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The bitopic exodentate ligand 3,3�,5,5�-tetramethyl-4,4�-bipyrazolyl (4,4�-bpz), designed as an angular bridging
unit capable of formation of a set of coordination and hydrogen bonds, gave the coordination polymers [Co(4,4�-
bpz)2{C6H5CO2}2]�2C6H5Br 1 and [Co(4,4�-bpz){C6H5CO2}{CH3CO2}]�2C6H5Br 2. Complex 1 exhibits a 3-D
structure containing rectangular channels. The topology of the array has no precedents in crystal engineering
of linear spacer ligands of the 4,4�-bipyridine type and may be a prototype for engineering of a novel family of
functional solids. Complex 2 exists as a hybrid coordination/hydrogen-bonded porous network which incorporates
two guest bromobenzene molecules per metal atom.

Introduction
Coordination polymers, often called metal–organic networks,
are entities composed of metal centers bridged by organic con-
nectors. Their design using principles of crystal engineering
represents a new and growing area of inorganic, coordination
and supramolecular chemistry,1,2 which offers intriguing possi-
bilities for developing novel functional materials with useful
bulk properties. Different coordination polymers have the
ability to afford controllable cavities that are suitable for
enclathration of organic guest molecules.1–3 Such aspects as the
design of porous materials for separation of gases, liquids and
solutes, chiral open structures as cost-effective alternatives to
current methods of enantiomeric separations, new industrial
heterogeneous catalysts and chemical sensors and directed
inducement of supramolecular polarity or chirality (helical
networks) as a key physical bulk property for a number of
electrooptic applications have attracted attention and are exten-
sively discussed.2–5 Many types of coordination polymers were
engineered under a strategy of supramolecular synthesis using
a number of exodentate bitopic ligands (“spacers”) such as
4,4�-bipyridine and its extended analogues 1,2-bis(4-pyridyl)-
ethane, -ethylene and -ethyne and square-planar or octahedral
transition metal centers CoII, NiII, CuII, etc.1,5–7 The prominent
property of such coordination polymers is their supramolecular
isomerism and at least six supramolecular architectures
[M(4,4�-bipy)1.5(X)2]n were reported recently (X = NO3, RCO2

or NCS).7

A particularly promising tool in control of the overall struc-
ture of coordination polymers is retrosupramolecular synthesis,
e.g. design of the spacer ligands, their size, donor properties and
conformations and thus programming of the desired topology
of the coordination network at the molecular level.1,6 A number
of ligand systems, closely related to 4,4�-bipyridine, offer new
possibilities for the crystal engineering of coordination,
hydrogen-bonded and hybrid coordination/hydrogen-bonded
networks. As an especially attractive target in this context
we consider the 4,4�-bipyrazolyl family that represent exclu-

sively flexible structural units for the construction of extended
solids. Thus, (1) bipyrazolyls presumably may generate
supramolecular arrays in neutral, mono- and di-cationic and
mono- and di-anionic forms allowing design of a broad range
of neutral, anionic or cationic coordination networks; (2) they
possess a set of effective hydrogen-bond donor (NH) and
acceptor (N) sites for the formation of hydrogen bonds; (3) for
M(L)n(anion)m�nGuest systems, NH (pyrazole)–O,N (anion)
hydrogen bonding may play a significant function for stabiliz-
ation of a coordination core around the metal atom thus stabil-
izing the structure of the coordination network and preventing
collapse of the porous array with elimination of guest moieties;
(4) the conformation of bipyrazolyls may be controlled by vary-
ing the substituents in four 3,3�,5,5� positions of the ligand. The
planar bipyrazolyl core is a linear spacer unit, while the non-
planar structure of the ligand constrained by steric repulsion
of the substituents will effect angular disposition of two N–M
vectors and the desired angle φ may be designed at the
molecular level.

This is contrary to 4,4�-bipyridine and related systems, which
usually act only as rigid rod-like spacers.1,2 Such flexibility pre-
sumably may allow design of a variety of new extended solids
even for the most simple and uniform metal–organic systems
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like [M(L)2]n with planar four-coordination of the metal atoms.
Actually only two known basic supramolecular archetypes
(Scheme 1) 6,8 are exemplified by two-dimensional square grids

(A) 1,2 and three-dimensional NbO-like structures (C) 9 together
with their variations, interpenetrating square grids (B) 2a and
CdSO4-related networks (D).6,9b,10 In this contribution we
report the engineering of a novel metal–organic [M(L)2]n top-
ology by exploitation of the peculiarities of the geometry
of a new ligand for supramolecular synthesis, 3,3�,5,5�-tetra-
methyl-4,4�-bipyrazolyl (4,4�-bpz), and a tetrakispyrazolato
bis-carboxylate supramolecular synthon observed earlier for
tetrakis(4-methylpyrazole)bis(trifluoroacetate)copper com-
plex,11 that appeared to be a suitable molecular prototype for
polymeric M–4,4�-bpz systems.

Results and discussion
In the benzoate complex [Co(4,4�-bpz)2{C6H5CO2}2]�2C6H5Br
1 the metal atoms and pyrazolyl and benzoate ligands consti-
tute a three-dimensional open network (Figs. 1, 2). This net-
work possesses rectangular channels in all three directions filled
with guest bromobenzene molecules (two equivalents per metal
atom). The resulting porosity of the network, however, is not
high as can be seen from its space-filling representation, Fig. 3.
The calculated 12 volume of the coordination net is 5574.1 Å3

per unit cell (53.2%). The cobalt atoms occupy centers of inver-
sion and are coordinated in slightly distorted octahedron with
four nitrogen atoms of pyrazolyl ligands situated in the
equatorial plane and two oxygen atoms of benzoate groups in
axial positions. Bond distances within the coordination poly-
hedron are Co–N 2 × 2.186(3) and 2 × 2.189(3) Å, Co–O
2 × 2.103(3) Å (Table 1) and the Co–N separations are some-
what longer than those seen for Co(3-Me-5-t-Bu-pz)4(BF4)2

Scheme 1 Topology of frameworks that are observed for coordination
polymers based upon octahedral or square-planar metal centers and 2
equivalents of linear bridging ligands: A, square grid planar network;
B, 3-D structure by inclined interpenetration of square grids; C, 3-D
network of NbO type; D, 3-D network of CdSO4 type.

(2.092–2.135 Å).13 The mutual orientation of the pyrazolyl
and benzoate ligands is stabilized by strong hydrogen bonds
N–H � � � O as shown in Fig. 1: N(2) � � � O(2) 2.783(5),
N(4) � � � O(2) 2.828(5) Å; N(2)–H(1) � � � O(2) 168(5), N(4)–
H(2) � � � O(2) 172(5)�.

The coordination portion of the compound exhibits a three-
dimensional array with a topology of the coordination network
unprecedented for porous metal–organic polymers. Although
examination of the Cambridge Crystallographic Database
revealed one simple prototype [M(py)2(N3)2]n (M = Cd or
Mn),14 no structures having the present topology have
been engineered using 4,4�-bipyridine or any of its extended
analogs and it is interesting to query why such an unusual
architecture is possible for 4,4�-bpz derivatives. As can be seen
from Fig. 2, the unit of the network, the square constituting
eight metal atoms and eight spacer ligands at first glance is
similar to that for well known structures of the NbO type,6,9 and
all vertices and edges, but not all angles of the networks, are
related by symmetry. Thus both architectures are uninodal
quasiregular networks.6 In both types eight-metal squares form

Fig. 1 Perspective view, with 30% probability ellipsoids, of the
octahedral coordination environment of the metal atom in structure 1
and the atom labeling scheme. C–H hydrogen atoms are omitted for
clarity.

Fig. 2 Fragment of the coordination network in structure 1,
corresponding to the central bold-lined plane on Scheme 2. Projection
on the xy plane. Coordinated benzoate groups are omitted for clarity.
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flat layers, but the principles of extension of the structure in
the third dimension are dramatically different. In structures
of the NbO topology the smallest circuit is a non-planar six
membered ring, four of six angles (each 90�) at a vertex
corresponding to two hexagonal circuits and the remaining
two (each 180�) to two octagonal circuits (vertex symbol
62�62�62�62�82�82).

6 A diagram of the polymer in structure 1 is
given in Scheme 2. In the present case the smallest circuit
of the network is a quadrangle and the vertex symbol is
4�4�84�84�84�84.

The most salient feature of the array is that these quad-
rangles are not planar. Under planar four-coordination of the
vertices (points of the net are at centers of inversion) the angle
β of intersection of corresponding planes (bold and open lines
in Scheme 2) and the angles α1 and α2 between the nodes of the
net are related as tan(¹̄

²
α1) = sin(¹̄

²
β) and α2 = 180 � α1. Thus in

the case of orthogonal intersection (that is, when β = 90�) the
angles at a vertex are restricted to the values 2 × 70.5 and
2 × 109.5�, deviating from the regular values of 90� by ca. 20�.
This is consistent with the observed geometry (2 × 72.1,
2 × 107.9�). Hence the present topology cannot be sustained
with regular square planar coordination of the vertices. Such
significant distortion required for a vertex coordination seems
to be a critical factor limiting, if not even precluding, the possi-
bility of engineering of this architecture using linear rod-like

Fig. 3 Space filling diagram of the coordination network in structure 1
showing channels running down the c axis and how the bulky phenyl
substituents and methyl groups minimize the space available for the
guest species.

Table 1 Selected bond distances (Å) and angles (�) for cobalt
complexes 1 and 2

[Co(4,4�-bpz)2{C6H5CO2}2]�2C6H5Br 1 a

Co(1)–O(1)
Co(1)–N(3)
Co(1)–N(1)

O(1)–Co(1)–N(3)
O(1)–Co(1)–N(1)
N(3)–Co(1)–N(1)

2.103(3)
2.186(3)
2.189(3)

90.0(1)
92.1(1)
95.6(1)

O(1)–Co(1)–N(1a)
N(3)–Co(1)–N(1a)
C(11)–O(1)–Co(1)
C(1)–N(1)–Co(1)
N(2)–N(1)–Co(1)
N(4)–N(3)–Co(1)
C(8)–N(3)–Co(1)

87.9(1)
84.4(1)

144.0(3)
134.9(3)
119.7(2)
121.4(3)
131.7(3)

[Co(4,4�-bpz){C6H5CO2}{CH3CO2}]�2C6H5Br 2

Co(1)–O(1)
Co(1)–O(3)
Co(1)–N(4)
Co(1)–N(2)

O(1)–Co(1)–O(3)
O(1)–Co(1)–N(4)

1.951(3)
1.976(4)
2.016(4)
2.036(4)

110.4(2)
112.7(2)

O(1)–Co(1)–N(2)
O(3)–Co(1)–N(2)
O(3)–Co(1)–N(4)
N(4)–Co(1)–N(2)
C(11)–O(1)–Co(1)
C(13)–O(3)–Co(1)
N(1)–N(2)–Co(1)

107.7(2)
102.3(2)
118.3(2)
104.4(2)
121.9(3)
102.6(3)
117.1(3)

a Symmetry transformations used to generate equivalent atoms: a �x,
1 � y, �z.

bridges of the 4,4�-bipy type and square-planar or octahedral
metal centers like NiII, CoII, ZnII, etc. In complex 1 the coordin-
ation around the cobalt atom is actually octahedral with
maximum deviations of bond angles from their regular values
not exceeding 6� (cf. N(3)–Co(1)–N(1) 95.6(1)�), which still does
not meet the requirements for formation of a 4�4�84�84�84�84

net. The present disposition of the net nodes, that made pos-
sible the assembly of the unusual 3-D array, is clearly the
consequence of the structure of bipyrazolyl ligand. The inter-
planar angle φ in the 4,4�-bpz molecule (ca. 69.1�), which is
responsible for mutual orientation of the Co–N bonds, almost
exactly satisfies the demands of the 4�4�84�84�84�84 net.

The minor co-product of interaction in the system Co(CH3-
CO2)2–PhCO2H–4,4�-bpz has the composition [Co(4,4�-
bpz){C6H5CO2}{CH3CO2}]�2C6H5Br, 2. This is the first mixed-
carboxylate cobalt() complex examined structurally. It also
possesses a porous structure which is of interest in the context
of the present work as an illustration of a 2-D array formed
by combination of two principal bipyrazolyl functions, metal
coordination and formation of relatively strong hydrogen
bonds (see Figs. 4, 5). The complex exists as a hybrid coordin-
ation/hydrogen-bonded porous network which incorporates
two guest bromobenzene molecules per metal atom. The cobalt
atoms adopt fourfold tetrahedral coordination comprising
two nitrogen atoms of pyrazolyl groups (Co–N 2.016(4),
2.036(4) Å) and oxygen atoms of acetate (Co–O 1.951(3) Å)
and benzoate ions (1.976(4) Å). These bond lengths are
slightly shorter than those observed for complex 1, which is
a consequence of a lower coordination number (Table 1).
The Co–N bond lengths and N–Co–N angle of 104.4(2)� are
comparable with related parameters observed for the tetra-
hedral Co(3,5-Me2pz)2Cl2 complex (2.011 Å and 105.9�).15

The present configuration at the metal atom is stabilized by
hydrogen bonding involving acetate and pyrazolyl moieties:
N � � � O 2.752(6) Å, N–H � � � O 154(5)� (Fig. 4).

Bridging bipyrazolyl groups and cobalt ions form zigzag
chains of a coordination polymer extending along the y

Scheme 2 Diagram of the structure of novel metal–organic polymer 1.
Nodes of the net correspond to bridging 4,4�-bpz molecules. Note
that the topology of the network requires significant distortion of the
square planar four-coordination of the vertices.
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crystallographic direction. These chains are held together by
relatively strong hydrogen bonding between NH fragments
of pyrazole and benzoate groups (1 � x, �y, �z) (N � � � O
2.815(6) Å, N–H � � � O 162(5)�) producing a two-dimensional
pseudo square-grid structure with large rectangular cavities
(compare with supramolecular motif A, Scheme 1). Thus the
points of this flat net are the dinuclear cobalt() fragments
generated by the centrosymmetric paired pyrazole/benzoate
hydrogen-bonding interactions (Fig. 5). Each of the cavities
formed is populated with a bromobenzene molecule (guest : Co
ratio 0.5 : 1), which is involved in edge-to-face stacking inter-
actions with pyrazolyl rings (shortest distances C � � � N are ca.
3.49 Å) (Fig. 5). These guest molecules fit perfectly inside the
rectangular cavities which allows the postulation of a special
templating effect of bromobenzene on the assembly of the
overall structure. In the same way, [M(bipy)2(NO3)2]n square
grid polymers (M = Co or Ni) incorporate even larger
naphthalene molecules.4c The coordination/hydrogen-bonded
layers [Co(4,4�-bpz){C6H5CO2}{CH3CO2}(C6H5Br)0.5] pack
one on the top of another with relatively large interlayer
separations of ca. 11.6 Å versus the usual values of 7.5–8.0 Å
for bipyridine coordination polymers.4 Additional guest
molecules (1.5 equivalents per metal atom) are located between
the layers.

Fig. 4 Tetrahedral coordination environment of the cobalt atom and
atom labeling scheme in structure 2. Thermal ellipsoids are shown at
the 40% probability level and C–H hydrogen atoms are omitted for
clarity.

Fig. 5 Zigzag coordination chains in structure 2 held by NH � � � O
hydrogen bonds and the packing forming a pseudo square grid
network. Each large rectangular cavity incorporates a bromobenzene
molecule.

Conclusion
Thus we may conclude that the conformational and functional
features of bipyrazolyl ligands may be exploited as important
tools for engineering of functional solids. Tetramethyl-
substituted non-planar bipyrazolyl allows the assembly of a
novel 3-D coordination network which has no analogy in the
chemistry of 4,4�-bipyridine and related species and presum-
ably cannot be engineered with their use.

Experimental
Co(CH3CO2)2�4H2O, benzoic acid and bromobenzene were
commercial products of reagent grade (Khimlaborreaktiv,
Ukraine), used without further purification. 3,3�,5,5�-Tetra-
methyl-4,4�-bipyrazolyl was prepared in accordance with the
literature method.16 The product was recrystallized from hot
water. Reaction of cobalt() acetate and 4,4�-bpz (also in the
presence of different aromatic species as potential guest
molecules) in methanol solution did not afford crystalline
products, while addition of benzoic acid effected crystallization
of benzoate and mixed-carboxylate acetate–benzoate com-
plexes. For the preparation of coordination polymers the
following method was used.

In a typical synthesis, 0.249 g (1.0 mmol) of Co(CH3-
CO2)2�4H2O, 0.244 g (2.0 mmol) of benzoic acid and 0.380 g
(2.0 mmol) of 4,4�-bpz were dissolved in 20 ml of methanol and
5 ml of bromobenzene. The mixture was allowed to evaporate
slowly to 5 ml volume for about 30 days, after which crystalline
solid (0.60 g) was removed from the solution. The product
consists of a mixture of two complexes, [Co(4,4�-bpz)2-
{C6H5CO2}2]�2C6H5Br 1, light pink blocks, and [Co(4,4�-bpz)-
{C6H5CO2}{CH3CO2}]�2C6H5Br 2, pink prisms. The latter
was the minor product (ca. 20%). Both carboxylate complexes
are stable in the mother-liquor, but easily decompose in air with
loss of guest molecules.

Crystallographic measurements were made using a Siemens
SMART CCD area-detector diffractometer (graphite mono-
chromated Mo-Kα radiation (λ = 0.71073 Å), exposure 40 s per
frame, empirical absorption corrections using SADABS).17 The
essential experimental conditions and crystal data are given
in Table 2. The structures were solved by direct methods and
refined in the anisotropic approximation using SHELXS 86 and
SHELXL 93.18 All N–H hydrogen atoms were located from the
Fourier-difference syntheses and refined isotropically, whereas
C–H hydrogen atoms were placed in calculated positions with
their isotropic U values set at 0.08 Å2. In structure 1 the guest

Table 2 Crystal data for [Co(4,4�-bpz)2{C6H5CO2}2]�2C6H5Br 1 and
[Co(4,4�-bpz){C6H5CO2}{CH3CO2}]�2C6H5Br 2

1 2

Formula

M
T/K
Crystal system
Space group
a/Å
b/Å
c/Å
β/�
U/Å3

Z
µ(Mo-Kα)/cm�1

Measured/independent
reflections

Rint

Data used/parameters refined
R1, wR2 (I > 2σ(I))

(all data)

C34H38CoN8O4�
2C6H5Br
995.67
213
Tetragonal
I41/a
22.3175(7)

21.0429(10)

10480.9(7)
8
18.97
27250/4632

0.044
3811/306
0.069, 0.185
0.121, 0.297

C19H24CoN4O4�
2C6H5Br
743.36
223
Monoclinic
P21/n
14.1437(10)
14.4751(11)
16.4467(12)
97.733(1)
3336.5(4)
4
29.49
18668/6545

0.049
5411/376
0.069, 0.173
0.121, 0.238
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moieties are badly disordered over three overlapping sites; each
of these components shows two orientations of the heavy
bromine atom. The disorder was resolved by imposing the
standard geometry of the phenyl rings and the partial occu-
pancies were 0.4, 0.4 and 0.2. Only sites of bromine atoms were
refined anisotropically for the sake of overall convergence (Ueq

0.12–0.22 Å2), while the carbon atoms left isotropic and the
hydrogen atoms not included. Structure 2 involves three unique
bromobenzene molecules, two of which are disordered over a
center of inversion. Refinement of the disorder proceeded
smoothly and therefore it was possible to refine all bromine and
carbon atoms anisotropically and to include hydrogen atoms.
Graphical representation of the structures was made using the
programs XP and Diamond.19

CCDC reference number 186/2330.
See http://www.rsc.org/suppdata/dt/b0/b007183h/ for crystal-

lographic files in .cif format.
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