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a b s t r a c t

A number of platinum(II) complexes with steric hindrance derived from (1R,2R)-N1-benzylcyclohexane-
1,2-diamine derivatives were designed and prepared. Biological assay indicated that most complexes
showed antitumor activity against the tested cancer cell lines, especially those with chloride anions as
leaving groups had compatible or superior activity to cisplatin and oxaliplatin. Complex 2a, as the most
potent agent, is also sensitive to cisplatin resistant SGC7901/CDDP cancer cell line, which has been
subsequently studied by cellular uptake, flow cytometry, gel electrophoresis and western blot assays. The
steric hindrance resulting from a pending 2-fluorobenzyl moiety of the ligand might be the key factor for
its ability to overcome cisplatin resistant cancer cells.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Since the discovery of cisplatin by Rosenberg in 1965, the
application and research of platinum-based anticancer drugs have
achieved rapid development [1e3]. Cisplatin as a broad-spectrum
anticancer agent has shown great advantages in the treatment of
some solid tumors, especially in the treatment of cervix, ovary,
testicle, neck and head [4,5]. However, some side effects, including
acquired or intrinsic drug resistance, serious toxicity and low sol-
ubility in water, have greatly limited its clinical application [6].
Thus, the non-classical antitumor platinum(II) complexes such as
sterically hindered platinum(II) complexes [7], trans-platinum
complexes [8], bi- and multi-nuclear platinum(II) complexes
[9,10] have been investigated. So far, several mechanisms have been
involved in cisplatin resistance, including reduced accumulation of
cellular Pt and increased repair of DNA damage [11e13]. The
interaction of cisplatin with biological molecules has been found to
be one of the key reasons for the drug resistance [14,15] due to its
high affinity to the sulfur-containing binding sites. It is well known
that sulfur-containing biomolecules are correlated with the resis-
tance of platinum-based drugs [16e18]. In order to overcome the

resistance of cisplatin and reduce its side effects, different carrier
ligands have been designed and applied to platinum complexes.
Oxaliplatin, a third-generation platinum drug with 1R,2R-dia-
minocyclohexane (DACH) as carrier ligand, has shown great activity
against many tumors including those resistant to cisplatin [19e21].
The high stability of the DACH-platinum fragment in oxaliplatin
compared with the ammine in cisplatin leads to a different reaction
behavior [22e24], thus, researchers have made great efforts on
designing and synthesis of oxaliplatin derivatives [21e27]. Recent
studies demonstrated that the introduction of steric hindrance to
amine carrier ligand has a strong influence on the activity of the
resulting platinum complexes [28]. Therefore, by changing the
nature of the amine ligand, it is possible to obtain platinum(II)
complexes with potent antitumor activity, which may be active
toward cisplatin resistant cell lines as well.

In our recent research, a number of different alkyl groups as
sterically hindered moieties have been introduced to DACH skel-
eton, which were used as carrier ligands to prepare several kinds of
platinum(II) complexes [29e32]. The related studies indicated that
the platinum(II) complexes containing such ligands showed potent
antitumor activity and possessed somewhat different mechanism
from cisplatin and oxaliplatin in reaction with DNA, and exhibited
distinct cell cycle blocking and cell apoptosis. However, the N-
monosubstituted alkyl group is flexible, which seems not feasible to
offer fixed spatial resistance and may also result in the formation of
stereo isomers [29]. Hence, a rigid benzyl group has been intro-
duced to the DACH framework by connecting to one of the nitrogen
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atoms (Scheme 1) [33e35], and several new ligands as shown in
Fig. 1 have been obtained, which have been used to prepare a series
of platinum(II) complexes bearing the steric hindrance(Scheme 2).
Considering the significant feature of fluorine atom in drugs, we
selected it as a substituent on the phenyl ring. Herein reported are
these platinum(II) complexes (Fig. 2) of the ligands and their bio-
logical evaluation against a few human cancer cell lines including
the typical compounds against cisplatin resistant cancer cell lines.
Moreover, chemical and biological properties of the typical com-
pounds have been studied to explicit their preliminary mechanism
of action as well as the function of spatial resistance caused by the
ligand.

2. Results and discussion

2.1. Synthesis of ligands and their complexes

The preparation of the ligand (L) was carried out starting from
1R, 2R-diaminocyclohexane via several synthetic steps (Scheme 1),
in which N-mono Boc protected DACH (I) was used as the starting
material. The unprotected amino group first underwent Schiff base
condensation with benzaldehyde, followed by in situ reduction
with sodium boronhydride, and then the Boc group was removed
through hydrolysis in the presence of hydrochloric acid to give L in
its hydrochloride salts. LF1�LF3 were prepared by the same way
except o-fluorobenzaldehyde, m-fluorobenzaldehyde and p-fluo-
robenzaldehyde were used as starting materials, respectively.

All ligands (L, LF1, LF2 and LF3)were characterized by elemental
analysis, IR, ESI-MS, 1H and 13C NMR spectra, which were in
agreement with the chemical structure proposed. The specific op-
tical rotations of these ligands were as left-handed as that of DACH.

Complexes 1a�4awere directly prepared by the reaction of the
corresponding ligand and K2PtCl4. The rest complexes were ob-
tained by using complexes 1a�4a as startingmaterials to react with
the corresponding silver dicarboxylate, respectively [29]. As ex-
pected, a chiral center at N1 position of DACH can be formed after
coordination of the ligand with a metal atom in the synthesized
platinum(II) complexes. The diastereoisomeric mixture could be
produced with one pendant benzyl moiety (at N1 position) in the
pseudo axial position above or below the resulting PtN2O2 square
plane. Like the pending alkyl group we reported formerly [29], S
configuration at N1 atom of the complex with a pendant benzyl
group is more thermodynamically stable than the corresponding R
configuration resulting from a steric effect of the ligand by mo-
lecular calculation, which has also been confirmed by the crystal-
lographic data of analogous metal complexes [29,36,37].

In the infrared spectra of the complexes, the strong absorption
at 3100 cm�1 was attributed to the NeH stretching vibration that
was significantly red shifted in comparison to the corresponding
ligand. The C]O stretching vibration of complexes appeared be-
tween 1568 and 1616 cm�1, blue shifting compared with the single
carboxylate group, which is characteristic of coordinated carbox-
ylate ligands. The absorption near 1250 cm�1 was attributed to the
Ar�F bondingwhich is an obvious sign to distinguish complexes 1a,
1b, 1c, 1d and 1e from others.

NMR spectroscopy has been applied to determine the frame-
work of the synthesized metal complexes. In the 1H NMR spectra,
the signals of hydrogen atoms in DACH appeared in a range of
1.24e2.50 ppm, and the chemical shifts of NHCH and NH2CH on
DACH of the complexes moved to highfield area compared with the
corresponding ligand. 13C NMR spectra were in agreement with the
proposed chemical structure of the complexes, particular those of
complexes with a fluorine atom showed splitting carbon peaks in
the area of aromatic carbons as expected. Besides, a representative
195Pt NMR spectrum (complex 2a) was recorded.

All the ESI-MS spectra of the complexes gave main peaks cor-
responding to [MþH]þ, [M�H]� or [M�Cl]� ions, which were
composed of a few isotopic peaks owing to the presence of plat-
inum isotopes, suggesting the bonding between Pt(II) ions and the
ligands.

2.2. In vitro cytotoxicity assay

The cytotoxicity of all metal complexes against three human
cancer cell lines was evaluated by MTT method with cisplatin and
oxaliplatin as positive control. As shown in Table 1, complexes
1a�4a with chloride anions as leaving groups showed strong
anticancer activity comparable or even superior to cisplatin and
oxaliplatin, whereas other complexes with dicarboxylates as leav-
ing groups, except individual cases, exhibited moderate or low
cytotoxicity against HepG2, SGC7901, and A2780 cell lines. Among
all compounds, complex 2a exhibited the strongest activity against
all the tested three cancer cell lines, remarkably superior to
cisplatin and oxaliplatin. It was 3.71 ± 0.48-fold, 1.56 ± 0.25-fold
and 3.66 ± 0.56-fold as potent as cisplatin and 34.34 ± 3.49-fold,
9.63 ± 1.54-fold, and 8.64 ± 1.34-fold as potent as oxaliplatin to-
wards HepG2, SGC7901, and A2780, respectively. In contrast to
complexes 2a�4a with a ligand containing a fluoro substituent on
the phenyl ring, complex 1a was less active, which was about one
fifth as effective as cisplatin on SGC7901 and A2780, and one tenth
as active as cisplatin on HepG2. Although weaker than those of
complex 2a and cisplatin, the cytotoxicity of complexes 3a and 4a
was stronger than that of oxaliplatin against almost all the tested
cancer cell lines, demonstrating the importance and unique func-
tion of the fluorine atom of the ligand in our complexes. However,
complexes 1b-4e which substituted the leaving group from chlo-
ride anions to dicarboxylate species would result in the conspicu-
ous decrease of the antitumor activity of the complexes compared
with their parent compounds. This can be due to the slow disso-
ciation ability of chelating dicarboxylate from the metal atom in
comparison to chloride anions.

In terms of their strong inhibiting ability on the above cancer
cell lines, complexes 1a�4a were further investigated against
cisplatin resistant cancer cell line (SGC7901/CDDP) and human
normal liver cell line (LO2). As showed in Table 2, complex 2a has
the potential to overcome cisplatin resistance, as its resistance in-
dex (RF) can reach 1.39, which is better than cisplatin and oxali-
platin. While complexes 1a, 3a and 4a were less effective against
SGC7901/CDDP cell than complex 2a, even junior to that of oxali-
platin. These results indicated that the position of the fluoro
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Scheme 1. Synthesis of ligand L.
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