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Novel complexes of platinum(II) with 3- (1) or 4-acetylpyridine (2) have been synthesized and charac-
terized by elemental analyses, IR, 'H and '3C NMR spectroscopy. Single crystal X-ray diffraction revealed
the trans geometry of complex 2. DFT calculations confirm formation of trans isomers for both complexes.
The complexes have been tested for their cytotoxicity against HeLa (human cervical cancer), U20S
(human osteosarcoma), U20ScisR (human osteosarcoma cisplatin resistant), B16 (murine melanoma),

MDA-453, MDA-361, and MCF-7 (human breast cancer), LS-174 (human colon cancer) and FemX (human
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melanoma) cell lines. The most promising compound trans-dichloridobis(4-acetylpyridine)platinum(II)
(2) overcomes cisplatin resistance of U20ScisR cells after 48 h of drug exposure.

© 2008 Elsevier Masson SAS. All rights reserved.

1. Introduction

Although cisplatin is the most used agent for the treatment of
cancer, its efficiency against the malignancies is limited to a narrow
range of tumors. There are several draw backs associated with
cisplatin, including: toxicity and cross-resistance to the drug [1].
Therefore, enormous efforts are being made in the development of
platinum complexes that would overcome these disadvantages [2-
4]. Beside platinum(II), a large number of platinum(IV) complexes
have been studied for potential anticancer properties [5-8].
Furthermore, ruthenium(Il/III), titanium(IV) and recently tin(IV)
complexes are also examined in in vitro antitumoral testings [9-13].
Among the thousands of cisplatin analogs, only a few drugs of the
second and third generation alternatives, such as carboplatin,
oxaliplatin and nedaplatin, improved the efficiency and clinical
application [14-16]. On the other hand, transplatin showed less in
vitro cytotoxicity and inactivity than cisplatin in in vivo tests [17].
For these reasons, investigations with transplatinum compounds
were for a long time marginalized. Since the 1990s, many trans-
platinum complexes with in vitro growth inhibitory effects on
different tumor cells were discovered [18,19]. The in vitro activity of
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these complexes has also been examined against cisplatin resistant
cells [20-25]. New results concerning the cytotoxicity of trans-
platinum complexes confirm that there is virtually no structural
barrier to obtain therapeutically active transplatinum complexes
[26,27]. The most promising data has been obtained for trans-
platinum complexes containing heterocyclic, aliphatic, phosphoric
or imino ether ligands. Complexes, trans-[PtCly(L),;] (L = pyridine,
4-methylpyridine) show reasonable in vitro antitumor activity
against L1210 leukemia cells. This activity is greater than that of
their cis counterparts [26]. In addition, the trinuclear platinum
complex containing two monofunctional trans-[PtCI(NH3);] plat-
inum units bridged by a platinum tetraamine unit trans-
[Pt(NH3)2(NH2(CH2)sNH3)2] has entered clinical trials and is cur-
rently in phase II [28,29].

Prompted by in vitro activity of transplatinum complexes con-
taining pyridine or 4-methylpyridine ligands, it was decided to
synthesize trans-platinum(Il) complexes with 3- or 4-acetylpyr-
idine, trans-[PtCly(n-acetylpyridine);] (n=3 or 4). The 3- and 4-
acetyl derivatives of pyridine were chosen in order to investigate
influence of the substituent position on the heterocyclic ligand in
transplatinum complexes on the in vitro antitumoral activity. In
addition, complex 2 was structurally analyzed by X-ray diffraction
studies. The antiproliferative activity of the complexes 1 and 2 were
tested on cancers from six different sources: human cervical cancer,
human osteosarcoma, human osteosarcoma cisplatin resistant,
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Fig. 1. (a) trans-[PtCly(3-acetylpyridine),] (1) and (b) trans-[PtCl,(4-acetylpyridine),] (2) complexes.

murine and human melanoma, human breast cancer and human
colon cancer by means of SRB assay.

2. Results and discussion
2.1. Chemistry

The complexes 1 and 2 were isolated as yellow microcrystalline
solids in very high yield (87%) by the reaction of K,[PtCl4] with the
3- or 4-acetylpyridine in 1:2 molar ratio in water. The structures of
the complexes are presented in Fig. 1.

2.2. Spectroscopic measurements

The IR spectra of the free ligands were compared with those of
the complexes to confirm their coordination to metal ion. In the IR
spectra of the ligands and their corresponding complexes, it was
observed that the yc—n) vibration of the pyridine ring is shifted
from 1583 to 1575cm~! in complex 1 and from 1594 cm™! to
1555 cm~! in complex 2 as a consequence of N-coordination of
ligand to platinum ion. The bands related to the stretching vibra-
tions of the carbonyl groups at 1690 cm~! (3-acetylpyridine) and
1697 cm~!  (4-acetylpyridine) remained unchanged in the
complexes. This fact is the evidence that these groups are not
involved in the complex formation. The 'H NMR spectrum of
complex 1 shows signals at 9.39, 9.04, 8.46 and 7.65 ppm assigned
to the pyridine protons, whereas for complex 2 these signals appear
at 9.05 ppm and 7.86 ppm integrated as two hydrogens. Hydrogen
atoms, H1 and H5, belonging to the pyridine ring, are noticeable
shifted (1: A6=0.30 ppm; 2: Ajd=0.55) to low field comparing
with the spectra of the free ligands. The chemical induced shifts for
the farther protons with respect to nitrogen atom (H3, H4, complex
1 and H2, H4, complex 2) are twice less. This suggests that the
binding of the ligand with the platinum ion in the complexes is
realized through the nitrogen atom from the pyridine ring. The
signal of the methyl group of the ligand appears at 2.63 ppm and at
2.51 ppm for complexes 1 and 2 respectively. Similarly in the C
NMR spectrum of complex 2 aromatic resonances at 154.39, 144.21
and 124.35 ppm (C1/C5, C3 and C2/C4, respectively) correspond to

the resonances of a para-disubstituted aromatic ring, whereas for
complex 1, as expected, five chemical shifts at 156.67 (C5), 153.23
(C1),138.59 ((C3), 134.42 (C2) and 126.81 ppm (C4) appear in this
region. Similarly to hydrogen atoms nearby nitrogen atom, the
carbon atoms C1 and C5 are more downfield shifted in comparison
with the free ligand since those are less shielded due to coordina-
tion of nitrogen to platinum ion.

2.3. X-ray study

The molecular structure of 2 is shown in Fig. 2 and selected bond
distances and angles are listed in Table 1. In crystals of 2, the
molecules have the anti conformation with the acetyl groups on
opposite sides of the platinum coordination plane. The Pt atom is
located on a crystallographic centre of symmetry and shows
square-planar coordination with Pt-N and Pt-Cl bond lengths of
2.005(5) and 2.301(2) A respectively. The Pt-N and Pt-Cl distances
are in the expected range for dichloridodi(pyridine)platinum(II)
complexes [30]. Bond lengths and angles in the pyridine ring are as
expected. The CI-Pt-N angle of 90.1(1)° represents a value close to
that expected in ideal square-planar coordination. The 4-ace-
tylpyridine rings form angles of 49.7(5)° with the coordination
plane. This dihedral angle is smaller than that found in similar
compounds (56.2°, trans-[PtCly(py)2]; 69.6(2)°/66.2(3)°, trans-
[PtCly(3-picoline),]; 67.4(2)° trans-[PtCly(4-picoline);]) [30].
Packing forces seem to be important because the ligands are not
sterically hindered near the coordination plane. Short atomic
distances of 3.675(7) and 3.709(8) A were found between C4---Cl1
and C7---Cl1 atoms, respectively.

2.4. Quantum chemical calculations

Two possible isomers of 1 and 2 (cis and trans) and for each
isomer six (for 1) and two (for 2) possible conformers derived from
the rotation of acetyl group bonded to pyridyl moiety were opti-
mized. Among these possible isomers and their conformers we
have selected the most stable cis and trans isomers, those having
the lowest energy and thermodynamically the most stable form, as
presented in Fig. 3. Calculations of their geometrical parameters

Fig. 2. ORTEP presentation of 2. Displacement ellipsoids are plotted at the 50% probability level and H atoms are shown as small spheres of arbitrary radii.
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Table 1
Selected bond lengths (A) and angles (°) for complex 2.

Bond lengths/A Bond angles/°

Pt1-Cl1 2.301(2) Cl1-Pt1-N1 90.1(2)
Pt1-N1 2.005(5) Pt1-N1-C1 121.9(4)
01-C6 1.21(1) Pt1-N1-C5 120.1(4)
N1-C1 1.339(9) N1-C1-C2 123.1(6)
N1-C5 1.364(8) N1-C5-C4 121.2(6)
C3-C6 1.51(1) 01-C6-C3 119.6(6)
C4-C5 1.38(1) 01-C6-C7 121.5(6)

were performed by means of the DFT method, the B3LYP total
energies calculated with SDD basis set. From DFT calculations it can
be seen that the total energies obtained for 1 and 2 indicate the
formation of trans geometrical isomers (AE(cs_trans)=12.2 and
11.5 kcal/mol for 1 and 2, respectively). Because the corresponding
platinum(Il) complexes were obtained from aqueous solution,
Polarizable Continuum Model (PCM) with the dielectric constant of
water was used for further calculations. As found in the gas phase
and also here, calculations including solvent effects suggest that the
trans isomer is the most stable isomer in both complexes
(AE(cis-trans)= 2.0 and 2.1 kcal/mol for 1 and 2, respectively). Data
obtained in X-ray crystallography studies and DFT calculations for
compound 2 are in very good agreement. DFT calculations for
compound 1 indicate the formation of a trans isomer.

2.5. Cytotoxicity

The cytotoxicity of 1 and 2 were studied in nine malignant cell
lines: HeLa (human cervical cancer), U20S (human osteosarcoma),
U20ScisR (human osteosarcoma cisplatin resistant), B16 (murine
melanoma), MDA-453, MDA-361, and MCF-7 (human breast
cancer), LS-174 (human colon cancer) and FemX (human mela-
noma), for both 48 and 72 h of incubation and were analyzed by
dose-dependent curves and the ICsg (Table 2). Results revealed that
both analogs showed antiproliferative activity against most of the
investigated cell lines.

Among the most sensitive cells after 48 h of treatment, partic-
ularly with complex 2, were platinum-resistant U20ScisR human
osteosarcoma cells. The most resistant to both agents was LS-174
colon cancer cell line, as was expected. At 72 h, IC5¢’s were not

2-cis

reached for either 1 or 2, even though there were some activities
achieved at 48 h for both.

Complex 2 was a 2-4 times more potent cytotoxic agent than
complex 1. The activity of 1 was higher after prolonged incuba-
tion in most of the cell lines except HelLa, U20S, LS-174 and
FemX. Contrary to this, cytotoxicity of the compound 2 remains
similar or slightly higher after 72 h incubation in all cell lines,
with the exception of cell line LS-174. The lowest IC5y concen-
trations were obtained with 2 in U20ScisR, U20S, HeLa, B16, and
FemX cells.

Looking at the activity after 48 h of incubation, 1 was found to be
2-9 times less potent compared to cisplatin. However after 48 h, 2
revealed comparable activity to cisplatin in HeLa cells and in
U20ScisR cells and is even more potent than cisplatin in B16
melanoma. Furthermore, increasing the exposure time of cisplatin
on the cell lines to 72 h leads to greater activity on HelLa and
comparable with the activity of 2 on U20ScisR and B16 cell lines.
This suggests compound 2 as more efficient after 48 h of action on
cisplatin resistant U20ScisR and B16 melanoma cells.

From these investigations, the difference in activity between 1
and 2 may be attributed to the positioning of the acetyl substit-
uent on the pyridine ligand. Overall it may be expected that
greater activity can be observed for trans-dichloridoplatinum(II)
complexes with substituents on the para (4) rather than the meta
(3) position.

3. Conclusion

In this paper we report the synthesis, structural characterization
and cytotoxicity of two new trans-dichloridoplatinum(lIl)
complexes. These complexes were characterized by IR and NMR
spectroscopy and elemental analysis. Complex 2 was also charac-
terized by X-ray diffraction studies. The complexes showed
moderated to potent antiproliferative activity on various cancer cell
lines, with the exception of the LS-174 cell line. The position of the
acetyl group on the pyridine ring was found to be the main reason
for the difference in activity in almost all investigated cell lines.
Complex 2 is able to overcome cisplatin resistance of human
osteosarcoma cisplatin resistant cell line U20ScisR after 48 h of
action. Further studies involving 2 currently in progress in our
laboratory should reveal more detail on the mode of action on
U20ScisR cell line.

1-trans

2-trans

Fig. 3. The most stable cis and trans isomers of the calculated structures 1 and 2.
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Table 2

Cytotoxicity results expressed as ICsg values as determined from cell survival diagrams after 48 and 72 h treatments. The sign (>) indicates that ICsg value is not reached in the
examined range of concentrations (the sign is in front of the maximum value of the concentration in the examined range of concentrations).

Cell lines ICs50 [uM]

1 2 Cisplatin

48 h 72h 48 h 72 h 48 h 72h
Hela 278 £17 38.8+4.2 73+20 75+0.9 69+17 4+05
u20s 33+44 32.7+41 17.7+3.2 8.8+06 52+0.6 40+0.8
U20ScisR 251+2.5 199+3.8 92+43 6.44+0.9 12.2+£25 49+1.0
B16 43 +£51 14.5 £ 1.6 11.6 +3.7 9.4+ 1.1 224+04 12 +11
MDA-453 62.5+10.1 17.7 £5.5 13.1+48 115+ 13 7.6+0.7 5.7+0.9
MDA-361 38.1+4.7 115+ 13 374+9.8 251+24 147 £1.2 259 +4.3
LS-174 53.9+6.2 >100 36.2+4.2 >100 9.7+1.2 6.5+13
MCF-7 273+3.7 211+49 133+15 14+13 34+0.2 1.3+06
FemX 20.2 £21 274+55 9.7+13 99+12 21+03 3+02

4. Experimental
4.1. Materials and methods

3-Acetylpyridine and 4-acetylpyridine were commercially
available and used without further purification. Ky[PtCly] was
prepared following the literature procedure [31].

Elemental analyses were carried out with Elemental Vario EL III
microanalyser. Infrared spectra were recorded on a Perkin-Elmer
FTIR 31725X spectrometer using KBr pellets (4000-400 cm™!). The
NMR spectra were recorded on a Varian Gemini 200 instrument.
Chemical shifts for H and '3C spectra were referenced to residual
TH and 3C present in deuterated dimethylsulfoxide.

4.2. Chemical synthesis

4.2.1. Synthesis of trans-[PtCly(3-acetylpyridine),] (1)

To a solution of Kp[PtCls] (0.19 g, 0.45 mmol) in water (5 mL)
a solution of 3-acetylpyridine (0.10 mL 0.91 mmol) in water (3 mL)
was added dropwise. The mixture was refluxed with stirring for 2 h.
The pale-yellow product 1 was filtered, washed with ethanol and
ether and dried. Yield: 0.20 g, 87%. m.p. 254 °C. Anal. calcd for
C16H14N20,ClPt: C, 33.08; H, 2.78; N, 5.51%. Found: C, 32.55; H,
3.04; N, 5.44%. "H NMR (199.97 MHz, DMSO-dg, 6 ppm): 9.39 (d, 1H,
H1), 9.04 (d, 1H, H5), 8.46 (d, 1H, H3), 7.65 (t, 1H, H4), 2.63 (s, 3H,
CH3). 13C NMR (50.28 MHz, DMSO-ds, 6 ppm): 195.60 (C6), 156.67

Table 3
Crystallographic data for 2.

Empirical formula C14H14C1;N,0,Pt

Mr 508.25
Crystal system Monoclinic
Space group P24/n

alA 3.9021(2)
b/A 24.368(1)
c/A 8.0791(3)
a=vy[° 90

8/ 102.408(4)
V/A3 750.26(7)
z 2
Deatc/gcm ™ 2.250
M(Mo Ko,)/mm " 9.711
F(000) 480

O Range/° 2.57-32.42
Refln. collected 21403
Refln. observed [I > 205(I)] 2303
Refln. independent 1645
Data/restraints/parameters 1303/0/98
Goodness-of-fit on F? 114

R1, wR2 [I > 20(I)]
R1, wR2 (all data)
Largest diff. peak and hole/e A—>

0.0578, 0.0977
0.0824, 0.1032
3.08/-3.22

(C5), 153.23 (€1), 138.59 ((C3), 134.42 (C2), 126.81 (C4), 27.28 (C7).
Selected IR (KBr, cm~1): 1689 (s, C=0), 1575 (m, C=N), 1429, 1361,
1325 (pyridine ring).

4.2.2. Synthesis of trans-[PtCly(4-acetylpyridine),] (2)

To a solution of Ky[PtCly] (0.19 g, 0.45 mmol) in water (5 mL)
a solution of 4-acetylpyridine (0.10 mL 0.91 mmol) in water (3 mL)
was added dropwise. The mixture was refluxed with stirring for 2 h.
The pale-yellow product 2 was filtered, washed with ethanol and
ether and dried. Yield: 0.20g, 87%. m.p. 274 °C. Anal. calcd for
C16H14N20,CIPt: C, 33.08; H, 2.78; N, 5.51%. Found: C, 32.86; H,
2.93; N, 5.50%. "H NMR (199.97 MHz, DMSO-dg, 6 ppm): 9.05 (d, 2H,
H1, H5),7.86 (d, 2H, H2, H4), 2.51 (s, 3H, CH3). *C NMR (50.28 MHz,
DMSO-de, 6 ppm): 196.89 (C6), 154.39 (C1, C5), 144.21 (C3), 124.35
(C2, C4),27.21 (C7). Selected IR (KBr, cm™~!): 1697 (s, C=0), 1555 (m,
C=N), 1422, 1362, 1264 (pyridine ring).

4.3. X-ray crystallography of trans-[PtCly(4-acetylpyridine)s] (2)

The data of complex 2 were collected with a CCD Oxford Xca-
libur S (A(Mo Ka)=0.71073 A) using multiscan mode. Semi-
empirical absorption correction was carried out with SCALE3
ABSPACK [32]. The structure was solved with direct methods [33].
Structure refinement was carried out with SHELXL-97 [34].
However a relative high electron density residue remained close to
Pt atom. The distance of Q1 to Pt and Q2 to Pt are ca. 8 and 7 pm,
respectively. These peaks can be considered as spurious peaks of Pt
due to its high electron density. All non-hydrogen atoms were
refined anisotropically, and H atoms were placed at calculated
positions and refined isotropically using the riding model. Table 3
lists crystallographic details.

Crystallographic data for the structural analyses of 2 have been
deposited with the Cambridge Crystallographic Data Centre, CCDC-
700683. Copies of this information may be obtained free of charge
from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk or http//
www.ccdc.cam.ac.uk).

4.4. Computational details

Geometry optimizations were performed with the Gaussian 03
package [35]. All structures were optimized using the B3LYP func-
tional [36]. The SDD basis set for all atoms was employed in the
calculations [37]. All systems have been optimized without
symmetry restrictions. The resulting geometries were character-
ized as equilibrium structures by the analysis of the force constants
of normal vibrations. Polarizable Continuum Model (PCM) as
implemented in Gaussian 03 was used for the prediction of solvent
influence (water) on the complexes [35,38]. Supplementary data
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associated with quantum chemical calculations can be obtained
from the authors upon request.

4.5. Cytotoxicity assay

HeLa (human cervical cancer), U20S (human osteosarcoma),
U20ScisR (human osteosarcoma cisplatin resistant, kindly provided
by Dr Paola Perego, Istituto Nacionale del Tumori, Milan, Italy), B16
(murine melanoma), MDA-453, MDA-361, and MCF-7 (human
breast cancer), LS-174 (human colon cancer) and FemX (human
melanoma) cell lines were maintained in RPMI1640 medium
(Sigma-Aldrich, Cat. No. R7755), in a humidified atmosphere con-
taining 5% (v/v) CO,. The medium was supplemented with 10%
heat-inactivated fetal bovine serum (Sigma-Aldrich, Cat. No.
F4135), penicillin (100 units/ml), and streptomycin (100 pg/ml).

All cell lines were seeded at a density of 2500 cells/well in 96-
well plates and left for 24 h to rest, before 1 and 2 were added.
Preparation of test solutions was performed immediately before
experiments by initially dissolving in DMSO to the stock concen-
tration of 30 mmol/l and diluting further with the medium. Final
concentrations achieved in treated wells for both 1 and 2 were 1, 3,
10, 30, and 100 pmol/l, with a maximum of 0.33% DMSO reached in
wells with 100 umol/1 of 1 and 2. Each concentration was tested in
three triplicates on every cell line, and for both incubation periods.
Cytotoxicity of 1 and 2 was evaluated after 48 and 72 h of incuba-
tion periods, using sulforodamine B (SRB, Sigma-Aldrich, Cat. No. S
1402-5G) colorimetric assay [39].

Dose-dependent curves, expressing the relationship between
applied concentration and cytotoxicity, as well as ICs¢ concentra-
tions (concentration of investigated drug that decreases the
number of viable cells by 50% in treated cell population compared
to non-treated control), were plotted by GraphPad Prism software.
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