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A new chiral ligand, 2-(((1R,2R)-2-aminocyclohexyl)amino)acetic acid (HL), was designed and synthe-
sized to prepare a series of novel dinuclear platinum(Il) complexes with dicarboxylates or sulfate as
bridges. The evaluation of these metal complexes in vitro cytotoxicity against human HCT-116, MCF-7
and HepG-2 cell lines were made. All compounds showed antitumor activity to HCT-116 and MCF-7. Par-
ticularly, compounds M3 and M5 not only exhibited better activity than carboplatin against MCF-7 and
HepG-2, but also showed very close activity to oxaliplatin against HCT-116.

© 2011 Elsevier Ltd. All rights reserved.

As molecular structures different from classical mononuclear
platinum-based drugs such as cisplatin and carboplatin, multinu-
clear platinum complexes have attracted much attention since
1990's, especially rising of BBR3464."? For carrying high positive
charges (+4) and flexible alkyl chains, BBR3464 could form a range
of interstrand GG adducts dictated by the sequence of DNA bases,
while the cytotoxicity of cisplatin is due to the formation of mainly
mono-functional Pt(G) and intrastrand bi-functional Pt(GG) ad-
ducts which have been proved to cause a local distortion of
DNA.3"> Thus, multinuclear platinum complexes are expected to
be able to circumvent the inherent or acquired cisplatin-resistance
in a panel of human tumor models.6® So far a number of various
diamines have been involved as bridges to connect platinum units
in previous researches including BBR3464, however, results for
phase II studies of BBR3464 were not so inspiring® and severe dose
limiting side-effects such as diarrhea and vomiting limited its
clinic use.!®

Since 1R,2R-diaminocyclohexane (DACH) has been believed to
play an important role in the success of oxaliplatin,'""'? we have de-
signed to modify the DACH skeleton by selectively introducing a
functional group to one of its amino moieties so that it can act as
a tridentate ligand to prepare dinuclear platinum(Il) complexes
with dicarboxylates as bridges. Upon this design, we have recently
reported a series of dinuclear platinum complexes with 2-(((1R,2R)-
2-aminocyclohexylamino)methyl)phenol as ligand.'®> Primary
in vitro tests exhibited that those compounds showed cytotoxicity
towards some selected human cell lines comparable to that of car-
boplatin, but our further work indicated that the steric hindrance
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and lipotropy of the aromatic group may reduce their antitumor
activity. So, rather small and hydrophilic carboxylic acids have been
considered as functional groups to combine with one of amino
nitrogen atoms of DACH deliberately. In this paper, we report such
a new ligand, 2-(((1R,2R)-2-aminocyclohexyl)amino)acetic acid
(HL).With HL as carrier group and dicarboxylates/sulfate as bridges,
five novel dinuclear platinum(Il) complexes were prepared and
their cytotoxicity was evaluated against three human cell lines.
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Figure 1. Chemical structures of dinuclear platinum(Il) complexes.
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Notably, the targeted dinuclear platinum complexes differ from the
previously reported multinuclear platinum complexes which have
employed various diamines as bridges (including BBR3464). Struc-
tures of the dinuclear complexes are shown in Figure 1.

Mono-Boc protecting DACH'* was used as starting material to
prepare the ligand as before, since it is difficult to directly get
the monsubstituted derivative due to the equivalent reactivity of
the two amino groups in DACH. The synthetic process of HL is
shown as following. Reaction of mono-Boc protecting DACH with
ethyl 2-chloroacetate offered intermediate 1, which was then re-
moved the protecting group to give intermediate 2.2 was hydro-
lyzed in the presence of NaOH, leading to the formation of
intermediate 3, which was finally neutralized by aqueous HCl solu-
tion to give a free ligand, HL (Scheme 1).

Before preparing the targeted dinuclear platinum complexes,
important intermediate [PtLI]'> was firstly prepared, which was
then used to react with different silver salts (dicarboxylates/sul-
fate) to afford compounds M1-M5.1617

Intermediate [PtLI] and targeted dinuclear platinum complexes
were characterized by IR, 'H NMR, ESI-MS spectra and microanal-
ysis together with TG-thermal analysis. Found values for each com-
pound in the elemental analysis were in good agreement with
calculated values. In the IR spectra, bands of vnunu2 and dnwnmz
in the platinum complexes shifted to lower frequencies than those
of free primary amine and secondary amine. Carboxylate anions
binding with Pt(II) were confirmed by the examination of the
C=0 absorptions shifting from free carboxylic acids near
1700 cm~! to bands near 1646-1584 cm™'. The complexes showed
[M+H]" or [M+Na]* corresponding to their formula weights and rel-
ative fragment peaks in their ESI mass spectra. Typical isotopes of
Pt element: 9Pt (33%), 1°°Pt (34%), '9°Pt (25%), were found with
three protonated ion isotopic peaks. The 'H NMR spectral of all
prepared complexes in Figure 1 were all consistent with their cor-
responding protons both in the chemical shifts and in the number
of protons. TG-thermal analytic data of compounds M2 and M4
showed that they had analogous thermal processes, in which the
weight loss began at about 200-230 °C, and then kept steady until
about 660-700°C. The final residue, corresponding to 53-56%
weight loss, can be attributed to platinum element.

Poor aqueous solubility is a severe problem for some platinum
anticancer drugs in clinic use. Compared with cisplatin (1.0 mg/
ml) and oxaliplatin (7.0 mg/ml), the aqueous solubility of all result-
ing platinum complexes has been greatly improved (30-50 mg/ml
at 25 °C) for introducing hydrophilic carboxyl to DACH as expected.

MTT assay was carried out to evaluate the in vitro cytotoxicity
of the resulting dinuclear platinum complexes as described by
Mosmann et al.,’®2! using HCT-116, MCF-7 and HepG-2 cell lines,
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Scheme 1. Reagents: (a) ethyl 2-chloroacetate, K,COs, acetonitrile; (b) HCI/EtOAc;
(c) NaOH, EtOH/H,0; (d) HCI/H,0.

respectively. The ICsqy values of the platinum complexes with car-
boplatin and oxaliplatin as positive controls are given in Table 1

As we can see, all dinuclear platinum complexes showed cyto-
toxicity towards HCT-116 cell line with ICso values varying from
51 to 27.5uM, the order of the potency is oxalipla-
tin > M5 > M3 >M2 > M1 >M4. C(Clearly, cytotoxicity increased
along with the extending carbon chain of the carboxylate bridge,
but the cyclobutyl chain in compound M4 had a reverse effect.
Among these dinuclear platinum complexes, compounds M3 and
M5, which have succinate and sulfate as bridges, respectively,
showed very close activity to oxaliplatin.

When tested against MCF-7 cell line, all complexes exhibited
affirmative cytotoxicity, the order of ICsq values is M5 < M3 < car-
boplatin < M2 < M1 < M4. Both compounds M3 and M5 showed
better activity than carboplatin, and the cytotoxicity of compound
M5 was even two times as potent as that of carboplatin. Again,
cytotoxicity increased along with the addition of the carbon chain
in the carboxylate bridge, which was observed in HCT-116 cell line
with these compounds.

When the cell line was HepG-2, only compounds M3 and M5
showed significant cytotoxicity that was better than carboplatin.

Based on the structure-activity relationship of these com-
pounds, we have got an interesting finding that sulfate as a bridge
may significantly improve the cytotoxicity of the dinuclear plati-
num complex. It is noted from Figure 2 that the cytotoxicity of
compound M5 is better than carboplatin against HepG-2 and
MCF-7 cell lines and very close to oxaliplatin against HCT-116 cell
line, that is the best performance in all resulting dinuclear plati-
num complexes. When succinate was selected as a bridge, com-
pound M3 also showed interesting activity, in spite of being
lower than compound M5. Other compounds which owned oxa-
late, malonate and cyclobutane-1,1-dicarboxylate as bridges
showed weak antitumor activity.

It is noted that the cytotoxicity of compounds with the bridging
dicarboxylates increased with the linear carbon chain length of
dicarboxylate (M3 > M2 > M1), however, compound M4 with 1,1-
cyclobutyldicarboxylate had the weakest activity among these
complexes. We suppose that the balance between lipotropy and
hydrophily of the platinum-based compounds is closely relative
to their antitumor activity. In fact, aqueous solubility of com-
pounds M3 and M5 are in the middle of these five compounds
(aqueous solubility order: M1 >M2>M>5>M3>M4). The
hydrophily of compound M4 has been remarkably reduced with
the introduction of cyclobutyl moiety.

Moreover, we have ever prepared a number of mononuclear
Platinum compounds of the ligand (HL) with several monodentate
carboxylates as leaving group and made in vitro biological tests,

Table 1
In vitro cytotoxicity of complexes M1 to M5
Complex 1C50" (UM)
HCT-116° MCE-7¢ HepG-2¢
M1 17.2 235 375
M2 13.1 16.8 31.2
M3 5.8 9.9 8.2
M4 27.5 31 >50
M5 5.1 7.1 6.8
Carboplatin Not tested 15.3 9.7
Oxaliplatin 43 Not tested Not tested

2 All ICsg values (drug concentration giving 50% survival) calculated based on the
Pt content are means * SD (SD <9% of the mean value) from at least three separated
experiments.

> Human colorectal cancer cell.

¢ Human breast cancer cell.

4 Human hepatoma cell.
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Figure 2. Cytotoxicity of compounds M3 and M5 with carboplatin or oxaliplatin as
positive controls.

but the ICsq values of those mononuclear compounds against the
same tumor cells were disappointing.

In conclusion, a new N-monosubstituted chiral DACH ligand, 2-
(((1R,2R)-2-aminocyclohexyl)amino)acetic acid, has been designed
and synthesized to prepare a series of novel dinuclear platinum(II)
complexes which own dicarboxylates/sulfate as bridges, and that
differ from the previously reported multinuclear platinum com-
plexes which have employed various diamines as bridges. In vitro
cytotoxicity tests indicated that all resulting dinuclear platinum(II)
complexes exhibited antitumor activity to HCT-116 and MCF-7 cell
lines. Compounds M3 and M5 not only showed very close activity
to oxaliplatin against HCT-116 but also showed better cytotoxicity
than carboplatin against MCF-7 and HepG-2 cell lines. Further-
more, all compounds showed much better aqueous solubility than
oxaliplatin. Consequently, compounds M3 and M5 may be de-
served for further investigation as leading compounds.
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