Polymers

[Me,NJ{[Mn(L1)]5[NbeCljo(CN)g]} (12) was obtained
from the reaction of 2 with [Mn(L/)]CIl (8 equiv.) in dry
acetonitrile.l*¥! In the presence of even trace amounts of
water in acetonitrile, compound 7 was obtained instead. In
12, each cluster is coordinated by six [Mn(LI)]* complexes
and each complex links two cluster units to give an overall
3D framework (Figure 12a). The structure consists of iden-
tical but symmetry independent layers parallel to the bc
plane with the same cluster complex connectivity as that
found in 10 (Figure 12b). The layers are linked to each
other through manganese complexes, which leads to the for-
mation of cavities where the cation and acetonitrile mole-
cules are located. The C=N bond lengths range between
1.14 and 1.16 A and only one peak at 2142 cm™' was ob-
served for the C=N vibrational stretching frequency. This
value is larger than that found in the starting materials
(2126 cm™") and 2D coordination polymer 10 built from
[Mn(L2)] (2134 cm™!). Two symmetry independent manga-

Figure 12. (a) Projection of the structure of the 3D coordination
polymer [MesN]{[Mn(L1)] [NbsCl;»(CN)g]} (12) along the crystal-
lographic b axis; (b) A projection along the a direction of two adja-
cent layers (one is bold and the other is faded), which shows the
staggered packing of the layers along the a axis. The layers are
further connected to each other through an additional set of Mn
complexes.
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nese complexes are used to connect the clusters within the
layers with bond lengths Mn-N¢y = 2.34 A, whereas a
third manganese complex links the layers together to form
the 3D framework with an average bond length Mn—Ncy
= 2296A. The compound Na{[Mn(L2)];[ResSes-
(CN)g]i[17al also features a 3D coordination polymer in
which each Reg cluster is surrounded by six Mn complexes.

The overall structure can be considered a 3D framework
in which layers found in 10 are connected to each other
through additional Mn complexes by using the two remain-
ing CN ligands. The compound has been shown to lose al-
most all solvent molecules after being washed or when evac-
uated at room temperature without loss of crystallinity.
Careful structural analysis reveals that solvent molecules
are not involved in hydrogen bonding.

5.5 Effect of the Metal Complex: The 3D Framework of
[Ba(phen),(H,O)]>[NbsCli2(CN)] (13)

This compound was synthesized in a one-pot reaction by
mixing a solution of BaCl, and phen (mol ratio = 1:2) in
H,O/EtOH with an aqueous solution containing [MesN],-
[NbeCl;g] and KCN.B? The cyanochloride cluster was gen-
erated in situ. The structure of 13 is a neutral 3D frame-
work built from [NbgCl;»(CN)¢]* and [Ba(phen),(H,O)]**
(Figure 13a). Each cluster unit is linked to six barium com-

(b)

Figure 13. (a) Projection of the 3D framework found in [Ba(phen),-
(H>0)]5[NbgCl2(CN)g] (13) along the a direction. Water molecules
and phen ligands located within the cavities have been omitted for
clarity. (b) Ba complexes link cluster units to afford ladder chains
along the ¢ direction.

Eur. J. Inorg. Chem. 2007, 1053-1066

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

plexes through cyanide ligands and each Ba complex links
three clusters. Two crystallographically independent Ba
complexes are present and arranged in a mer conformation
around the cluster. Each set of Ba complexes links the clus-
ter units to form ladder-like chains along the ¢ and b axis
(Figure 13b); this generates channels along the crystallo-
graphic a axis in which the phen ligands are located. The
bond length of C=N is about 1.14 A yet two C=N stretches
were observed in the IR spectrum (2122, 2131 cm™). In ad-
dition to three N atoms from the cyanide ligands, each bar-
ium is additionally coordinated by four N atoms from two
phen ligands and one O atom from a water molecule. Ex-
tended frameworks containing Ba-phen complexes and
hexacyanometalates as building units have been reported.
For instance, {[Ba,(phen)4(H,O)4][Fe(CN)g]}Cl (VIIDP? is
built from dimeric unit [Ba,(phen),(H,O)¢]*" and [Fe-
(CN)g]>~ and they are connected to each other by CN li-
gands to form chains. The dimers [Ba,(phen),(H,O)¢]*" are
built from monomers [Ba(phen),(H,0),]*" that are con-
nected to each other by two water molecules through Ba—
O-Ba linkages. Ba ions are nine-coordinate by four N
atoms from two phen ligands, four O atoms from water
molecules, and one N atom from a cyanide ligand.

6. Properties

6.1 Thermal Stability

The thermal stability of compounds built from cluster
units and Mn complexes depends on the nature of their
framework. Thus, when heated to 200 °C in air-flow, mate-
rials built from supramolecular assemblies lose their crystal-
linity after losing all solvent molecules essential to the for-
mation of the hydrogen-bonded frameworks. Figure 14
shows typical TGAs for materials based on supramolecular
assemblies and coordination polymers. The stability of the
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Figure 14. TGA of 6 built from supramolecular assemblies and 9
characteristic of coordination polymer heated from 30 °C to 950 °C
at 5 °C /min under air-flow (40 mL/min).
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coordination polymers is different because the solvent
molecules are not involved in building the frameworks.
When heated in air-flow, the product obtained after 700 °C
is generally a mixture of metal oxides with compositions
determined by the ratio of Mn:Nbg in the initial material.
When the ratio Mn:Nbg = 1 or 2, the product is a mixture
of MnNb,Og and Nb,Os, and when Mn/Nbg = 3, only
MnNDb,Oyg is observed. The thermal decomposition can be
described by the following chemical equation:
{IMn(L)],[NbgCl;5(CN)g]} + [(15 + n)/2 + n]O, — nMnNb,Og +
(3 - nNb,Os (n = 1, 2, 3)

It is worth noting that the columbite MnNb,O4 forms
in the temperature range 400-750 °C, much lower than the
temperatures (800-1400 °C) at which MnNb,Oy is prepared
through conventional mixed oxide route.>!

6.2 Magnetic Properties

In all compounds described above, the Nb-Nb bond
lengths are characteristic of diamagnetic 16-electron clus-
ters.'® The effective magnetic moment in 6, 10, and 12 are
characteristic of high-spin Mn"" ions. For example, for 12
the . value at 300 K is 5.17 pg, close to the calculated
value of the spin-only effective moment of the high-spin
Mn3* ion (4.90 ug). As the compound is cooled from 300 K
to 20 K, the effective magnetic moment remains almost the
same and then decreases slowly. The data were fitted with
the Curie-Weiss relation y(7) = yo + C/(T - 0) to give C =
3.36 emuK mol ! and 0 = -2.02 K (Figure 15). No evidence
of magnetic exchange coupling between the Mn!! centers
was observed even for the 3D framework of 12. This is dif-
ferent from the case of the Prussian-blue Fe'"',[Fe'[(CN)g]s:
14H,O in which the Fe ions are separated from each
other by diamagnetic Fe" ions, yet ferromagnetic coupling
(T. = 5.6 K) was observed.®¥ Two reasons can account for
this: 1) the large size of the cluster units, which separate
two Mn'™ jons, results in a Mn interdistance of 15.1(2) A
for 12, and 2) the electronic structure of the diamagnetic
16-electron cluster.

¥ 1 40

15 [ma] enma]

¥ 420

1 T 1 n
0 50 100 150 200 250 300
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Figure 15. Plot of u (left) and 1/y (right) versus 7" of 12 measured
under a 1 kG magnetic field.
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7. Conclusion

Octahedral niobium cyanochloride clusters and coordi-
natively unsaturated metal complexes have been successfully
used as components of larger assemblies. Two types of as-
semblies have been obtained depending on the metal com-
plex chosen, the solvent system, and the molar ratios used.
Table 1 summarizes the most important bond lengths and
angles, as well as the v(C=N) bond stretching frequency of
the compounds described here and their analogues based
on [Fe(CN)g]*~. The following observations can be made: 1)
Supramolecular assemblies in which the cluster is progress-
ively coordinated by one, two, four, and six metal complexes
have been obtained. The size of these supramolecules in-
creases from 1.5 to 2.4 nm as the number of metal com-
plexes per cluster increases. The cluster-based supramolec-
ules are about 0.5 to 0.8 nm larger than analogous species
built from [Fe(CN)¢]*~ and metal complexes, which is con-
sistent with the fact that the size of [NbgCl;5(CN)¢* is
about 0.5 nm larger than [Fe(CN)g]*~. 2) The functionaliza-
tion of the cluster unit by attaching a different number of
metal complexes led to the formation of different species
with different charges. 3) The dimension and topology of
coordination polymers built from clusters and metal com-
plexes are dictated by the coordination requirements of the
metal complex and the connectivity mode between the
metal complex and the cluster. Thus, Mn'" Schiff-base
complexes containing two free coordination sites are used
to build 1D, 2D, and 3D coordination polymers as the clus-
ter uses two, four, and six CN ligands to link to the metal
complex and the Mn:Nbg ratio increases from 1 to 3. Both
[Zn(en)]** and [Ba(phen),(H,O)]*" use three coordination
sites to build either 2D and 3D coordination polymers be-
cause of the availability of three coordination sites. 4)
Though similarities between the compounds reported here
and their counterparts that are built from [Fe(CN)¢]*~ or
Reg clusters are observed, the compounds differ from each
other in terms of their structural features and properties.
The reactivity of [NbgCl»(CN)e]* towards metal com-
plexes is also different from that of [Fe(CN)¢]*  and Reg
clusters. 5) The formation of supramolecular assemblies re-
sults from the substitution of ammonium ions with coordi-
natively unsaturated metal complexes. Di-, tri-, and penta-
meric supramolecules are formed as the number of Mn
complexes attached to the cluster increases. The process can
be represented by the following chemical equation:

[MesNLINbCl(CN)g] + aMn(L)+ — [MesN]y ,{[Mn(L)],-
[NbClio(CN)gl} + n[MesNJ+ (0 = n = 4)

6) The formation of 1D, 2D, and 3D coordination poly-
mers is governed by the same chemical equation as above.
As n increases from 1 to 3, 1D, 2D, and 3D frameworks are
obtained. These coordination polymers can be viewed as
supramolecular units connected to each other by additional
clusters. Thus, the 1D polymer can be described as being
formed from heterotrimers connected to cluster units to
form chains, the 2D material can be described as heteropen-
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Table 1. Most important bond lengths [A] and bond angles [°] and the W(C=N) [cm!] for the compounds described in the present review

and their iron(I11) hexacyanide analogues.[?!

3 1 4 I 5 1T 6 v 7 v
Nb(Fe)-C 2.279(7) 1.94(4) 2.286(14)  1.933(5) 2.288(7) 1.943(6) 2.286(6) 1.97(8) 2.282(8) 1.941(2)
C=N 1.140(6) 1.15(1) 1.144(2) 1.164(6) 1.14(2) 1.1531 1.147(2) 1.13(3) 1.142(3) 1.149(2)
Nb(Fe)-C=N 175.7(13)  177.6(8) 176.7(5) 178.8(4) 177(2) 177(2) 176.7(18) 177.717) 177(2) 177.7(2)
Mn—Ncy 2.280(5) 2.198(9) 2.295(3) 2.332(3) 2.54(1) 2.50( 1) 2.26(2) 2.193 2.150(3), 2.334(2)
2.287(3)
Mn-Nex=C 150.3(4) 162.4(8) 157.2(3) 146.6(3) 172.9(8)  149(2)1 148.6(3), 156(1) 150.3(3)-161.5(3)  150.7(1)
165.8(3)
Veu 2134 2104 2131 2128, 2128 2118 2143 2118 2140, 2108,
2110 2128 2115
8 9 VI 10 Vil 11 12 13 VIl
Nb(Fe)-C 2.28(1) 2.27(1) 1.958(6) 2.279(7) 1.941(5) 2.260(8) 2.28(1) 2.286(8) 1.94(1)
C=N 1.144(5) 1.13(1) 1.147(2) 1.133(4) 1.162(8) 1.15(1) 1.149(8) 1.140(5) 1.150(3)
Nb(Fe)-C=N 175.6(14)  175(3) 177.1(4) 175.1(3) 177(1) 172.6(9) 175.3(25) 169.7(6)-177.4(7) 176.9(8)
Mn-Nex 2.36(3) 2.345(3) 2.316(4) 2.233(3),  2.266(3), 2.0518)"  2.31(3) 2.803(6)-2.864(8)  2.835(7)1
2.365(3) 2.337(3)
Mn-Nen=C 152.9(2), 148.59(8)  152.5(3) 144.2(3), 146.2(2), 172.5(9  1453(7)-158.3(7)  130.5-172.61 157.7(3),
156.5(3) 155.0(3) 167.8(3) 165.8(2)
Nen-Mn-Nen  178.92(3)  174.2(2) 172.02) 173.3(1) 169.4(1) 100.16(2)"  168.3(2)-176.1(3) 1423 N/A
Vos 2127 2127 2124 2131 2106, 2167 2132 2122, 2131 2100,
2131 2104

[a] Compounds I-VIII are based on [Fe(CN)¢]* as building units and were used to compare compounds based on mononuclear hexa-

cyanides to their cluster analogues.

tamers linked by way of cluster units, whereas the 3D
framework consists of heteroheptamers connected by clus-
ter units.

Further studies are necessary to advance our under-
standing of this system and to allow the preparation of ma-
terials with tailored structural features and properties. The
stability of the supramolecular assemblies in solution is of
interest in order to study their potential use as larger build-
ing units for the preparation of materials with more com-
plex structures. More important are the opportunities these
assemblies present in terms of their functionalization by use
of different metal complexes and different ligands. The rate-
limiting step of advances in this field, as in many other
areas of synthesis, is the preparation of single-crystals suit-
able for structural characterization. The use of powder
XRD to solve and refine the crystal structure is in most
cases of little use as PXRD patterns are generally domi-
nated by four or five peaks. For instance, in the case of the
Prussian-blue analogues, the structure initially determined
from PXRD was significantly different from that deter-
mined later from single-crystal XRD. Magnetic studies of
supramolecular assemblies and coordination polymers
show that no magnetic coupling was observed between the
cluster units and the metal ions or between the metal ions
through cluster units, possibly a result of the diamagnetism
and large size of the metal cluster. Oxidation—reduction of
the cluster and its use as a building unit may lead to modifi-
cation of the physical properties of the materials obtained.
Recently, the 15-electron cluster [NbsCl;»(CN)g]*>~ was iso-
lated, and it is being investigated as a building unit in com-
plexes to determine its effect on magnetic properties.
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