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ABSTRACT: Combretastatin A-4 (CA-4) in phosphate and
serine pro-drug forms is under phase II clinical trials. With our
interest of discovering CA-4 inspired new chemical entities, a
novel series of 4,5-diaryl-2-aminoimidazole analogues of the
compound was designed and synthesized by an efficient and
diversity feasible route involving atom economical arene C−H
bond arylation. Interestingly, four compounds showed potent
cell-based antiproliferative activities in nanomolar concentra-
tions. Among the compounds, compound 12 inhibited the
proliferation of several types of cancer cells much more
efficiently than CA-4. It depolymerized microtubules, induced
spindle defects, and stalled mitosis in cells. Compound 12
bound to tubulin and inhibited the polymerization of tubulin in
vitro. In addition, podophyllotoxin and CA-4 inhibited the
binding of compound 12 to tubulin. The distinctive pharmacophoric features of the bridging motif as well as quinoline
nucleus were explored. We noted also a valuable quality of compound 12 as a potential probe in characterizing new CA-4
analogues.

■ INTRODUCTION

Microtubules are critical elements in diverse cellular functions
such as mitosis and cell motility. Some of the microtubule-
targeting agents have been found to be clinically successful
for the treatment of cancer, and therefore, microtubules
are considered to be attractive anticancer drug targets.1−3

Microtubule perturbing agents either enhance or inhibit the
assembly of microtubules. For example, taxane ligands stimulate
microtubule polymerization whereas vinca alkaloids and
colchicine are known to induce depolymerization of micro-
tubules.4,5 Several natural ligands bind to the colchicine-binding
site of tubulin and some of them are structurally similar; for
example, combretastatin,6 podophyllotoxin,7 and steganacin8

(Figure 1A). All these agents comprise common structural
features, a 3,4,5-trimethoxyphenyl (TMP) moiety and the
cis-locking of two aryl groups, which have been found to be
crucial in inhibiting tubulin polymerization and antiprolifera-
tive activities.9 These distinctive simple structural features have
triggered many medicinal chemistry programs to focus on
structural modulation of naturally potent ligands, especially
combretastatin A-4 (CA-4), toward the discovery of potent
antitubulin agents.

Combretastatins belong to the stilbenoid phenol class of
compounds isolated from the bark of an African willow tree
named Combretum caffrum.10 In combretastatin family,
combretastatin A-4 is the most active member, which strongly
inhibits tubulin assembly by interacting at the colchicine-
binding site.11 CA-4 reversibly binds at the colchicine-binding
site of tubulin, whereas the binding of colchicine to tubulin is a
poorly reversible process.12 Importantly, most of the tubulin
inhibitors that target colchicine-binding site have been found to
display vascular disruption and CA-4 was found to be a potent
agent for rapid disruption of endothelial cell morphology in
tumor capillaries responsible for limited blood flow and thus
causing tumor cell death.13,14 CA-4 is a poorly water-soluble
compound. Its 3-O-phosphate prodrug form (CA-4-P, Zybre-
stat)15 and serine amino acid analogue of CA-4 (AVE8062)16

and combretastatin A-1 2,3-O-diphosphate (CA-1-P, OXi4503)17

(Figure 1B), which are water-soluble, are currently under
clinical trials both as a single drug and in combination for anti-
cancer therapy. CA-4 possesses a short biological half-life18
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and undergoes isomerization of a stilbenic olefin from an active
cis-isomer to an inactive trans-isomer in the presence of light,
heat, or protic media19 and in physiological conditions.20

In recent years, efforts have been made to overcome these
limitations by derivatization of double bond and the hydroxyl
substituent in ring B. To maintain the Z-geometry of two aryl
rings, introduction of various linkers in place of double bond
have been considered, for example, heterocyclic rings including
imidazole,16 2(5H)-furanone,21 oxazolone,22 4-arylcoumarin,23

furazan,24 triazole,25 dihydroisoxazole,26 2-aminothiazole,27

tetrazole,28 and indole,29 and carbocyclic rings including cyclo-
propane30 and cyclopentenone31 (Figure 2). The maintenance
of (Z)-stilbene geometry is also known via introducing a variety
of bridging functional groups, such as a ketone,32 sulfide,33

ether,34 nitrile,35 and sulfonate36 (Figure 2). As a part of our
research activities focused on the natural product based

anticancer drug discovery,37 we developed recently novel
2-aryl-3-arylamino-imidazo-pyridine/pyrazine antitubulin anti-
cancer agents.38

In this direction, we envisaged that the replacement of the
double bond in CA-4 with a 2-aminoimidazole skeleton that
can provide additional features of multipoints hydrogen bond
donors/acceptors by C2-amino and ring N/NH functionalities
for interaction with tubulin (Figure 3). In addition, it may
provide the drug-like physicochemical properties including
aqueous solubility. Indeed, 2-aminoimidazole is a valuable
molecular motif in medicinal chemistry, as proven by its
presence in a wide range of bioactive marine natural products,39

such as oroidin,40 bromoageliferin,41 sceptrin,42 ageliferin,43

CAGE,44 and TAGE.
In the investigated 2-aminoimidazole series of compounds,

3,4,5-trimethoxyphenyl moiety as ring A (4-position) and

Figure 1. Structures of (A) natural products and (B) clinical trial agents which bind at the colchicine-binding site of tubulin.

Figure 2. Some representative examples for replacement of double bond: (A) heterocyclic, (B) carbocyclic, and (C) functional bridging moieties.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b00101
J. Med. Chem. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.jmedchem.6b00101


various relevant (hetero)aryls as ring B (5-position) were
considered. Interestingly, four of the investigated 2-amino-
imidazole analogues of CA-4 exhibited nanomolar antiprolifer-
ative activities. One compound (12) displayed significantly
more potent antiproliferative activity against human breast
adenocarcinoma (MCF-7), cervical cancer (HeLa), hepatocel-
lular carcinoma (HuH-7), highly metastatic breast cancer
(MDA-MB-231), and drug resistant mouse mammary tumor
(EMT6/AR1) than CA-4. It strongly perturbed the organ-
ization of both interphase and mitotic microtubules and
blocked the progression of the cells in mitosis. The compound
inhibited tubulin assembly via binding at the colchicine site.
Interestingly, compound 12 displayed strong fluorescence upon
binding to tubulin. Furthermore, podophyllotoxin and CA-4
were able to displace compound 12 from the tubulin−
compound 12 complex indicating that compound 12 binds to
tubulin reversibly. This provides a unique opportunity to use it
as a probe in characterizing new inhibitors of tubulin. The
structure antitubulin/proliferative activity relationship and the
important pharmacophoric features have been explored.

■ RESULTS AND DISCUSSION

Chemistry. Our designed 2-amino-imidazole class of
compounds possess relevant functionalized/substituted two
aryl moieties at 4 and 5 positions, and one of the aryls is 3,4,5-
trimethoxyphenyl. A survey of the literature revealed that
4,5-disubstituted 2-amino-imidazoles were, in general, prepared
by a classical reaction of benzil45 or benzoin46 with guanidine.
The reaction47 of α-haloketone with N-acetylguanidine
followed by deacetylation, and the reaction of α-aminoketone
with cyanamide leading to 2-amino-imidazoles are also
known.48 However, all these methods are limited to prepara-
tion of symmetrical 4,5-diaryl or 4,5-aryl/alkyl substituted
2-aminoimidazoles only. In addition, to prepare our designed
compounds in these methods, the starting compounds would
be benzil/benzoin, α-haloketone, or α-aminoketone and should
possess 3,4,5-trimethoxyphenyl at one end and relevant
substituted aryl group at other, which are difficult to access.
These constraints impelled development of a convenient and
diversely feasible method for preparation of our designed
compounds. Recently, hydrazine-mediated cleavage of imidazo-
[1,2-a]pyrimidine scaffold leading to the formation of
2-aminoimidazole has been demonstrated.49 This encouraged
us to envisage a new route to access our desired set of
unsymmetrical relevant 4,5-diaryl substituted 2-aminoimida-
zoles. The preparation of 2-aryl-imidazo[1,2-a]pyridine by
cyclocondensation of 2-aminopyridine with versatile bis/
monoelectrophilic reactants are widely known, but surprisingly,

the methods were rarely investigated for the synthesis of 2-aryl-
imidazo[1,2-a]pyrimidine. In our initial studies for synthesizing
intermediate imidazo[1,2-a]pyrimidine, we investigated several
methods known for preparation of imidazo[1,2-a]pyridines
(Scheme 1).
In method 1, a FeCl3-catalyzed reaction50 of 2-amino-

pyrimidine with nitrostyrene was performed. However, the
formation of the desired product that required cascade
transformations of Michael addition, intramolecular nucleo-
philic substitution, and dehydronitration were not observed.
Increasing the catalyst quantity and variation in solvent did not
promote the reaction, plausibly due to the poorly nucleophilic
nature of 2-aminopyrimidine. In method 2, a reaction of
2-aminopyrimidine with 2-bromoacetophenone in the presence
of sodium bicarbonate was done.51 The desired product
formed, but the conversion was found to be less and side
products formed on prolonging the reaction. In method 3, the
cyclo-condensation reaction of 2-aminopyrimidine with aceto-
phenone via imine formation followed by tandem intra-
molecular C−H amination catalyzed by Cu(OAc)2 and ZnI2
was done following a method reported for 2-aminopyridine.52

The desired product formed in moderate yield, although the
reaction was incomplete. Variation in Cu catalyst, solvent, and
temperature did not improve the yield considerably. In the next
step, selective C-3 arylation of imidazo[1,2-a]pyrimidine was
investigated with bromobenzene. The Pd-catalyzed selective
direct C3−H arylation of 2-unsubstituted imidazo [1,2-
a]pyridines with aryl halides is known.53 We followed the
method for the direct C3-arylation of C-2 substituted imidazo
[1,2-a]pyrimidine (route 1). However, much less conversion
was observed. With increased quantity of Pd(OAc)2-precatalyst
(5 mol %), the desired product was obtained in high yield.
In the next step, 2,3-diaryl-imidazopyrimidine was subjected to
cleavage of fused pyrimidine ring by using 20% ethanolic
hydrazine under microwave-assisted dielectric heating.
Following this protocol, final compounds 1, 2, 3, 4, 5, 6, 8,
10, 11, 12, and 13 with relevant (hetero) aryl substitutions
were synthesized (Figure 4).
While this route was applied to the synthesis of compounds

7, 9, and 14, corresponding arylation reactions were found
to be low-yielding. Therefore, they were prepared by another
method (route 2, Scheme 1). In this method (route 2,
Scheme 1), C3 bromination of imidazo[1,2-a]pyrimidine by
NBS followed by Suzuki coupling with arylboronic acids were
done, which provided the desired products 2,3-diarylimidazo-
pyrimidine in comparative yield. For the synthesis of com-
pound 15, a direct C3 arylation of 2-(3,4,5-trimethoxyphenyl)-
imidazopyrimidine with 5-bromo-2-methoxyphenol using

Figure 3. Design of novel 4,5-diaryl-2-aminoimidazoles as potential antitubulin and anticancer agents.
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optimized reaction conditions did not occur. The protection−
deprotection chemistry was then applied. The hydroxyl group
of 5-bromo-2-methoxyphenol was protected as a benzyloxy
moiety by reaction with benzyl bromide.54 After several
experiments, the arylation with 2-(benzyloxy)-4-bromo-1-
methoxybenzene was found to be successful with a reported
method55 with some modifications such as an increase in the
catalyst, base, and ligand. After C3-arylation, the hydrazine
mediated ring cleavage and subsequent debenzylation by
classical Pd−C catalyzed hydrogenation provided desired
compound (15) (Scheme 1). The structures of the compounds

(1−15) were characterized by 1H and 13C NMR (Supporting
Information).

Biological Studies. Cell-Based Screening of Combretas-
tatin Analogues for Their Antiproliferative Activity. Com-
bretastatin analogues (1−15) were screened in HeLa and
MCF-7 cell lines using sulforhodamine assay (Table 1). CA-4
was used as a control to make a comparison of the potency of
the synthesized combretastatin analogues. The half-maximal
inhibitory concentration (IC50) for all the compounds (1−15)
tested against MCF-7 and HeLa cells is shown in Table 1. Of
the enlisted compounds, four compounds, namely compound

Figure 4. Synthesized 4,5-biarylated-2-aminoimidazoles (1−15).

Scheme 1. Synthesis of Investigated Compounds (1−15)
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12, 9, 6, and 1, were found to potently inhibit the proliferation
of MCF-7 and HeLa cells. Because compound 12 was found to
be the most potent among the tested combretastatin analogues,
and therefore the antiproliferative activity of compound 12 was
further characterized.
A structure−activity relationship was established based

on the variation of the ring B in compounds (1−15) tested
for antiproliferative activities in MCF-7 and HeLa cell line.
The presence of 4-methoxy- or 3,4-dimethoxy-phenyl as
ring B provided very good antiproliferative activities. On the
other hand, 2-aminopyridine or pyridine as ring B showed
poor activities. Moderate activities were shown by com-
pounds that contain ring B moieties, 3,4,5-trimethoxyphenyl,
4-chloro/fluoro-phenyl, 3-methoxyphenyl, aniline, or indole.
The compound containing quinoline as ring B was found to
be most potent antiproliferative and superior effective than
CA-4.
Effect of Compound 12 on the Cell Proliferation in Cancer

Cell Lines. Compound 12 inhibited the proliferation of MCF-7
and HeLa cells with a half-maximal inhibitory concentration
(IC50) at 3 ± 2 and 10 ± 1 nM, respectively (Figure 5A,B).
CA-4 inhibited the proliferation of MCF-7 and HeLa cells with
an IC50 value of 18 ± 2 and 25 ± 2 nM, respectively (Figure 5C
and 5D). The results indicated that compound 12 displayed
more potent antiproliferative effects against MCF-7 and HeLa
cells than CA-4. Compound 12 also inhibited the proliferation
of highly metastatic breast cancer cells (MDA-MB-231), drug
resistant mouse mammary cancer cells (EMT6/AR1), and
hepatocarcinoma cells (HuH-7) more potently than CA-4
(Table 2). On the basis of structure−activity relationships and
the superior antiproliferative activities (Tables 1 and 2) of most
of the investigated class of compounds compared to CA-4 in
multiple cancer cell lines (MCF-7, HeLa, MDA-MB-231,
EMT6/AR1, and HuH-7), it is evident that the 2-amino-
imidazole skeleton bridging two aryls (A and B), as
replacement of double bond in the CA-4, and the quinoline
as ring B are important pharmacophoric features in addition to
trimethoxyphenyl as ring A. This may be plausibly due to the
biological target−ligand interaction stabilized by hydrogen
bonding with ring N/NH and C2-amine functionalities of
2-aminoimidazole and quinoline N in the ligand.

Compound 12 Depolymerized Microtubules and Caused
Mitotic Block in MCF-7 Cells. Combretastatins are known to
depolymerize cellular microtubules. Compound 12 also found
to depolymerize microtubules in a concentration-dependent
manner. For example, 5 nM compound 12 depolymerized
interphase microtubules moderately whereas 10 nM compound
12 induced strong depolymerization of interphase microtubules
in MCF-7 cells (Figure 6).
Further, compound 12 also perturbed the mitotic spindles.

At concentrations above 5 nM of compound 12, monopolar
spindles were observed and the cells were found to be blocked
in mitosis (Figure 7). A flow cytometry analysis of MCF-7 cells
treated with 5 and 10 nM compound 12 indicated that 40
and 74% of the cells were in the G2/M phase, respectively
(Table 3). Whereas in comparison, 20 and 46% of the cells
were in the G2/M phase in the presence of 5 and 10 nM CA-4,
respectively (Figure 8). To further corroborate the results,
phosphohistone H3 (Ser-10) staining of the cells was per-
formed. Phosphohistone H3 (Ser-10) is a mitotic marker of
cells. The number of phosphohistone-stained cells increased in
a concentration-dependent manner as compared to the vehicle-
treated cells (Figure 9). The percentage of the mitotic cells was
determined to be 8 ± 1, 15 ± 2, and 26 ± 1% in the absence
and presence of 5 and 10 nM compound 12, respectively.

Compound 12 Inhibited the Migration of MDA-MB-231
Cells. Combretastatins are well-known antivascular agents.
Therefore, the effect of compound 12 on the wound closure
of migratory tumor cells, MDA-MB-231 was evaluated.

Table 1. Half-Maximal Inhibitory Concentration of
Synthesized Combretastatin Analogues in MCF-7 and HeLa
Cell Line

combretastatin analogues IC50 in MCF-7 (nM) IC50 in HeLa (nM)

1 187 ± 5 197 ± 3
2 (27 ± 12) × 103 (34 ± 14) × 103

3 (12 ± 4) × 103 (8 ± 7.7) × 103

4 (8 ± 2) × 103 (3 ± 2) × 103

5 (3 ± 1) × 103 (3.4 ± 3) × 103

6 174 ± 7 166 ± 9
7 (53 ± 24) × 103 (18 ± 12) × 103

8 (18 ± 7) × 103 (14 ± 7) × 103

9 71 ± 6 68 ± 2
10 (21 ± 3) × 103 (18 ± 2) × 103

11 (13 ± 6) × 103 (4 ± 1) × 103

12 3 ± 2 10 ± 1
13 (8 ± 6) × 103 (3 ± 2) × 103

14 (6 ± 4) × 103 (8 ± 3) × 103

15 220 ± 12 390 ± 21
CA-4 18 ± 2 25 ± 2

Figure 5. Compound 12 and CA-4 inhibited the proliferation of
MCF-7 and HeLa cells. Effects of compound 12 in MCF-7 (A) and
HeLa (B) and the effects of CA-4 in MCF-7 (C) and HeLa (D) are
shown.

Table 2. Half-Maximal Inhibitory Concentration of
Compound 12 and CA-4 in Different Tumor Cell Lines

cell lines 12 (nM) CA-4 (nM)

MDA-MB-231 96 ± 13 331 ± 32
EMT6/AR1 350 ± 7 495 ± 11
HuH-7 335 ± 10 430 ± 9
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The wound was completely closed after 18 h in control cells
(Figure 10). CA-4 (50 nM) showed a minimal (8 ± 1%)
inhibitory effect on cell migration, while 50 nM compound 12
inhibited the wound healing by 56 ± 3% and 150 nM of CA-4
inhibited the wound healing by 52 ± 4%. The finding indi-
cated that compound 12 strongly inhibits the migration of
MDA-MB-231cells than CA-4.

Compound 12 Inhibited the Polymerization of Tubulin in
Vitro. Because compound 12 depolymerized microtubules in
cells, the effect of compound 12 on the assembly kinetics
of tubulin was analyzed in vitro. Compound 12 inhibited the
rate and extent of the assembly of tubulin in a concentration-
dependent manner (Figure 11A) and the half-maximal
inhibition (IC50) of tubulin assembly occurred in the presence
of 1.6 ± 0.7 μM of the compound. The results indicated that
compound 12 is a potent inhibitor of tubulin assembly.
Compounds 9 and 6 were found to inhibit the tubulin assembly
with an IC50 of 11 ± 1 and 13 ± 2 μM, respectively
(Figure 11B,C). Under similar conditions, CA-4 inhibited the
assembly of tubulin with an IC50 of at 1.7 ± 0.1 μM (Figure 11D).
Compound 1 (20 μM) did not have a significant inhibitory
effect on the assembly of tubulin.

Determination of the Dissociation Constant of Com-
pound 12 to Tubulin in Vitro. Compound 12 inhibited the
assembly of tubulin. Therefore, we analyzed its binding with

Figure 6. Compound 12 showed stronger depolymerizing effects on the interphase microtubule network than CA-4. MCF- 7 cells were incubated in
the absence and presence of 5 and 10 nM of compound 12 (A) and 5, 10, and 50 nM of CA-4 (B) for 24 h. Cells were fixed and stained for α-tubulin
(green) and nuclear stain, Hoechst (blue). Scale bar is 1 μm.

Figure 7. Effects of compound 12 and CA-4 on the mitotic spindles in MCF-7 cells. (A) MCF-7 cells were incubated either with the vehicle or with
5 and 10 nM compound 12 (A) and 5, 10, and 50 nM CA-4 (B) for 24 h and stained for α-tubulin (green) and nuclear stain, Hoechst (blue). Scale
bar is 1 μm.

Table 3. Percentage of MCF-7 Cells after Treatment with
Compound 12 and CA-4 and Analyzed by Flow Cytometry

compd G1 S G2/M

control 49 35 16
12 (5 nM) 34 25 40
12 (10 nM) 16 10 74
CA-4 (5 nM) 51 23 26
CA-4 (10 nM) 41 16 43
CA-4 (50 nM) 14 23 63
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tubulin. Compound 12 quenched the fluorescence intensity
of tubulin in a concentration-dependent fashion, indicating
that it interacts with tubulin (Figure 12A). The fluorescence
intensity changes were fitted in a binding isotherm to obtain
a dissociation constant (Kd) for the binding of compound 12
to tubulin (Figure 12 B). The Kd was calculated to be 1.9 ±
0.3 μM.
Determination of the Binding Site of Compound 12 on

Tubulin. Compound 12 displayed very low fluorescence

intensity in aqueous solution (Figure 13). Interestingly, the
fluorescence intensity of compound 12 increased several fold in
the presence of tubulin, indicating that it formed a complex
with tubulin (Figure 13).
Podophyllotoxin and CA-4 are known to bind to the

colchicine site on tubulin.56,57 Therefore, the binding site of
compound 12 on tubulin was monitored by performing a
competition experiment using podophyllotoxin as well as CA-4.
The preincubation of podophyllotoxin with tubulin reduced the
development of compound 12 fluorescence intensity in a

Figure 8. Compound 12 increased the percentage of cells in the G2/M phase. MCF-7 cells were incubated with either in the absence (A) or in the
presence of 5 (B) and 10 (C) nM compound 12 and 5 (D), 10 (E), and 50 (F) nM CA-4 for 24 h. The flow cytometry analysis was performed by
staining the DNA with propidium iodide.

Figure 9. Compound 12 increased the number of phosphohistone
stained cells. MCF-7 cells were incubated in the absence and presence
of 5 and 10 nM compound 12 for 24 h and stained for phosphohistone
(green) and nuclear stain Hoechst (blue). Scale bar is 10 μm.

Figure 10. Compound 12 inhibited MDA-MB-231 cell migration.
Effects of compound 12 and CA-4 on the wound closure are shown.
Scale bar is 1 μm.
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concentration-dependent manner (Figure 14A). A Ki value was
determined to be 0.3 ± 0.14 μM (Figure 14B). Similarly, CA-4
reduced the binding of compound 12 to tubulin in a concen-
tration dependent fashion (Figure 14C), and the Ki value was
found to be 0.68 ± 0.7 μM (Figure 14D).
In addition, we checked whether CA-4 and podophyllotoxin

could displace tubulin bound compound 12. Tubulin was first
incubated with compound 12 for 30 min and then either CA-4
or podophyllotoxin was added to the reaction milieu for further
30 min. The addition of CA-4 and podophyllotoxin reduced
the fluorescence of tubulin−compound 12 complex, indicating
that the binding of compound 12 to tubulin is reversible
(Supporting Information, Figure S1). Because the fluorescence

of compound 12 strongly increases upon binding to tubulin and
compound 12 reversibly binds to tubulin, compound 12 can be
used as a probe to evaluate tubulin inhibitors that bind to the
CA-4 site in tubulin. Then we checked whether vinblastine and
paclitaxel could inhibit the binding of compound 12 with
tubulin. Tubulin was incubated with either vinblastine or
paclitaxel for 10 min. Then compound 12 was added to the
reaction mixtures. Vinblastine and paclitaxel could not reduce
the development of the fluorescence intensity of compound 12,
indicating that these agents did not inhibit the binding of
compound 12 to tubulin (Supporting Information, Figure S2).
The results together indicated that compound 12 binds at
the colchicine-binding site of tubulin. Further, the findings

Figure 11. Compounds 12, 9, 6, and CA-4 inhibited the assembly of tubulin in vitro. Tubulin (12 μM) was polymerized in the presence of 1 mM
GTP and 1 M glutamate without (■) or with different concentrations 0.5 (●), 1 (▲), 2 (▼), 3 (□), and 5 (○) μM of compound 12 (A), different
concentrations 5 (●), 10 (▲), 15 (▼), and 20 (◀) μM of compound 9 (B), different concentrations 5(●), 10(▲), 15(▼), 20 (◀) and 30 (▶)
and 40 μM (◆) of compound 6 (C), and different concentrations 0.5(●), 1(▲), 2(▼), 3 (◀), and 5 (▶) μM of CA-4 (D). Three independent
sets of experiments were performed for each compound. One of the sets is shown of all the experiments.

Figure 12. Compound 12 reduced the intrinsic tryptophan fluorescence of tubulin. (A) Tubulin (2 μM) was incubated without (■) and with
different concentrations of 1 (●), 2 (▲), 5 (▼), 10 (Δ), 15 (○) and 20 (◆) μM of compound 12 in 25 mM PIPES buffer, pH 6.8, for 10 min at
25 °C. (B) The change in fluorescence intensity of tubulin upon binding with compound 12 was plotted. The experiment was conducted four times.
One of the four sets is shown.
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indicated that compound 12 may be used to screen agents that
bind to the colchicine site on tubulin in general and particularly
for CA-4 analogues.

■ CONCLUSION

In conclusion, we designed a new series of analogues of
combretastatin A-4, comprising 2-aminoimidazole as a bridging
skeleton replacing a double bond in CA-4, 3,4,5-trimethox-
yphenyl in ring A and various relevant (hetero) arenes in ring
B. Fifteen compounds were synthesized by a diversity feasible
and atom-economical route involving arene C−H bond
arylation. Four compounds exhibited antiproliferative activities
in nanomolar concentrations. 5-Quinolin-3-yl and 4-(3,4,5-tri-
methoxyphenyl) substituted imidazol-2-amine (compound 12)
was most potent. Compound 12 showed higher antiprolifer-
ative activity than CA-4 against five different cancer cell lines
including a drug resistant cell line. In addition, compound 12
exerted stronger inhibitory effect on the migration of highly
metastatic MDA-MB-231 than CA-4, indicating its strong anti-
metastatic potential. Compound 12 was found to cause a
significant depolymerization and perturbation of the interphase
and mitotic microtubule network and induced mitotic arrest in
MCF-7 cells. Like CA-4, compound 12 inhibited the rate and
extent of an in vitro assembly of purified tubulin with an IC50 of
1.6 μM. A dissociation constant of 1.9 μM is indicative of a
strong binding affinity of compound 12 to tubulin. Importantly,
compound 12 when bound to tubulin showed an increase in
the fluorescence intensity, indicating its potential use as a probe

Figure 13. The fluorescence intensity of compound 12 increased in
the presence of tubulin. Tubulin (2 μM) was incubated without (■)
and with 5 (●) and 10 μM (▲) of compound 12 in 25 mM PIPES
buffer for 10 min at 25 °C. The spectra of 5 (▼) and 10 (○) μM
compound 12 were also monitored using 350 nm as the excitation
wavelength.

Figure 14. Compound 12 bound at the colchicine site on tubulin. (A) Tubulin (3 μM) was incubated without (■) or with different concentrations
1 (▲), 3 (▼), 5 (○), 10 (□), 15 (◆), and 20 μM (●) of podophyllotoxin in 25 mM PIPES for 15 min at 25 °C. Then, the reaction mixtures were
incubated with 6 μM compound 12 for an additional 15 min at 25 °C. The spectrum of 6 μM (◇) compound 12 in the absence of tubulin is also
shown. The experiment was performed three times. (B) The changes in the fluorescence intensities were plotted against different concentrations of
podophyllotoxin. (C) Tubulin (3 μM) was incubated without (■) or with different concentrations of 1 (●), 3 (▲), 5 (▼), 10 (○), 15 (□), and
20 (◆) μM of CA-4 in 25 mM PIPES for 15 min at 25 °C. Subsequently, the reaction mixtures were incubated with 6 μM compound 12 for another
15 min at 25 °C. Three sets of experiments were performed. One of the sets is shown. (D) The change in fluorescence intensity was plotted against
CA-4 concentrations.
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in the characterization of new antitubulin agents. Competition
studies with CA-4 and podophyllotoxin for tubulin-binding
signified that compound 12 binds at the colchicine site on
tubulin. The results indicated the importance of 2-amino-
imidazole as bridging skeleton and quinoline motif in ring B in
the structural modulation of CA-4 for generating a new class of
antitubulin agents.

■ EXPERIMENTAL SECTION
Chemistry. General Considerations. All reactants and reagents

were obtained from the commercial source and used without further
purification. The NMR spectra were recorded on a Bruker Avance
DPX 400 MHz spectrometer in CDCl3/DMSO-d6/CD3OD solvents
using TMS as an internal standard. J values are given in Hz. HRMS
(ESI) were recorded with Bruker−Maxis mass spectrometers. IR
spectra were recorded on a Nicolet FT−IR Impact 410 instrument as a
thin film (neat). The reactions were monitored by TLC (Merck, Silica
gel 60 F254). The purity of synthesized compounds was analyzed by
HPLC (Shimadzu LC-6AD system), Phenomenex RP-C18 column
(250 mm × 4.60 mm), particle size 5 μm, flow rate 1 mL/min, using
water−acetonitrile. 2-(Benzyloxy)-4-bromo-1-methoxybenzene was
prepared following a known method.54

Synthesis of Compounds (1−15). Representative Experimental
Procedure for the Synthesis of Compound 2. A mixture of
2-aminopyrimidine (114 mg, 1.2 mmol), 3,4,5-trimethoxyacetophe-
none (210 mg, 1.0 mmol), Cu(OAc)2·H2O (20 mg, 0.1 mmol), 1,10-
phenanthroline (18 mg, 0.1 mmol), and zinc iodide (32 mg,
0.1 mmol) in 1,2-dichlorobenzene (2 mL) was stirred at 120 °C.
After maximal conversion (24 h, monitored by TLC), the resultant
mixture was washed by hexane to remove the solvent. The column
chromatographic purification of crude mass on neutral alumina
provided the intermediate 2-(3,4,5-trimethoxyphenyl)imidazo[1,2-a]-
pyrimidine (157 mg, 55%). For C-3 direct arylation (route 1),
intermediate 2-(3,4,5-trimethoxyphenyl)imidazo[1,2-a]pyrimidine
(342 mg, 1.2 mmol) was stirred with bromobenzene (157 mg,
1 mmol), KOAc (196 mg, 2 mmol), and Pd(OAc)2 (11.2 mg, 5 mol %)
at 150 °C in DMAc (4 mL). After maximal conversion (24 h, moni-
tored by TLC), solvent was evaporated under vacuum. The crude
reaction mixture was extracted with EtOAc (2 × 40 mL) and washed
with water (2 × 20 mL). The organic layer was dried with anhyd
Na2SO4 and concentrated under vacuum, which provided intermediate
2,3-diarylated imidazopyrimidine. Then the resultant crude mixture
without further purification was subjected to ring cleavage by heating
with hydrazine hydrate (20% in methanol, 3 mL) under microwave
irradiation at 120 °C. After completion of the reaction (15 min,
monitored by TLC), the solvent was evaporated under vacuum. The
column chromatographic purification of crude mass on silica gel
provided compound 2 in 36% isolated yield (starting from
intermediate 2-(3,4,5-trimethoxyphenyl)imidazo[1,2-a]pyrimidine).
Compounds 1, 2, 3, 4, 5, 6, 8, 10, 11, 12, and 13 were prepared by
following this procedure. For the synthesis of compounds 7, 9, and 14,
an alternative process (route 2) was followed. For bromination
at C-3 position, 2-(3,4,5-trimethoxyphenyl)imidazo[1,2-a]pyrimidine
(285 mg, 1 mmol) in methanol (2 mL) was stirred at 27−29 °C with
small quantitywise addition of NBS (178 mg, 1 mmol). After complete
conversion (1 h, monitored by TLC), the solvent was evaporated
under vacuum. To this crude mixture were added DMAc−H2O (1:1,
4 mL), arylboronic acid (1.3 equiv), Na2CO3 (530 mg, 5 equiv),
TBAB (322 mg, 1 equiv), and Pd(PPh3)4 (115 mg, 0.1 mmol). The
mixture was then refluxed with stirring at 105 °C. After completion of
the reaction (monitored by TLC), a solvent mixture was evaporated
under vacuum. The resultant mixture was extracted with EtOAc
(2 × 40 mL) and washed with water (2 × 20 mL). The organic layer
was dried with anhyd Na2SO4, and concentrated under vacuum. Then
the resultant crude mixture of intermediate 2,3-diarylated imidazopyr-
imidine without further purification was subjected to ring cleavage fol-
lowing the process mentioned above. For the synthesis of compound 15,
arylation of 2-(3,4,5-trimethoxyphenyl)imidazo[1,2-a]pyrimidine
(0.50 mmol, 145 mg) with 2-(benzyloxy)-4-bromo-1-methoxybenzene

(198 mg, 1.35 equiv) was done following a reported method55 with
use of increased quantities of cesium carbonate (360 mg, 2.2 equiv),
palladium acetate (33 mg, 15 mol %), and triphenylphosphine (40 mg,
30 mol %). Subsequently, the ring cleavage reaction was performed as
described above. Finally, the benzyl deprotection was done in the
presence of Pd−C in MeOH under H2 gas. The crude reaction
mixture was subjected to column chromatography on silica gel
(60−120 mess size). Compound 15 was obtained in 21% overall yield
starting from intermediate 2-(3,4,5-trimethoxyphenyl)imidazo[1,2-
a]pyrimidine. The structures of investigated compounds (1−15)
were characterized by 1H and 13C NMR, IR, and confirmed by HRMS
(ESI). Their purity tested by HPLC were found to be >95%.

Materials and Methods. Reagents. Sulforhodamine B (SRB),
mouse monoclonal, anti-α tubulin IgG as primary antibody, DABCO
(1,4-diazabicyclo[2.2.2]octane), FITC conjugated antimouse IgG
secondary antibody, and CA-4, Ethylene glycol-bis(2aminoethyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA) was purchased from
Sigma (St Louis, MO, USA). Podophyllotoxin was procured from
MP Biomedicals, India. Dulbecco’s phosphate buffered saline (DPBS),
Hoechst 33258, bovine serum albumin (BSA), piperazine-1,4-bis-2-
ethanesulfonic acid (PIPES), magnesium chloride (MgCl2), trichloro-
acetic acid (TCA), dimethyl sulfoxide, sodium bicarbonate, an
antibiotic−antimycotic solution comprising of streptomycin, ampho-
tericin B, and penicillin, and minimal essential media were purchased
from HiMedia, Mumbai (India). Fetal bovine serum used for cell
culture media was procured from Invitrogen. Phosphohistone H3
(Ser-10) primary antibody was purchased from Santa Cruz Biotech.
All the reagents utilized for the experiments were of analytical grade.

Cell Culture. MCF-7, HeLa and MDA-MB-231 were purchased
from the cell repository of National Centre for Cell Science, Pune,
India. EMT6/AR1 cell line was purchased from Sigma, and HuH-7
cells were obtained from the laboratory of Dr. S. Das (Indian Institute
of Science, Bangalore, India). HeLa and MCF-7 cells were cultured in
minimal essential media (MEM), whereas MDA-MB-231, HuH-7, and
EMT6AR1 was cultured in Dulbecco’s Modified Eagle’S Medium
supplemented with 2.2 g/L of sodium bicarbonate, 10% (v/v) fetal
bovine serum (FBS: US origin), and 1% antibiotic−antimycotic
solution composed of streptomycin, amphotericin B, and penicillin.
Cell lines were cultured at 37 °C in a humidified incubator (Sanyo,
Tokyo, Japan) with 5% carbon dioxide.

Cell-Based Screening Assay. Synthesized combretastatin analogues,
(1−15) and CA-4 used in the study were dissolved in 100% cell
culture grade DMSO. The compounds were serially diluted in minimal
essential media (MEM) to maintain the final concentration of DMSO
as <0.1% for testing on cancer cell lines. A concentration of 200 nM of
synthesized combretastatin analogues (1−15) and CA-4 were initially
used for screening the potency of compounds in HeLa cell line.

Half-Maximal Inhibition of Tumor Cell Growth by Combretas-
tatin Analogues. MCF-7 and HeLa cells (1 × 105 cells/mL) were
seeded in 96-well plates and incubated for 24 h for attachment. The
cells were then incubated with different concentrations of synthesized
combretastatin analogues and incubated for 48 h for MCF-7 and 24 h
for HeLa. CA-4 was used as a control for comparing the potencies of
the synthesized combretastatin analogues. MDA-MB-231, EMT6AR1,
and HuH-7 cells were incubated with compound 12 and CA-4 for
24 h. Subsequently, cells were fixed with 50% TCA and the half-
maximal inhibitory concentration (IC50) for the respective compounds
was determined by sulforhodamine B assay.58 Three independent sets
of experiments were performed.

Immunostaining and Microscopy.MCF-7 cells (0.5 × 105 cells/mL)
were seeded on glass coverslips in a 24-well tissue culture plate for
24 h and then incubated without or with different concentrations of
compound 12 for 24 h. The cells were fixed with 3.7% formaldehyde
and stained with α-tubulin (IgG) or phosphohistone H3 (Ser-10)
antibodies for 1 h. Then, FITC conjugated IgG secondary antibody
were added onto the cells and incubated for 1 h and washed with
DPBS three times. The cells were finally stained with (20 μg/mL) of
Hoechst 33258. The images were captured using an Eclipse TE 2000U
microscope (Nikon, Tokyo, Japan).
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Cell Migration Assay. MDA-MB-231 cells were grown in 35 mm
culture dishes until 90% confluency. Subsequently, the media was
aspirated and a wound was created in the middle of the dish by
scratching on the confluent cells using a 10 μL microtip.59 The cells
were then incubated in the absence and presence of different
concentrations of compound 12 and CA-4. The wound closure was
monitored at different time points (0, 4, and 18 h). Images were
captured and the percentage of wound closure was calculated using
Image Pro-Plus software.
Cell Cycle Analysis by Flow Cytometry. MCF-7 cells were

incubated in the absence and presence of compound 12 and CA-4
for 24 h. Subsequently, the cells were fixed with 70% alcohol in DPBS.
The fixed cells were incubated with RNase (1 μg/mL) and propidium
iodide (50 μg/mL) for 2 h. The flow cytometry analysis were
performed using BD FACS Aria special order system (Becton
Dickinson, San Jose, CA, USA), and the obtained data were fitted
using a software, Modfit LT version 3.2 (Verity Software House, ME,
USA).60

The Effects of Compounds 12, 9, and 6 on the Assembly Kinetics
of Tubulin in Vitro. Tubulin was purified from goat brains using 1 M
glutamate as described previously.61 The purity of tubulin was
estimated to be >97% using Coomassie Brilliant Blue stained
SDS-PAGE. Tubulin (12 μM) was resuspended in a buffer containing
25 mM PIPES, 1 mM EGTA, and 3 mM MgCl2 with 1 M glutamate
and was incubated without or with different concentrations (0.5−5 μM)
of compound 12, (0.5 to 20 μM) of compound 9, (5−40 μM) of
compound 6, and (0.5−5 μM) of CA-4 for 10 min on ice. After
10 min, 1 mM GTP was added to the reaction mixtures, and
subsequently, the assembly kinetics of tubulin was monitored at
350 nm (37 °C) for 20 min using Spectramax M2e. Similarly,
inhibition of the assembly kinetics of tubulin was tested using CA4 for
comparison of the potency of compound 12. Three independent
experiments were performed.
Determination of the Dissociation Constant (Kd) of the Binding

of Compound 12 and Tubulin. Tubulin (2 μM) was incubated in the
absence and presence of different concentrations (1−20 μM) of
compound 12 for 10 min at 25 °C. Tryptophan fluorescence of tubulin
in the presence and absence of compound 12 was monitored using an
excitation wavelength of 295 nm in a 0.3 cm path length cuvette
(FP-6500 spectrofluorometer JASCO, Tokyo, Japan). A dissociation
constant for the binding interaction of compound 12 and tubulin
was calculated by fitting the change in fluorescence data in an

equation Δ = Δ ×
+F F L

K L
max

d
using Graph Pad Prism software version 5.

Four independent sets of experiments were performed.
Characterization of the Binding of Compound 12 on Tubulin.

Tubulin (2 μM) was incubated without and with different
concentrations of compound 12 (5 and 10 μM) in 25 mM PIPES
buffer, pH 6.8, for 10 min at 25 °C. The fluorescence spectra
(420−520 nm) were recorded using an excitation wavelength of
350 nm. The experiments were repeated thrice.
Determination of the Binding Site of Compound 12 on Tubulin.

Tubulin (3 μM) was incubated without or with different
concentrations (1−20 μM) of podophyllotoxin in 25 mM PIPES,
pH 6.8, for 15 min at 25 °C. Subsequently, compound 12 (6 μM) was
added to all the reaction mixtures and incubated for 15 min at 25 °C.
Similar experiments were performed using tubulin (3 μM) with
different concentrations of (1−20 μM) of CA-4, vinblastine (10 and
30 μM), and paclitaxel (10 and 30 μM) in 25 mM PIPES, pH 6.8, for
15 min at 25 °C. Subsequently, the reaction mixtures were incubated
with 6 μM compound 12 for 15 min at 25 °C. After the incubation, the
fluorescence spectra (420−520 nm) were recorded using an excitation
wavelength of 350 nm. The inhibition constant was calculated using an
equation.

=
+

K
EC

1 L
K

i
50

d

In a separate experiment, tubulin was first incubated with
compound 12 for 30 min. Then the reaction mixture was incubated
without or with either 50 μM podophyllotoxin or 50 μM CA-4 for an

additional 30 min. The spectra were monitored using 350 nm as the
excitation wavelength.
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