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a b s t r a c t

Twelve cyclometallated palladium(II) complexes containing primary aromatic amines [benzylamine (a),
(R)-1-(1-naphthyl)ethylamine (b) and 2-phenylaniline (c)] as anionic bidentate (C,N)� ligands have been
evaluated against a panel of human adenocarcinoma cell lines (A549 lung, MDA-MB231 and MCF7 breast,
and the cisplatin resistant HCT116 colon). The results revealed a remarkable antiproliferative activity of
the triphenylphosphane mononuclear compounds 3e4 (series a, b, c) and the best inhibition was pro-
vided for 3c and 4c with the 2-phenylaniline ligand and a six membered chelate ring. Interestingly, 3c
and 4cwere 14 and 19 times more potent than cisplatin for the inhibition of the cisplatin resistant HCT116
human adenocarcinoma cell line, respectively. Cyclopalladated complexes 3c and 4c exercise their
antiproliferative activity over A549 cells mainly through the induction of apoptosis (38 and 31-fold in-
crease in early apoptotic cells, respectively).

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

It is estimated that 50e70% of cancer patients are treated with
platinum(II) drugs. Despite the therapeutic benefit of the approved
platinum based drugs [1,2] (cisplatin, carboplatin and oxaliplatin),
their efficacy is still limited due to side effects [3,4] and resistances

(intrinsic or acquired) [5,6]. Hence, great efforts have been under-
taken to develop novel metal-based drugs. Multinuclear plati-
num(II) complexes [7], platinum(IV) prodrugs [8e11], platinum
photoactivable drugs [12,13], and platinum(II) drug delivery stra-
tegies (polymers, nanoparticles and oligonucleotides) [14,15] have
emerged. Othermetallodrugs based on ruthenium [16], gold [17,18],
titanium [19], copper [20], iron [21,22], have also attracted great
interest.

Palladium(II) derivatives have also been explored as an alter-
native to platinum(II) based drugs. Palladium(II) displays similar
chemistry to platinum(II) in many ways, however a significant
difference between them is the high kinetic lability of palladium(II)
compared to platinum(II). The cytotoxic nature of cyclopalladated
compounds has been studied with the rationale that palladium(II)
centers could have good activity because of their restricted lability
due to the use of a chelating ligand [23,24].

Abbreviations: DMEM, Dulbecco's Modified Eagle Medium; DMSO, dime-
thylsulfoxide; EB, Ethidium bromide; ELISA, Enzyme-Linked ImmunoSorbent
Assay; FACS, Fluorescence-Activated Cell Sorting; FITC, Fluorescein Isothiocyanate;
MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PI, Propidium
Iodide; PS, Phosphatidylserine.
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Following previous studies of our group on the anticancer ac-
tivity of cyclopalladated compounds [25e27], we report herein a
SAR analysis of the inhibition of cell proliferation activity of the
cyclopalladated primary amine complexes shown in Fig. 1, against a
panel of human adenocarcinoma cell lines (A549 lung, MDA-
MB231 and MCF7 breast, and HCT116 colon). To gain insight into
the action mechanism of the investigated complexes, studies of
electrophoretic shift DNA-migration, cell cycle arrest and apoptosis
were performed.

2. Results and discussion

2.1. Synthesis of the compounds

Fig. 1 shows the structural formula of the cyclopalladated
primary amines under study. These compounds have been pre-
pared as previously reported by cyclopalladation, metathesis and
splitting reactions [28e36]. The purity of compounds 1e4 has
been checked by IR and 1H NMR and that of compounds 3 and 4
also by 31P-{1H} NMR. Compound 3b is new and has been pre-
pared by a splitting reaction between cyclopalladated dimer 1b
and PPh3. Synthesis of 3b together with optimized methods of
preparation of 1b and 2b and some characterization data for
these compounds are included as supplementary materials.
Elemental analyses of 3b agree with the proposed formula and its
IR spectrum indicated the presence of a terminal acetato ligand.
1H NMR studies for compound 3b revealed that the NH2 protons
were diastereotopic, thus indicating the binding of the amino
group to the palladium(II) atom. The chemical shift of the 31P of
compound 3b (41.50 ppm) was in the range expected for com-
pounds of formula trans-N,P-[Pd(C,N)X(PPh3)] (X ¼ OAc or Cl)
with a five membered palladacycle and a palladated phenyl or
naphthyl carbon atom [37].

2.2. Biological studies

2.2.1. Antiproliferative assay
Human lung, breast and colon cancer cell lines (A549, MDA-

MB231 and MCF7 and HCT116, respectively) were used to test the
cytotoxic activity of the palladium(II) cyclometallated complexes
1e4. For comparison purposes, the free ligands aec and cisplatin
were tested under the same experimental conditions in the four

cells lines selected. The effects of the assayed metalacycles on the
growth of the selected cell lines were evaluated after 72 h and the
obtained IC50 values are listed in Table 1.

For SAR analysis some elements could be highlighted when
comparing the cytotoxicity of the palladium(II) complexes with
general structures a, b and c.

1) With regard to the dinuclear/mononuclear character of the
investigated complexes, in general the mononuclear complexes
3 and 4 exhibit lower IC50 values than their corresponding
parent dinuclear compounds 1 and 2. Factors such as lip-
ophilicity, stability in biological medium, molecular size, flexi-
bility, and influx or efflux through cellular membranes, may
account for the greater cytotoxicity of the mononuclear com-
plexes versus the dinuclear ones. Despite of this, several dinu-
clear compounds showed a remarkable potency, even greater
than cisplatin in some of the selected cellular lines. For instance,
in MCF7 breast and the cisplatin resistant HCT116 colon cancer

Fig. 1. Compounds selected for this study.

Table 1
IC50 (mM) valuesa for compounds under study and clog Pb values.

IC50 (mM) clog P

Compound A549 MDA-MB-231 MCF-7 HCT116

a >100 >100 >100 >100 1.09
1a >50 z100 >100 z100 5.75
2a 98 ± 3.5 z100 >100 z100 4.00
3a 40 ± 8.7 4.6 ± 1.2 11 ± 0.8 28 ± 21 8.91
4a 43.7 ± 11 13 ± 2.7 41 ± 19 16 ± 1.7 8.04
b >100 >100 >100 >100 2.58
1b >100 40 ± 15 51 ± 19 39 ± 6.1 9.14
2b 88 ± 2.8 32 ± 6.7 44 ± nd 35 ± 4.5 7.39
3b 23.7 ± 5.5 5.2 ± 0.9 11 ± 2.1 5.4 ± 0.4 10.61
4b 45 ± 5 2.7 ± 0.3 7.3 ± 1.7 3.2 ± 0.4 9.73
c >100 >100 >100 >100 2.80
1c 45 ± 11 25 ± 18 18 ± 5 8.7 ± 1.1 8.01
2c 35 ± 7 17 ± 9 17 ± 5 7.4 ± 0.6 6.26
3c 20 ± 2 1.4 ± 0.26 4.2 ± 0.5 2.1 ± 0.1 10.04
4c 18 ± 1.0 1.0 ± 0.1 7.8 ± 1.2 2.9 ± 0.3 9.17
Cisplatinc 9.3 ± 3 6.5 ± 2.4 19 ± 4.5 40 ± 4.4 �2.5

a Data are shown as the mean values of two experiments performed in triplicate
with the corresponding standard deviation.

b clog P is the calculated logarithmic value of the n-octanol/water partition co-
efficient, and was calculated using the computer program ChemBioDraw Ultra 12.0
(ChemBioOffice 2010).

c Cis-[PtCl2(NH3)2] is taken as reference compound.
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