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In recent years, there has been immense interest in study-
ing binuclear metal complexes using macrocyclic compart-
mental ligands derived from 2,6-diformyl-4-methylphenol
and diamines.1-6 The motivation for this is not only to under-
stand the function of fundamental interactions in both
coordination chemistry and biological mimics,2 but also to
explore their potential for technological applications in a
number of areas of material science, including use as mag-
netic and non-linear optical materials.3 Especially, compart-
mental Schiff base ligands, containing adjacent coordination
sites, are capable of accommodating similar or dissimilar
metal ions, resulting in the formation of homo- and hetero-
dinuclear complexes. These complexes cause a mutual
influence between the two metal ions giving rise to systems
with new physicochemical properties which have been used
in the design of molecular magnetic or optical devices, mole-
cular probes for the selective recognition of charged and/or
neutral molecules, and polynuclear catalytic systems.1g,3c,4 

2,6-Diformyl-p-cresol (DFPC) is a potential precursor to
synthesize the compartmental Schiff base macrocyclic ligands
containing two bridging phenol groups. The [2 + 2] conden-
sation of DFPC with a variety of diamines in the presence of
template 3d transition metal ions generates predominantly
oxo-bridged dinuclear complexes.1-6 Generally, these macro-
cyclic compartmental complexes have been derived from the
template condensation of achiral diamines such as ethylene-
diamine and propylenediamine. However, the use of chiral
diamines such as 1R,2R-diaminocyclohexane, in the con-
struction of chiral macrocycles has received only limited
study.5 Applications of chiral and optically active trans-1,2-
diaminocyclohexane derivatives and their macrocyclic com-
plexes as stereoselective catalysts6 for organic reactions
prompted the choice of this diamine in the preparation of the
oxo-bridged dinuclear complexes.

In various compartmental macrocyclic dinuclear complexes,
the metal ions can interact through their axial position with
various anions such as thiosulfate, cyanide, thiocyanate, per-
chlorate, nitrate, and nitrite. Especially thiosulfate, nitrate,
and nitrite anions can also be used to bridge two metal

centers accommodated inside the compartmental macrocyclic
ligands, giving rise to the formation of complexes with
anomalous supramolecular architectures and interesting
physicochemical properties.7 

However, the study about the behavior of perchlorate
anion ClO4

 in the compartmental macrocyclic complexes is
very rare although it can link a pair of metal centers in either
an end-on (-1,1-O-ClO4) or end-to-end (-1,3-O2-ClO2)
configuration.

In order to better understand some aspects of molecular
topologies in compartmental binuclear complexes with brid-
ging perchlorate anion, we explore a novel macrocyclic,
phenoxide- and perchlorate-bridged dicopper(II) complex,
[Cu2([20]-DCHDC)(-O2ClO2)2]·1.6CH3CN·0.4CH3OH (1),
where H2[20]-DCHDC = 14,29-dimethyl-3,10,18,25-tetra-
azapentacyclo-[25,3,1,04,9,112,16,019,24] ditriacontane-
2,10,12,14,16(32),17,27(31),28,30-decane-31,32-diol. The
compartmental dinuclear Cu(II) complex 1 was prepared by
the anion exchange of the dinuclear Cu(II)-chloro complex,5a

[Cu2([20]-DCHDC)Cl2]·6H2O with ClO4
 in aqueous media,

as depicted in Scheme 1. Herein, we report the crystal struc-

Scheme 1. Synthetic route of the dinuclear macrocyclic compart-
mental copper(II) complex.
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ture and physicochemical properties of complex 1. 

Results and Discussion

General Properties. The pale green perchlorato complex
1 is insoluble in cold solvents like methanol, acetone, and
dimethylformamide, but has poor solubility in acetonitrile,
dimethylsulfoxide, hot dimethylformamide, hot methanol,
and hot acetone. In hot methanol, the air-stable moisture-
insensitive complex 1 has lower value than molar conduc-
tance for 1:1 electrolytes. Thus, it seems that an anion
coordination might exist in hot methanol.8 Such result is in
general agreement with the expectation from the spectral
data and the crystal structure of complex 1.

The electronic absorption spectrum of complex 1 shows
different absorption bands of the dinuclear Cu(II)-chloro
complex,5a indicating the different coordination environ-
ments for Cu(II) centers. The broad absorption band near
546 nm can be assigned to the spin-allowed d-d electronic
transition of Cu(II) (3d9). This show the band arising from
2Eg  2T2g (Oh) transition, which exhibits the characteristic
feature of Jahn-Teller effects of Cu(II) ions.9 The formation
of dinuclear Cu(II) complex was inferable from elemental
analysis, molar conductance and electronic absorption spec-
trum of the complex 1 as well as is evidenced by characteri-
stic IR absorption bands and FAB mass spectrum. The IR
spectrum of the perchlorato complex 1 displays the charac-
teristic bands of coordinated perchlorate anion at 1150, 1110,
1085, and 641 cm1.10 The significant ions observed in the
FAB mass spectrum of complex 1 include [Cu(H[20]-
DCHDC)]+ and [Cu2([20]-DCHDC)(ClO4)]+ at m/z 546 and
707, respectively. 

Description of Crystal Structures. Pale green crystals of
the complex 1, [Cu2([20]-DCHDC)(-O2ClO2)2]·1.6CH3CN
·0.4CH3OH suitable for X-ray diffraction study were
obtained by recrystallization from warm acetonitrile:CH3OH
(1:1) solution. The structure of complex 1 with the atomic
numbering scheme is shown in Figure 1. The summary of
the crystal data, experimental details and refinement results
for complex 1 is listed in Table 1. Selected bond lengths and
angles relevant to the coordination geometry for crystals of
complex 1 are listed in Table 2.

The X-ray analysis reveals that 1 is compartmental macro-
cyclic dinuclear copper(II) complex bridged by two bidentate
perchlorato ligand, which is located on a crystallographic
inversion center (Figure 1(a)). Therefore, the asymmetric unit
of 1 consists of one copper(II) ion, a half of [20]-DCHDC2

macrocyclic ligand, one perchlorato ligand, four-fifths of an
acetonitrile molecule and one-fifth of an methanol molecule.

In crystal structure of 1, each copper(II) ion is six-coordi-
nate, being bound to two oxygen and two imine nitrogen
donors from each of the two N2O2 compartments of macro-
cyclic [20]-DCHDC2 ligand. The coordination sphere is
completed by two oxygen atoms from two different perchlo-
rato ligands. The copper(II) coordination in 1 can be describ-
ed as a distorted octahedral geometry, where each of the two
N2O2 compartments of macrocyclic [20]-DCHDC2 ligand

satisfies four basal positions. The basal Cu-ligand bond di-
stances are very close falling in the range 1.886(3)-1.900(2)
Å, which are similar with those of chloro cupric complex
with the [20]-DCHDC macrocyclic ligand.5a The remaining
apical positions of the copper(II) center are occupied by two
perchlorato ligands with somewhat longer contacts [Cu1-O2
2.586(2) Å and Cu1A-O3 2.660(2) Å] owing to the Jahn-
Teller effect in d9 electronic configuration. The largest
distortion from the regular octahedral geometry is occurred
in the angle of O3-Cu1-O2i of 168.15(10) Å (Figure 1(a)),
which may be due to the fact that the perchlorato ligands
bridge between two neighboring Cu(II) ions in the end-to-
end (-1,3-O2-ClO2) configuration

Two Cu(II) centers in 1 are bridged by the two phenoxo
oxygen atoms of [20]-DCHDC2 and two µ1,3-perchlorato
ligands with the separation distance of 2.8786(9) Å, slightly
longer than the sum of van der Waals radius of Cu atoms
(2.86 Å).11 Thus, two Cu(II) ions accommodated within com-
partmental macrocyclic ligand are quadruply bridged by a
bis(µ-phenoxo)-bis(µ-perchlorato) moiety, in which two

Table 1. Crystallographic Data and Structure Refinement for
Complex 1

Identification code 1
Empirical formula C33.6H40.4Cl2Cu2N5.6O10.4

Formula weight 887.10
Temperature (K) 173(2)
Crystal system Monoclinic
Space group P21/c
a (Å) 8.0773(6)
b (Å) 16.7494(13)
c (Å) 14.0614(11)
 (o) 100.447(2)
Volume (Å3) 1870.8(2)
Z 2
Absorption coefficient (mm1) 1.344
Theta range for data collection 1.91 to 26.50°
Reflections collected 10967
Data / restraints / parameters 3856 / 12 / 298
Goodness-of-fit on F2 1.083
Final R1 and wR2 [I > 2(I)] 0.0466, 0.1040
R1 and wR2 indices (all data) 0.0859, 0.1210

Table 2. Selected Bond Lengths (Å) and Angles ( o ) for complex 1

Cu1-N1 1.890(3) Cu1-N2 1.886(3)
Cu1-O1 1.899(2) Cu1-O2i 2.585(3)
Cu1-O3 2.660(3) Cu1LCu1i 2.8785(9)
N1-Cu1-N2 90.11(13) N1-Cu1-O1 94.14(12)
N1-Cu1-O1a 173.84(13) N1-Cu1-O3 88.83(14)
N1-Cu1 O2a 100.68(13) N2-Cu1-O1i 94.54(12)
N2-Cu1-O1 174.47(13) N2-Cu1-O3 97.89(13)
N2-Cu1-O2a 89.21(13) O1-Cu1-O1i 81.49(11)
O1-Cu1-O3 85.75(11) O1-Cu1-O2i 86.52(12)
O3-Cu1-O2i 168.15(10)

Symmetry code: ax, 1y, z.
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perchlorato ligands exhibit the classical syn-syn bridging
mode. To the best of our knowledge, complex 1 represents
the first structurally characterized example of a macrocyclic
dinuclear perchlorato Cu(II) complex containing two brid-
ging perchlorate ligands.

As shown in Figure 1(b) and Table 3, there are many non-
classic intermolecular C-HLO hydrogen bonds [average
distance of HLO = 3.427(7) Å] in crystal packing structure
of complex 1. The compartmental macrocyclic dinuclear
copper(II) complexes, [Cu2([20]-DCHDC)(-O2ClO2)2], are
cross-linked by intermolecular hydrogen bonds, resulting in
the pseudo 3D framework with channel cavity. Disordered
solvent molecules (acetonitrile and methanol) are accommo-
dated in the channel cavity

In summary, the compartmental macrocyclic dinuclear
Cu(II)-perchlorato complex was prepared by the anion ex-

change of its chloride salt and fully characterized by element
analysis, conductance, electronic and IR spectra as well as
FAB-MS method. Its crystal structure determined by X-ray
crystallography reveals the two distorted octahedral copper(II)
centers are quadruply bridged by the two phenoxide oxygen
atoms of [20]-DCHDC macrocyclic ligand as well as two
µ1,3-perchlorato ligands. Furthermore, complex 1 exhibits
the pseudo-3D supramolecular network generated by the C-
HLO hydrogen bonds.

Experimental

General Methods. All chemicals were commercial analy-
tical reagents and were used without further purification.
Solvents used for electrochemical and spectroscopic studies
were purified by standard procedures. 2,6-Diformyl-p-cresol
(DFPC) was prepared with high yields by an improved
oxidation method using active manganese(IV) dioxide. The
two square pyramidal copper complex bridged by the two
phenoxide oxygen atoms, [Cu2([20]-DCHDC)Cl2]·6H2O
was synthesized in our laboratory as described earlier.5a

Measurements. Microanalyses of C, H, and N were
carried out using LECO CHN-900 analyzer. Conductance
measurements of the complexes were performed in CH3OH
at 25 ± 1 oC using an ORION 162 conductivity temperature
meter. IR spectra were recorded with a Bruker FSS66 FT-IR
spectrometer. FAB-MS spectra were obtained on a JEOL
JMS-700 Mass Spectrometer using argon (6 kV, 10 mA) as
the FAB gas. The accelerating voltage was 10 kV and
glycerol was used as the matrix. The mass spectrometer was
operated in positive ion mode and mass spectra were calib-
rated by Alkali-CsI positive.

Synthesis of [Cu2([20]-DCHDC)(-O2Cl-O2)2]·1.6CH3CN
·0.4CH3OH (1). To an aqueous solution (50 mL) of
[Cu2([20]-DCHDC)Cl2]·6H2O (0.6986 g, 1 mmol), a saturat-
ed aqueous sodium perchlorate solution (15 mL) was added
dropwise with stirring. The resulting mixture was refluxed
for 2 h, and then pale green precipitate that formed was
collected by filtration, thoroughly washed with water, and
dried in vacuo. Yield 72%. Pale green crystals of the
complex 1 suitable for X-ray diffraction study were obtained
by recrystallization of from warm acetonitrile:CH3OH (1:1)
solution. Anal. Calcd (Found) % for Cu2(C30H34N4O2)(ClO4)2

(CH3CN)1.6(CH3OH)0.4: C, 45.49 (45.59); H, 4.59 (4.37); N,
8.84 (8.51). IR (KBr pellet, cm1) 3310, 3024, 2927, 2859,

Figure 1. (a) Crystal structure of complex 1 with the asymmetric
atom-labeling scheme. (b) Perspective views of the unit cell with
hydrogen bonds shown as dashed lines along the a-axis. All
hydrogens, disordered atoms and solvent molecules are omitted for
clarity. [Symmetry codes: i) x, 1y, z.].

Table 3. Non-classic Intermolecular C-HLO Hydrogen Bonds (Å
and o) for Complex 1

D-HLA d(D-H) d(HLA) d(DLA) <(DHA)

C5-H5LO2a 0.95 2.58 3.280(5) 130.6
C7-H7ALO5a 0.95 2.59 3.523(5) 165.9
C12-H12ALO5b 0.99 2.54 3.511(5) 166.0
C17-H17BLO5a 0.98 2.51 3.470(7) 165.8
C14-H14LO5b 0.95 2.58 3.422(5) 147.9
C17-H17ALO4c 0.98 2.47 3.354(7) 150.3

Symmetry codes: ax+1, y, z; bx, y+1/2, z+1/2; cx+1, y+1/2, z+1/2.
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1627, 1550, 1448, 1382, 1313, 1240, 1150, 1110, 1085, 862,
769, 641, 502. M (methanol): 108 ohm1cm2mol1.

X-ray Crystallography of Complex. The single crystal
was attached to glass fibers and mounted on a Bruker SMART
diffractometer equipped with a graphite-monochromated
Mo K (= 0.71073 Å) radiation, and a CCD detector; 50
frames of two-dimensional diffraction images were collected
and processed to obtain the cell parameters and orientation
matrix. All data collections were performed at 173 K. Decay
was monitored by 50 standard data frames measured at
the beginning and end of data collection. The program
SAINTPLUS12 was used for integration of the diffraction
profiles. All of the calculations for the structure determi-
nation were carried out using the SHELXTL package.13 All
nonhydrogen atoms were refined anisotropically and all
hydrogen atoms were placed in idealized positions and
refined isotropically in a riding manner along with the their
respective parent atoms. In complex 1, four carbon atoms
(C8, C10, C11, and C13) of cyclohexane moiety were di-
sordered over two sites with site occupancy factor of 0.50.
Moreover, lattice solvent molecules (acetonitrile and meth-
anol molecules) were found to occupy two independent
positions, which are too close to each other to be fully
occupied at the same time. Accordingly, the SOFs of both
molecules were refined with their sum fixed at 1, which
resulted in the site occupancy factors of 0.80 for acetonitrile
and 0.20 for methanol. The summary of the crystal data,
experimental details and refinement results for complex 1 is
listed in Table 1.

Crystallographic data for the structures reported here have
been deposited with CCDC (Deposition No. CCDC-295088
for 1). These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html or from CCDC,
12 Union Road, Cambridge CB2 1EZ, UK, E-mail: deposit
@ccdc.cam.ac.uk (or FIZ, D-76344, Eggenstein-Leopold-
shafen, Germany, E-mail: crysdata@fiz-karlsruhe.de).
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