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Introduction

Heterometal polynuclear complexes have been the subject
of many recent studies with the hope of mimicking the active
site of some metal enzymes containing dissimilar metal ions,
such as cytochrome oxidase and superoxide dismutase, and
elucidating the mechanism of spin coupling between paramag-
netic metal ions in view of the electronic structures of the
interesting metal ions. With the development of the strategy of
“complexes as ligands”, the heteropolymetallic systems are
arousing a lot of interest among physicists and inorganic
chemists in seeking for designing new molecule-based magnetic
materials.1,2

In the field of molecular-based magnetism, structurally high-
dimensional heterometallic oxalate-bridged networks have at-
tracted increasing interest in recent years.3-10 Some molecule-
based magnetism with long-range ferromagnetic orderings was
observed at 6-48 K.10-14 Recently, some materials with spin-
glass-like behavior7,15and molecular superconductors were also
reported.16 However, a network with a unique large tunnel

assembled by a macrocycle complex and oxalate-containing
compound is quite scarce.

In this work we focus on the use of K3Cr(ox)3 and [Cu(trans-
[14]dien)](ClO4)2 as a building block in designing a novel
heterobimetallic supramolecular complex, where (trans[14]dien)
is 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,-
11-diene. The preparation, structural characterization, and
magnetic properties of the unique 3D complex{K[Cu(trans-
[14]dien)]Cr(ox)3}n are reported. This compound contains two
types of coordination modes of oxalate ligand (monodenate and
bis-bidentate fashions) and a macrocycle ligand. Although Kahn
et al. reported a CrIII -NiII3 complex by using K3Cr(ox)3‚3H2O
and [Ni(Me6-[14]ane-N4)](ClO4)2 in 1989,17 the structure of our
present compound is unique. The magnetic investigation showed
that the oxalate-bridged chromium(III)-copper(II) units were
antiferromagnetically coupled (J ) -9.88 cm-1).

Experimental Section

Synthesis. CAUTION! Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Only a small amount of
material should be prepared, and handled with caution.

K3Cr(ox)3 and [Cu(trans[14]dien)](ClO4)2 were prepared according
to literature methods.18,19

The title compound was synthesized by reacting an ethanol (10 mL)
and water (2 mL) mixture of [Cu(trans[14]dien)](ClO4)2 (0.5 mmol,
108 mg) with 5 mL of a K3Cr(ox)3 (0.5 mmol, 207.5 mg) aqueous
solution. The resulting solution was stirred at 60°C for 3 h. Any
insoluble products were filtered. The resulting dark red solution was
undisturbed at room temperature for about 3 months. Then X-ray quality
dark-red single crystals were obtained by slow evaporation. The crystals
were filtered out, washed with water and ethanol, and air dried. Yield:
68%. Anal. Calcd for C22H32CrCuKN4O12: C, 37.76; H, 4.58; N, 8.01;
Cr, 7.44; Cu, 9.08. Found: C, 37.92; H, 4.78; N, 8.45; Cr, 7.32; Cu,
9.28.

X-ray Crystallography. The X-ray single-crystal data were collected
on a computer-controlled Siemens P4 diffractometer equipped with
graphite-monochromatized Mo KR radiation (λ ) 0.71073 Å) and a
crystal of size 0.3× 0.23 × 0.18 mm. The crystallographic data,
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Table 1. Crystal Data for{K[Cu(trans[14]dien)]Cr(ox)3}n
a

empirical formula C22H32CrCuKN4O12

fw 699.16
T 293(2) K
λ 0.71073 Å
space group Cc
unit cell dimens a ) 10.3943(9) Å,R ) 90°

b ) 15.4092(14) Å,â ) 104.754(10)°
c ) 18.205(3) Å,γ ) 90°

vol 2819.7(6) Å3

Z 4
Fobsd 1.647 g/cm3

Fcalcd 1.628 g/cm3

abs coeff 1.355 mm-1

final R indices [I > 2σ(I)] R1 ) 0.0481, wR2) 0.0616
R indices (all data) R1) 0.0644, wR2) 0.0756

a R1) ∑|Fo| - |Fc|/∑|Fo|; wR2) [∑(w(Fo
2 - Fc

2)2)/∑(w(Fo
2)2)]1/2;

w ) 1/[σ2(Fo
2) + (0.0633P)2 + 0.0000P], whereP ) (Fo

2 + 2Fc
2)/3.
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conditions for the collection of intensity data, and some features of the
structure refinements are listed in Table 1. Cell parameters were
determined by least-squares calculations based on the setting angles
and 46 reflections withθ angles ranging from 4.63° to 14.72° at
293(2) K. A total of 2925 independent reflections were measured (I g
2σ(I)). No absorption correction was made during processing. Hydrogen
atoms were added theoretically, refined with riding model position
parameters, and fixed with isotropic thermal parameters. The structure
was solved by direct methods (SHELX86)20,21 and refined by the full-
matrix least-squares method with use of the SHELXL-93 package of
program. The final refinement was by full-matrix least squares onF2.
The final R1) 0.0481, wR2) 0.0616 (I g 2σ(I)), R1) 0.0644, wR2
) 0.0756 (all data), andS ) 1.151. The largest peak and hole in the
final difference Fourier map had values of 0.546 and-1.142 e Å-3,
respectively. Significant bond parameters are given in Table 2.

Magnetic Measurements.The magnetic susceptibilities were mea-
sured on polycrystalline samples at fields of 10000 G and at temper-
atures ranging from 2 to 300 K with use of a vibrating sample
magnetometer, model CF-1.

Results and Discussion

Description of the Structure. An ORTEP drawing of{K-
[Cu(trans[14]dien)]Cr(ox)3}n is shown in Figure 1. The Cr3+

and K+ ions in this molecule are alternately linked by three
oxalate ligands to three neighboring metal ions. In each
[KCr(ox)3]2- unit, a copper(II) atom is coordinated to an oxygen
atom of ox2- in monodentate fashion. Both Cr3+ and K+ ions
are located in an octahedral environment with Cr-O distances
in the region of 1.943-1.987 Å, and K-O distance in the region
of 2.333-2.389 Å. The copper(II) ion assumes a five-
coordinated square pyramidal environment, with Cu-N dis-
tances in the region of 1.973-2.017 Å and a Cu-O(8) distance
of 2.6 Å. Every three alternately connected K+ and three Cr+

ions form a hexacyclic ring which further extends to a three-
dimensional network. It is interesting to contrast the structure
of the present compound with those of some previously reported
3D [M2

II(ox)3]2- and{MIMIII (ox)3]}2- type networks.22,23 We
found out that the main difference between the present one and
the previously reported ones is that the latter ones are composed
of octagons and squares in three-dimensional networks, while

the present compound is composed of hexagons only. In the
present compound, each Cr(III) or K(I) site surrounded by three
oxalate groups is chiral and the three-dimensional network is
generated by an alternation Cr(III) and K(I) sites. Another
interesting phenomenon is that there are helical tunnels with
the size of 21.191× 9.294 Å2 in the direction of the diagonal
line of a and b axes, and the copper(II) units are located in
these tunnels, as shown in Figure 2. In comparing to the square
meshes, the enlargement of the grids in the tunnels can have
some influence on the dimension-controlled properties and may
be useful in guest exchange and catalysis.

The Magnetic Studies.The magnetic behavior of the title
compound has been studied and is represented in Figure 3, in
the form ofømT vs T. The observedømT value is 3.558 cm3 K
mol-1 at 292.5 K, which is lower than the spin-only value of
4.24 cm3 K mol-1 for the uncoupled Cu(II)-Cr(III) dimer unit,
probably because of the existence of an effective antiferromag-
netic coupling at room temperature as theømT product is not a
plateau at room temperature. A gradual decrease inømT is
observed as the temperature is decreased, indicating the presence
of an antiferromagnetic intrachain interaction.
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Table 2. Selected Interatomic Bond Distances (Å) and Angles (deg) for{K[Cu(trans[14]dien)]Cr(ox)3}n
a

Cu-N(3) 1.973(8) Cr-O(3) 1.982(7) O(9)-K#2 2.365(8)
Cu-N(1) 1.977(8) Cr-O(1) 1.987(8) O(10)-K#2 2.389(9)
Cu-N(4) 2.009(9) Cr-O(6) 1.984(7) O(11)-K 2.374(8)
Cu-N(2) 2.017(8) K-O(8)#3 2.473(9) O(12)-K 2.387(9)
Cr-O(4) 1.943(8) K-O(10)#4 2.389(9) O(7)-K#1 2.333(9)
Cr-O(5) 1.981(8) K-O(7)#3 2.333(9) O(8)-K#1 2.473(9)
Cr-O(2) 1.974(7) K-O(9)#4 2.365(8)

N(3)-Cu-N(1) 178.6(6) O(5)-Cr-O(2) 170.7(3) O(4)-Cr-O(1) 176.0(3)
N(3)-Cu-N(4) 93.9(4) O(4)-Cr-O(6) 92.0(4) O(5)-Cr-O(1) 90.3(3)
N(1)-Cu-N(4) 85.2(4) O(5)-Cr-O(6) 82.3(3) O(2)-Cr-O(1) 81.7(3)
N(3)-Cu-N(2) 86.0(4) O(2)-Cr-O(6) 93.1(3) O(6)-Cr-O(1) 91.8(4)
N(1)-Cu-N(2) 94.7(3) O(4)-Cr-O(3) 83.3(3) O(3)-Cr-O(1) 93.1(3)
N(4)-Cu-N(2) 171.0(4) O(5)-Cr-O(3) 90.6(3) O(12)-K-O( 11) 71.6(3)
O(4)-Cr-O(5) 91.5(3) O(2)-Cr-O(3) 94.6(3) O(10)#4-K-O(11) 92.0(3)
O(4)-Cr-O(2) 96.7(3) O(6)-Cr-O(3) 171.4(3) O(7)#3-K-O(8)#3 70.8(3)
O(7)#3-K-O(9)#4 99.2(3) O(9)#4-K-O(10)#4 70.6(3) O(9)#4-K-O(8)#3 92.0(3)
O(7)#3-K-O(12) 104.6(4) O(12)-K-O(10)#4 90.4(3) O(12)-K-O(8)#3 171.5(3)
O(9)#4-K-O(12) 95.8(3) O(7)#3-K-O(1 1) 100.4(3) O(10)#4-K-O(8)#3 95.3(3)
O(7)#3-K-O(10)#4 162.9(3) O(9)#4-K-O(11) 158.9(3) O(11)-K-O(8)#3 101.9(3)

a Symmetry transformations used to generate equivalent atoms: #1,x, -y, z + l/2; #2, x - 1/2, y + 1/2, z; #3, x, -y, z - 1/2; #4,x + 1/2, y -
1/2, z.

Figure 1. ORTEP drawing of{K[Cu(trans[14]dien)]Cr(ox)3}n.
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In order to analyze the magnetic data, we used an approxima-
tion24,25 for the system shown in Scheme 1. As indicated in
Scheme 1, the title complex can be considered as a uniform
chain formed by Cr-OX-Cu binuclear units, for simplicity

whereSb symbolizes the effective spin of heterobinuclear unit

whereJ is the exchange coupling parameter associated with a

CuII-CrIII binuclear pair, andJ′ refers to the interbinuclear
magnetic parameter of the CuII-CrIII unit. On the assumption
of purely isotropic interactions, the susceptibility of binuclear
unit (CuII-CrIII ) øb is calculated from eq 1. Assuming thatSeff

is treated as a classical spin,geff ) 2, Seff can be calculated
from eq 2, and the magnetic susceptibility of the chain can be
described by the classical spin model (eq 3) derived by Fisher,26

with u ) coth[J′Seff(Seff + 1)/kT] - kT/J′Seff(Seff + 1).

The least-squares fit from eq 3 to the data was found withJ
) -9.88 cm-1, J′ ) -2.72 cm-1, g ) 2.05. The agreement
factor, defined asF ) ∑i(øi

obs - øi
calcd)2/(øi

obs)2, was 8.72×
10-3, for all of the 92 observations. But the absolute value of
the coupling constantJ′ seems to be slightly larger for the
diamagnetic-ox-K-ox- bridge. This may be due to the
limitation of the present approximate model. Nevertheless, this
result (negative and smallJ and smallJ′ values) indicates that
a weak antiferromagnetic intrachain interaction exists between
the Cr(III) and Cu(II) ions within the title compound.

In general, Cr(III)-Cu(II) systems show ferromagnetic
coupling due to the strict orthogonality of the magnetic orbitals,
〈t2g|eg〉 ) 0, (t2g)3(Cr)-(eg)1(Cu). However, the crystallographic
data of the title complex has indicated a five-coordinated square-
pyramid environment for Cu(II). The axially distorted geometry
of Cu(II) is important as it removes the strict orthogonality of
the eg and t2g orbitals on CuII and CrIII ions, thus introducing
an antiferromagnetic interaction between the CrIII and CuII within
the complex.27
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Figure 2. View of the crystal cell of{K[Cu(trans[14]dien)]Cr(ox)3}n in the direction of the diagonal line ofa andb axes.

Figure 3. Plots of the productsømT vs temperature for{K[Cu(trans-
[l4]dien)]Cr(ox)3}n. The solid line represents the best fitting (see text
for the fitted parameters).

Scheme 1. Relationship of the Magnetic Exchange
Coupling of{K[Cu(trans[14]dien)]Cr(ox)3}n

‚‚‚Sb‚‚‚
J

Sb‚‚‚
J

Sb‚‚‚

(CuII-
J
CrIII )

øb ) øCu-Cr ) (Ng2â2/kT){[10 + 2 exp(-4J/kT)]/[5 +
3 exp(-4J/kT)]} (1)

Seff(Seff + 1) ) 3k(øbT)/Ngeff
2â2 (2)

øM ) [Ng2â2Seff(Seff + 1)/3kT](1 + u)/(1 - u) (3)
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