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The synthesis, structure and cytotoxic activity of Pt(II), Pd(II) and Cu(II) complexes of the general

formula MLCl2 (M = Pt, Pd, Cu) 2–4 and (CuLCl2)2 5 where L is pyrazole-based chelate ligand

3-methyl-1-(2-pyridinyl)-1H-chromene[4,3-c]pyrazol-4-one 1 are described. The complexes were

characterized by elemental analysis, infrared and 1H NMR spectroscopy, as well as electrospray

mass spectrometry. Compounds 3 and 5 were also studied using X-ray diffraction. In addition,

geometries, partial atomic charges, and lipophilicity, which determines their ability to penetrate

through cells membranes, were obtained computationally. Complexes 2–4 exhibit square-planar

geometries around the metal(II) centers and adopt cis configuration. Complex 5 is a dimer with

distorted tetragonal pyramidal configuration at both Cu(II) centers, which are connected by two

m2-chloro bridges in axial positions. The cytotoxic effect of these complexes was examined on

HL-60 and NALM-6 human leukemia cells and melanoma WM-115 cells. The Pt-complex cis-2

exhibited moderate cytotoxic activity against leukemic cells, but relatively high activity toward

melanoma cells with cytotoxicity of IC50 = 16.6 mM at a level comparable to that of cisplatin

(18.2 mM).

Introduction

Malignant melanoma (melanoma malignum) is known to be

one of the most aggressive types of tumor, which is often

difficult to treat. It stands for 1,5–2% of all diagnosed cases of

cancer.1 The standard methods of treatment of malignant

melanoma are surgical oncology, radiotherapy (RTH),

cryotherapy, photodynamic therapy (PTD),2 and chemo-

therapy. Chemotherapy is the less often used kind of treat-

ment, but it seems to be necessary in case of metastasis or after

surgery to prevent micrometastasis.3 The most active

cytostatic agent against melanoma is dacarbazine.4 Other

partly active drugs against malignant melanoma are temozo-

lomide, cisplatin, carboplatin, vinblastine, vincristine, pacli-

taxel and docetaxel.5 Cisplatin is often used in multidrug

therapy, for example in CVD scheme (cisplatin, vinblastine

and dacarbazine) or PCV scheme (procarbazine, cisplatin,

vincristine).6

In recent years, considerable attention has been paid to

pyrazoles, pyrimidines and related N-containing heterocyclic

derivatives.7 Systems of this kind play a significant role in

many biological processes, due to their coordination ability for

trace metal ions.8 Platinum–pyrimidine/pyrazole complexes

which have demonstrated antitumor activity are an interesting

class isolated from the reaction of cisplatin with pyrimidines

and pyrazoles.9

Most ligands are based on nitrogen-containing heterocyclic

compounds with exception of a few having sulfur and oxygen

moieties. The key feature of these heterocycles is their

p-electron deficiency. This is a common feature with bi- and

tridentate nitrogen-based heterocyclic compounds such as

1,10-phenanthroline and 2,20-bipyridine. Pyrazoles are widely

studied five-membered heterocyclic compounds. Pyrazole

derivatives exhibit antitumor, antiinflammatory, analgesic,

antipyretic,1 antimicrobial,10 antiocoagulant,11 and agro-

chemical12 activity. Pyrazoloquinoline derivatives, which in-

teract with the central benzodiazepine receptors are important

tools for finding out the physiological properties and the

structural requirements of the recognition site of the receptor

itself.13

Second-generation platinum complexes possess ‘‘non-leaving

ligands’’, other than ammonia, and these are of interest for their

ability to modulate drug metabolism and target binding

through steric and electronic effects on the substitution mecha-

nism.14 Several platinum complexes with N-heterocyclic ligands

aDepartment of Cosmetic Raw Materials Chemistry, Faculty of
Pharmacy, Medical University of Lodz, Muszynskiego 1, 90-151
Lodz, Poland. E-mail: elora@ich.pharm.am.lodz.pl;
Fax: +48 42 678 83 98; Tel: +48 42 677 91 25

bDepartment of Chemistry and Biochemistry, Ludwig Maximilian
University, Butenandtstr. 5-12 (D), D-81377 Munich, Germany

c Institute of Applied Radiation Chemistry, Department of Chemistry,
Technical University of Lodz, Zeromskiego 16, 90-924 Lodz, Poland

dDepartment of Pharmaceutical Biochemistry, Faculty of Pharmacy,
Medical University of Lodz, Muszynskiego 1, 90-151 Lodz, Poland

w Electronic supplementary information (ESI) available: Table 1S:
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such as benzimidazole, benzoxazole, imidazole, thiazole or

benzoxazole have been reported. Some of them have shown

significant cytotoxicity.15

Bidentate ligands used instead of ammonia could lead to

prevention of translabilization and undesired displacement of

the non-leaving ligand by sulfur and nitrogen donors that are

present in the cell.

In our recent paper we have reported the synthesis and

biological activity of the complex of 3-(1-aminoethyl)-4-

hydroxychromen-2-one with palladium(II) where the environ-

ment of the Pd atom is similar to that in carboplatin.16 This

complex has a 7800-times higher cytotoxicity than carbopla-

tin. The present contribution reports three newly prepared

platinum(II), palladium(II) and copper(II) complexes of the

general formula MLCl2 where L are pyrazolocoumarin

ligands. Synthetic, structural and preliminary biological stu-

dies have been carried out. We also used quantum chemical

calculations to evaluate stabilities of the obtained complexes,

as well as their lipophilicity and electronic density distribution

on atoms that participate in coordination. The lipophilicity is

one of the most important factors for design of new drugs.17

Structure–cytotoxicity relationship studies revealed that for

many compounds increased lipophilicity is often accompanied

by increased cytotoxicity.18

Results and discussion

Chemistry

Preparation of the ligand. The target ligand 1 was syn-

thesized according to the procedure described in our recent

paper.19 5-(2-Hydroxybenzoyl)-3-methyl-1-(2-pyridin)pyrazol-

4-carboxylic acid methyl ester easily cyclizes under basic

conditions in the reaction with nitrogen nucleophiles such as

N-methylhydrazine to form 3-methyl-1-(2-pyridinyl)-1H-chro-

mene[4,3-c]pyrazol-4-one (1). Thermogravimetric analysis of

the copper complex described in our recent paper20 confirmed

detachment of methanol molecule and DMF. Detachment of

methanol molecule could suggest the cyclization of pyrazole

ligand to the coumarin derivative. According to these data we

successfully performed the thermal cyclization of pyrazole

ligand to its coumarin derivative 1 (see Scheme 1).

Synthesis of complexes. The complexes 2 and 3 of formula

MLCl2 were obtained by treatment of the ligand 1 with the

salts K2PtCl4 or K2PdCl4 in a 1 : 1 ratio in water and

methanol. Complex 4 was synthesized from CuCl2�2H2O in

ethyl acetate (see Scheme 2).

We have described two different methods for synthesizing

the copper(II) complexes. The complex 4 was not formed in the

methanolic solution, most likely due to methanolysis as we

instead isolated the free ligand 1. We instead obtained the

complex 4 in the reaction of 1 with CuCl2�2H2O in ethyl

acetate at room temperature. Under these conditions the

methanolysis or hydrolysis is not possible and the complex

was formed. Upon using higher temperature dimer 5 was

formed (Scheme 3).

The IR spectra of the complexes are similar to those of the

free ligand. The most characteristic bands are those at

1615 cm�1 attributed to n(CQN) of the pyrazolyl group. The

IR spectra of the complexes in the region 500–300 cm�1 were

also recorded and show a well-defined band corresponding to

n(M–Cl) at 300–350 cm�1. Bands attributable to n(M–N) at

450–490 cm�1 are also present.

Fig. 1 shows the 1H NMR spectra of aromatic regions of

ligand 1 and complexes 2 and 3. Signals for aromatic protons

are at d 7.20–8.80 ppm. The spectra are similar and we do not

see the influence of coordination on shifts of the signals. The

aromatic regions are detailed in the Experimental section and

the atom numbering is shown in the Scheme 1. Signals for

methyl protons of the ligand are at d 2.575 and for complexes 2

and 3 are at d 2.573 and 2.572, respectively (not shown).

X-Ray crystal structure analyses

X-Ray diffraction quality single crystals of 3 and 5 were

obtained by vapor diffusion of ethyl acetate into DMF solu-

tions of the complexes. The molecular structures of complexes

3 and 5 with the atomic numbering scheme are shown in Fig. 2

Scheme 1 Synthesis of ligand 1 by cyclization.

Scheme 2 Synthesis of complexes 2–4.

Scheme 3 Synthesis of complex 5.
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and 3, respectively, and selected bond lengths and angles are

given in Table 1S (ESIw). The configuration of Pd(II) in 3 is

square-planar, formed by the two nitrogen atoms, N1 and N3,

and two chloro ligands in cis-positions. The corresponding

Pd–N and Pd–Cl bonds are almost equal, whereby both Pd–N

distances (ca. 204 pm) are longer than those previously found

by us in a similar complex (196 pm).21 The chelating angle

N1–Pd–N3 (79.95(8)1) is about 101 smaller than that of

Cl1–Pd–Cl2 (88.96(3)1). Because of the methyl group in the

a-position to N3 the angle Cl1–Pd–N3 (97.80(6)1) is larger

than Cl2–Pd–N1 (93.39(6)1). All atoms of 3 (Pd, Cl, C, N

and O) are co-planar.

The dimeric Cu(II) complex 5 exhibits a distorted tetragonal

pyramidal configuration at each Cu(II) center, where the two

nitrogen atoms, N2 and N3, of the chelate system, and the

chlorido ligands, Cl1 and Cl2, form the plane and Cl2ı́ lies in

the axial position. Both m-Cl bridges are unsymmetrical with

two different Cu–Cl distances (Cu–Cl2 223.08(9) and Cu–Cl2i

267.27(10) pm). The Cu–N bonds are also quite different

(Cu–N2 199.5(3) and Cu–N3 208.8(3) pm). The distortion is

caused by the two N–Cu–Cl angles in trans-position

(N2–Cu–Cl1 150.21(8)1 and N3–Cu–Cl2 172.31(8)1) as well

as by all cis-angles (N2–Cu–N3 78.51(10)1, Cl1–Cu–Cl2

94.48(4)1 within the plane and Cl1–Cu–Cl2i 101.14(3)1,

N2–Cu–Cl2i 106.94(8)1, N3–Cu–Cl2i 87.43(8)1 from the plane

to the axial Cl2i-position).

Computational analysis. Superior performance of the

mPW1PW91/LanL2DZ theory level in comparison with other

DFT functionals for the calculation of geometries and vibra-

tions for cisplatin and carboplatin has been well documented

in the literature.22 This level was, therefore, used for the

optimization of geometries in the gas phase. Results of these

calculations are collected in Table 1 and compared with the

crystallographic data available for Cu(II) and Pd(II) complexes.

Atom numbering is presented in Fig. 2 on the example of the

palladium complex. It is worth noting that the conformation

of the free ligand is somewhat different than when ligated with

the metal. The main geometrical parameter indicating this

difference is the N1–C5–N2–N3 dihedral angle. It is close to

cis conformation in the complexes, somewhat distorted by the

nonplanarity resulting from the steric crowdedness, while it is

much closer to the trans conformation in the free ligand.

Comparison of the calculated geometry of the palladium

complex with the structure obtained from the X-ray diffraction

(see Fig. 4) indicates excellent agreement between the experi-

mental data and the computational result. In the case of the

copper complex the agreement is less favorable, especially in

the vicinity of the metal atom, although it is still very good as

can be seen from data collected in Table 1.

In calculations incorporating solvents, we have used

B3LYP/LACVP** theory level together with the PB solvent

model with parameters for water and for 1-octanol. Values of

logP values were then calculated from the free Gibbs energies.

These energies are very sensitive to a single parameter for

solvent, namely solvent radius (Rsolv). Therefore, we have

calibrated calculations of logP using cisplatin (logP =

�2.27) and cis-dichlorodicyclopentylamineplatinum(II) (log

P = 1.06) as standards.23 As a result, for further calculations

Fig. 1
1H NMR spectra of the ligand 1 and of complexes PtLCl2 (2)

and PdLCl2 (3).

Fig. 2 Molecular structure of the palladium(II) complex 3. Thermal

ellipsoids of 30% are shown.

Fig. 3 Molecular structure of the dimeric copper(II) complex 5. Thermal ellipsoids of 30% are shown.
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we have selected the value of Rsolv equal to 0.2 because it

yielded values of logP for these two compounds closest to the

experimental data; �1.89 and 1.25, respectively. We were

unable to optimize copper complexes in the 1-octanol model

and in case of the dimer also using the model of aqueous

solution. However, the energy differences resulting from the

differences in geometries upon reoptimization in the con-

densed phase are very small; 0.04 and 0.20 for palladium

and platinum, respectively. This confirms our previous con-

clusion that reoptimization using the solvent model is not

necessary. In Table 2 main solvation energies and the resulting

logP values are collected. The differences in solvation energies

are up to 10 kcal mol�1 for all three metals.

Three different schemes of obtaining partial atomic charges

were compared. Table 3 summarizes the partial atomic charges

on the nitrogen, oxygen and hydrogen atoms obtained from

Mulliken,24 NPA,25 and electrostatic fitting (ESP) analysis

using the Merz–Kollman scheme.26 As can be seen, partial

atomic charges depend significantly on the population analysis

scheme. Charges obtained from the electrostatic potential

fitting seem to be best balanced. Furthermore, they were found

to be closest to experimental results of charge transfer com-

plexes.27 We have, therefore, used them in the analysis of

charges on the metal atoms in the studied complexes. The

partial atomic charge on chlorine atoms diminishes from Cu to

Pd to Pt. Changes on nitrogen atoms as well as between

aqueous and 1-octanol solutions are very minor. No syste-

matic changes on the partial atomic charges on the metal

atoms were observed.

Geometric features of all three complexes are quite similar

(see Table 4). The N� � �M bond lengths are slightly longer in

the nonpolar solvent while the opposite is true for the

M� � �Cl bonds.

Cytotoxicity studies

The cytotoxicity of the complexes 2–5 and the ligand 1 was

assayed against human HL-60 and NALM-6 leukemia cells

and melanoma WM-115 cells. Cisplatin and carboplatin were

used as reference compounds. Cells were exposed to a broad

range of drug concentrations (10�7–10�3 M) for 48 h and cell

viability was analyzed by MTT assay. IC50 values are pre-

sented in Table 5. The Pt-complex 2 exhibited the highest

cytotoxic activity with IC50 values in the range of 16–34 mM
for three cell lines. Interestingly, compound 2 was at least as

effective against human skin melanoma WM-115 cells as the

reference drug cisplatin. Because compound 2 seemed to be

promising as an anticancer agent, its cytotoxicity was also

assayed against normal HUVEC cells and unfortunately this

was also high with IC50 = 7.3 � 0.6 mM. Cytotoxicity results

strongly support the view that the observed cytotoxicity can be

confidently attributed to the presence of the metal centers.

Table 1 Selected geometrical parameters (1 and Å) obtained from DFT calculations at the mPW1PW91/LanL2DZ theory level

Compound N1–M N3–M N1–M–N3 M–Cl2 M–Cl1 Cl1–M–Cl2 N1–C5–N2–N3 C7–C6–N2–C5

L (1) — — — — — — �141.2 �10.6
LCuCl2 (4) 2.103 2.092 77.6 2.276 2.272 101.1 �26.1 �20.8
(LCuCl2)2 (5) (X-ray) 2.089 1.995 78.5 2.251 2.231 94.5 �25.8 �32.3
LPdCl2 (3) 2.081 2.087 78.9 2.367 2.359 90.4 �24.0 �24.4
LPdCl2 (3) (X-ray) 2.036 2.044 79.9 2.278 2.276 89.0 �27.9 �19.4
LPtCl2 (2) 2.046 2.039 79.5 2.396 2.390 89.0 �20.4 �26.0

Fig. 4 Superposition of the structures of complex 3 obtained from

DFT calculations and X-ray diffraction.

Table 2 Values of logP calculated from solvation free energies obtained at the B3LYP/LACVP** theory level using CPCM continuum solvent
model

Solvation free energy/kcal mol�1

Compound Gas-phase Gibbs free energya/a.u. 1-Octanol Water logP

L (1) �930.876537 �12.55 �15.06 �1.82
LPtCl2 (2) �1080.046337 �34.51 �37.02 �1.82
LPdCl2 (3) �1087.623327 �33.88 �37.65 �2.73
LCuCl2 (4) �1157.036660 �41.16 �46.62 �3.95
(LCuCl2)2 (5) �2314.052101 �57.35 �67.48 �7.33
a Obtained at the mPW1PW91/LanL2DZ level.

Table 3 Partial atomic charges (d) calculated at the BP/B3LYP/
LACVP** level of theory

Compound d(N1) d(N3) d(M) d(Cl)a

L (1) �0.09 �0.13 — —
LPtCl2 (2) �0.41 �0.36 0.31 �0.34
LPdCl2 (3) �0.30 �0.24 0.23 �0.40
LCuCl2 (4) �0.39 �0.27 0.40 �0.45
a Values averaged for two chlorine atoms.
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Lipophilicity is one the most important factors that has

influence on a drugs’ biological activity.28 The complex 2 has

the highest logP value (�1,82) and exhibits the highest

cytotoxicity among the investigated complexes. However, the

another important factor is the stability of compound. As we

know, Pd(II) complexes present high lability and fast hydro-

lysis (105–107 faster in comparison to Pt(II) complexes).29

Therefore, the higher cytotoxicity of complex 2 could be also

connected with slower hydrolysis of Pt–Cl bond and the

stability of this compound.

Conclusions

In this paper we have shown a simple and convenient route for

synthesis of neutral cis-oriented Pt, Pd and Cu-complexes of

general MLCl2 type. The structures of complexes 3 and 5 have

been confirmed using X-ray diffraction. The complexes exhibit

square-planar (3) or square-pyramidal (5) geometries around

the Pd(II) or Cu(II) centers, respectively. 5 exists as a dimer.

The results clearly indicate coordination via N-pyrazolic and

N-pyridinic heteroatom.

The present study demonstrates that the Pt(II) complex 2

with the pyridine-pyrazole ligand 1 exhibits relatively high

cytotoxic activity towards HL-60 and NALM-6 leukemia

cells. Especially interesting is its activity against the WM-115

melanoma cell line, which is comparable with the activity of

cisplatin and much higher than the activity of carboplatin.

Unfortunately, the cytotoxicity of the complex 2 was also high

against normal HUVEC cells. Pd(II) and Cu(II) complexes 3, 4

and 5 exerted rather low cytotoxicity against leukemia and

melanoma cell lines. Ligand 1 was practically inactive. The

computational analysis, carried out at the PB/B3LYP/

LACVP**//mPW1PW91/LanL2DZ theory level, indicates

that logP seems to correlate with the biological activity only

for metal complexes, but not for the ligand. The highest

cytotoxicity of compound 2 could be connected with the best

logP value, but also with slower hydrolysis of Pt–Cl bonds in

comparison to Pd–Cl and Cu–Cl ones.

Experimental

Materials and methods

Potassium tetrachloroplatinate(II) and potassium tetrachloro-

palladate(II) were purchased from Aldrich and were used

without further purification. Chloroform-D solvent for

NMR spectroscopy was obtained from Dr Glaser AG Basel.

Solvents for synthesis (toluene, methanol, dimethylforma-

mide, acetone) were reagent grade or better and were dried

according to standard methods. The melting points were

determined using an Electrothermal 1A9100 apparatus and

they are reported as uncorrected values. The IR spectra were

recorded on a Pey-Unicam 200G Spectrophotometer in KBr

or CsI. The 1H NMR spectra were recorded using a 300 MHz

Varian Mercury spectrometer. The MS data were obtained on

a LKB 2091 mass spectrometer (70 eV ionisation energy) and

the ESMS were recorded on a 5989A mass spectrometer with

59980B particle beam LC\MS interface (Hewlett-Packard).

For new compounds satisfactory elemental analyses (�0.4%
of the calculated values) were obtained in the Microanalytical

Laboratory of the Department of Bioorganic Chemistry

(Medical University, Lodz) using a Perkin–Elmer PE 2400

CHNS analyser. The ligand: 3-methyl-1-(2-pyridinyl)-1H-

chromene[4,3-c]pyrazol-4-one (1) and Cu-complex (4) were

prepared according to published methods19 or by thermal cycli-

zation, in which 5-(2-hydroxybenzoyl)-3-methyl-1-(2-pyridin)-

pyrazol-4-carboxylic acid methyl ester was heated for 5 h

at 160 1C.

Syntheses of the complexes

Platinum(II) complex (2). An aqueous solution (5 mL) of

K2[PtCl4] (41.5 mg, 0.10 mmol) was added dropwise to a

stirred methanol solution (10 mL) of ligand 1 (28 mg,

0.10 mmol). The reaction mixture was stirred for 48 h at room

temperature, and then half of the volume of the solvent was

removed under reduced pressure at room temperature. A

yellow precipitate of the product was obtained after 3 h. The

crude solid was filtered off and dried under reduced pressure

over CaCl2; 22 mg (40% yield), mp 391.3–393.7 1C, IR

spectrum in CsI, selected bands, cm�1: 1744 (CQO), 1617

(CQN), 487 (Pt–N), 329 (Pt–Cl). 1H NMR (DMSO-d6) d
(ppm): 2.573 (s, 3H, CH3), 7.201 (s, 1H, C(6)H), 7.442 (d, 1H,

C(7)H), 7.469 (d, 1H, C(8)H), 7.600 (t, 1H, C(9)H), 7.634

(t, 1H, C(30)H), 7.851 (d, 1H, C(40)H), 8.204 (t, 1H, C(50)H),

8.708 (d, 1H, C(60)H). MS-FAB (m/z): 543 (100%), Pt(L)Cl2;

373 (20%), [Pt(L)]2+. Anal. Calc. for C16H11N3O2PtCl2 (543.2

g mol�1): C 35.37, H 2.04, N 7.74. Found: C 35.14, H 2.23, N 7.51.

Table 4 Basic geometric features (Å, 1) calculated at the BP/B3LYP/LACVP** level of theory

Compound N1–M N3–M N1–M–N3 M–Cl2 M–Cl1 Cl1–M–Cl2 N1–C5–N2–N3 C7–C6–N2–C5

L (1) — — — — — — �128.5 8.6
LCuCl2 (4) 2.050 2.045 79.9 2.322 2.322 95.8 �25.2 �22.3
LPdCl2 (3) 2.063 2.071 79.3 2.411 2.411 88.8 �25.2 �25.3
LPtCl2 (2) 2.040 2.031 79.6 2.440 2.440 87.5 �21.7 �26.9

Table 5 Cytotoxic activity of ligand 1 and its Pt, Pd and Cu
complexes 2–5 (IC50 in mM)

Compound HL-60 NALM-6 IC50
a WM-115

1 41000 41000 —
2 28.9 � 9.3 34.0 � 7.3 16.6 � 3.9
3 543.5 � 61.3 410.3 � 52.1 135.6 � 27.5
4 387.1 � 31.7 545.4 � 38.6 66.3 � 2.3
5 178.2 � 42.9 352.9 � 42.7 —
Cisplatin 0.8 � 0.1 0.7 � 0.3 18.2 � 4.3
Carboplatin 4.3 � 1.3 0.7 � 0.2 422.2 � 50.2

a These data are expressed as the means � SD (n = 12). IC50 =

concentration of a tested compound required to reduce the fraction of

surviving cells to 50% of that observed in the control, non-treated cell.
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Palladium(II) complex (3). An aqueous solution (2 mL) of

K2[PdCl4] (0.1 mmol, 33 mg) was added dropwise to a stirred

methanol solution (10 mL) of ligand 1 (0.1 mmol, 28 mg) at

room temperature. During the addition the solid product was

precipitated immediately from the reaction mixture. Stirring

was continued for 30 min. The stable yellow complex was

filtered off, washed with cold water, diethyl ether, and dried;

41 mg yield (90%), mp 369.7–371.3 1C, IR spectrum in CsI,

selected bands, cm�1: 1744 (CQO), 1615 (CQN), 458 (Pd–N),

347 (Pd–Cl). 1H NMR (DMSO-d6) d (ppm): 2.572 (s, 3H,

CH3), 7.200 (s, 1H, C(6)H), 7.446 (d, 1H, C(7)H), 7.468 (d,

1H, C(8)H), 7.604 (t, 1H, C(9)H), 7.709 (t, 1H, C(30)H), 7.877

(d, 1H, C(40)H), 8.203 (t, 1H, C(50)H), 8.708 (d, 1H, C(60)H).

MS-FAB (m/z): 419 (80%), [Pd(L)Cl]+; 384 (10%), [Pd(L)]2+.

Anal. Calc. for C16H11N3O2PdCl2 (454.6 g mol�1): C 42.27, H

2.44, N 9.24. Found: C 42.34, H 2.15, N 9.19.

Copper(II) complex (5). An ethyl acetate solution (10 mL) of

CuCl2�2H2O (0.1 mmol, 17 mg) was added dropwise to a

stirred ethyl acetate solution (10 mL) of ligand 1 (0.1 mmol,

28 mg) at room temperature. The reaction mixture was

refluxed for 24 h. The solid product was precipitated as dark

green crystals. The stable complex was filtered off, washed

with ethyl acetate, diethyl ether, and dried; 22 mg yield (53%),

mp 319.1–321.3 1C, IR spectrum in CsI, selected bands, cm�1:

1749 (CQO), 1615 (CQN), 457 (Cu–N), 302 (Cu–Cl). Anal.

Calc. for C32H22N6O4Cu2Cl4 (823.2 g mol�1): C 46.68, H 2.69,

N 10.21. Found C 46.31, H 2.24, N 10.26.

Computational details

All calculations were performed at the DFT level of theory as

described earlier for palladium complexes.21 Gas phase

geometry optimizations were performed with the Gaussian03

package30 using the mPW1PW91 functional31 in ECP

LanL2DZ basis set.32 Values of logP were obtained from

the free Gibbs energies of structures optimized using CPCM

continuum solvent models of water and 1-octanol using

B3LYP functional and the same basis set. For 1-octanol the

dielectric constant of 10.3 and the solvent radius (Rsolv) of 0.2

were used. All calculations were carried out using default

convergence criteria. Vibrational analysis was performed to

confirm that all obtained structures correspond to stationary

points.

X-Ray crystal structure determinations of 3 and 5

X-Ray crystal data were collected at 200 K with a Nonius

KappaCCD diffractometer equipped with a rotating anode

and graded multilayer X-ray optics to obtain monochromated

Mo-Ka radiation (l = 0.71073 Å). The structures were solved

with direct methods33 and refined with SHELXL-97 by full-

matrix lest-squares on F2.34 All non-hydrogen atoms were

refined anisotropically, the hydrogen atoms were fixed in ideal

geometry and allowed to ride on their parent atoms. The

crystal data and X-ray details are given in Table 6.

Cell and cytotoxicity assay

Cell cultures. Human skin melanoma WM-115 cells as well

as human leukemia promyelocytic HL-60 and lymphoblastic

NALM-6 cell lines were used. Leukemia cells were cultured in

RPMI 1640 (Invitrogen, Paisley, UK) medium supplemented

with 10% fetal bovine serum and antibiotics (100 mg ml�1

streptomycin and 100 U ml�1 penicillin). For melanoma

WM-115 cells Dulbecco’s minimal essential medium (DMEM)

instead of RPMI 1640 was used. Normal cells, human

umbilical vein endothelial cells (HUVECs) were grown in M

200 medium supplemented with 2% foetal bovine serum

(FBS), epidermal growth factor (10 ng ml�1) and antibiotics.

HUVECs, M 200 medium and supplements were purchased

from Cascade Biologics Inc, Mansfield, UK. Cells were grown

in 37 1C in a humidified atmosphere of 5% CO2 in air.

Cytotoxicity assay by MTT. Cytotoxicity of ligand 1, its

complexes 2–5 and cisplatin was determined by the MTT

[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide, Sigma, St. Louis, MO] assay as described in detail

elsewhere.35 Briefly, after 46 h of incubation with the drugs,

the cells were treated with the MTT reagent and incubation

was continued for 2 h. MTT-formazan crystals were dissolved

in 20% SDS and 50% DMF at pH 4.7 and absorbance was

measured at 562 and 630 nm on an ELISA–plate reader (ELX

800, Bio-Tek, USA). The values of IC50 (the concentration of

test compound required to reduce the cells survival fraction to

50% of the control) were calculated from concentration–

response curves and used as a measure of cellular sensitivity

to a given treatment. Complexes and cisplatin were tested for

their cytotoxicity in a final concentration 10�7–10�3 M. As a

control, cultured cells were grown in the absence of drugs.

Table 6 Crystallographic data for 3 and 5

3 5

Net formula C16H11Cl2N3O2Pd C32H22Cl4Cu2N6O4

Mr/g mol�1 454.60 823.44
Crystal size/mm 0.15 � 0.09 � 0.02 0.06 � 0.04 � 0.02
T/K 200(2) 200(2)
Radiation Mo-Ka Mo-Ka
Diffractometer KappaCCD KappaCCD
Crystal system Monoclinic Triclinic
Space group P21/c P�1
a/Å 9.5751(2) 8.4188(4)
b/Å 24.2068(4) 9.2762(4)
c/Å 7.00870(10) 10.6495(5)
a/1 90 83.019(2)
b/1 105.1538(8) 87.266(2)
g/1 90 70.3459(16)
V/Å3 1568.01(5) 777.39(6)
Z 4 1
Dc/g cm�3 1.92575(6) 1.75897(14)
m/mm�1 1.538 1.762
Refls. measured 6706 9991
Rint 0.0206 0.0846
Mean s(I)/I 0.0389 0.0687
y range/1 3.34–27.48 3.20–25.00
Observed refls. 2706 2156
x, y (weighting scheme) 0.0401, 0.0500 0.0400, 0.1154
Refls. in refinement 3560 2716
Parameters 218 218

R(Fobs) 0.0295 0.0397
Rw(F

2) 0.0782 0.0956
S 1.064 1.051
Shift/errormax 0.001 0.001
Max. Dr/e Å�3 1.003 0.446
Min. Dr/e Å�3 –0.743 –0.504
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Data points represent means of at least 12 individual measure-

ments � S.D.
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