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Reactions of 25,26,27,28-tetrahydroxy-calix[4]arene (1) with 4 equiv. of m-carboxybenzenediazonium
chloride in the presence of NaOAc∙3H2O in DMF produced a new azo calix[4]arene [H4L] (2) (H4L=5,11,17,23-
tetrakis[(m-carboxyphenyl)azo]-25,26,27,28-tetrahydroxycalix[4]arene) in 96% yield. Hydrothermal reac-
tions of Cd(NO3)2·4H2O with H4L at 90 °C under pH=5.0–6.0 gave rise to a coordination polymer {[H3O]2
[Cd7L4(DMF)4(EtOH)2(H2O)2]·5DMF·11.5EtOH·H2O}n (3). Compound 3 was characterized by elemental
analysis, IR, powder X-ray diffraction, and single-crystal X-ray diffraction. Compound 3 consists of a 3D
framework with an unprecedented (3346526371)(364135861) topology. The thermal properties of 2 and 3were
also investigated.
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The fascinating area of self-assembly presently attracts the
attention of many scientists [1]. Starting with a number of selected
building blocks, it offers almost unlimited possibilities for the
construction of various intriguing architectures [1,2]. In recent
years, water-soluble calix[4]arenes as the building blocks in self-
assembly processes have been investigated as the presence of native
cavity-like structures showing interesting inclusion properties and a
wide range of metal coordination complexes both in solution and in
the solid state [3]. Some calix[4]arene complexes could be arranged
into so-called molecular capsules, “Ferris wheels” and “Russian dolls”,
etc. through coordination bond and/or weak interactions such as
hydrogen bonding, π···π stacking, electrostatic and van der Waals
interactions and so on [3a,b,e,h,4]. In addition, a number of supra-
molecular compounds via self-assembly of main group, transition
metal or lanthanide species, and additional organic molecules with
water-soluble p-sulfonatocalix[4]arenes (C4AS) have been reported
[3b,d,4d,e,5]. To our knowledge, studies engaged in coordination
polymers via self-assembly of azo calix[4]arenes with transition
metals have not been reported yet. In this work, we used 25,26,27,28-
tetrahydroxy-calix[4]arene (1) [6] as a starting material to success-
fully prepare a new water-soluble azo calix[4]arene with four
carboxylic groups, 5,11,17,23-tetrakis[(m-carboxyphenyl)azo]-
25,26,27,28-tetrahydroxycalix[4]arene (2, H4L). This compound is
anticipated to have the following two interesting features. One is that
it contains four carboxylic groups, which may adopt a lot of bridging
modes when it binds to metal centers. The other is that it is four long
and flexible carboxylic groups, which may have more chances to
create various coordination environments for metals, thereby forming
various intriguing supramolecular architectures. With these ideas in
mind, we carried out the solvothermal reactions of Cd(NO3)2·4H2O
with H4L and isolated a unique 3D coordination polymer {[H3O]2
[Cd7L4(DMF)4(EtOH)2(H2O)2]·5DMF·11.5EtOH·H2O}n (3). Hereinwe
report its synthesis, crystal structure, and thermal property.

Compound 1 was employed to react with 4 equiv. of m-
carboxybenzenediazonium chloride and NaOAc∙3H2O in DMF afford-
ing an azo calix[4]arene product 2 in 96% yield (Scheme 1) [7].
Treatment of 2 with 2 equiv. of Cd(NO3)2·4H2O in DMF/EtOH at
pH=5.0–6.0 followed by a hydrothermal treatment at 90 °C for one
day produced orange block crystals of 3 in 62% yield [8]. It was worth
noting that when the reaction temperature was raised up to 140 °C
with the variable pH values from 2.0 to 6.0, only 3was generated with
a lower yield. In all of the cases, if the pH values and reaction
temperatures were fixed, changes of Cd(NO3)2∙4H2O/H4L molar ratios
from 1:1 to 1:2 to 2:1 always generated the same product 3.
Compounds 2 and 3 were stable towards oxygen and moisture, and
2 was soluble in DMF and DMSO, but 3 was almost insoluble in
common organic solvents.We investigated the exchange properties of
3 to other solvents. When the crystals of 3 were immersed into the
normal solvents such as CH2Cl2, CHCl3, MeCN, and MeOH, its powder
X-ray diffraction patterns showed that solvent exchange did not take
place. We also attempted the so-called single-crystal-to-single-crystal
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Scheme 1. Synthetic route of new azo calix[4]arene ligand 2.
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conversion of 3 by placing its single crystal in the atmosphere of
MeOH, MeCN or pyridine vapor but all failed. The elemental analyses
of 2 and 3 were consistent with their chemical formula. The 1H NMR
spectrum of 2 in DMSO-d6 exhibited two singlets, one doublet–
doublet and one triplet for the phenyl groups at 8.27 ppm, 7.85 ppm,
7.96–8.03 ppm, 7.59–7.63 ppm, and the bridgingmethylene groups at
Fig. 1. (a)−(d) View of the coordination environments of Cd centers in 3 with labeling sche
(D) x+1, y, z; (E) −x+2, −y, −z−1. All hydrogen atoms are omitted for clarity.
4.17–4.56 ppm. And the signal for the bridging methylene groups
appear at δ=31.44 ppm in its 13C NMR spectrum, suggesting
existence of a cone conformation of the tetra-substituted calix[4]
arene in solution at room temperature [9]. The IR spectra of 2 showed
an C=O and C–O stretching vibrations at 1715 and 1470 cm−1, which
downshifted to 1658 and 1385 cm−1 of 3, indicating existence of
mes. Symmetry codes: (A) −x+2, −y, z; (B) −x+2, – y−1, −z; (C) −x+2, −y, −z;

image of Scheme 1


Fig. 2. (a) View of one hexanuclear [Cd6L2] cage-like unit of 3. Symmetry codes:
A: −x+1, −y, −z–1; B: −x+2, −y, −z–1; C: x–1, y, z. (b) View of a 3D framework
in 3 looking along the b axis. The yellow and purple spheres represent the two kinds of
cavities in 3. (c) Schematic view of a (3346526371)(364135861) topological net of 3. The sky
blue and yellow balls represent 6- and 8-connected nodes, respectively. Atom color codes:
Cd, green; O, red; N, blue; and C, gray. All hydrogen atoms are omitted for clarity.
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coordinated carboxylic groups [10]. The middle peaks at in the range
of 1593–1596 cm−1 were assigned to the asymmetric N=N vibration
of complexes 2 and 3 [9]. Compound 3was finally confirmed by X-ray
crystallography [11]. The X-ray powder pattern of 3 was matched
with the simulated patterns generated from their single crystals data
(Fig. S1).

Compound 3 crystallizes in the triclinic space group Pī, and its
asymmetric unit contains half a [Cd7L4(DMF)4(EtOH)2(H2O)2]2−

dianion, a protonated H3O+ cation, one quarter of EtOH, five halves
of EtOH, three EtOH, one DMF, three halves of DMF, and half a H2O
solvent molecules. As shown in Fig. 1, the Cd atoms in 3 adopt two
different coordination geometries. Cd1 is seven-coordinated by six O
atoms of three chelating carboxylate groups from three different H4L
ligands and one O atom from one EtOH molecule (Fig. 1a). Cd2 is
octahedrally coordinated by four O atoms of four carboxylate groups
from four different H4L ligands, two O atoms from one DMF and one
H2O molecule (Fig. 1b). Cd3 adopts the same coordination geometry
as Cd1, coordinated by four O atoms of four carboxylic groups from
four different H4L ligands, two O atoms of one chelating carboxylate
groups from H4L ligand and O atom from one DMF molecule (Fig. 1c).
Cd4 is also octahedrally coordinated by four O atoms of two chelating
carboxylate groups from two different H4L ligands, two O atoms of
two carboxylate groups from two different H4L ligands (Fig. 1d).
Besides, it is noted that there existed two weak interactions (2.878 Å)
between Cd4 and O21 and between Cd4 and O21A. The carboxylate
groups in 3 also show three different coordination modes: chelating,
bridging, chelating–bridging. For the seven-coordinated Cd, the mean
Cd–O bond length (2.437(5) Å) of 3 (Table S1) is longer than that of
the corresponding one in [Cd2(BTC)2(H2O)2]·2HCHA·2EtOH·2H2O
(2.380(2) Å, BTC=1,3,5-benzenetricarboxylate, CHA=cyclohexyla-
mine) [13a]. For the six-coordinated Cd, the mean Cd–O bond length
(2.138(6) Å) of 3 is shorter than that of the corresponding one in [Cd
(PDC)(4-nitrobenzoate)2(H2O)] (2.312(5) Å, HPDC=4-piperidine-
carboxylic acid) [13b].

Interestingly, Cd3, Cd3A, Cd3B, Cd3C, Cd4 and Cd4A are linked by
two L ligands to form a hexanuclear [Cd6L2] cage-like unit with an
approximate dimension of 2.98 Å (between O13 and O14)×8.07 Å
(between C65 and C109)×17.43 Å (between C84 and C112 ) Å
(Fig. 2a). Each Cd atom in such a unit interconnects its equivalent ones
via L ligands to form a 1D chain extending along the a axis (Fig. S2).
Besides, Cd1, Cd1A, Cd1B, Cd1C, Cd2 and Cd2A atoms and two other L
ligands to produce another [Cd6L2] cage-like unit with a rough size of
2.50 Å (betweenO1 andO4)×9.02 Å (betweenC39 andC51)×18.94 Å
(betweenC14andC42)Å. Such aunit also creates a 1D chain extending
along the c axis. These two 1D chains are interconnected together by
two chelating and/or bridging carboxylates, affording a 2D network
extending with ac plane (Fig. S3). Each 2D network is further
connected by Cd2 atoms to form an unprecedented 3D framework
(Fig. 2b), which is calculated by the Platon program [14] showing that
the effective solvent accessible volume of 3396.8 Å3 per unit cell
(41.7% of the total cell volume) is filled with DMF, EtOH and H2O
solvent molecules. The calix[4]arene parts between two layers in the
3D structure not only exhibited a vertical up-down fashion but also a
slipped up-down fashion (Fig. S4). Topologically, compound 3 consists
of a 3D (6,8)-connected frameworkwith one L ligand as a 6-connecting
node and one L as a 8-connecting node (Fig. 2c). According to Wells
[15], such a net can be further specified by an new Schläfli symbol of
(3346526371)(364135861).

Thermogravimetric (TGA) and differential thermal analysis (DTA)
experiments were carried out to study the thermal stability of azo
groups in 2 and 3. The DTA curves (Fig. S5) exhibited the onset at
283 °C (2) and 285 °C (3) and the maximum at 290 °C (2) and 295 °C
(3) with the exothermic energy of 324 J/g for 2 and 373 J/g for 3,
respectively, which were ascribed to the decomposition of azo groups
[16]. As shown in the TGA curve of 3 (Fig. S6), the weight loss
(observed 21.27%) in the range of 20–231 °C corresponded to the
removal of all the coordinated and uncoordinated EtOH, H2O and DMF
molecules (calculated 21.47%). As shown in the TGA curve of 2
(Fig. S6), the weight loss (observed 10.57%) in the range of 235–
364 °C was ascribed to the removal of four azo groups (calculated
11.02%). For 3, the removal of four azo groups started at 248 °C for 3,
which is consistent with that of 2.
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Appendix A. Supplementary data

CCDC no. 810114 contains the supplementary crystallographic
data for 3. These data can be obtained free of charge via http://www.
ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystal-
lographic data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Sup-
plementary data associated with this article can be found, in the
online version, at doi:10.1016/j.inoche.2011.03.077.
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