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Abstract: Six noninterpenetrating or-
ganic ± inorganic hybridized coordina-
tion complexes, [Mn(3)2(H2O)2]-
(ClO4)2 ¥ 2H2O (5), [Mn(3)2(H2O)2]-
(NO3)2 (6), [Mn(3)2(N3)2] ¥ 2H2O (7),
[Cu(3)2(H2O)2](ClO4)2 (8), [Mn(4)2-
(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9) and
[Mn(4)2](ClO4)2 (10) were obtained
through self-assembly of novel tripodal
ligands, 1,3,5-tris(1-imidazolyl)benzene
(3) and 1,3-bis(1-imidazolyl)-5-(imida-
zol-1-ylmethyl)benzene (4) with the cor-
responding metal salts, respectively.
Their structures were determined by
X-ray crystallography. The results of

structural analysis of complexes 5, 6, 7,
and 8 with rigid ligand 3 indicate that
their structures are mainly dependant on
the nature of the organic ligand and
geometric need of the metal ions, but
not influenced greatly by the anions and
metal ions. While in complexes 9 and 10,
which contain the flexible ligand 4, the
counteranion plays an important role in

the formation of the frameworks. En-
tirely different structures of complexes 5
and 10 indicate that the organic ligands
greatly affect the structures of assem-
blies. Furthermore, in complexes 5 and
6, the counteranions located between
the cationic layers can be exchanged by
other anions. Reversible anion exchang-
es between complexes 5 and 6 without
destruction of the frameworks demon-
strate that 5 and 6 can act as cationic
layered materials for anion exchange, as
determined by IR spectroscopy, elemen-
tal analyses, and X-ray powder diffrac-
tion.
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Introduction

In recent years, the most attractive areas of research in the
fields of crystal engineering and supramolecular chemistry
have been aimed at creating a wide range of purpose-built
materials with specific structures and useful properties, such
as electronic, magnetic, optical and catalytic properties.[1±5] A
great number of one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) frameworks have been
obtained by assembly of metal salts with rationally designed

organic ligands. For example, a tripodal ligand with an arene
core, 1,3,5-tris(3,5-pyrimidyl)benzene, was treated with
[Pd(en)(NO3)2] (en� ethylenediamine) to give a nanometer-
sized hexahedral coordination capsule.[6] The key step for
design and synthesis of supramolecular transition-metal
complexes is to select suitable multidentate bridging ligands.[7]

Accordingly, tripodal ligands with N donors are a good choice
for the construction of such complexes, especially with arene
core-based tripodal ligands.[8]

In our previous studies, we reported two tripodal ligands,
1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trimethylbenzene (1)
and 1,3,5-tris(imidazol-1-ylmethyl)benzene (2, Scheme 1).
We demonstrated that they can form individual molecular
cages with selective encapsulation of organic compounds,
such as camphor, or with anion-exchange properties.[9] A
polymeric coordination complex with a 2D honeycomb
structure was obtained by assembly of 1 with copper(��)
acetate.[9d] The results demonstrate that such tripodal ligands
are versatile and can adopt different conformations when they
interact with metal salts as a consequence of their flexibility
since there is a methylene group between the central benzene
ring and terminal imidazole group. At the same time, the
results also show the complexity of the assembly process of
metal salts with such flexible ligands. At present, the self-

[a] Prof. Dr. W.-Y. Sun, J. Fan, L. Gan, Prof. W.-X. Tang
Coordination Chemistry Institute, State Key Laboratory of Coordina-
tion Chemistry
Nanjing University, Nanjing 210093 (China)
Fax: (�86)25-331-4502
E-mail : sunwy@nju.edu.cn

[b] Dr. H. Kawaguchi
Coordination Chemistry Laboratories
Institute for Molecular Science, Myodaiji, Okazaki 444-8585 (Japan)

[c] Prof. K.-B. Yu
Analysis Center
Chengdu Branch of Chinese Academy of Science, Chengdu 610041
(China)

Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author.

FULL PAPER

Chem. Eur. J. 2003, 9, 3965 ± 3973 DOI: 10.1002/chem.200204298 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3965



FULL PAPER W.-Y. Sun et al.

¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3965 ± 39733966

Scheme 1. Tripodal ligands 1 ± 4.

assembly process depends on many and/or even subtle factors
and is often difficult to predict exactly.[10] This encouraged us
to undertake further studies on analogues/derivatives of 1 and
2 as organic ligands, which may lead to a great variety of
structures. Following this approach, we now expand this
system with another two novel tripodal ligands, 1,3,5-tris(1-
imidazolyl)benzene (3) and 1,3-bis(1-imidazolyl)-5-(imidazol-
1-ylmethyl)benzene (4, Scheme 1). Six noninterpenetrating
organic ± inorganic hybridized coordination complexes,
[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5), [Mn(3)2(H2O)2](NO3)2
(6), [Mn(3)2(N3)2] ¥ 2H2O (7), [Cu(3)2(H2O)2](ClO4)2 (8),
[Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9), and [Mn(4)2]-
(ClO4)2 (10) were successfully isolated.
Supramolecular architectures have attracted much atten-

tion not only because of their fantastic structures, but also
because of their potential applications, such as ion and
molecular recognition, and ion-exchange.[9a, 11±12] Yaghi and
co-workers have reported a metal ± organic framework con-

taining large rectangular channels that was obtained by self-
assembly of Cu(NO3)2 ¥ 2.5H2O with 4,4�-bipyridine. In this
complex, most of the nitrate ions can be exchanged by SO4

2�

and BF4�.[12a] However, no reversible anion exchange of the
layered materials with an open framework was reported to
now, although a cationic layered material for anion-exchange
was reported by Oliver very recently.[11] Here, we present the
reversible anion-exchange behavior of complexes 5 and 6.

Results and Discussion

X-ray diffraction studies : To investigate the influence of the
counteranions on the formation of the frameworks, we carried
out reactions between the ligand 3 and manganese(��) salts
with various anions and succeeded in isolating three man-
ganese(��) complexes, [Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5),
[Mn(3)2(H2O)2](NO3)2 (6) and [Mn(3)2(N3)2] ¥ 2H2O (7). The
complexes 5 ± 7 were synthesized by a layering method and
were found to be insoluble in water and common organic
solvents, such as methanol, acetonitrile, and acetone. Their
structures were determined by X-ray crystallography. Similar
cell parameters of complexes 5 ± 7 (Table 1) indicate that they
are isomorphous and isostructural. Thus, as a typical example,
the structure of complex 5 is described in detail.
The crystal structure of complex 5 (cationic part) is shown

in Figure 1a. Each manganese(��) atom has a slightly distorted
octahedral coordination environment with four imidazole N
atoms from four different 3 ligands and two O atoms from two
water molecules. The coordination angles vary between
87.11(10) and 180� and Mn�O1, Mn�N1, and Mn�N4D bond
lengths are 2.180(2), 2.249(3), and 2.253(2) ä, respectively
(Table 2). Two coordinated water molecules lie in the
opposite direction with respect to the manganese(��) atoms.
Note that in complex 7 the coordinated water molecules are
replaced by azide anions and the complex is neutral with one
manganese(��) atom and two azide anions. Interestingly, each
ligand 3 coordinates to two manganese(��) atoms as a

Table 1. Summary of crystal data and refinement results for complexes 5 ± 10.

Compound 5 6 7 8 9 10

formula C30H32Cl2MnN12O12 C30H28N14MnO8 C30H28MnN18O2 C30H28CuCl2N12O10 C33H44N12MnO11S C32H28Cl2N12MnO8

formula weight 878.49 767.58 727.64 823.11 859.77 834.49
crystal system monoclinic monoclinic monoclinic monoclinic triclinic monoclinic
space group P21/n P21/n P21/n P21/c P≈1 Cc
a [ä] 9.233(1) 10.626(5) 10.056(1) 9.826(9) 12.542(6) 12.116(6)
b [ä] 11.613(2) 11.599(5) 12.280(2) 10.891(9) 12.942(5) 17.728(8)
c [ä] 17.989(3) 13.583(6) 13.665(2) 17.11(1) 13.708(6) 17.415(8)
� [�] 65.00(2)
� [�] 90.63(1) 111.114(7) 108.56(1) 106.61(1) 80.33(3) 96.068(7)
� [�] 66.23(2)
V [ä3] 1928.7(5) 1561.7(11) 1599.7(4) 1754.7(23) 1845(1) 3719(3)
Z 2 2 2 2 2 4
� [mm�1] 0.552 0.501 0.475 0.843 0.488 0.564
reflections collected 3961 12383 3243 13714 14703 14575
observed reflections 2626 2734 2291 4033 4815 3649
R1 0.0370 0.0340 0.1030 0.0550
Rw 0.0850 0.0890 0.2850 0.1450
R1 [I� 2�(I)] 0.0543 0.0293
wR2 [I� 2�(I)] 0.1636 0.0710
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Figure 1. a) The 2D network structure of compound 5 viewed from above.
b) Crystal packing diagram of 5 on ac plane.

bidentate ligand rather than a tridentate ligand that connects
three metal atoms. Such a coordination mode means that
complex 5 forms an infinite 2D network structure. Four
manganese(��) atoms (i.e Mn, MnB, MnAC, and MnAB in
Figure 1a) and four molecules of 3 ligand form a 40-
membered ring. Thus the framework of complex 5 can be
regarded as a (4,4) network. All the manganese(��) atoms in
one layer of 5 are in the same plane, and the benzene ring
planes of 3 are greatly deflected from the manganese(��) plane
with a dihedral angle of 41.6�.
In complex 5, the uncoordinated N atom of the imidazole in

ligand 3 forms a O�H ¥¥¥ N hydrogen bond with coordinated
water molecule from the adjacent layer to link the 2D
networks to generate a 3D framework (Figure 1b). The
hydrogen bond lengths and angles are summarized in Table 3.
The perchlorate anions occupy the voids created between the
2D layers and are bound to the framework through (water)
O�H ¥¥¥O (perchlorate) and C-H-O (perchlorate) hydrogen
bonds (Table 3). Similar crystal packing was found in the
complex of 6 (Figure S1 in the Supporting Information), in
which the uncoordinated nitrate anions are also located in the
voids between two 2D layers, and complex 7 (Figure S2 in the
Supporting Information). A crystallographic study reveals
that the structures of complexes 5 ± 7 are very similar with
regard to the coordination mode, network structure, and
crystal packing. This fact indicates that the structures of the
assemblies mainly depend on the nature of the organic ligand

Table 2. Selected bond lengths [ä] and angles [�] for complexes 5 ± 10.

[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5)
Mn�O1 2.180(2) Mn�N1 2.249(3) Mn�N4A 2.253(2)
O1-Mn-N1B 92.89(10) O1-Mn-N1 87.11(10) O1-Mn-N4A 89.11(10)
O1b-Mn-N4A 90.89(10) N1-Mn-N4A 89.36(9) N1b-Mn-N4A 90.64(9)

[Mn(3)2(H2O)2](NO3)2 (6)
Mn1�O1 2.2192(17) Mn1�N1 2.2335(17) Mn�N5C 2.2446(16)
O1-Mn1-N1 91.84(6) O1-Mn1-N1D 88.16(6) O1-Mn-N5C 91.93(6)
O1d-Mn-N5C 88.07(6) N1-Mn-N5C 89.78(6) N1d-Mn-N5C 90.22(6)

[Mn(3)2(N3)2] ¥ 2H2O (7)
Mn�N1 2.2442(15) Mn�N4E 2.2571(14) Mn�N7 2.2639(17)
N1-Mn-N4F 89.91(5) N1-Mn-N4E 90.09(5) N1-Mn-N7G 88.59(6)
N1-Mn-N7 91.41(6) N4E-Mn-N7 92.10(6) N4F-Mn-N7 87.90(6)

[Cu(3)2(H2O)2](ClO4)2 (8)
Cu1�O1 2.430(2) Cu1�N1 2.021(2) Cu1�N3H 2.007(2)
O1-Cu1-N1 89.55(12) O1-Cu-N1I 90.45(12) O1-Cu-N3H 91.17(12)
O1I-Cu-N3H 88.83(12) N1-Cu-N3H 90.90(12) N1i-Cu-N3H 89.10(12)

[Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9)
Mn1�O1 2.184(5) Mn1�N1 2.284(6) Mn1�N9 2.229(6)
Mn2�O5 2.215(4) Mn2�N3 2.250(6) Mn2�N7 2.255(6)
O1-Mn1-N9J 94.2(2) O1-Mn1-N1 90.5(2) O1-Mn1-N1J 89.5(2)
O1-Mn1-N9 85.8(2) N1-Mn1-N9 87.1(2) N1-Mn1-N9J 92.9(2)
O5-Mn2-N3 92.4(2) O5-Mn2-N3K 87.6(2) O5-Mn2-N7 90.0(2)
O5-Mn2-N7K 90.0(2) N3-Mn2-N7 93.8(2) N3-Mn2-N7K 86.2(2)

[Mn(4)2](ClO4)2 (10)
Mn1�N1 2.243(5) Mn1�N7 2.246(5) Mn1�N3L 2.285(5)
Mn1�N5M 2.260(5) Mn1 ±N9N 2.266(5) Mn1�N11O 2.314(5)
N1-Mn1-N3L 98.4(2) N1-Mn1-N5M 84.4(2) N1-Mn1-N7 178.7(2)
N1-Mn1-N9N 96.2(2) N3L-Mn1-N5M 84.0(2) N3L-Mn1-N7 82.5(2)
N3L-Mn1-N9N 93.3(2) N5M-Mn1-N7 94.4(2) N7-Mn1-N9N 85.1(2)
N5M-Mn1-N9N 177.3(2)

Symmetry transformations used to generate equivalent atoms: A) x� 1³2, 1³2�y, z� 1³2 ; B) �x, �y, 1�z ; C) 3/2, y� 1³2, �z� 1³2 ; D) 3/2�x, 5/2�x, 1³2�z ;
E) �x� 1³2, y� 1³2, 1³2�z ; F) x� 1³2, 1³2�y, 1³2�z ; G) �x, �y, 1�z ; H) x, �y�3/2, z� 1³2 ; I) 2�x, 1�y, z ; J) 1�x, 4�y, �1�z ; K) 2�x, 2�y, z ; L) �1�x,
� 1³2�y, z ; M) �1�x, y, 1³2�x ; N) x, �y, � 1³2�z ; O) x�1, y, z.
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and geometric requirements of the metal ions, but are not
greatly influenced by the anions in this system.
One of the unique features concerning the crystal engineer-

ing of organic ± inorganic hybridized compounds is that the
role of metal atoms can be evaluated.[13] Here, we have a good
opportunity to compare the role of the metal ions in the self-
assembly of complexes of 3 with different metal ions, namely
[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5) and [Cu(3)2(H2O)2](ClO4)2
(8). Compound 8 was synthesized by a hydrothermal method
by reaction of Cu(ClO4)2 ¥ 6H2O with ligand 3. The coordina-
tion environment around the copper(��) atom consists of four
short in-plane Cu�N (Cu1�N1�Cu1�N1C� 2.021(2),
Cu1�N3D�Cu1 ±N3E� 2.007(2) ä) bonds and the two long
axial Cu�O (Cu1�O1�Cu1�O1C� 2.430(2) ä) bonds as
shown in Figure 2a. The manganese(��) atom in 5 and the
copper(��) atom in 8 are both six-coordinate and each 3 acts as
a bidentate ligand in complexes 5 and 8 to connect two metal
atoms to give 2D networks. The rigidity of ligand 3 and the six-
coordinate metal ions may be responsible for the similarity of
the structures 5 ± 8. However, there is an apparent difference
between complexes 5 and 8. In complex 8, the plane formed
by four N atoms coordinated to one copper(��) atom are not in
the plane formed by the copper(��) atoms, for example, the
dihedral angle between the plane through N1, N3D, N1C,
N3E (Figure 2a) and that formed by copper(��) is 41.7�, while
in the case of 5, the corresponding dihedral angle of 8.2�
means that the plane of four N atoms (i.e. N1, N4D, N1C, and
N4E in Figure 1a) coordinated to one manganese(��) atom are
almost in the same plane as that formed by the manganese(��)
atoms. In addition, as illustrated in Figure 2b, 2D sheets of 8
are connected by O�H ¥¥¥N hydrogen bonds to give a 3D
framework which is same as 5. However, the perchlorate
anions in 8 occupy the vacancies in 2D network rather than
the voids formed between two 2D layers, as observed in 5
(Figure 1b).
In contrast to the rigid ligand 3, ligand 4 has a pendant arm

owing to a methylene group between the central benzene ring
and terminal imidazole group. The flexibility of 4 may lead to
a great variety of structures when it interacts with metal salts.
An unexpected coordination polymer 9 with a 1D hinged
chain structure was obtained by reaction of ligand 4 with
MnSO4 ¥H2O. As shown in Figure 3a, the Mn1 atom is
coordinated by two O atoms from two sulfate anions and
four N atoms of imidazole from four 4, while the Mn2 atom is
coordinated by two water molecules instead of sulfate anions
in addition to four N atoms of imidazole groups. Each ligand 4
links two metal atoms using two of three imidazole groups and
the third one (i.e. N5, N11 in Figure 3a) is again free of
coordination. Two 1D chains are further linked by hydrogen
bonds (Table 3) and � ±� interactions, as exhibited in Fig-
ure 3b. Interestingly, there are five-membered rings between
the two adjacent chains formed by five O atoms (i.e. O2A,
O5B, O7B, O8B and O11A in Figure 3b) from the coordi-
nated sulfate anion of one chain, the coordinated water
molecule of the adjacent chain, solvate water and methanol
molecules. The distances, which range from 2.68 to 2.78 ä
between each two adjacent O atoms within the five-mem-
bered ring, indicate the formation of O�H ¥¥¥O hydrogen
bonds (Table 3). A more exciting structural feature of 9 is the

Table 3. Distances [ä] and angles [�] of hydrogen bonding between donors
(D) and acceptors (A) for complexes 5 ± 10.[a]

D�H ¥¥¥A[b] Distance (D ¥¥¥A) D-H-A Angle
(D-H-A)

[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5)
C5�H5 ¥¥ ¥O2A 3.254(8) C5�H5 ¥¥¥O2A 149
C7�H7 ¥¥ ¥O2B 3.488(9) C7�H7 ¥¥¥O2B 173
C2�H2 ¥¥ ¥O3 3.405(9) C2�H2 ¥¥¥O3 163
C13�H13 ¥¥¥O3 3.490(10) C13�H13 ¥¥¥O3 172
O1�H1A ¥¥¥O5C 2.939(7) O1�H1A ¥¥¥O5C 162
O1�H1B ¥¥¥M6D 2.742(4) O1�H1B ¥¥¥M6D 171

[Mn(3)2(H2O)2](NO3)2 (6)
O1�H13 ¥¥¥O4E 2.784(3) O1�H13 ¥¥¥O4E 169
O1�H14 ¥¥¥O3F 2.924(3) O1�H14 ¥¥¥O3F 175
C6�H6 ¥¥ ¥O3G 3.180(4) C6�H6 ¥¥¥O3G 150
C4�H4 ¥¥ ¥O2 3.346(3) C4�H4 ¥¥¥O2 163
C13�H11 ¥¥¥O2 3.375(3) C13�H11 ¥¥¥O2 167
C15�H12 ¥¥¥O2H 3.501(3) C15�H12 ¥¥¥O2H 158
C1�H1 ¥¥ ¥M3E 3.450(4) C1-H1 ¥¥¥M3E 144

[Mn(3)2(N3)2] ¥ 2H2O (7)
O�H0A ¥¥¥M9I 2.898(3) O�H0A ¥¥¥M9I 172
O�H0B ¥¥¥M7 3.014(3) O�H0B ¥¥¥M7 168
C12�H12 ¥¥¥OJ 3.325(3) C12�H12 ¥¥¥OJ 143
C15�H15 ¥¥¥OJ 3.496(3) C15�H15 ¥¥¥OJ 164

[Cu(3)2(H2O)2](ClO4)2 (8)
O1�H14 ¥¥¥O5K 3.025(4) O1�H14 ¥¥¥O5K 158
C1�H1 ¥¥ ¥O4K 3.451(5) C1�H1 ¥¥¥O4K 162
C6�H6 ¥¥ ¥O2L 3.380(4) C6�H6 ¥¥¥O2L 164
C8�H8 ¥¥ ¥O4M 3.351(5) C8�H8 ¥¥¥O4M 141
C15�H12 ¥¥¥O3N 3.373(4) C15�H12 ¥¥¥O3N 142
O1�H13 ¥¥¥M5O 2.780(4) O1�H13 ¥¥¥M5O 170

[Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9)
C1�H1 ¥¥ ¥O3P 3.209(10) C1�H1 ¥¥¥O3P 168
C5�H6 ¥¥ ¥O3Q 3.193(8) C5�H6 ¥¥¥O3Q 157
C10�H11 ¥¥¥O3Q 3.479(8) C10�H11 ¥¥¥O3Q 171
C14�H13 ¥¥¥O3Q 3.493(8) C14�H13 ¥¥¥O3Q 169
C20�H20 ¥¥¥O4P 3.223(10) C20�H20 ¥¥¥O4P 154
C25�H25 ¥¥¥O4P 3.408(10) C25�H25 ¥¥¥O4P 167
C30�H27 ¥¥¥O4P 3.404(9) C30�H27 ¥¥¥O4P 157
C2�H2 ¥¥ ¥O11 3.358(15) C2�H2 ¥¥¥O11 140
C18�H16 ¥¥¥O6R 3.461(10) C18�H16 ¥¥¥O6R 161
C26�H18 ¥¥¥O9 3.102(15) C26�H18 ¥¥¥O9 162
C22�H22 ¥¥¥O8 3.291(13) C22�H22 ¥¥¥O8 163
C23�H23 ¥¥¥O6S 3.453(11) C23�H23 ¥¥¥O6S 173
C32�H28 ¥¥¥O6S 3.461(12) C32�H28 ¥¥¥O6S 167
O2A ¥¥¥O11A[b] 2.78
O11A ¥¥¥O8B[b] 2.68
O8B ¥¥¥O7B[b] 2.72
O7B ¥¥¥O5B[b] 2.71
O5B ¥¥¥O2A[b] 2.68

[Mn(4)2](ClO4)2 (10)
C2�H2 ¥¥ ¥O5� 3.459(11) C2�H2 ¥¥¥O5� 178
C5�H6 ¥¥ ¥O5� 3.483(11) C5�H6 ¥¥¥O5� 169
C10�H11 ¥¥¥O3� 3.438(10) C10�H11 ¥¥¥O3� 153
C14�H13 ¥¥¥O4� 3.428(11) C14�H13 ¥¥¥O4� 151
C17�H15 ¥¥¥O1� 3.388(11) C17�H15 ¥¥¥O1� 158
C19�H17 ¥¥¥O10� 3.30(5) C19�H17 ¥¥¥O10� 168
C20�H19 ¥¥¥O5� 3.460(10) C20�H19 ¥¥¥O5� 154
C23�H22 ¥¥¥O6� 3.40(2) C23�H22 ¥¥¥O6� 165
C30�H27 ¥¥¥O4� 3.462(12) C30�H27 ¥¥¥O4� 154

[a] Symmetry transformation used to generate equivalent atoms: A) � x,
1� y, 1� z ; B) 1³2� x, 3/2� y,� 1³2� z ; C) x,�1� y, z ; D) 1� x, 1� y, 1� z ;
E) 2� x, 3� y, �z ; F) � 1³2� x, 5/2� y, 1³2� z ; G) � 1³2� x, 7/2� y, 1³2� z ;
H) 3/2� x, � 1³2� y, � 1³2� z ; I) 1³2� x, � 1³2� y, 3/2� z ; J) 1³2� x, 1³2� y,
� 1³2� z ; K) 1� x, 1³2� y, 1³2� z ; L) 1� x, 1³2� y, 1³2� z ; M) 2� x, �y, 1� z ;
N) 1� x, y, z ; O) � 1� x, 1³2� y,� 1³2� z ; P) 1� x, 4� y,�1� z ; Q) x,�1�
y, 1� z ; R) 2� x, 2� y, �z ; S) � 1� x, y, z ; �) � 1³2� x, � 1³2� y, z ;
�) 1³2� x, � 1³2� y, z ; �) x, � y, � 1³2� z ; �) � 1³2� x, 1³2� y, 1³2� z ; �) � 1�
x, y, z. [b] For atom numbering see Figure 3b.
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intercalation of the central benzene ring plane together with
the uncoordinated imidazole group of ligand 4 in one chain
into the adjacent hinged chain, which can be seen more clearly
from the space-filling diagram shown in Figure 3c, through
the � ±� interactions. The nearest centroid ± centroid distan-
ces between two benzene ring planes and between the
benzene ring and the uncoordinated imidazole ring planes
are 4.42 and 3.47 ä, respectively, which confirm the existence
of � ±� interactions.
When Mn(ClO4)2 ¥ 6H2O was used instead of MnSO4 ¥H2O

to react with ligand 4, a novel complex 10 with a 2D network
structure, rather than a 1D chain like 9, was obtained. In
complex 10, each manganese(��) atom is coordinated by six
imidazole N atoms from six different ligands of 4 (Figure 4a).
The local coordination environment around the manganese(��)
atom can be regarded as a slightly distorted octahedron with
Mn�N bond lengths ranging from 2.243(5) to 2.314(5) ä and
N-Mn-N bond angles varying from 84.0 (2) to 178.7(2)�
(Table 2), which are similar to those of other reported
manganese(��) complexes.[14] It is noteworthy that each ligand
4 connects three manganese(��) atoms to give an unprece-
dented 2D network structure (Figure 4a). Here, 4 acts as a
tridentate ligand in complex 10, although 4 in 9 and 3 in 5 ± 8
all act as bidentate ligands. In the reported 2D coordination
polymers with network structures, rigid tripodal ligands, for
example, 1,3,5-tricyanobenzene and benzene-1,3,5-tricarboxy-

late enclosing an angle of 120�,
were used to link the linear
metal centers.[15] In our case,
ligand 4, which has a flexible
arm, links three six-coordinate
metal centers and leads to the
formation of a 2D network with
double sheets (Figure 4b, c).
The perchlorate ions located in
the voids of the network (Fig-
ure S3 in the Supporting Infor-
mation) are held there by hy-
drogen bonds (Table 3).
Complexes 9 and 10, which

contain the same ligand and
metal atoms but have different
network structures, provide
nice examples of the significant
effect that the counterions have
on the construction of organic ±
inorganic hybridized architec-
tures in a system with a flexible
ligand. While in the system with
the rigid ligand 3, the anions did
not greatly affect the assembly
products (vide supra). In ligand
4, the flexible arm can coordi-
nate to the metal atom in a
position that is well away from
the central benzene ring plane.
In complexes 9 and 10, the
imidazolyl group attached to
the flexible arm is essentially

perpendicular to the benzene ring plane (dihedral angles of
72.4 and 79.1� in 9, and 77.3 and 79.0� in 10), which endows
ligand 4 with the capability of coordinating to metal centers to
result in a hinged 1D chain and a 2D network with double
sheets. In conclusion, the present study provides evidence that
flexible organic ligands may lead to the formation of a great
variety of supramolecular frameworks.

Anion-exchange properties of complexes 5 and 6 : As revealed
by the crystal structures of 5 and 6, the anions were located
within the open structures between the cationic layers through
hydrogen bonds (Figure 1b and Figure S1 in the Supporting
Information). Since both complexes 5 and 6 are not soluble in
common solvents, these cationic layered compounds are
expected to display anion-exchange properties. Excess Na-
ClO4 was added to a suspension of well-ground complex 6 in
water at room temperature. The mixture was stirred for 24 h
to allow anion exchange, then it was filtered, and washed with
water several times. The FT-IR spectra of the exchanged solid
and the original 6 are shown in Figure 5a and 5d, respectively.
Intense bands from �� 1112 to 1091 cm�1, which originate
from the ClO4

� ion, appeared, while the intense bands from
1384 to 1356 cm�1 of the NO3

� ion disappeared in the
spectrum of exchanged solid (Figure 5a). Furthermore, the
FT-IR spectrum of the exchanged solid is indistinguishable
from that of the as-synthesized complex with the ClO4

� ion,

Figure 2. a) 2D network structure of complex 8. b) Crystal packing of 8 on the ac plane.
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namely 5 (Figure 5b). To investigate the reversibility of such
anion exchange processes in more detail, the exchanged solid
was suspended in an aqueous solution of NaNO3 with stirring
to allow anion exchange again. The ClO4

� bands disappeared
and the NO3

� bands appeared in the FT-IR spectrum of the
obtained solid (Figure 5c), which is almost the same as the
spectrum of the original material 6 (Figure 5d). The anion-
exchange reactions were also monitored by X-ray powder
diffraction techniques. When complex 6 was exchanged with
NaClO4, the characteristic peaks were different from those of
original 6 (Figure 6a and 6d); however, it gives an X-ray
powder diffraction pattern similar to that of complex 5
(Figure 6b). The slight shift and broadening of some peaks
may be attributed to incomplete recovery of the symmetry of
the structure.[12b, 16] When NaNO3 was added to the suspension
of the exchanged solid in water, the characteristic peaks of

complex 6 reappeared (Figure 6c). The results confirm that
reversible anion exchange occurs between the complexes 5
and 6 without the destruction of the frameworks. The anion-
exchanged products are also evidenced by elemental analyses
(see the Experimental Section).
It is important to prove that such anion exchanges occur by

means of a solid-state or a solvent-mediated process.[17] First,
NMR experiments were carried out to check whether any of
the ligand is dissolved in the mother liquors after the
exchange. Excess Na2S or NaOH were added to the mother
liquor to precipitate any possible manganese(��) ions and to
exclude the paramagnetic influence of the manganese(��) ion
on the NMR spectrum. The mother liquor was then extracted
by CDCl3. No signals of the ligand were detected in the CDCl3
solution, which implies that the amount of dissolved ligand in
the mother liquor is too low to be detected by NMR

Figure 3. a) 1D chain structure of complex 9. b) Two 1D chains of 9 linked by hydrogen bonds and � ±� interactions. c) Space-filling diagram for two
interacting 1D chains of 9.
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spectroscopy. To determine the solubility of the complex in
aqueous solutions under exchange conditions, the concentra-
tion of manganese(��) ion in the mother liquors after the
exchange was measured by atomic absorption spectroscopy.
The results show that the concentration of the manganese(��)
ion is �0.01 mmolL�1. Most importantly, the solubility of
[Mn(3)2(H2O)2](ClO4)2 and [Mn(3)2(H2O)2](NO3)2 in
0.1 gmL�1 NaNO3 (concentration used in the anion exchange)
aqueous solution are 0.0045 and 0.0096 mmolL�1, respective-
ly. This means that the solubility of the exchanged product is
larger than that of the original complex. While the solvent-
mediated transformation always occurs from a more soluble
species to a less soluble species.[17] Therefore, the anion
exchanges reported here are considered to be a solid-state
phenomenon.

Experimental Section

Elemental analyses were recorded on a Perkin-Elmer240C elemental
analyzer at the Center of Materials Analysis, Nanjing University. 1H NMR
spectra were recorded a Bruker DRX500 NMR spectrometer. IR spectra

were recorded on a Bruker Vector22 FT-IR spectrophotometer in KBr
discs. Powder X-ray diffraction patterns were recorded on a Rigaku D/max-
RA rotating anode X-ray diffractometer with graphite-monochromated
CuK� radiation (� 1.542 ä) at room temperature. The concentration of
manganese(��) ion was measured by atomic absorption spectroscopy on a
Hitachi 180 ± 80.

Safety note : Perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled with care.

Figure 4. a) Top view and b) side views of the 2D cationic network structure of complex 10. c) Schematic
drawing of 2D network in which ligand 4 is represented by three spokes radiating from the centroid of
benzene ring to the Mn centers directly or through the methylene carbon atom (e.g. C4, C20). The solid
lines represent the bonds up the plane formed by manganese atoms and open lines down the plane.

Figure 5. FT-IR spectra of a) complex 6
treated with aqueous solution of NaClO4,
b) complex 5, c) complex 6 treated with
an aqueous solution of NaClO4 and then
with NaNO3, d) complex 6.

Figure 6. X-ray powder diffraction patterns of a) complex 6 treated with
an aqueous solution of NaClO4; b) complex 5; c) complex 6 treated with an
aqueous solution of NaClO4 and then with NaNO3; d) complex 6.
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Synthesis of ligand 3 : 1,3,5-Tribromobenzene (2.52 g, 8.0 mmol), imidazole
(3.26 g, 48.0 mmol), K2CO3 (4.42 g, 32.0 mmol), and CuSO4 (0.05 g,
0.20 mmol) were mixed and heated at 180 �C for 12 h under a nitrogen
atmosphere. The mixture was cooled to the room temperature, and was
then washed with water. The residue was extracted with CH2Cl2 (5�
30 mL). The organic layer was separated, dried over sodium sulfate, and
evaporated to dryness to give the crude product 3, which was recrystallized
from water and ethanol. Yield: 67%; 1H NMR [(CD3)2SO]: �� 8.86 (s,
3H), 8.35 (s, 3H), 8.27 (s, 3H), 7.49 ppm (s, 3H); elemental analysis calcd
(%) for C15H12N6: C 65.21, H 4.38, N 30.42; found C 65.37, H 4.48, N 30.39.

Synthesis of ligand 4 : 3,5-Dibromotoluene was treated with N-bromosuc-
cinimide to give 3,5-dibromobenzyl bromide, which was then treated with
imidazole in DMSO to generate 1,3-dibromo-5-(imidazol-1-ylmethyl)ben-
zene. Ligand 4 was prepared similarly to ligand 3 by the reaction of the
imidazole with 1,3-dibromo-5-(imidazol-1-ylmethyl)benzene. Total yield:
29% (based on 3,5-dibromotoluene); 1H NMR [(CD3)2SO]: �� 8.68 (s,
2H), 8.24 (s, 1H), 8.21 (s, 1H), 8.15 (s, 2H), 7.94 (s, 2H), 7.66 (s, 1H), 7.45 (s,
2H), 7.26 (s, 1H), 5.58 ppm (s, 2H); anal. calcd (%) for C16H14N6: C 66.19,
H 4.86, N 28.95; found C 66.11, H 4.77, N 29.02.

Synthesis of [Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5): This compound was
prepared by a layering method: a buffer layer of methanol and water
(2:1, 10 mL) was carefully layered over a solution of Mn(ClO4)2 ¥ 6H2O
(36.2 mg, 0.1 mmol) in water (5 mL). Then a solution of 3 (27.6 mg,
0.1 mmol) in methanol was layered over the buffer layer. Single crystals
appeared after several weeks. Yield: 57% (based on the ligand); elemental
analysis calcd (%) for C30H32Cl2MnN12O12: C 41.02, H 3.67, N 19.13; found
C 41.20, H 3.55, N 19.14.

Synthesis of [Mn(3)2(H2O)2](NO3)2 (6): The title complex was obtained
similarly to compound 5 from Mn(NO3)2 ¥ 6H2O instead of Mn(ClO4)2 ¥
6H2O. Yield: 49%; elemental analysis calcd (%) for C30H28MnN14O8: C
46.94, H 3.68, N 25.55; found C 46.98, H 3.62, N 25.37.

Synthesis of [Mn(3)2(N3)2] ¥ 2H2O (7): A buffer layer of a solution of NaN3

(13.0 mg, 0.2 mmol) in methanol and water (2:1, 10 mL) was carefully
layered over a solution of Mn(CH3COO)2 ¥ 4H2O (24.5 mg, 0.1 mmol) in
water (5 mL). Then a solution of 3 (27.6 mg, 0.1 mmol) in methanol was
layered over the buffer layer. Single crystals appeared after several weeks.
Yield: 37% (based on the ligand); elemental analysis calcd (%) for
C30H28MnN18O2: C 49.52, H 3.88, N 34.65; found C 49.58, H 3.91, N 34.11.

Synthesis of [Cu(3)2(H2O)2](ClO4)2 (8): A mixture of Cu(ClO4)2 ¥ 6H2O
(37.0 mg, 0.1 mmol), 3 (55.2 mg, 0.2 mmol), and H2O (10 mL) was kept in a
Teflon liner autoclave at 140 �C for 24 h. After the mixture had been cooled
to room temperature, blue platelike crystals were collected. Yield: 42%;
elemental analysis calcd (%) for C30H28Cl2CuN12O10: C 42.34, H 3.32, N
19.75; found C 42.36, H 3.50, N 19.77.

Synthesis of [Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9): MnSO4 ¥H2O
(15.9 mg, 0.1 mmol) in water (5 mL) was added slowly with constant
stirring to 4 (58 mg, 0.2 mmol) in methanol (20 mL) to give a clear solution.
The reaction mixture was left to stand at room temperature for several
days. Colorless crystals were obtained. Yield: 51%; elemental analysis
calcd (%) for C33H44MnN12O11S: C 45.47, H 5.09, N 19.28; found C 45.52, H
5.11, N 19.24.

Synthesis of [Mn(4)2](ClO4)2 (10): The compound was prepared similarly
to compound 5 from ligand 4 instead of ligand 3. Yield: 54%; elemental
analysis calcd (%) for C32H28Cl2MnN12O8: C 46.06, H 3.38, N 20.14; found C
46.19, H 3.58, N 20.11.

Reversible anion-exchange reactions : Well-ground powder of
[Mn(3)2(H2O)2](NO3)2 (6, 200.0 mg) was suspended in water (20 mL), then
NaClO4 (2.0 g) was added. The mixture was stirred for one day at room
temperature, then filtered, washed with water several times, and dried to
give a colourless powder. Elemental analysis calcd (%) for
[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O: C 41.02, H 3.67, N 19.13; found C 41.14,
H 3.56, N 19.04. The exchanged solid (200.0 mg) was suspended in water
(20 mL), and NaNO3 (2.0 g) was added. The mixture was stirred for one day
at room temperature, then filtered, washed with water several times, and
dried. Elemental analysis calcd (%) for [Mn(3)2(H2O)2](NO3)2: C 46.94, H
3.67, N 25.55; found C 46.95, H 3.76, N 25.54.

Crystallography : The X-ray diffraction measurements for complexes 5 and
7 were performed on a SiemensP4 automatic four-circle diffractometer
with graphite-monochromated MoK� radiation (�� 0.71073 ä) at room
temperature. Intensity data were collected in the variable	 scan mode. The

structures were solved by direct methods using SHELX-97.[18] Atoms Cl,
O2, O3, O4, and O5 in complex 5 disordered into two positions and each
position has site occupancy factors of 0.5. All non-hydrogen atoms were
refined anisotropically, and the hydrogen atoms were generated geometri-
cally. Calculations were performed on a PC-586 computer with the Siemens
SHELXTL program package.[19]

The intensity data for the complexes 6, 8, 9 and 10 were collected on a
Rigaku/MSC Mercury CCD diffractometer with graphite-monochromated
MoK� radiation (�� 0.7107 ä) at 173 K. The structures was solved by direct
methods with SHELX-97[18] and the non-hydrogen atoms were refined
anisotropically by means of the full-matrix least-square method. The
hydrogen atoms were generated geometrically. Atoms O6, O8, and O10 in
complex 10 have two positions, each with site occupancy factors of 0.5.
Details of the crystal parameters, data collection and refinements for
complexes 5 ± 10 are summarized in Table 1, and selected bond lengths and
angles are given in Table 2.

CCDC-189832 (5), CCDC-189833 (6), CCDC-189834 (7), CCDC-189835
(8), CCDC-189836 (9), and CCDC-189837 (10) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).
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