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Abstract—The copper complexes of 5-amino-imidazole ligands were prepared and characterized by various spectroscopic tech-
niques. The ligand geometry around the copper(II) centre is square pyramidal based on N2O2 donor atoms and a coordinated water
molecule at the apex. Single crystal X-ray structures were determined for both ligands. Ligands and copper complexes exhibited
dose-dependent antiproliferative effects on the growth of B16F10 melanoma cells line but lower IC50 values were observed for the
copper complexes.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The chemistry of imidazole compounds has been of
much interest due to the presence of such heterocycles in
a large variety of biologically important molecules. For
example, some imidazole derivatives have shown inter-
esting antifungal and antitumour properties.1–3 Also, the
antimicrobial activities of a series of 4-diazoimidazole-5-
carboxamides bearing lipophilic substituents have been
evaluated recently and compounds have been found to
possess antifungal activities against both moulds as well
as yeasts.4 Furthermore, many imidazole derivatives
have been used as catalysts in the synthesis of copoly-
mers,5;6 as ligands in anisotropic conductors7–9 and as
electron acceptors in charge-transfer solids.10;11
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The 5-amino-imidazole nucleotides are of fundamental
importance and occur in all living systems as intermedi-
ates in the de novo biosynthesis of purine nucleotides.
The demand for these purine nucleotides has been shown
to be elevated in tumour and virally infected cells due to
high levels of de novo biosynthesis.12 As a result, syn-
thetic mimics or structural analogues of 5-amino-imi-
dazoles offer a selective chemotherapeutic approach to
the control of nucleic acid biosynthesis in the case of
virally infected cells and tumour tissues.13 Mackenzie
et al. have described the activities of several close struc-
tural analogues of the amino-imidazole ribotide (1) as
competitive inhibitors of the enzymes phosphoribosyl-
aminoimidazole carboxylase (E.C.4.1.1.21, AIR-carb-
oxylase) and phosphoribosyl-aminoimidazole-succino-
carboxamide synthase (E.C.6.3.2.6, SAICAR-kino-
synthase), which form a duet in the de novo biosynthetic
pathway to purine nucleotides.14;15
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Bredinin (2), is an imidazole derivative related to 1 and
is isolated from the culture media of Eupenicillium bre-
feldianum M-2166. It is found to be a potent antibiotic
against most microorganisms, except for Candida albi-
cans16–18 and has been of clinical use in Japan as an
immuno-suppressant for the post-transplant patients.19

This compound also possesses additional biological
activities, which include antitumour,18;20;21 antiviral,16

antimalarial22 and antiarthritic,23;24 respectively. The
core structural motif responsible for these broad spec-
trum biological activities is thought to be the imidazole
aglycone, viz., 4-carbamoylimidazole-5-olate, which
brings about competitive inhibition of purine nucleo-
tides through the formation of a metal–substrate con-
jugate.25 In our earlier communication we described the
synergistic enhancement of antitumour activity of the
imidazole ligand, 5-amino-1-tolylimidazole-4-carboxyl-
ate upon metal conjugation.26

In the present paper we describe the preparation and
structural characterization of the copper(II) complexes
of two 5-amino-imidazole-4-carboxylate derivatives and
their antiproliferative activity against B16F10 mouse
melanoma cells, which clearly shows the advantages
gained by copper complexation of these ligands.
2. Experimental

All chemicals employed in the present work were pur-
chased from Aldrich Chemicals (USA), and were used as
received. All solvents used were of reagent grade and
were purified by standard procedures prior to their use.
The details of all experimental measurements and cell
culture methods are as described earlier.26;27
3. Synthesis

Ligands were synthesized using a five-steps route as
described previously.28–31 Single crystals of L1 and L2,
suitable for X-ray diffraction studies were grown by a
slow evaporation of the respective ligand solutions in
acetonitrile.

Copper complexes MC1 and MC2 were synthesized
using an identical procedure (Scheme 1) as described
below for the former compound.

Preparation of [Cu(L1)2(H2O)]Æ2H2O (MC1) was carried
out by doing an alkaline hydrolysis of the ligand L1,
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Scheme 1. Synthetic route for preparation of the copper complexes.
yielding the corresponding acid, which was further re-
acted with the solution of Cu(NO3)2Æ3H2O in a metal:
ligand ratio of 1:2 in methanol maintaining the pH of
the reaction mixture at 7.0 by addition of 2M sodium
acetate. The reaction mixture was refluxed for 2 h and
then stored in a refrigerator overnight to yield a green
precipitate of MC1. The compound was recrystallized
from methanol/water (9:1) solvent.
3.1. X-ray crystallography of L1 and L2

All measurements were made on a Siemens R3m/v dif-
fractometer with Mo-Ka radiation (0.7107�A). The data
were collected at 293K on a crystal of both ligands. Full
matrix least squares refinement of the setting angles
yielded a monoclinic cell. Based on the systematic ab-
sences, packing considerations, statistical analysis of the
intensity distribution and the solution refinement of the
structures and space groups were determined. The
structures were solved by direct methods.32;33 Full ma-
trix least squares refinements gave weighted and un-
weighted agreement of residual factors.

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk) and are
available on request quoting the deposition number
CCDC 205225 and 205226.
4. Results and discussions

4.1. Structural data and compositional studies

Single crystal X-ray structures of the ligands L1 and L2

were determined and their crystallographic parameters
are listed in Table 1. The ORTEP diagrams together
with the numbering schemes for these ligands are pre-
sented in Figures 1 and 2 along with their bond distances
and bond angles.

Single crystal X-ray structures of both the ligands show
that their geometries are highly distorted around the
plane of the five-membered imidazole ring by the sub-
stitutions, viz. amino group at C(5)-position, carboxyl-
ate group at C(4)-position and the aromatic substitution
at C(1)-position (Figs. 1 and 2). The substitution of
–CH2–Ph group at N(1) position of the imidazole ring in
L1 is held away from NH2 group and is directed towards
u(NO3)2 .6H2O
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Table 1. Crystal data and structure refinement for ligands L1 and L2

L1 L2

Empirical formula C13H15N3O2 C14H17N3O2
Crystal size 0.35� 0.20� 0.15mm3 0.4� 0.25� 0.1mm3
Formula weight 245.28 259.31

Temperature 293 (2)K 293 (2)K

Wavelength 1.54178�A 0.71073�A

Crystal system Monoclinic Monoclinic

Space group P21=c P21=c
Unit cell dimensions a ¼ 12:369ð2Þ�A, a ¼ 90� a ¼ 8:735ð3Þ�A, a ¼ 90�

b ¼ 8:2747ð10Þ�A, b ¼ 92:94ð2Þ� b ¼ 12:940ð3Þ�A, b ¼ 95:92ð4Þ�
c ¼ 12:279ð4Þ�A, c ¼ 90� c ¼ 12:010ð5Þ�A, c ¼ 90�.

Volume 1255.1 (5)�A3 1350.4 (8)�A3

Z 4 4

Density (calculated) 1.298Mg/m3 1.275Mg/m3

Absorption coefficient 0.735mm�1 0.088mm�1

F (0 0 0) 520 552

Theta range for data collection 3.58�–65.24� 2.32�–25.01�
Index ranges �146 h6 14, �96 k6 9, �136 l6 13 �106 h6 9, 06 k6 15, �146 l6 14
Reflections collected 4164 4701

Independent reflections 2082 [RðintÞ ¼ 0:1017] 2372 [RðintÞ ¼ 0:0592]
Completeness to h ¼ 65:24� 96.5% 99.6%

Refinement method Full-matrix least-squares on F 2 Full-matrix least-squares on F 2

Data/restraints/parameters 2082/0/224 2372/0/240

Goodness-of-fit on F 2 1.048 0.974

Final R indices [I > 2ðIÞ] R1 ¼ 0:0430, wR2 ¼ 0:0951 R1 ¼ 0:0463, wR2 ¼ 0:0893
R indices (all data) R1 ¼ 0:0833, wR2 ¼ 0:1120 R1 ¼ 0:1126, wR2 ¼ 0:1110
Largest diff. peak and hole 0.174 and �0.136 e�A�3 0.163 and �0.206 e�A�3

C11

C10

C9

C8

C7

C12

C6

N1

C5

N5
C4

N3 C2

C13

O13

O14

C14

C15

Figure 1. ORTEP diagram (in 50% ellipsoid level), bond lengths (�A)
and bond angles (�) of ligand L1. Bond lengths (�A), O(13)–C(13) 1.208
(3), O(14)–C(13) 1.336 (2), O(14)–C(14) 1.450 (4), N(1)–C(5) 1.364 (3),

N(1)–C(2) 1.378 (3), N(1)–C(6) 1.454 (3), C(2)–N(3) 1.292 (3), N(3)–

C(4) 1.393 (3), C(4)–C(5) 1.388 (3), C(4)–C(13) 1.435 (3), C(5)–N(5)

1.359 (3), C(6)–C(7) 1.511 (3), C(7)–C(12) 1.385 (3), C(7)–C(8) 1.385

(3), C(8)–C(9) 1.385 (3), C(9)–C(10) 1.372 (4), C(10)–C(11) 1.371 (4),

C(11)–C(12) 1.374 (3), C(14)–C(15) 1.450 (5). Bond angles (�), C(13)–
O(14)–C(14) 117.4 (2), C(5)–N(1)–C(2) 106.54 (17), C(5)–N(1)–C(6)

128.13 (18), C(2)–N(1)–C(6) 125.3 (2), N(3)–C(2)–N(1) 112.8 (2), C(2)–

N(3)–C(4) 105.34 (17), C(5)–C(4)–N(3) 109.48 (19), C(5)–C(4)–C(13)

125.6 (2), N(3)–C(4)–C(13) 124.94 (17), N(5)–C(5)–N(1) 123.55 (18),

N(5)–C(5)–C(4) 130.5 (2), N(1)–C(5)–C(4) 105.85 (18), N(1)–C(6)–

C(7) 115.0 (2), C(12)–C(7)–C(8) 118.5 (2), C(12)–C(7)–C(6) 118.4 (2),

C(8)–C(7)–C(6) 123.03 (18), C(9)–C(8)–C(7) 120.2 (2), C(10)–C(9)–

C(8) 120.3 (3), C(11)–C(10)–C(9) 119.8 (2), C(10)–C(11)–C(12) 120.1

(2), C(11)–C(12)–C(7) 121.0 (2), O(13)–C(13)–O(14) 123.3 (2), O(13)–

C(13)–C(4) 124.09 (18), O(14)–C(13)–C(4) 112.6 (2), C(15)–C(14)–

O(14) 110.2 (3).
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Figure 2. ORTEP diagram (in 50% ellipsoid level), bond lengths (�A)

and bond angles (�) of ligand L2. Bond lengths (�A), N(1)–C(5) 1.356
(3), N(1)–C(2) 1.381 (3), N(1)–C(6) 1.463 (3), C(2)–N(3) 1.301 (3),

C(2)–C(13) 1.472 (4), N(3)–C(4) 1.383 (3), C(4)–C(5) 1.371 (3), C(4)–

C(14) 1.425 (3), C(5)–N(5) 1.351 (3), C(6)–C(7) 1.495 (4), C(7)–C(8)

1.365 (3), C(7)–C(12) 1.384 (3), C(8)–C(9) 1.385 (4), C(9)–C(10) 1.371

(4), C(10)–C(11) 1.358 (4), C(11)–C(12) 1.372 (4), C(14)–O(14) 1.216

(3), C(14)–O(15) 1.343 (3), C(15)–O(15) 1.443 (3), C(15)–C(16) 1.485

(4). Bond angles (�), C(5)–N(1)–C(2) 106.58 (18), C(5)–N(1)–C(6)
126.1 (2), C(2)–N(1)–C(6) 127.2 (2), N(3)–C(2)–N(1) 111.7 (2), N(3)–

C(2)–C(13) 125.7 (2), N(1)–C(2)–C(13) 122.6 (2), C(2)–N(3)–C(4)

105.6 (2), C(5)–C(4)–N(3) 109.7 (2), C(5)–C(4)–C(14) 125.3 (2), N(3)–

C(4)–C(14) 125.0 (2), N(5)–C(5)–N(1) 122.6 (2), N(5)–C(5)–C(4) 130.9

(2), N(1)–C(5)–C(4) 106.4 (2), N(1)–C(6)–C(7) 114.6 (2), C(8)–C(7)–

C(12) 118.1 (3), C(8)–C(7)–C(6) 123.3 (2), C(12)–C(7)–C(6) 118.5 (2),

C(7)–C(8)–C(9) 120.6 (3), C(10)–C(9)–C(8) 120.2 (3), C(11)–C(10)–

C(9) 119.8 (3), C(10)–C(11)–C(12) 120.0 (3), C(11)–C(12)–C(7) 121.3

(3), O(14)–C(14)–O(15) 122.5 (2), O(14)–C(14)–C(4) 124.3 (2), O(15)–

C(14)–C(4) 113.3 (2), O(15)–C(15)–C(16) 107.2 (3), C(14)–O(15)–C(15)

117.6 (2).
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C(2) carbon as shown in Scheme 2a while in the ligand
L2 the methyl group at C(2) position is responsible for
the displacement of aromatic ring towards amine
nitrogen due to the steric repulsion as shown in Scheme
2b. The bond distances and bond angles differ slightly in
L1 and L2 due perhaps to the electron donating methyl
group around imidazole ring in ligand L2.

The elemental analyses of complexes are listed in Table
2, which reveal 1:2 stoichiometries for the copper com-
pounds accompanied by three water molecules, one of
which is coordinated to the central copper atom. The
formation of complexes can thus be represented by the
following general equation: 2LþCu(NO3)2Æ2H2Ofi
[Cu(L)2(H2O)]Æ2H2O.
4.2. Spectroscopy and magnetism

The significant peaks in the IR spectra of copper com-
pounds are listed in Table 2. The broad band at 3250–
3460 cm�1 in the IR spectrum of the copper complexes is
assigned to the coordinated water molecule.26 The band
at 3414 cm�1 in the spectra of ligands is assigned to NH2
stretching vibration, which is found to remain unaffected
even after metal complexation suggesting that it is not
involved in coordination. On the other hand the vibra-
Table 2. Compositional data and significant peaks in infrared spectra of cop

Compound Elemental analysesa

%C %H %N %

MC1 48.78 (48.04) 4.28 (4.73) 15.42 (15.29)

MC2 49.14 (49.87) 5.56 (5.19) 14.48 (14.54)

aValues in parentheses are calculated values.

Table 3. Electronic spectral data, redox potentials, EPR and magnetic data

Compound leff: (BM) E1=2 (V ) EPR

g? gk

MC1 1.92 0.06 2.55 3.05

MC2 1.89 0.10 2.55 3.04

aAt 300K.
b kmax in DMSO solvent, LMCT; ligand to metal charge transfer band.
tional frequencies due to the carboxylate and C@N of
the imidazole linkages are shifted by 28–44 cm�1 upon
metal complexation indicating their involvement in
copper coordination.

The electronic spectra of copper complexes show a d–d
absorption band in the range of 13,158–15,635 cm�1

(Table 3), which can be assigned to the d2z ! dx2�y2

transition.34 This band appears in the usual range com-
monly observed for the square planar N2O2 donor
groups and a weak axial coordination of the solvent
oxygen.35–37 For example, the square pyramidal copper
complex, viz. [Cu(2-pic)(NO3)2], where pic¼ picolinic
acid also shows absorption around 15,000 cm�1.38 In case
of the complexMC2, the broad absorption band around
14,000 cm�1 is resolved into three bands at 15,635, 14,245
and 13,158 cm�1, which are assigned to d2z ! dxz=dyz,
d2z ! dx2�y2 and d

2
z ! dxy transitions, respectively. This is

a typical spectral feature of the complexes with lower
stereo symmetry36 and is probably the result of solvent
coordination at the vacant sixth site in solution. Exam-
ples of such solvent coordination have been noted in the
case of coordinatively unsaturated copper complexes of
bipyridine and acetylacetone (acac) ligands.35;39 Addi-
tionally, present copper complexes exhibit a band of high
intensity around 30,000–33,000 cm�1, attributed to the
ligand to metal charge transfer (LMCT) transition.
Similar absorption has been observed in other analogous
copper imidazole compounds.40–43

The X-band EPR spectra for the copper complexes were
obtained in DMSO solvent and the calculated EPR
parameters are listed in Table 3. The observed spin only
magnetic values for the copper complexes suggest
S ¼ 1=2 spin ground state for these complexes44;45 while
the EPR spectral features are typical of compounds
having D4h symmetry with g? ¼ 2:55 and gk ¼ 3:05,
respectively. Slightly higher Ak values (163� 10�4 cm�1)
are similar to those observed in the case of the mono-
per complexes

IR (cm�1)

Cu m(OH) coordi-
nated

m(COO�) m(CN)

11.90 (11.56) 3380 1642 1578

11.69 (11.00) 3368 1630 1575

of copper complexes

a UV–visb kmax (cm�1) Assignment

Ak (10
�4) cm�1

163 15,635 d2z ! dxz=dyz
14,245 d2z ! dx2�y2

13,158 d2z ! dxy
32,680 LMCT

153 14,493 d2z ! dx2�y2

30,303 LMCT
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Figure 3. 50% Inhibition concentration (IC50) values of ligands and their copper complexes against B16F10 mouse melanoma cells.
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nuclear copper(II) complexes with square pyramidal
geometries.46–48

The room temperature magnetic moments of the present
copper complexes are determined using the Faraday
method and are found to be around 1.90BM (Table 3),
which is typical for the copper complexes with square
pyramidal geometries.49 The values suggest no inter-
molecular interactions in the present case.
4.3. Cyclic voltammetry

The cyclic voltammograms of the copper complexes
were recorded in DMSO solvent and the corresponding
E1=2 values are listed in Table 3. Copper compounds
show a strong reduction peak in the range þ0.06 to
þ0.10V corresponding to the Cu(II)/Cu(I) redox cou-
ple.50 An irreversible oxidation peak around �0.20V
corresponds to the oxidation of these ligands resulting in
a partial dissociation of the complex. The positive
potentials observed for the copper redox-couples in the
present compounds suggest feasibility of their facile
intracellular reduction.
4.4. Antimelanomal activity

Dose-dependent survival rates were obtained by treat-
ment of the B16F10 melanoma cultures with the present
copper complexes at physiological pH. The ligands and
copper complexes are stable in biological environment.
The IC50 values, which are calculated fromdose–response
curves, are from average of three repeated experiments,
for the copper complexes range from 8–15 lM (Fig. 3).
These values are substantially lower than those observed
for the parent ligands (>50 lM) or the starting metal salt,
viz. copper nitrate (>100 lM), respectively.

In conclusion, these results illustrate the advantage of
copper conjugation in designing antimelanomal agents
through its synergetic effect on the antiproliferative
activity. The facile intracellular reduction of the copper
ions in the present compounds (promoted by their
positive redox potentials) and their subsequent interac-
tions with cellular thiols has been postulated as the
possible mechanism for the anticancer activity of such
copper conjugates.51
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