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Abstract

New palladium complexes of chloroquine (CQ) and clotrimazole (CTZ) have been prepared, characterized, and evaluated against four
tumor cell lines in vitro. [Pd (CQ)2Cl2] (1) was synthesized by the reaction of PdCl2(CH3CN)2 with CQ, and the [Pd (CTZ)2Cl2] (2) com-
plex by a similar reaction. The new compounds were characterized by a combination of FAB-MS (fast atom bombardment-mass spec-
trum), elemental analysis, molar conductivity, IR, and NMR spectroscopy. The solid-state structure of 2 has been determined by X-ray
crystallography. 2 crystallizes in the monoclinic space group P(21/c), with a = 21.100(4) Å, b = 13.408(3) Å, c = 22.642(5) Å. The struc-
ture refinement converged at R1 = 0.0728, wR2 = 0.1918. The cytotoxicity of these two complexes for the tumor cell lines, PANC-1,
SKBR-3, MDA-MB231 and HT-29, was compared with that of the original ligands. Ligation of palladium to CTZ led to an increase
in the IC50, although a three-fold reduction in the IC50 of CQ was observed on ligation to the metal when tested against the MDA-
MB231 cell line.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

As a part of our research program, we have been
using a strategy based on the fact that coordination of
organic drugs, such as chloroquine and clotrimazole,
with known biological activities to transition metals
may enhance their biological activity. For these studies,
we chose chloroquine (CQ), which has been used as an
antimalarial [1] and anti-inflammatory drug [2], and clo-
trimazole (CTZ, Fig. 1), clinically important as an anti-
fungal drug [3], but also showing activity against
parasites, Leishmania [4], trypanosomes [5] and Plasmo-

dium falciparum [6], rheumatoid arthritis [7] and tumor
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cells [8]. These organic compounds, attached to different
transition metals, specifically gold, ruthenium and
rhodium, are active against tropical diseases such as
malaria and Chagas disease [9–11], but their potential
activity as antineoplastic agents has been little explored
[12,13]. However, there are reports of the ability of both
chloroquine [14] and clotrimazole [15] to enhance the
sensitivity of tumor cells to other drugs. Thus, there
exists the possibility of enhancing the efficacy of transi-
tion metals with known antitumoral activity, by combin-
ing them with these two organic ligands, as we have
already shown for Chagas disease and malaria [9–
11,16]. We have initiated these studies with palladium
due to the structural similarities between platinum (II)
and palladium (II). There have been reports of some
promising results obtained with palladium complexes,
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Fig. 1. Structure of CTZ.
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such as trans-palladium complexed to a bulky amine
ligand, which showed higher activity against the L929
cell line than carboplatin [17]. Also, trans Pd(L)2Cl2
where L is a highly substituted pyrazole ligand was more
cytotoxic than cis-platinum with the same ligand,
although less than cisplatin [18]. Additionally, the cyto-
toxic activity of the thiosemicarbazones and their palla-
dium complexes was tested against human tumor cell
lines with encouraging results [19,20].

These results form part of an ongoing project to synthe-
size and characterize trans palladium and trans platinum
complexes of chloroquine and clotrimazole, and investigate
their possible biomedical applications. We present here the
results for the palladium complexes, which have proved to
be somewhat easier to prepare, and the evaluation of their
cytotoxicity against four tumor cell lines.

2. Materials and methods

All manipulations were routinely carried out under N2

using common Schlenck techniques [21]. Solvents of ana-
lytical grade were distilled from appropriate drying agents
prior to use. The extraction of chloroquine base was car-
ried out as described previously [9]. Pd(PhCN)2(Cl)2 was
synthesized by a previously reported method [22]. All other
commercial reagents were used without further purifica-
tion. NMR spectra were recorded on a Bruker AVANCE
300 spectrometer. IR spectra were obtained with a Nicolet
5DCX FT instrument, while UV–Vis spectra were recorded
on a HP 8453 diode array instrument. High performance
liquid chromatography (HPLC) analyses were done using
a Hewlett Packard Series 1100, on a C18 hp ODS hypersil
5 lm (125 · 4 mm) column for CTZ and its metal deriva-
tives, with 10% (phosphate buffer pH 3.5)/40% (MeOH)/
50% (CH3CN) at 1.0 mL/min for the mobile phase, and
10% (ammonium acetate buffer pH 4.9)/40% (MeOH)/
50% (CH3CN) at 1.5 mL/min, for chloroquine and its
derivatives. Conductivity measurements were performed
with a LaMotte CDS 5000 conductimeter. Positive ion
FAB-MS (fast atom bombardment-mass spectra) were
obtained in matrices of methanol–nitrobenzyl alcohol
(NBA) from the analytical services of the University of
California Riverside mass spectrometry facility.
2.1. Preparation of metal derivatives

PdCQ2Cl2(1). A solution of Pd(C6H5CN)2Cl2 (103 mg;
0.27 mmol) in dichloromethane (20 mL) was stirred until
dissolved. Chloroquine (215 mg; 0.67 mmol) was added
and the mixture was stirred for 22 h at room temperature.
The volume of the solvent was reduced under vacuum and
a yellow product precipitated. It was filtered off, washed
with dichloromethane, and dried under vacuum (yield:
77%). It was 98% pure by HPLC at 340 nm, with a melting
point of 223–225 �C. Anal. Calc. for (PdC36H52N6Cl4 ·
H2O): C, 51.8; H, 6.5; N, 10.1. Found: C, 52.0; H, 6.5;
N, 10.0%. FAB-MS (M � H)+ = 817, [CQ] = 320. IR
(KBr, cm�1): m(C@C) 1614, m(C@N) 1589, m(N–H) 3352.
1H NMR (CDCl3) (ppm) 9.84 (br, 1H, H8); 8.79 (br, 1H,
H2); 7.81 (d, J = 9 Hz, 1H, H5); 7.39 (m, J = 9 Hz, 1H,
H6); 6.46 (m, 2H, H3, NH); 3.74 (m, 1H, H1 0); 2.65 (m,
4H, H5 0); 2.55 (m, 2H, H4 0), 1.69 (m, 4H, H2 0, H3 0), 1.36
(d, J = 6 Hz, 3H, H1 0 0), 1.10 (t, 6H, H6 0). 13C[H] NMR,
C2 150.3, C3 100.0, C5 125.5, C6 121.5, C8 154.1, C10
117.7, C1 0 48.4, C100 19.4 C2 0, 33.7, C3 0 23.0, C4 0 51.7,
C5 0 46.4, C6 0 10.5. KM/DMSO = 8.0 ohm�1 cm2 mol�1.

Pd(CTZ)2Cl2 Æ 2/3CH2Cl2(2). A solution of Pd(C6H5-
CN)2Cl2 (102 mg; 0.27 mmol) in dichloromethane
(15 mL) was stirred until dissolved. Clotrimazole (225 mg;
0.652 mmol) was added and the mixture was stirred for
12 h at room temperature. The volume of the solvent was
reduced under vacuum and diethyl ether was added until
the solution became turbid. The mixture then left overnight
in a refrigerator. A light yellow product precipitated. The
solvent was filtered off, and the solid was washed with copi-
ous amounts of diethyl ether, and dried under vacuum
(yield: 85%). It was 96% pure by HPLC. at 229 nm, with
a melting point of 239–241 �C. Anal. Calc. for (PdC44.6-
H35.3N4Cl5.3): C, 58.1; H, 3.8; N, 6.1. Found: C, 58.3; H,
4.2; N, 5.9%. IR (KBr, cm�1), m(C@C) 1492, m(C@N)
1445. 1H NMR (CDCl3), d ppm) 7.95 (t, 1H); 7.35 (m,
9H); 7.23 (dd, J1 = 7.9 Hz, J2 = 1.6 Hz, 1H); 7.09 (m,
4H); 6.84 (dd, J1 = 7.9 Hz, J2 = 1.6 Hz, 1H); 6.57 (t, 1H);
5.28 (s, CH2Cl2);

13C[H] NMR C2 140.7, C4 128.6, C5
120.3, C6 129.9, C7 129.7, C8 126.7, C9 131.9, (C10, C14,
C15, C19), 129.6, (C11, C13, C16, C18) 127.8, (C12, C17)
128.1, C20 139.1, (C21, C22) 138.8, C23 135.0 KM/DMSO =
9.2 ohm�1 cm2 mol�1.

2.1.1. X-ray structure determinations for complex 2
Yellow crystals of complex 2, obtained by slow

evaporation from CH2Cl2 with dimensions 0.50 · 0.15 ·
0.10 mm, were mounted on a Rigaku AFC7S diffracto-
meter equiped with a graphite monochromator and Mo
Ka (k = 0.71073 Å) radiation. The data were registered
at room temperature and were collected using the x-2h
scan technique to a maximum 2h value of 50�. The cell
was refined using 25 centered reflections by full-matrix
least squares techniques. During the data collection three
standards reflections were monitored to check any signif-
icant variation in their intensities. It was not necessary to



Table 2
Selected bond distances (Å) and angles (�) for 2

Bond length ranges Angle ranges

Pd(1)–N(1) 2.025 (6) N(1)–Pd(1)–N(3) 180.0 (4)
Pd(1)–N(3) 2.025 (6) N(1)–Pd(1)–Cl(1) 89.76 (18)
Pd(1)–Cl(1) 2.299 (19) N(1)–Pd(1)–Cl(1A) 90.24 (18)
Pd(1)–Cl(1A) 2.299 (19) Cl(1)–Pd(1)–Cl(1A) 180.00 (10)
N(1)–C(3) 1.326 (9)
N(1)–C(1) 1.370 (9)
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apply any correction for decay. The data were corrected
for Lorentz and polarization effects [23]. Absorption
effects were corrected using the u-scan empirical method
[24]. The structure was solved by the direct method
(SHELXTL-PLUS NT v. 5.10) and refined by full-matrix
least squares techniques. The full-matrix least-squares
refinement was based on F2 [25]. All non-hydrogen
atoms were refined anisotropically, except those involved
in disorder. After non-hydrogen atoms were found, two
residual peaks with electron densities of 7.1 and
3.5 e Å�3 were located to distances of 1.72 and 1.67 Å
from the ortho C44 and C60 atoms, respectively. Both
electron densities were modeled taking into account a
positional disorder from the chlorophenyl group in a
second orientation of its corresponding substituent
–C(Ph)2(Cl–Ph). After initial refinement, the partial occu-
pations for Cl5 and Cl5a were set to 0.60:0.40, whereas
0.75:0.25 occupations were included for Cl6 and Cl6a,
respectively. A similar disorder has been observed in
the crystal structure of the complex RhCl(COD)(CTZ).
The disorder of the solvent was modeled in two sets
of positions with partial occupation of 0.50:0.50 and
their atoms were refined with isotropic displacement
parameters. The C–Cl distances were refined including
a restrained initial value of 1.740(1) Å. All the hydrogen
atoms were included in their calculated positions, except
those of the disordered solvent molecule. Crystallography
details are given Table 1, and selected bond distances
and angles are compiled in Table 2. Crystallographic
data have been deposited with the Cambridge Crystallo-
graphic Data Center, CCDC No. 265953.
Table 1
Crystal data collection and refinement of complex 2

Crystal parameters (2)
Empirical formula C44H34Cl4N4Pd . 2/3(CH2Cl2)
Molecular weight 923.57
Crystal system Monoclinic
Space group P21/c
a (Å) 21.100(4)
b (Å) 13.408(3)
c (Å) 22.642(5)
a (�) 90.00
b (�) 103.29(3)
c (�) 90.00
V (Å3), Z 6234(2), 6
Crystal color, habit Pale yellow, prism
Crystal size (mm) 0.50 · 0.15 · 0.10
Dc (g cm

�3) 1.476
F(000) 2808
l (mm�1) 0.827
Reflections collected 10,970
Independent reflections 6620
Goodness-of-fit (GOOF) 1.016
R1,wR2 [I > 2r(I)] 0.0727, 0.1919
R1,wR2 (all data) 248, 0.2267
Largest features in final
difference map (max./min. e Å�3)

1.374, �1.413
2.2. Cell lines and culture

The four human tumor cell lines were the kind gift of
the Tissue Culture Unit at Astra Zeneca, UK. They were
grown and maintained in the following media: MDA-
MB231 (breast) and PANC-1 (pancreas) in Dulbecco�s
modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS); SKBR-3 (breast) in
DMEM with 10% FBS and 1mM glutamine; HT-29
(colon) in DMEM with 10% FBS and 0.45% glucose. All
cells were incubated at 37 �C in a humidified 5% CO2

atmosphere.

2.3. Cytotoxicity assay

Tumor cells were plated at 2.5–5 · 104 cells/well in
100 lL of culture medium in flat-bottomed 96 well plates
and allowed to attach for 24 h. Different concentrations
of the complexes and ligands in 100 lL culture medium
were then added. After a further 24 h, the number of viable
cells was assessed using the MTS/PMS chromogenic assay
(tetrazolium compound MTS/phenazine methosulfate,
Promega Corp., USA) according to the manufacturer�s
instructions.

Cytotoxicity is expressed as the percentage of dead cells
calculated from the following formula:

Cytotoxicityð%Þ ¼ 100� ½ðODT24-com �ODT0-comÞ
=ðODT24-control �ODT0-controlÞ � 100�;

where ODT0-control and ODT0-com correspond to the mea-
surement of optical density at time zero immediately after
the addition of the reactant medium for the assay under
control or complex-treated conditions, respectively. The
values ODT24-control and ODT24-com correspond to those
measured after 24 h incubation.
3. Results and discussion

The new complexes trans [Pd(CQ)2Cl2] (1) and trans

[Pd(CTZ)2Cl2] (2) were synthesized at room temperature
by the reaction of Pd(C6H5CN)2Cl2 with chloroquine or
clotrimazole in dichloromethane, respectively. The organic
ligands displaced the labile ligand (C6H5CN) from the
starting complex Pd(C6H5CN)2Cl2. They were character-
ized by elemental analysis, fast atom bombardment
(FAB) mass, infrared (IR), and 1H NMR spectroscopy as
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Fig. 2. Proposed structure of PdCl2(CQ)2 (1).
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described in Section 2. It was only possible to obtain suit-
able crystals for structural determination in the case of
complex 2. However, from the results of the techniques
employed, it is possible to propose the structure of complex
1.

Elemental analysis of the two complexes is in agreement
with the molecular formulas proposed. The IR spectra of
the complexes displayed peaks clearly associated with the
presence of the coordinated ligands. The molar conductiv-
ity values obtained for these complexes are in the range for
a non-electrolyte [26]. Complex 1 was characterized by
FAB-MS because it was not possible to obtain suitable
crystals for structural determination; the FAB-MS spec-
trum displayed parent peaks of high intensity correspond-
ing to its molecular ion (M � H)+ at m/z 817. All 1H NMR
resonances could be unequivocally assigned on the basis of
1D- and 2D correlated spectroscopy (COSY) and hetero-
nuclear correlation (HETCOR) experiments (for complete
1H and 13C NMR data, and for the atom numbering used,
see Section 2). We have used the 1H chemical shift varia-
tion of each signal with respect to those of the free ligand
(Dd) as a parameter to deduce the mode of bonding of
CQ and CTZ to the metal. It has been previously shown
by us [9–11] and by others [12] that the largest variations
are always observed for the protons located in the vicinity
of the N-atom attached to the metal. In complex 1, the
largest shift with respect to the free ligand was observed
for H8 (Dd = 1.87 ppm). All other chloroquine protons
shifted by <0.26 ppm, except NH which moved 1.15 ppm
downfield, indicating that CQ is bound to the metal
through the N1 atom of the quinoline moiety, a good
donor site of this molecule. In complex 2, the imidazole
protons were displaced downfield with respect to the free
ligand, H2 (Dd = 0.30 ppm), H4 (Dd = 0.24 ppm), H5
(Dd = 0.22 ppm), and the other crotrimazole protons were
Fig. 3. Diagram of the molecular structure of [Pd(CTZ)2Cl2]2 Æ 2/3[CH2Cl2]
omitted for clarity.
shifted by <0.09 ppm. This indicates that CTZ is coordi-
nated to palladium through the imidazole nitrogen atom.
According to the data available, the formulation for 1 rep-
resented in Fig. 2 corresponds to a 16-electron Pd(II) con-
figuration, most probably in the usual square planar
coordination geometry [27].

The structure of complex 2 was determined by X-ray
diffraction. The asymmetric unit of this crystal structures
contains one and a half Pd(Cl)2(CTZ)2 complexes and
one CH2Cl2 molecule. One complex lies with the Pd ion
located on the center of symmetry, and the second complex
occupies a general position. The molecular diagram corre-
sponding to the center symmetrical complex is shown in
Fig. 3, and selected bond distances and angles are shown
in Table 2. The coordination geometry of both around
(2) with thermal ellipsoids drawn at the 35% probability level. H atoms
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the palladium ion can be described as a square-planar
arrangement with two clotrimazole ligands coordinated
through one nitrogen atom of the imidazole ring. The
remaining coordination positions are occupied by two
chloride anion trans to each other. Both complexes adopt
statistically equal metal–ligand distances [average: Pd–
N = 2.022(6) Å; Pd-Cl = 2.303(2) Å]. In the center sym-
metrical complex (Pd1), the planes of the imidazole rings
form a dihedral angle of 26.8� with that defining the
coordination geometry (N1–Cl1–Pd–N1a–Cl1a). Intra-
molecular C–H� � �Cl hydrogen bonds help to sustain these
conformations around the M–N bonds (see Fig. S1 in the
supplementary material). All the structural features of
the complex Pd2 are similar to complex Pd1 (details of
the crystallographic data are available in the Cambridge
Crystallographic Data Center, CCDC No. 265953). These
structural features are similar to those previously reported
for other metal-clotrimazole complexes [11,28].

The two palladium compounds were tested for cytotox-
icity on four human tumor cell lines, PANC-1, SKBR-3,
MDA-MB 231 and HT-29, representing tumors of three
different origins, pancreas, breast and colon. The results
are shown in Fig. 3 and the calculated IC50 values in Table
Table 3
Cytotoxicity of the two palladium complexes and their ligands tested
against four human tumor cell lines

Compound IC50 (lM)

PANC-1 SKBR-3 MDA-MB231 HT-29

CTZ 29 154 39 77
CQ >200 >200 158 >200
Pd(CTZ)2Cl2 89 >200 159 155
Pd(CQ)2Cl2 170 >200 49 >200
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Fig. 4. Cytotoxicity of the two palladium complexes and their ligands tested ag
(mean ± SD, N = 3). j— CTZ, m— CQ, j- - - Pd(CTZ)2Cl2, m- - - Pd(CQ)2C
3. Of the two ligands, CTZ was the more active, showing
an IC50of 27 lM for the pancreatic tumor cell line,
PANC-1, whereas CQ was much less cytotoxic, not reach-
ing 50% inhibition for three lines at 200 lM, the highest
concentration used here. The palladium–CTZ complex
showed very poor cytotoxicity against the 4 cell lines, even
taking into account the fact that each complex contains
two ligand groups. On the other hand, the results shown
in Fig. 4 indicate that complexing of palladium to CQ
did increase cytotoxicity compared to the free ligand for
three out of the four cell lines (PANC-1, SKBR-3 and
MDA-MB 231). The IC50 of the free ligand fell from 158
to 49 lMwhen complexed with palladium when tested with
the MDA-MB231 cell line. Obviously the cytotoxicity
observed here is probably attributable to the metal, but it
is interesting to note the much greater sensitivity of
MDA-MB231 to the CQ complex than to the CTZ com-
plex. The results suggest that further syntheses should be
undertaken to determine the possible potentiating effect
of CQ ligated to antineoplastic metals, and other ligands
to palladium.
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