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Crystal engineering of coordination polymers with fasci-
nating structural topologies has attracted a great deal of
attention in recent years because of their potential as func-
tional materials.[1] Concurrent with this has been the develop-
ment of multidimensional networks based primarily on the
linking of metal centers by rigid bridging components.[2] Far
less common has been the use of flexible bridging units in the
construction of extended networks,[3] this approach is attrac-
tive because the flexibility and conformational freedom of
such ligands offer the possibility of generating unique frame-
works with useful properties.

Herein we report the synthesis of three novel CuII

complexes with unique macrometallacyclic networks formed
by using flexible meso-bis(sulfinyl) ligands (1 ± 3 ; Figure 1)[4]

as building blocks. The underlying principles of our design are
as follows: a) the ditopic coordination
sites of bis(sulfinyl) may allow coor-
dination polymers with higher dimen-
sions; b) the pyramidal S atom is an
asymmetric center to introduce acen-
tric sites into the resulting crystals;
c) the dimensions and cavity sizes of
the frameworks with such ligands

may be easily controlled by ligand modifications; d) bis(sul-
finyl) ligands, the chemistry of which is still undeveloped, are
likely to be applicable to a vast variety of metal moieties.

The two-dimensional (2D) polymers [Cu12(ClO4)2]2
1 (4),

{[Cu23](ClO4)2}2
1; (5), and the three-dimensional (3D) poly-

mer {[Cu33](ClO4)2}3
1 (6), were prepared from Cu(ClO4)2 and

the corresponding purified meso form ligand. These polymers
are insoluble in most standard solvents but slightly soluble in

DMF. The IR peaks for nS�O in 4 ± 6 are shifted to lower
frequencies compared to those in the free ligands.[5] Ther-
mogravimetric analysis (TGA) studies of 4 ± 6 revealed that
they decompose at 216, 207, and 227 8C, respectively. At-
tempts to exchange ClO4

ÿ for NO3
ÿ, BF4

ÿ, or PF6
ÿ gave only

noncrystalline complexes, the structural motifs of which were
not clear.

In 4, each CuII center is six-coordinated by four O atoms of
the S�O groups of four different 1 ligands in equatorial
positions (CuÿO bonds: 1.918(3), 1.942(3) �), and two other
O atoms from ClO4

ÿ ions in axial positions (CuÿO bond:
2.518 �); while in 5 and 6, each CuII is six-coordinated by the
O atoms of the S�O groups of six distinct bis(sulfinyl) ligands
(CuÿO bonds: 1.980(3), 1.987(3), 2.311(3) � in 5 ; 1.965(4),
1.970(4), 2.362(5) � in 6). It is clear that every CuII center in
4 ± 6[7, 8] is in an axially elongated pseudo-octahedral coordi-
nation geometry with normal CuÿO bonds in the equatorial
plane and longer CuÿO bonds in the axial positions because of
the Jahn ± Teller effect.

Figure 2 shows the lamellar network of 4, in which the
adjacent CuII ions are linked by 1 in two directions to form a
28-membered rhombic macrometallacyclic unit with dimen-

Figure 2. The lamellar structure of 4. Phenyl groups and H atoms are
omitted for clarity.

sions of 8.05� 9.16 � and the repeating units fused to form a
2D rhombohedral array. The ClO4

ÿ ions coordinate to the CuII

centers rather than occupying the rhombus cavity, probably
because theÿCH2CH2ÿ chain in 1 is too short to form a cavity
with a large enough void to accommodate a ClO4

ÿ ion.
As shown in Figure 3, 5 forms an unprecedented lamellar

molecular-square array. The adjacent CuII ions are linked by 2
in two essentially orthogonal directions and there are two
distinct ligand conformations (A and B) in a 2:1 ratio. Two
ligands with the A conformation coordinate to CuII centers in
equatorial positions to form a smaller 16-membered Cu222

ring. The ligands with B conformation link adjacent CuII ions
in the axial positions to form a 32-membered macrometalla-
cyclic square domain containing CuII centers at the corners.
Adjacent rings are fused to a unique 2D network, with the
smaller rings disposed along the a direction. Unlike 4, the
square cavity with dimensions of 9.44� 10.96 � can accom-
modate a ClO4

ÿ ion. Other ClO4
ÿ ions are sandwiched

between layers to maintain the electric balance.
In 6, the adjacent CuII ions are linked by 3 in two orthogonal

directions and the third direction, to form a 3D structure with
three types of channels running in three directions
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Figure 1. Ligands 1
(n� 2), 2 (n� 3), and 3
(n� 4).
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Figure 3. a) View of the repeating unit of 5 showing the 16- and 32-
membered macrometallacycles and the A and B ligand conformations.
b) The molecular-square network of 5.

(Figure 4), which is a key difference to 4 and 5. Compound 6 is
composed of three kinds of 36-membered Cu434 macrocycles.
There are three types of ligand conformations in a 1:1:1 ratio
in the unit cell. Two carbon atoms of 3 on the c axis are
disordered. A feature of 6 is the nature of the polymeric array
resulting from the linking of adjacent CuII ions with M-O ´´´ O-
M bridges in three directions. The basic repeating unit with
dimensions of 11.2� 11.8� 11.0 � encapsulates two ClO4

ÿ

ions.

Figure 4. Projection of 6 a) along a axis showing the square channels and
b) along c axis showing the rhombic channels.

The space-filling diagrams of the repeating units of 4 ± 6
(Figure 5) clearly show that the cavity in 4 is too small to
accommodate a ClO4

ÿ ion, and is big enough to fully
encapsulate a ClO4

ÿ ion in 5, and because of the longer
spacer units in 6 the octahedral cavity can encapsulate two
ClO4

ÿ ions. Therefore, varying the chain length of ligands
controls the cavity sizes of such networks.

Figure 5. The space-filling diagrams of the cavities for the repeating units
of a) 4, b) 5, and c) 6. H atoms are omitted for clarity, and the phenyl groups
in 6 are omitted to reveal the ClO4

ÿ ions; O: red, Cl: green, Cu: turquoise,
S: yellow.

The magnetic behavior of 4 ± 6 was studied, and Figure 6
shows the temperature dependence of cMT for 4 and (insert)
the field dependence for the reduced molar magnetization
(M/Nb). With the decreasing of temperature, the observed
cMT values of 4 are constant until around 15 K,
(0.433 cm3 molÿ1 K, typical for CuII). At very low temperature,
cMT decreases, characteristic of a system with a net weak
antiferromagnetic interaction;[6a] the behavior of 5 and 6 was
similar. The susceptibility data were fitted by the expansion
series of Lines[6b] for an S� 1�2 antiferromagnetic quadratic
layer, assuming only one J value. The best fit is given by the
superexchange parameter J�ÿ0.012 cmÿ1, g� 2.13 (R�
2.6� 10ÿ5). The curve of the reduced magnetization versus
H (Figure 6, insert) at 2 K follows the Brillouin formula. At
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Figure 6. Temperature dependence of cMT [cm3 molÿ1 K] for 4 (5 and 6
have similar patterns). Insert: Field dependence for the reduced magnet-
ization at 2 K (M/Nb, number of electrons per formula unit).

50 000 G, the M/Nb value tends to the saturation value (one
electron, S� 1�2). This feature corroborates the weak anti-
ferromagnetic character shown in the cMT curve. Evidently,
there is a possible interlayer contribution, the J value of which
is impossible to calculate because of the features of the
experimental curves.

In conclusion, 4 ± 6 are rare examples of pseudo-octahedral
metal organic frameworks which are noninterpenetrating and
made up of macrometallacyclic arrays with controllable cavity
sizes. The presence of the ligand phenyl groups and the need
for counterions may play a key role in the generation of such
noninterpenetrating structures. This implies that the inter-
penetration of coordination polymers might be controlled by
ligand modification. Although 1 ± 3 are very similar in
structure, they form quite different metal ± organic networks.
This suggests that subtle variations of the ligands may result in
quite different networks. The lattice dimensions in 4 ± 6 are
rather large, however, the ligand phenyl groups and counter-
ions occupy the major parts of their voids. As meso ligands
with R,S configurations were used, the networks of 4 ± 6 are all
mesomeric. Studies using S,S or R,R bis(sulfinyl) for con-
struction chiral networks and systematic studies on such
ligands by further varying their backbones are under way.

Experimental Section

4 : A solution of Cu(ClO4)2 ´ 6H2O (1 mmol) in acetone (10 mL), DMF
(0.5 mL), and diethoxyethane (10 mL) was heated at reflux for 15 min, and
stirred at 40 8C for further 1.5 h. Then 1 (3 mmol) dissolved in CHCl3

(10 mL) was added to the solution and heated at reflux for 2 h. After
cooling to room temperature, the solution was filtered and the filtrate was
allowed to slowly evaporate to obtain the single crystals of 4 in about 30%
yield. 5 and 6 were prepared in the same manner. IR (KBr pellet) nÄ � 4 :
2924, 1444, 1092, 1035, 998, 966, 751, 691, 623 cmÿ1; 5 : 2947, 1444, 1085,
1042, 996, 959, 744, 690, 624 cmÿ1; 6 : 2956, 1479, 1092, 1072, 999, 972, 759,
695, 624 cmÿ1.

Magnetic susceptibility data were collected with a Quantum Design
SQUID magnetometer between 2 ± 300 K. From room temperature to 4 K,
these measurements were repeated with a pendulum-like MANICS-DMS8
susceptometer. The results were the same. The output data were corrected
for the diamagnetism of the samples and holder. Magnetization measure-
ments were performed at 2 K in the �5 T range.
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