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Two novel cadmium(II) coordination polymers, [Cd2-
(bpda)2(dpe)]n (1) and [Cd2{(R)-Hdmpa}2{(S)-Hdmpa}2-
(dpe)3]n (2), [H2bpda = 1,1�-biphenyl-3,3�-dicarboxylic acid,
H2dmpa = 6,6�-dimethyl-1,1�-biphenyl-2,2�-dicarboxylic
acid, and dpe = 1,2-di(4-pyridyl)ethylene] have been pre-
pared by hydrothermal reactions of both Cd(NO3)2·4H2O and
dpe with H2bpda and H2dmpa, respectively. 1 is a threefold
interpenetrating three-dimensional coordination network

Introduction

The prospect of generating new materials with interesting
structures and technologically useful functions provides sig-
nificant motivation for the recent surge of research interest
in organic-inorganic supramolecular frameworks.[1,2] The
construction of metal�organic polymeric networks has
achieved considerable progress in supramolecular chemistry
and material science due to their intriguing structural diver-
sities and potential applications in molecular adsorption,
ion exchange, molecular recognition and heterogeneous
catalysis.[2�5] Molecular self-assembly based on the prin-
ciple of crystal engineering has proved to be efficient for the
formation of these architectures. Some structural motifs
with specific topologies and functions can, to a certain ex-
tent, be predicted through dominating the assembly and
orientation of individual building blocks. For example, the
groups of Yaghi,[3] Zaworotko,[4] and others[5] have devel-
oped a strategy to construct extended porous structures
using rigid dicarboxylate ligands with different spacers and
metal clusters of known geometries. However, the mecha-
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composed of paddle-wheel tetracarboxylate dicadmium(II)
units bridged by dpe. 2 affords an example of ligand self-
discrimination in an assembly process, in which dpe connects
the [Cd{(R)-Hdmpa}{(S)-Hdmpa}] building units to generate
a one-dimensional ladder structure.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

nism of molecular self-assembly is still unclear, and pre-
dictability and tinability of the exact structures of the as-
sembly products are difficult. Thus, understanding the fac-
tors that govern the assembly process is crucial to techno-
logical development. Such factors include: the role of
spacers between coordination sites in organic bridging li-
gands and the coordination geometry of metal ions;[6] the
formation and role of the reaction precursors;[7] the forma-
tion of interpenetration and/or interdigitation lattices vs.
the inclusion of solvent or guest molecules;[8] and the for-
mation of the convergent products and the divergent prod-
ucts.[9]

It is well-known that the design and synthesis of bridging
ligands containing appropriate coordination sites linked by
spacers with specific orientations are especially crucial to
the construction of desirable frameworks. By closely con-
trolling the properties of the spacers, such as the shape,
functionality, flexibility, length, and symmetry, a remark-
able class of materials containing diverse architectures and
functions can be obtained.[2�6] The coordination of multi-
pyridine and multi-carboxylate ligands to metal centers has
proved to be an excellent tool in the assembly process and
has been highly influenced by the structural characteriza-
tions of linker groups. Moreover, as the length of organic
spacer increases, interpenetration and/or interdigitation has
been commonly adopted by nature in order to avoid the
formation of large open channels or cavities.[10] The combi-
nation of metal ions and mixed bridging ligands containing
carboxylate and pyridyl groups can allow for the formation
of coordination networks possessing different structures
and functional properties.[11,12] The exo-bidentate pyridyl
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derivative, trans-1,2-di(4-pyridyl)ethylene (dpe), possesses
several peculiar characteristics when used in the construc-
tion of the extended networks: 1) the double bond in the
ligand can result in conformational rigidity;[13] 2) the delo-
calized π-system can be applied as potential electron propa-
gating components;[14] 3) the long spacer between coordi-
nation sites can result in interpenetration and/or interdigi-
tation;[14,15] and 4) this ligand may be used as a reaction
precursor.[7a,16] However, supramolecular architectures con-
structed by dpe, and ligands with di- or multi-carboxylate
groups, have seldom been reported to date.[16,17] Very re-
cently, we have reported a three-dimensional pillared com-
pound consisting of dodecanuclear cadmium() macro-
cycles [{Cd2(dpa)(pya)}6(pya)6(dpe)3]n (H2dpa � diphenic
acid and Hpya � isonicotinic acid),[16] in which dpe not
only serves as a µ-bridge, but also acts as the precursor of
pya. To systematically investigate the effects of the steric
hindrance of the spacers between the carboxylate coordi-
nation sites on dpe and the assembly products, we have de-
signed two new ligands, 1,1�-biphenyl-3,3�-dicarboxylic acid
(H2bpda) and 6,6�-dimethyl-1,1�-biphenyl-2,2�-dicarboxylic
acid (H2dmpa). The steric hinderance between the two car-
boxylate groups of Bpda is smaller than for H2dpa, and this
provides a greater degree of freedom for the twisting of the
two phenyl rings in Bpda relative to that in H2dpa can be
more freely twisted than H2dpa. However, not only is the
steric hinderance between the two carboxylate groups of ra-
cemic dmpa greater than for H2dpa, but dmpa can also
formproducts of ligand self-discrimination or self-recog-
nition. Herein, we wish to report the syntheses and charac-
terizations two novel cadmium() complexes,
[Cd2(bpda)2(dpe)]n (1), and [Cd2{(R)-Hdmpa}2{(S)-
Hdmpa}2(dpe)3]n (2).

Result and Discussion

Synthesis and Characterization

Diphenic acid (H2dpa) is an excellent bridging ligand for
the construction of metallomacrocyclic and helical frame-
works[16,18] owing to the steric hindrance between the 2,2�-
positioned carboxylate groups in the assembly process,
which results in a great distortion of the two phenyl rings
about the central bond in dpa. Bpda and dmpa are dicar-
boxylate ligands that are similar to dpa. In bpda, the two
carboxylate groups in the 3,3�-positions have a smaller ef-
fect on the distortion of the diphenyl spacer about the cen-
tral bond in the assembly process. Dmpa is an axially chiral
ligand, in which two phenyl rings cannot freely rotate about
the central bond and therefore can produce two different
conformations, (R)-dmpa and (S)-dmpa. Hence, it is inter-
esting to investigate the assembly process of H2bpda or
H2dmpa with dpe and Cd(NO3)2·4H2O under the same re-
action conditions as those used in the formation of
[{Cd2(dpa)(pya)}6(pya)6(dpe)3]n.[16]

The hydrothermal reaction of H2bpda, dpe,
Cd(NO3)2·4H2O, and NaOH, with a molar ratio of 2:2:2:3,
in H2O at 180 °C for 3 days, produced a threefold interpen-
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etrating three-dimensional coordination polymer consisting
of the dimeric cadmium�tetracarboxylate secondary build-
ing units (SBUs) bridged by dpe. Dpe has not been hy-
drolyzed and only serves as the axis linkers of the SBUs so
as to extend the two-dimensional [Cd2(bpda)2]n layer into a
three-dimensional framework (Scheme 1). The hydrother-
mal reaction of dpe, the racemic mixture of (R)-H2dmpa
and (S)-H2dmpa, and Cd(NO3)2·4H2O under the same con-
ditions as those used in the preparation of 1 afforded the
colorless crystals of 2, in which Hdmpa undergoes ligand
self-discrimination and acts as a chelating mono-bidentate
ligand in the formation of the building units of [Cd{(R)-
Hdmpa}{(S)-Hdmpa}].

Scheme 1. Construction of the threefold interpenetrating three-
dimensional framework in 1

Thermogravimetric analysis (TGA) was performed on
polycrystalline samples under a nitrogen atmosphere. No
chemical decomposition was observed up to 390°C and 300
°C for 1 and 2, respectively. The two most significant weight
losses occurred between 440 and 730 °C for 1, and between
350 and 430 °C for 2, and are attributed to the complete
decomposition of the samples to cadmium() oxide. Con-
sidering the formation of stoichiometric amounts of CdO,
this conclusion is supported by 29.7% (above 820 °C) and
13.2% (above 540 °C) of the residues for 1 and 2, respec-
tively, which are in accordance with the expected values
(28.9% for 1 and 13.9% for 2).

Structural Description

[Cd2(bpda)2(dpe)]n (1)

Single crystal X-ray diffraction analysis reveals that com-
pound 1 is a threefold interpenetrating three-dimensional
coordination network and crystallizes in the monoclinic
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space group P21/c. As shown in Figure 1(a), the geometry
around the CdII center is square-pyramidal and the metal
center is coordinated by four oxygen atoms from different
bpda ligands in the equatorial plane and a nitrogen atom
from dpe at the axial position. Four carboxylate groups
from different bpda ligands form a bridge between the two
cadmium() centers in a syn-syn bidentate mode, forming a
paddle-wheel secondary building unit (SBU). The Cd�Cd
distance of 3.0428(14) Å suggests that there is no significant
CdII�CdII interaction in the SBU (the sum of the van der
Waals radii of CdII is 3.04 Å[19]); however, this distance is
significantly shorter than those in discrete dimeric
cadmium�tetracarboxylate complexes (3.278�3.452 Å).[20]

Figure 1. a) ORTEP drawing of the dinuclear cadmium() unit with the atom numbering scheme in 1, b) view of the two-dimensional
layer in 1 with dpe omitted, c) view of the three-dimensional layer-pillar in 1, d) view of the threefold interpenetrating three-dimensional
framework in 1
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Scheme 2. Coordination mode of bpda in 1

Bpda acts as a bis-bidentate bridging ligand by coordinat-
ing to four different CdII centers (Scheme 2). The dihedral
angle between the two phenyl rings in bpda is 34.8°. The
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Figure 2. a) ORTEP drawing around the cadmium() center with atom numbering scheme in 2, b) view of the one-dimensional ladder in
2, c) pack diagram along the b axis exhibiting the interdigitation between the chains in 2

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 37�4340
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dihedral angles of 3.6 and 14.5° between the carboxylate
groups and the linking phenyl rings allow for the formation
of paddle-wheel SBUs.[21] The SBUs are inter-connected by
bpda forming a two-dimensional layer with a Cd···Cd sep-
aration across bpda of 13.481 Å. To the best of our knowl-
edge, this is the first extended structure constructed from
cadmium�tetracarboxylate SBUs. The dpe ligands are
trans-coordinated to the SBUs and form axis linkers with
a Cd�N distance of 2.237(9) Å and Cd�Cd�N angle of
178.0(3)°. Thus, dpe can serve as a pillar between two adjac-
ent two-dimensional layers thus generating a three-dimen-
sional open framework (Figure 1,b). The Cd···Cd separ-
ation across dpe is 13.809 Å. It should be emphasized that
there is a large void within the cuboidal units owing to the
longer spacers between the coordination sites in dpe and
bpda, but no enclathration of solvent or guest molecules is
observed within the larger units. Thus, two identical frame-
works fill the void in another framework, which results in
the formation of a threefold interpenetrating framework
(Figure 1, c).

It is worthy noting that the cuboidal units in 1 are not
regular due to the fact that the coordination sites are off-
axis in dpe and bpda. Klinowski et al.[11a] has recently re-
ported a threefold interpenetrating three-dimensional
modular coordination network using the more flexible bi-
phenyl-4,4�-dicarboxylate and 1,2-bis(4-pyridyl)ethane
mixed ligands, in which the cuboidal units are highly dis-
torted owing to the high flexibility of spacers between the
coordination sites. However, Chen et al.[11b] has reported a
twofold interpenetrating three-dimensional structure using
the mixed ligands 4,4�-bipyridine and terephthalate, in
which the cuboidal units are regular due to the rigidity of
the bridging ligands. This shows that the spacers between
coordination sites have an important effect on the construc-
tion of the structural framework.

[Cd2{(R)-Hdmpa}2{(S)-Hdmpa}2(dpe)3]n (2)

Compound 2 is a one-dimensional ladder structure and
crystallizes in the monoclinic space group P21/c. As shown
in Figure 2(a), the CdII center has a distorted pentagonal
bipyramidal geometry, and is coordinated by two chelating
carboxylate groups from different conformational Hdmpa
and three nitrogen atoms from different dpe ligands. The
ligands (R)-Hdmpa and a (S)-Hdmpa are coordinated by
the CdII center, which suggests an assembly process of li-
gand self-discrimination, therefore, no optical activity is ex-
pected in this structure. Three dpe ligands form a slightly
distorted T-shaped arrangement at the seven-coordinate
CdII center [N(1)�Cd�N(3) 85.0(2)°; N(2A)�Cd�N(3)
96.4(2)°; N(1)�Cd�N(2A) 177.5(2)°], in which two nitro-
gen atoms (N1 and N2) stand at the apical positions, the
remaining nitrogen atom (N3) and four carboxylate oxygen
atoms (O31, O32, O51, and O52) occupy the equatorial po-
sitions. The CdII center lies in the plane defined by the
equatorial atoms, with a deviation of 0.0155 Å. Hdmpa
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Scheme 3. Coordination modes of (R)-Hdmpa and (S)-Hdmpa in 2

(Scheme 3) serves as a chelating mono-bidentate ligand
which is coordinated through the carboxylate group to the
CdII center; carboxylic groups do not take part in coordi-
nation and do not interact with the metal centers or other
ligands, therefore, this is an unusual feature of di- or multi-
carboxylic ligands. The dihedral angles between the two
phenyl rings in (R)-Hdmpa and (S)-Hdmpa are 85.6 and
85.1°, respectively, and hence they are approximately per-
pendicular to each other. However, the dihedral angles be-
tween the carboxylate groups and the linking phenyl rings
in (R)-Hdmpa and (S)-Hdmpa are 58.8 and 59.4°, and 29.2
and 56.1°, respectively, which are significantly larger than
those in 1 and are unfavorable for the formation of the
paddle-wheel SBU.[21] Dpe acts as a trans exo-bidentate li-
gand and links the [Cd{(R)-Hdmpa}{(S)-Hdmpa}] building
units to form an infinite ladder structure (Figure 2, b). The
methyl groups in Hdmpa prevent the formation of an ex-
tended motif. The adjacent Cd···Cd distances along the side
dpe and the inner dpe are 14.069 and 13.893 Å, respectively.
Owing to a longer spacer in the dpe ligand, there is a large
void within the rhombohedral grids, which have been effec-
tively filled by interdigitation of Hdmpa from the adjacent
one-dimensional ladders in the ac plane (Figure 2, c).

Conclusions

The hydrothermal reactions of Cd(NO3)2·4H2O and 1,2-
di(4-pyridyl)ethylene (dpe) with dicarboxylic ligands with
different steric properties, 1,1�-biphenyl-3,3�-dicarboxylic
acid (H2bpda) and 6,6�-dimethyl-1,1�-biphenyl-2,2�-dicar-
boxylic acid (H2dmpa), under the same reaction conditions,
produced two novel cadmium() coordination polymers
[Cd2(bpda)2(dpe)]n (1) and [Cd2{(R)-Hdmpa}2{(S)-
Hdmpa}2(dpe)3]n (2), respectively. In 1, bpda and dpe link
the dimeric cadmium�tetracarboxylate secondary building
units (SBUs) to form a threefold interpenetrating three-di-
mensional coordination network. 2 is a one-dimensional
ladder structure constructed from [Cd{(R)-Hdmpa}{(S)-
Hdmpa}] building units and dpe bridges, and exhibits a li-
gand self-discrimination in an assembly process. The large
void in 1 and 2 has been efficiently filled through the inter-
interpenetration and inter-interdigitation of adjacent frame-
works, respectively. The results show that the steric hin-
drance of spacers between the carboxylate coordination
sites has an important effect on the coordination modes of
the carboxylate groups, and different spacers between the
carboxylate coordination sites can result in supramolecular
architectures with different structures and functions.
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Experimental Section

1,1�-Biphenyl-3,3�-dicarboxylic acid and 6,6�-dimethyl-1,1�-biphe-
nyl-2,2�-dicarboxylic acid were synthesized according to literature
methods, using 3-aminobenzoic acid and 2-amino-3-methylbenzoic
acid, respectively, as staring materials.[22] 1,2-di(4-pyridyl)ethylene
and 2-amino-3-methylbenzoic acid were purchased from Aldrich
and used without further purification, all the other reagents were
commercially available and used as purchased. The IR spectra as
KBr discs were recorded on a Magna 750 FT-IR spectrophoto-
meter. C, H, and N elemental analyses were determined on an El-
ementary Vario ELIII elemental analyzer. Thermal analyzes were
performed using a Thermal Analyst 2100 TA Instrument and a
SDT 2960 Simultaneous TGA-DTA Instrument.

Synthesis of [Cd2(bpda)2(dpe)]n (1): A mixture of H2bpda (0.12 g,
0.5 mmol), dpe (0.09 g, 0.5 mmol), Cd(NO3)2·4H2O (0.15 g,
0.5 mmol) and NaOH (0.03 g, 0.75 mmol), with a molar ratio of
about 2:2:2:3 in H2O (15.0 mL), was placed in a Parr Teflon-lined
stainless steel vessel and heated to 180 °C for 72 h. The reaction
system was then cooled at room temperature for 24 hours. A large
amount of colorless crystals were obtained and collected by fil-
tration, washed with water and dried in air. Yield: 0.06 g (54%).
Elementary analysis: calcd. for C20H13CdNO4 (444.71): calcd. C
54.13, H 2.93, N 3.16; found C 54.07, H 2.89, N 3.18%. IR (KBr
pellet): ν̃ � 3469 cm�1 (w), 3057 (w), 1686 (w), 1622 (s), 1610 (s),
1593 (s), 1568 (s), 1433 (m), 1408 (s), 1385 (s), 1301 (vw), 1263 (w),
1169 (vw), 1024 (w), 835 (w), 758 (s), 690 (m), 623 (vw), 552 (w).

Synthesis of {Cd2[(R)-Hdmpa]2[(S)-Hdmpa]2(dpe)3}n (2): The pro-
cedure was similar to the synthesis of compound 1, except that
H2dmpa (0.13 g, 0.5 mmol) was used instead of H2bpda. Yield:
0.05 g (43% based on H2dmpa). Elementary analysis: calcd. for
C50H39CdN3O8 (922.24): calcd. C 65.11, H 4.23, N 4.55; found C
65.05, H 4.18, N 4.57%. IR (KBr pellet): ν̃ �3051 cm�1 (vw), 2922
(vw), 2872 (vw), 1738 (m), 1722 (m), 1606 (s), 1560 (s), 1504 (w),
1421 (s), 1406 (s), 1389 (s), 1375 (m), 1290 (w), 1142 (vw), 1070
(vw), 1012 (w), 835 (w), 775 (w), 721 (w), 554 (w).

X-ray Crystallographic Study: Intensity data for 1 and 2 were meas-
ured on a Siemens Smart CCD diffractometer with graphite-mon-
ochromated Mo-Kα radiation (λ � 0.71073 Å) at room tempera-
ture. All empirical absorption corrections were applied using the
SADABS program.[23] The structures were solved by direct meth-
ods and refined on F2 by full-matrix least-squares using the
SHELXL-97 program package.[24] The positions of the H atoms
were generated geometrically (C�H bond fixed at 0.96 Å), assigned
isotropic thermal parameters, and allowed to ride on their parent
carbon atoms before the final cycle of refinement. The summary
of the crystal data and structure determination for 1 and 2 are
listed in the Table 1. The selected bond lengths and angles for 1
and 2 are listed in the Table 2.

Crystallographic data (excluding structure factors) for the two struc-
tures have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication CCDC-212589 and -212590.
Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.)
� 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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Table 1. Summary of the crystal data and structure determination
for 1 and 2

Compound 1 2

Empirical formula C20H13CdNO4 C50H39CdN3O8

Formula mass 443.71 922.24
Crystal size [mm] 0.47 � 0.35 � 0.28 0.30 � 0.26 � 0.14
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a [Å] 9.9943(8) 14.0695(3)
b [Å] 19.7593(16) 14.0633(4)
c [Å] 10.3333(8) 22.2760(4)
β [°] 111.893(2) 92.4430(10)
V [Å3] 1893.5(3) 4403.60(18)
Z 4 4
Dc [g cm�3] 1.557 1.391
µ [mm�1] 1.176 0.554
T [K] 293(2) 293(2)
λ (Mo-Kα) [Å] 0.71073 0.71073
Reflections collected 6022 13408
Unique reflections 3336 7726
Rint 0.0585 0.0573
Parameters 235 559
S on F2 1.111 1.187
R1 [I � 2σ(I)[a] 0.0781 0.0767
wR2 (all data)[b] 0.1717 0.1491
∆ρmin and max [e/Å3] 1.203 and �1.525 0.706 and �0.624

[a] R � Σ||Fo| � |Fc||/Σ|Fo|. [b] wR � [Σw(Fo
2 � Fc

2)2/Σw(Fo
2)2]1/2.

Table 2. Selected bond lengths [Å] and angles [°] for 1 and 2

Compound 1

Cd�O(2A)[a] 2.209(8) Cd�N 2.237(9)
Cd�O(1) 2.210(8) Cd�O(3B) 2.240(8)
Cd�O(4C) 2.218(8) Cd�CdA 3.043(2)
O(2A)�Cd�O(1) 158.0(4) O(2A)�Cd�O(3B) 87.7(3)
O(2A)�Cd�O(4C) 86.7(4) O(1)�Cd�O(3B) 86.2(3)
O(1)�Cd�O(4C) 91.5(4) O(4)�Cd�O(3B) 159.1(4)
O(2A)�Cd�N 101.8(4) N�Cd�O(3B) 100.1(3)
O(1)�Cd�N 100.1(4) N�Cd�CdA 178.0(3)
O(4C)�Cd�N 100.7(3)

Compound 2

Cd�N(1) 2.341(5) Cd�O(31) 2.416(5)
Cd�N(2A) 2.349(6) Cd�O(51) 2.429(5)
Cd�O(32) 2.399(5) Cd�O(52) 2.474(5)
Cd�N(3) 2.406(5)
N(1)�Cd�N(2A) 177.5(2) N(2A)�Cd�O(51) 82.3(2)
N(1)�Cd�O(32) 96.70(19) O(32)�Cd�O(51) 163.05(17)
N(2A)�Cd�O(32) 85.4(2) N(3)�Cd�O(51) 84.65(18)
N(1)�Cd�N(3) 85.0(2) O(31)�Cd�O(51) 139.44(17)
N(2A)�Cd�N(3) 96.4(2) N(1)�Cd�O(52) 91.57(19)
O(32)�Cd�N(3) 85.15(18) N(2A)�Cd�O(52) 86.01(19)
N(1)�Cd�O(31) 82.6(2) O(32)�Cd�O(52) 137.36(16)
N(2A)�Cd�O(31) 97.8(2) N(3)�Cd�O(52) 137.34(18)
O(32)�Cd�O(31) 53.96(16) O(31)�Cd�O(52) 86.12(16)
N(3)�Cd�O(31) 135.08(18) O(51)�Cd�O(52) 53.34(16)
N(1)�Cd�O(51) 95.87(19)

[a] Symmetry code: 1 (A) �x �2, �y, �z; (B) �x � 3, y � 1/2, �z
� 1/2; (C) x � 1, �y � 1/2, z � 1/2; 2 (A) x, y � 1, z.
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