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A great deal of interest has developed in the synthesis of
metal–organic coordination polymers as they offer opportu-
nities for preparing materials with controllable functionali-
ties.[1] Although remarkable progress has been made in this
new field of chemistry and materials science, largely due to
efficient design strategies,[2,3] it is still difficult to prepare
metal–organic frameworks with predictable topologies, even
structures composed of simple inorganic salts.[4] The mimick-
ing of topologies of natural minerals has rapidly become one
of the most challenging issues in the design of metal–organic
frameworks.[3c] Many 3D structures with mineral topologies
such as NbO, quartz, pyrite, rutile, sodalite, CdSO4, and
halite[5] have been reported recently from attempts to obtain
geometric characteristics with designable functionalities.
From the reported characterization of the net topologies,[6]

all of these networks are based on the use of three-, four-, or
six-connected building blocks.[5] Connectivities of five, seven,
or eight are extremely rare as a result of limitations in the
symmetry or steric hindrance associated with connected
nodes.[7,8] Although the body-centered cubic (bcu) net[8a–c]

and the fluorite (flu) net[8d] are commonly seen in textbooks,
such topologies with eight connecting nodes in a cubic
geometry have only appeared in a few examples. To fulfill
their geometric limitations, an eight-coordinated metal center
or an eight-connecting polynuclear metal cluster block would
be required; neither is easily achieved.[8] The former has been
obtained with eight-coordinated lanthanide ions or
[M(CN)8]

4� to form the bcu-type net,[8a,b] and the latter by
using an eight-connecting cluster containing a tetracadmium
carboxylate moiety and a four-connecting ligand to form the
flu-type net. However, the bcu-type topology with only an
eight-connecting polynuclear metal cluster unit has not yet
been realized.

As part of our ongoing efforts in the design and synthesis
of functional crystalline materials,[3e] we report herein the
rare, porous bcu-type framework of {[Cu3Cl2(4-ptz)4
(H2O)2]·3DMF·5H2O}n (1), assembled from 5-(4-pyridyl)-
tetrazolate (4-ptz) as a bridging ligand and an eight-connect-
ing tricopper cluster (Cu3Cl2

4+=Cu3 cluster) as a building
block. To the best of our knowledge, this is the first bcu-type
structure with an eight-connecting polynuclear metal cluster
unit, and represents one of the highest connected topologies
known for coordination polymers. The appropriate choice of
an organic ligand with specific functional groups and geom-
etry is also a major factor in achieving this target. The reasons
for using the 4-ptz ligand are twofold: first, the tetrazole
group is a widely known alternative to a carboxylate moiety,
and second, the five-membered heterocyclic tetrazole group,
which contains four N donors and a pyridine group, could
serve both as a potential active coordination site and a
hydrogen-bond acceptor, thus permitting the polymeric
framework to be expanded through hydrogen-bonding inter-
actions. Interestingly, until now, such coordination polymers
based on tetrazole derivatives[9,10] have not been extensively
studied, in contrast to metal carboxylates.[1e] Inspired by the
work of Sharpless and co-workers,[11] the preparation of 5-
substituted 1H-tetrazoles is now a safe and convenient route.
Nevertheless, the generation of tetrazole-based coordination
polymers would be a new and potentially useful research
theme, which is currently in its infancy.

Compound 1 was synthesized by the reaction of copper(ii)
chloride and 5-(4-pyridyl)tetrazole (4-H-ptz) in DMF at
ambient temperature in high yield by a single-step self-
organization process (Scheme 1). The asymmetric unit con-
sists of two CuII centers, one bridging chloride ion, one 4-ptz
ligand, one coordinated water molecule, and other disordered
guest molecules (Figure 1a). An analysis of the local symme-
try of the two nonequivalent Cu centers reveals that the Cu1
center resides on a special symmetry site (SOF= 0.25)
containing three mutually perpendicular twofold axes of
rotation, and the Cu2 center resides on the other special
symmetry site (SOF= 0.5) containing a twofold axis of
rotation. Cu1 is bound to four tetrazole nitrogen atoms and
two bridging chlorine atoms, and Cu2 is bound to two
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tetrazole nitrogen atoms, two pyridyl nitrogen atoms, one
bridging chlorine atom, and one coordinated water molecule.
The two nonequivalent Cu atoms adopt a distorted octahedral
(Cu1)Cl2N4 and (Cu2)ClN4O coordination geometry, respec-
tively. The tetrazole ligands adopt a bridging mode with a
coordinating pyridyl group and a m2,h

2-tetrazolato bridge. The
copper–copper separation, bridged by the chloride and
tetrazole moiety of the 4-ptz ligands, is 3.545(1) =. Each 4-
ptz ligand coordinates through the 1,2-nitrogen atoms of the
tetrazole group and the pyridyl nitrogen atom. Each Cu2
atom is weakly coordinated by a water molecule (Cu�O=

2.890(3) =) resulting from a strong Jahn–Teller effect. Except
for the coordinated water molecules, all donor atoms form
reasonably strong bonds with the copper atoms. All of the
Cu�N distances are in the range between 2.015(3) and
2.024(3) =.

From further analysis of the structure of 1, five unique
features are apparent: 1) a three-dimensional neutral net-
work with a bcu-type topology; 2) eight-connected Cu3-
cluster-building subunits; 3) large octahedron-shaped cham-
bers; 4) potential functionalization sites on the copper atoms;
5) nanoscale open windows and a 3D intersecting channel
system with an extra-framework volume of 57%.

The bcu-type topology of 1 is as follows: the motif of
the Cu3 cluster connected to eight 4-ptz linkers is
represented by a box connected with eight bars (Fig-
ure 1b). The positions of the eight connecting nodes
correspond to the four pyridyl nitrogen atoms and the

centers of the 2,3-nitrogen atoms of
the tetrazole group, which results in
an eight-connected net with the
Schlafli symbol {42464} that resem-
bles the topology of a bcu net
(Figure 1c, d). To fulfill a bcu-type
topology, our design strategies were
focused on the selection of clusters
with eight connectivities as secon-
dary building units (SBUs)[12] as they
provide a suitable geometry that
permits the target structures to be
constructed. The assembly of the
eight-connected Cu3 clusters and the
tetrazolate ligand successfully forms
the first example of a neutral body-
centered-type metal–organic frame-
work. Owing to limitations in geom-
etry, the angle of the unit cell
diagonals is distorted from 908 to
75.88 and the symmetry of the crys-
tal system is lowered from cubic to
orthorhombic (see Supporting Infor-
mation).

As a result of the geometry of
the bcu-type net, the combination of
channels running parallel and per-
pendicular to each other gives rise to
large pockets of extra-framework
space. Considering the octahedron-
shaped chamber (Figure 2a) in the

framework, the diagonal distances of the chamber are
15.507(0) = (Cu1�Cu1) and 19.917(3) = (Cu1�Cu1). Such a

chamber, with an inner void space, can accommodate at least
two van der Waals spheres with maximum diameters of up to
7.14 = without coming into contact with the framework. The
calculated density (in the absence of guests) of compound 1 is
0.99 gcm�3. Analysis with the PLATON[13] software tool

Scheme 1. Synthesis of 1 by a one-step organization; DMF=N,N-dimethylformamide.

Figure 2. Views of the octahedron-shaped chamber: a) A few large
van der Waals spheres with diameters of about 5.78–7.14 C inside.
b) Weakly coordinated water molecules on Cu3 clusters act as
removable shutters.

Figure 1. a) Local coordination environment of CuII in 1 (atoms are represented as 30% thermal ellipsoids);
hydrogen atoms and disordered molecules have been omitted for clarity. b) Simplified view of an eight-con-
nected Cu3-cluster subunit. c) Perspective view of the network of 1 simplified according from part (b). d) The
body-centered cubic lattice net (bcu net).
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indicates that the extra-framework volume per unit cell is
approximately 57%. The use of the “CAVITY” routine in
PLATON indicates that the six largest voids are located at
(0.3, 0, 0.625) and other symmetric sites with diameters of
7.14 =, four other middle voids at (0, 0.5, 0) with diameters of
5.84 =, and so on, with fourteen other cavities with diameters
in the range of 5.78–5.04 = (van der Waals surfaces consid-
ered). Furthermore, the overall shape of the void does not
allow the packing of spheres larger than 7.14 =, although
several spheres with different diameters can be accommo-
dated by the same large elongated void. The void is actually a
large ellipsoid with a total volume of 1775 =3. These large free
spaces within the framework cause the structure to be highly
porous. In addition, four weakly coordinated water molecules
serve to gate the chamber (Figure 2b). The O1�O1 distance is
4.63(1) =, and the naked Cu2�Cu2 distance is 10.338(1) =.
Therefore, the chamber is a potential candidate for a micro-
reactor with metal-containing active sites. These sites in
crystalline porous materials have functionalities that could
permit molecular recognition, catalysis, or gas storage.[3f]

An inspection of Figure 3 reveals that the overall array
contains a 3D intersecting channel system and nanoscale open
windows, with an approximate diameter of up to 10 =.
Notably, the 3D intersecting channels, which frequently occur
in zeolites, are constructed by the interconnection of 1D
channels from different directions. Coordination polymers
with 3D intersecting channels are often unstable upon loss of
solvent as a result of framework instability associated with
high porosity.[1d]

Compound 1 is non-interpenetrating, despite the large
pores and channels within its framework, mainly because the
bcu-type net is not self-dual.[5a] The unique eight-connected
Cu3-cluster SBUs cause compound 1 to contain nbo-type
intersecting channels, which is the dual net of body centered
cubic (Figure 4). Thus, compound 1 is a perfect candidate for
a highly porous network.

A thermogravimetric analysis of 1 shows that guest
molecules are eliminated from the network (calcd. 71%;
found 74%) when the temperature is increased from room
temperature to about 220 8C, after which decomposition of
the framework occurs. Powder X-ray diffraction spectra
recorded after heating samples of 1 at 220 8C show some
indication of stability upon the removal of guest molecules.
However, the broadening and decrease of intensity of the

peaks implies that the material appears to lose crystallinity
gradually, thus producing an amorphous phase upon heating.

The magnetic exchange coupling between the copper
centers for compound 1 was analyzed based on the Curie–
Weiss expression and a trinuclear magnetic model. The
negative values of the Weiss constant and the magnetic
exchange coupling constant indicate the antiferromagnetic
characteristics of the copper centers. At temperatures below
20 K, the CuII ions are weakly antiferromagnetically coupled,
with J=�2.84 cm�1 (based on the Hamiltonian h=�2J
[(SCu1SCu2)+ (SCu1SCu2A)] and using the expression for the
molar magnetic susceptibility S= 1/2 of a linear trinuclear
system). The observed antiferromagnetic interaction is
resolved into contributions arising from each Cu–ligand–Cu
linkage. The propagation of the antiferromagnetic exchange
interaction in the linear Cu3 unit is expected to depend
predominantly on 4-ptz bridges. It may be processed through
the dx2�y2 orbitals on the CuII ions that interact with the
s orbitals of the nitrogen atoms of the tetrazolate ligands,
which are all situated in the equatorial plane and contain Cu–
N–N–Cu torsion angles of �3.418. Crystal engineering of the
substituent on the 4-pyridyl moiety could increase the Cu–N–
N–Cu torsion angles in the tricopper center and thereby
change the exchange coupling from antiferromagnetic to
ferromagnetic.[14]

In conclusion, compound 1 is the first porous, neutral, bcu-
type structure that contains an eight-connected polynuclear
cluster unit and a tetrazole-based ligand. The synthesis of bcu-
type frameworks with expanded analogous ligands offers the

Figure 3. Superimposed space-filling representation of 1 showing channel openings along the a, b, and c axes. Hydrogen atoms have been omitted
for clarity (red=Cu, blue=N, green=Cl, yellow=O).

Figure 4. a) Dual relationship of the bcu net (blue) and the nbo net
(yellow). b) The nbo-type intersecting channels (yellow) in the bcu-type
framework of 1.

Angewandte
Chemie

6219Angew. Chem. 2005, 117, 6217 –6221 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


potential for pore-size expansion in their nbo-type intersect-
ing channel systems. The preparation of a rare framework
from 4-ptz and Cu3 clusters confirms the potential for
synthesizing new structures of functional materials using
tetrazole derivatives as ligands. Further research is currently
in progress.

Experimental Section
1:A solution of CuCl2·2H2O (0.10 mmol) and 4-H-ptz (0.13 mmol) in
DMF (8 mL) was stirred for 15 min. It was then allowed to stand at
room temperature for several days, whereupon deep-blue, rhombus-
like crystals were formed in 61% yield (based on 4-H-ptz). The solid
product was washed with deionized water and ethanol, and dried in
air. Elemental analysis (%) calcd for C33H51Cl2Cu3N23O10: C 33.27,
H 4.31, N 27.04; found: C 33.59, H 4.51, N 25.66. The formula
[Cu3Cl2(4-ptz)4(H2O)2]·3DMF·5H2O was assigned by elemental
microanalysis, thermogravimetric analysis, and single-crystal X-ray
diffraction studies.[15]
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refined with anisotropic displacement parameters, and the
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