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a b s t r a c t

A series of cis-restricted 2-alkylthio-4-(2,3,4-trimethoxyphenyl)-5-aryl-thiazole analogues of combre-
tastatin A-4 were synthesized and investigated for inhibition of cell proliferation against three cancer cell
lines, HT-29, MCF-7, and AGS, and a normal mouse fibroblastic cell line, NIH-3T3, using an MTT assay. The
biological study showed that 2-(methylthio) substituted compounds showed little cytotoxic activity
against the four cell lines. In contrast, the presence of the 2-(benzylthio) group on the thiazole ring
resulted in a significant improvement in cytotoxic activity relative to the 2-(methylthio) substituted
derivatives. Furthermore, the inhibition of tubulin polymerization by some potent compounds was eval-
uated. All the compounds studied were moderate tubulin polymerization inhibitors. The flow cytometry
analysis confirmed that the synthesized compounds led to cell cycle arrest at the G2/M phase. Docking
simulation was performed to insert these compounds into the crystal structure of tubulin at the colchi-
cine binding site to determine a probable binding model.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Microtubules are attractive molecular targets for anticancer
therapeutics because microtubule polymerization dynamics can
greatly affect critical processes, such as cell signaling and mito-
sis.1 At the same time, polymerization dynamics can be affected
by natural products and synthetic small molecules.2 There are
three major binding sites on tubulin, the taxus, the vinca, and
the colchicine binding site.3 Taxanes are examples of compounds
that bind to the taxus binding site and stabilize the microtubule,
whereas the majority of compounds that bind to the vinca and
colchicine binding sites destabilize the microtubule and promote
depolymerization by inhibition of tubulin.4 The first colchicine
site inhibitor, colchicine (Fig. 1), has limited therapeutic applica-
tion because of its high cytotoxicity.3 Combretastatin A-4 (CA-4)
(Fig. 1), isolated from the South African willow tree Combretum
caffrom, strongly inhibits the polymerization of tubulin by binding
to the colchicine site.5 Although CA-4 expresses high levels of
in vitro activity, it does not show efficacy in vivo because of its

low aqueous solubility and the isomerization of its cis-double
bond into a more thermally stable, but inactive, trans-isomer.6

As CA-4 has a simple structure, with only two aromatic rings
linked by a double bond in the cis configuration, a wide number
of CA-4 analogues have been developed and synthesized to date.
Among these analogues, compounds in which the olefinic bond is
replaced with five-membered rings are promising targets. Imidaz-
ole,7 triazole,8 thiazole,9 and pyrazoline10 are example of five-
membered heterocyclic bridges.

In continuation of our research on tubulin inhibitors,11,12 a ser-
ies of 2-alkylthio-4-(2,3,4-trimethoxyphenyl)-5-aryl-thiazole
(Fig. 1) analogues of CA-4 were synthesized, and their cytotoxicity
and tubulin polymerization inhibitory activity were evaluated. The
binding mode of these compounds to tubulin was also studied by
molecular docking.

2. Results and discussion

2.1. Chemistry

2-Alkylthio-4-(2,3,4-trimethoxyphenyl)-5-aryl-thiazoles were
synthesized by the reaction of differenta-bromoketones with methyl
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and benzyl carbamodithioate 4a–b. In the first step, a-bromoketones
3a–d were prepared from bromination of 1-(2,3,4-trimethoxy-
phenyl)-2-(4-substitutedphenyl)-1-ethanones 2a–d in glacial acetic
acid.13 These ethanones 2a–d were synthesized by reaction of
1,2,3-trimethoxybenzene and appropriate phenyl acetic acid 1a–d
according to the literature.14 From two expected regio isomers,
2-aryl-1-(2,3,4-trimethoxyphenyl)ethanone and 2-aryl-1-(3,4,5-tri-
methoxyphenyl)ethanone one of the former was obtained. The struc-
ture of 2a–d were confirmed by NMR spectroscopy. In another
experiment, ammonium dithiocarbamate was prepared by passing
ammonia through a solution of carbon disulfide in tetrahydrofuran.15

In the next step, methyl and benzyl dithiocarbamate were obtained
from reaction of methyl and benzyl iodide with ammonium dithio-
carbamate. Finally, treatment of different a-bromoketones with
twofold excess of 4a–b in methanol afforded the desired 4-(2,3,4-tri-
methoxyphenyl)-5-aryl-thiazole-2-thio substituted compounds
5a–h (Scheme 1).

The CA-4 was synthesized as positive control according to the
literature.16 All of synthesized compounds were characterized by
1H NMR, 13C NMR and CHN analysis.

2.2. Biological study

To test the anticancer activity of the synthesized compounds,
the antiproliferative activity of all the derivatives against three
cancer cell lines, human colon adenocarcinoma (HT-29), human
breast adenocarcinoma (MCF-7), and human stomach adenocarci-
noma (AGS), as well as a mouse embryonic fibroblast cell line,
NIH-3T3, was evaluated by an MTT colorimetric assay.17,18 CA-4
was used as a positive control. The cultured cells were treated with
several concentrations of test compounds for 48 h. The ability of
these analogues to inhibit cell growth is summarized in Table 1.
The results revealed that most of the tested compounds showed
moderate to potent cytotoxic activities. Structure-activity relation-
ship (SAR) studies showed that the nature of the benzylthio group
on the thiazole ring has a profound influence on the cytotoxicity of
the compounds. For example, compounds 5d and 5f, both of which
contain the 2-(benzylthio) group on thiazole rings, were active
(IC50 <20 lM) in all three cancer cell lines. In contrast, the
replacement of the 2-(benzylthio) group on the thiazole ring with
a 2-(methylthio) moiety, namely compounds 5c and 5e, led to a
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Scheme 1. Reagents and conditions: (a) H3PO4, (CF3CO)2O, 25 �C, 1 min; (b) Br2, CH3COOH, 25 �C, 2 h; (c) THF, 25 �C; (d) methanol, benzyl or methyl iodide, 25 �C; (e)
methanol, reflux, 24 h.

N

S

R

H3CO

SR'

5a-h

H3CO

H3CO

CA-4

H3CO

OCH3

OH

O
OCH3

N
H

O

CH3

OCH3

H3CO

H3CO

Colchicine
OCH3

OCH3

Figure 1. Structure of colchicine, combretastatin A-4, and 2-alkylthio-4-(2,3,4-trimethoxyphenyl)-5-aryl-thiazoles (5a–h).
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