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A new class of 3-aryl-rhodanine benzoic acid derivatives were designed, synthesized, and evaluated for
their inhibition activities against anti-apoptotic Bcl-2 proteins. The potent compounds 33 and 41 bound
to Bcl-2 with submicromolar Ki values and had selectivities to Bcl-2/Mcl-1 over Bcl-xL. In addition, they
exhibited obvious antiproliferative activities in three human tumor cell lines (MDA-MB-231, K562 and
PC-3).

� 2015 Published by Elsevier Ltd.
ic Bcl-2
Apoptosis is a highly conserved process which is triggered by
cellular stimuli of internal or external. Evasion of apoptosis is a
hallmark of human cancer and contributes to the resistance to con-
ventional therapies.1 As a result, targeting key apoptosis regulators
is promising therapeutic strategy for malignancies treatment.

The Bcl-2 (B-cell lymphocyte/leukemia-2) family proteins are
key regulators of apoptosis and composed of anti-apoptotic pro-
teins, including Bcl-2, Bcl-xL, Mcl-1, Bfl-1/A1, Bcl-B and Bcl-w,
and pro-apoptotic proteins, such as BAK, BAX, BID, BIM and
BAD.2,3 Studies show that the anti-apoptotic Bcl-2 proteins are
over-expressed in multiple types of human cancers such as B-cell
lymphomas,4 prostate cancers5 and breast carcinomas.6 And they
are contributors of cancer initiation, progression, and resistance
to current anti-tumor treatments.7 As a consequence, anti-
apoptotic Bcl-2 proteins have become attractive targets for the
treatment of various human cancers and different series of small-
molecule inhibitors have been reported.8–13 Navitoclax (ABT-263,
1), a dual inhibitor of Bcl-2 and Bcl-xL,14–17 and Obatoclax
(GX15-070, 2), a pan Bcl-2 family inhibitor,18–21 were currently
in phase I/II clinical trials (Fig. 1).

Rhodanine (2-thioxo-4-thiazolidinone) is a very common active
fragment in antitumor agents,22–24 and some rhodanine-based
derivatives have been developed as potent Bcl-2 family
inhibitors.25–30 The first of them, BH3I-1 (3), bound to the BH3
binding site of Bcl-2 proteins and induce apoptosis.25 After that,
 WL-276 (4) was developed and the preliminary biological activity

assay showed that it could suppress tumor growth.30 And further
SAR studies and optimization of WL-276 has been done by our
group.31 Recently, we found a new rhodanine compound 5 with
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3-aryl-rhodanine benzoic acid structure showed 18% inhibition
against Bcl-2 protein at 100 lM, which indicated that the
3-aryl-5-ylidene-rhodanine benzoic acid derivatives might possess
potential Bcl-2 inhibition. In our on-going studies, further struc-
tural modifications were focused on the 3-position of rhodanine
with more complicated aryl or benzyl group and another aromatic
ring (–Ar–X–) was introduced to 5-position of rhodanine based on
previous studies (Fig. 2). Herein, we report the synthesis of a series
of 3-aryl-rhodanine benzoic acid derivatives, their inhibition activ-
Figure 2. Representative rhodanine-based Bcl-2 inhibitors and

Scheme 2. Synthesis of target compounds 14–44. Reagents and conditions: (a) (i) CS2,
reflux; (c) NH4Ac, HAc, reflux.

Scheme 1. Synthesis of intermediates 8a–8e. Reagents and conditions: (a) K2CO3,
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ities against Bcl-2 proteins and their in vitro antiproliferative
activities.

As shown in Scheme 1, the intermediates substituted 8a–8e
were prepared through substitution32 and/or coupling33 reaction.
And the N-arylsubstituted rhodanines were prepared through
two different methods. While 13a–13c and 13e–13o were follow-
ing the same literature,34 4-nitrophenyl rhodanine (13d) was syn-
thesized from 4-nitroaniline (12d) and bis(carboxymethyl)
trithiocarbonate35 (Scheme 2).
design of our 3-aryl-rhodanine benzoic acid derivatives.

Et3N, ethanol; (ii) ClCH2COONa, H2O; (iii) 6 M HCl, 85 �C; (b) SC(SCH2COOH)2, H2O,

acetone, reflux; (b) NaHCO3, THF, 0 �C; (c) oxalyl chloride, NaHCO3, THF, 0 �C.
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Table 2
The binding affinities of representative target compounds to three Bcl-2 proteins

Compd Ki
a (lM)

Bcl-xL Bcl-2 Mcl-1

19 >10 3.1 ± 0.8 3.2 ± 0.5
21 >10 2.0 ± 0.2 3.9 ± 1.7
22 >10 1.6 ± 0.2 3.7 ± 1.2
33 3.9 ± 0.9 0.90 ± 0.10 0.72 ± 0.07
41 >10 0.61 ± 0.06 0.70 ± 0.11
42 >10 4.3 ± 0.7 1.6 ± 0.4
WL-276 0.57 ± 0.24 0.50 ± 0.04 0.29 ± 0.04
Gossypol 0.64 0.44 0.31

a Each value was reproduced in three independent assays and expressed with
standard deviations.
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After all the intermediates had been synthesized, the target
compounds 14–44 were afforded through the aldol reaction of 13
with 8 in the presence of acetic acid and ammonium acetate.36

Using fluorescence polarization assays (FPAs), affinities of the
target compounds for Bcl-2 were tabulated as Ki values in Table 1.
According to the data in Table 1, many target compounds showed
better affinities for Bcl-2 protein than the previous compound 5.
And some exhibited similar activities compared withWL-276. Also,
both the substituents on aromatic ring A (R) or C (R0, –COOH) and
the linker X between aromatic ring B and C had important effects
on the binding affinity for Bcl-2. For example, when R was hydro-
gen, compounds 14–18 displayed poor affinities (Ki P 9 lM). And
most of the substitutions on 3- or 4-position of the phenyl A did
not improve the activities except 4-nitro, 4-bromo and 4-iodo
(27, 41 and 42). While 4-nitro and 4-iodo groups minor increased
the affinities of 27 (Ki = 3.1 lM) and 42 (Ki = 4.3 lM), 4-bromo sub-
stituted 41 showed higher affinities with the Ki value of 0.61 lM.
The results indicated that halogen substitution on 4-position of
phenyl A exhibited significant effect on binding affinities. On the
other hand, the substituents on ortho-position of phenyl A signifi-
cantly impacted the activities as well. For example, o-methyl and
o-methoxy substituted compounds (19, 21, 22, 33, 34) showed
much better activities than unsubstituted 14–18. The results indi-
cated that electron donating groups (EDGs) on ortho-position of
Table 1
The structure and in vitro Bcl-2 inhibitory activity of 14–44

Compd R n X

5
14 H 0 4-OCH2–
15 H 0 3-OCH2–
16 H 0 4-OCH2CONH–
17 H 0 4-OCH2–
18 H 0 4-CONH–
19 2-CH3 0 3-OCH2–
20 2-CH3 0 4-OCH2CONH–
21 2-OCH3 0 4-OCH2–
22 2-OCH3 0 3-OCH2–
23 2-OCH3 0 4-OCH2CONH–
24 4-NO2 0 4-OCH2–
25 4-NO2 0 3-OCH2–
26 4-NO2 0 4-OCH2CONH–
27 4-NO2 0 4-OCH2–
28 4-NO2 0 4-CONH–
29 3-CH3 0 4-OCH2–
30 3-CH3 0 4-OCH2CONH–
31 4-CH3 0 4-OCH2–
32 4-CH3 0 4-OCH2CONH–
33 2,6-(CH3)2 0 4-OCH2–
34 2,6-(CH3)2 0 4-OCH2CONH–
35 4-OCH3 0 4-OCH2–
36 3-NO2 0 4-OCH2–
37 4-COCH3 0 4-OCH2–
38 3-CF3 0 4-OCH2–
39 4-F 0 4-OCH2–
40 4-Cl 0 4-OCH2–
41 4-Br 0 4-OCH2–
42 4-I 0 4-OCH2–
43 2,6-F2 0 4-OCH2–
44 4-F 1 4-OCH2–
WL-276

a Each value was reproduced in three independent assays and expressed with standa
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phenyl A were benefit for the interaction of inhibitors and the
Bcl-2 protein. Moreover, the activity of 43 also confirmed this
hypothesis. Its poor affinity for Bcl-2 was likely due to the elec-
tron-withdrawing fluorine substituents. Besides, the fact that tar-
get compound 44 displayed poor affinity for Bcl-2 suggested
addition of one methylene between phenyl A and rhodanine did
not improve the compounds’ activities.

And for the substituents on aromatic ring C, 2-nitro and 5-car-
boxy disubstitution was better than 4-carboxyl monosubstitution,
R0 Position of –COOH Ki
a (lM)

>10
— 4 >10
— 4 >10
— 4 >10
2-NO2 5 9.0 ± 4.4
4-OH 3 >10
— 4 3.1 ± 0.8
— 4 >10
— 4 2.0 ± 0.2
— 4 1.6 ± 0.2
— 4 10 ± 2.5
— 4 >10
— 4 >10
— 4 >10
2-NO2 5 3.1 ± 0.9
4-OH 3 >10
— 4 >10
— 4 >10
— 4 >10
— 4 >10
— 4 0.90 ± 0.10
— 4 7.6 ± 1.5
— 4 >10
— 4 9.6 ± 2.2
— 4 >10
— 4 >10
— 4 >10
— 4 >10
— 4 0.61 ± 0.06
— 4 4.3 ± 0.7
— 4 >10
— 4 >10

0.50 ± 0.04

rd deviations.
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Figure 3. (A) Docked compound 41 with Bcl-2 (PDB code 2O2F). (B) The docking mode of compound 41 in the active site of Bcl-2 protein.
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as both the two target compounds 17 and 27 showed more potent
activities than 4-carboxyl substituted 14 and 24.

In addition, the linker X between aromatic ring B and C also
affected the affinity activities. When R0 was the same substituent,
the compounds 21 and 22 had good appetency with Ki value in
the low micromolar range in the case of the phenoxyl group was
connected with alkylbenzoic acid. Nevertheless, 23 showed poor
affinity activity (Ki = 10 lM) owing to the acetamidobenzoic acid
linked. Also, 19–20 and 33–34 had the same trends. This result
suggested that X was important to binding affinities as well.

We also explored if these rhodanine-based benzoic acid com-
pounds could inhibit other anti-apoptotic Bcl-2 proteins. Six com-
pounds 19, 21, 22, 33, 41 and 42, which showed potent binding
affinities for Bcl-2 with Ki of low micromolar, were chosen to eval-
uate their activities against Mcl-1 and Bcl-xL (Table 2). The results
showed that all the compounds exhibited good affinities for Bcl-2
and Mcl-1. But they had poor inhibitory activity against Bcl-xL. It
suggested that the rhodanine-based benzoic acid derivatives might
have Bcl-2/Mcl-1 selectivities.

To better studying the interactions of these rhodanine-based
benzoic acid derivatives to Bcl-2 protein, the most potent com-
pound 41 were chosen to dock with Bcl-2 protein in the active site
using AutoDock 4.2,37 which was a widely used docking program
with exceptional accuracy (Fig. 3). The results suggested that com-
pound 41 could reasonably bind to the active pocket of Bcl-2 pro-
tein. And the benzoic acid group could form one hydrogen bond
with Phe109.

To further examine the activities of rhodanine-based benzoic
acids at the cellular level, the potent target compounds 33 and
41 were selected to test their antiproliferative activities taking
WL-276 and Gossypol as control. Three cancer cells, MDA-MB-
231 (human breast cancer cell), K562 (human myelogenous leuke-
mia cell) and PC-3 (human prostate cancer cell), were evaluated
using MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetra-
zoliumbromide) assay. According to the data in Table 3, both 33
and 41 displayed obvious antiproliferative activities, which were
Table 3
Antiproliferative activities of representative compounds

Compd IC50
a (lM)

MDA-MB-231 K562 PC-3

33 25.6 ± 1.8 46.6 ± 3.2 25.8 ± 3.4
41 19.8 ± 1.1 43.8 ± 1.5 18.9 ± 1.9
WL-276 >30 32.8 + 1.4 >30
Gossypol 4.80 ± 1.00 7.31 ± 0.34 5.61 ± 0.18

a Inhibitory data are means of no fewer than two independent determinations
and expressed with standard deviations.
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better or similar compared with WL-276 against all the tested can-
cer cells. And it appeared that all the target compounds showed
better growth inhibition activities toward solid tumor cell
(MDA-MB-231 and PC-3) than blood cancer (K562). Of them, 41
had slightly higher inhibitory potency than 33 against the tested
tumor cells.

In conclusion, we had designed and synthesized a series of rho-
danine-based benzoic acid derivatives as Bcl-2 inhibitors. The
strong affinities of compounds 19, 21, 22, 33 and 41 suggested that
the ortho-methylphenyl, ortho-methoxyphenyl and para-bro-
mophenyl substituents on 3-position of rhodanine and a suitable
linking group between aromatic rings B and C were benefit for
potency. Also, they had much better activities than the initial com-
pound 5. In addition, all the tested compounds showed Bcl-2/Mcl-1
selectivities over Bcl-xL, and the most potent 33 and 41 displayed
obvious antiproliferative activities. These results indicated that
rhodanine-based benzoic acid derivatives could be used as lead
compounds to develop novel Bcl-2 inhibitors.
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