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A helical chain [Cu(dnbm)(�-im)]n and a tetrancuclear
macrocycle [Cu(dnbm)(�-im)]4 (Hdnbm = 4,6-nonanedione,
Him = imidazole) were selectively prepared and structurally
characterized. Their magnetic properties obeyed one-dimension-
al chain and square models, respectively.

Oligonuclear and polymeric copper(II) coordination com-
pounds attract much attention in materials chemistry.1,2 Some
peculiar enzyme functions are based on oligonuclear copper
clusters, where imidazolates play a role of bridging ligands.3

Copper(II) imidazolate systems afford a variety of structures
of self-assembled supramolecular coordination complexes,
e.g., oligonuclear cycles4–9 and discrete linear systems.10–15 Al-
though [Cu(dnbm)(�-im)]x is known (Hdnbm and Him stand for
4,6-nonanedione and imidazole, respectively),16 the crystal
structure has not yet been reported. Generally, there are difficul-
ties in preparing single crystals of polymeric coordination com-
pounds, and also in specifying compounds as polymers or
macrocycles solely from spectroscopic and elemental analyses.
We will report here full characterization of two phases of
[Cu(dnbm)(�-im)]x.

The reaction of [Cu(dnbm)2] with two molar equiv of imida-
zole in refluxing ethanol for 2 h followed by gradual concentra-
tion at 50 �C afforded polymeric [Cu(dnbm)(�-im)]n (1) as fine
needles (mp. 153–156 �C). On the other hand, a reaction was
conducted at room temperature, to give [Cu(dnbm)(�-im)]4
(2) with good crystal habit as blocks (mp 113–114 �C). The poly-
meric form was favored under thermal equilibrium conditions,
probably because of the low solubility of 1 even at high temper-
atures.

Figure 1 shows the molecular structure of 1.17 A dinuclear
unit [{Cu(dnbm)(�-im)}2] is crystallographically independent,
which constructs a helix in a tetragonal P42=n space group.

The intramolecular nearest-neighboring Cu1���Cu2 and Cu2���
Cu1� distances are 5.9016(10) and 5.8973(11) Å, respectively.
The Cu ions have a CuN2O2 coordination environment with
two N atoms from two imidazolates and two O atoms from a
dnbm ligand. The O1–Cu1–N1, O2–Cu1–N4#, O3–Cu2–N3,
and O4–Cu2–N2 bond angles are somewhat smaller than 180�,
and the coordination structure is distorted from square-planar
toward tetrahedral (d-SP).

There are eight copper ions in a pitch, contrary to the expec-
tation from the cis N–Cu–N configuration, which seems suitable
for a 4-fold axis involving four copper ions. The Cu1���
Cu2���Cu1� angle [134.66(2)�] is considerably larger than, while
the Cu2���Cu1����Cu2� angle [89.64(2)�] is close to, the ideal
right angle. The alternating irregular angles are responsible for
the formation of a Cu8-based chain and not a Cu4-based helix
or a tetrameric macrocycle.

As Figure 2 shows the molecular structure of 2,17 four Cu
ions construct a rectangle arrangement affording a [2� 2]-mo-
lecular grid. A half of the molecule of 2 is crystallographically
independent owing to centrosymmetry in a space group P�11.
The intramolecular Cu1���Cu2 and Cu1���Cu2y distances are
5.8928(10) and 5.8694(7) Å, respectively. The Cu2y���Cu1���Cu2
and Cu1���Cu2���Cu1y angles are 90.45(12) and 89.55(12)�, re-
spectively.

The O3–Cu2–N3 and O4–Cu2–N2 bond angles are much
smaller than 180�, implying a d-SP structure at Cu2, while the
Cu1 coordination structure is nearly square-planar (n-SP). This
finding is similar to that of bisimidazolato Cu compounds pos-
sessing a d-SP/n-SP-mixed tetranuclear framework.18 As the
side view shows (Figure 2b), the two basal planes are slightly
canted with each other by 7.3(1)�.

We measured magnetic susceptibilities (�mol) of polycrys-
talline specimens of the present compounds on a SQUID magne-
tometer. The �mol value of 1 increased on cooling from 300K,
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Figure 1. X-ray crystal structure of 1. (a) Side and (b) top views of a chain. Eight repeating units are drawn. Thermal ellipsoids are drawn at the 50% prob-
ability level. Hydrogen atoms are omitted. Symmetry operation codes of � and # are�y,�1=2þ x,�1=2þ z and 1=2þ y,�x, 1=2þ z, respectively. Selected
bond lengths (Å) and angles (�): Cu1–O1, 1.918(3); Cu1–O2, 1.932(4); Cu1–N1, 1.954(5); Cu1–N4#, 1.954(5); Cu2–O3, 1.923(4); Cu2–O4, 1.920(4); Cu2–
N2, 1.981(5); Cu2–N3, 1.944(5); O1–Cu1–N1, 158.46(19); O2–Cu1–N4#, 156.73(18); O3–Cu2–N3, 159.08(19); O4–Cu2–N2, 161.3(2).
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reached a broad maximum around 60K, and gradually decreased
(Figure 3a). This behavior clearly indicates the presence of dom-
inant antiferromagnetic coupling. An extrapolation of the �mol

curvature to 0K seems to give a non-zero �mol intercept. Usually
such behavior is related to an infinite Heisenberg S ¼ 1=2 anti-
ferromagnetic chain, as originally predicted by Bonner and
Fisher.19 On further cooling, the �mol value of 1 decreased with
a turning point around 10K. The origin of this anomaly is not
clear at present. To estimate the exchange coupling within a
chain, we used the data above 15K. Assuming an equally spaced
S ¼ 1=2 magnetic chain and the Heisenberg spin Hamiltonian
as H ¼ ��2JSi�Siþ1, we applied a numerical fitting,19 giving
2J=kB ¼ �89:8ð7ÞK with g ¼ 2:04ð2Þ.20

The �mol vs. T plot of 2 (Figure 3b) exhibited a distinctly
different feature from that of 1. Namely, zero �mol value is sug-
gested at T ! 0K. A Curie impurity is assumed, as indicated by
a sharp upturn at the lowest temperature region. A square model
involving four S ¼ 1=2 spins leads to the spin Hamiltonian as
H ¼ �2JðS1�S2 þ S2�S3 þ S3�S4 þ S4�S1Þ. The experimental

data of 2 were fitted to the corresponding van Vleck equation5,6,9

to give 2J=kB ¼ �81:0ð2ÞK, g ¼ 2:061ð2Þ,20 and Cimp ¼
0:0203ð2Þ cm3 Kmol�1.

We have to think of possible fittings to alternating-chain and
square models, which involve J and �J as coupling parameters
(0 < � < 1). The �mol value would approach null at 0K in the
case of alternating chains. The present behavior guarantees the
approximation with � ¼ 1 to be valid. We tried to fit the data
of 2 to a rectangle model,6 but eventually found that the analysis
based on equal spacing satisfactorily reproduced the experimen-
tal results. The structurally common bridges Cu–N(eq)–N(eq)–
Cu afford comparable magnitudes of couplings. Hence, though
an alternating parameter � should be introduced, � was found
to be close to unity.

We utilized a simple imidazolate anion for linking copper(II)
diketonates without preorganization of the ligands. It should
be noted that the combination of simple copper(II) diketonates
and imidazolate ion is versatile for supramolecular chemistry.
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Figure 2. X-ray crystal structure of 2. (a) Top and (b) side views. Thermal
ellipsoids are drawn at the 30% probability level. Hydrogen atoms are omit-
ted. Symmetry operation code of y is 1� x, 2� y, �z. Selected bond
lengths (Å) and angles (�): Cu1–O1, 1.913(3); Cu1–O2, 1.929(4); Cu1–
N1, 1.935(4); Cu1–N4y, 1.932(5); Cu2–O3, 1.919(4); Cu2–O4, 1.918(3);
Cu2–N2, 1.957(3); Cu2–N3, 1.967(4); O1–Cu1–N1, 154.9(2); O2–Cu1–
N4y, 152.2(2); O3–Cu2–N3, 162.6(2); O4–Cu2–N2, 171.5(2).
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Figure 3. Temperature dependence of molar magnetic susceptibility
(�mol) for (a) 1 and (b) 2. The solid and dotted lines represent the best fit
curves. See the text for the equations and parameters.
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