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and broad-spectrum Bcr-Abl
inhibitory activity of novel thiazolamide–
benzamide derivatives†

Juan Liu,‡ Honglin Huang,‡ Xiangping Deng, Runde Xiong, Xuan Cao,
Guotao Tang, Xin Wu, Shiyu Xu and Junmei Peng *

Bcr-Abl plays an important role in the pathogenesis and development of chronic myeloid leukemia (CML).

But Bcr-Abl is prone to mutation, so it increases the difficulty of clinical treatment. Therefore, it is crucial to

design a new class of broad-spectrum Bcr-Abl inhibitors. Herein, forty novel thiazolamide–benzamide

derivatives were synthesized and evaluated their broad-spectrum Bcr-Abl inhibitory activities. The newly

synthesized compounds were characterized by using spectrum data (1H NMR, APCI-MS and IR) and

elemental analysis. The protein kinase results indicated that eight compounds (3a, 3e, 3m, 3n, 3p, 4c, 4f,

4g) showed high activities to wild-type and T315I mutation. The most potent compound 3m exhibited an

Abl IC50 value as low as 1.273 mM and showed inhibition to the T315I mutant with IC50 value 39.89 mM.

3m could prove to be a new promising lead compound for the further development of broad-spectrum

Bcr-Abl inhibitors to overcome clinical acquired resistance.
1 Introduction

Chronic myeloid leukemia (CML) is a clonal myeloproliferative
disorder of a hematopoietic stem cell, marked by the Phila-
delphia chromosome (Ph).1,2 The appearance of the Ph chro-
mosome is the result of the reciprocal translocation between the
Abelson (ABL) gene from the long arm of chromosome 9 and the
break-point cluster region (BCR) gene on chromosome 22.3,4

The translocation leads to the creation of abnormal Bcr-Abl
fusion protein, which is constitutively active and can increase
tyrosine kinase (TK) activity. This dysregulated TK activity is
considered to be both a necessary and sufficient starting trigger
in CML.5 CML can spread through the bloodstream, causing
symptoms such as anemia, bleeding, infection, organ inltra-
tion and reduced immune function. If untreated, it usually
progresses to the terminal acute phase within 3 to 5 years and
leads to death.6

The advent of Bcr-Abl inhibitor therapy has essentially
changed the way of treating CML. Imatinib, the rst approved
ATP-competitive Bcr-Abl inhibitor, has shown great success
with a large sum of patients beneting from it, and now
remains as the rst-line therapy drug of CML.7 But several
studies have reported that imatinib has been associated with
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a variety of complications, including bleeding quality and
thrombosis.8 The most important point is that acquired resis-
tance has become a principal obstacle for treatment of CML,
and about 40% of patients have failed treatment.9,10 The main
mechanism of imatinib resistance is themutation of the Bcr-Abl
fusion gene, which can affect the binding to imatinib by
changing amino acid residues in the Bcr-Abl domain and result
in decreased sensitivity and induction of drug resistance.11,12 In
order to overcome the resistance of imatinib, a more powerful
Bcr-Abl inhibitory-dasatinib has been developed, which can
overcome the most of resistance except the resistance caused by
T315I mutation.13,14 Ponatinib is the rst broad-spectrum Bcr-
Abl inhibitor,15 however, published clinical data show that it
has a risk of fatal blood clots and severe vascular stenosis.16

Ponatinib was once removed from the market due to its toxic
side effects. Now, Ponatinib is only approved for chronic,
accelerated or blast-resistant CML and Ph + ALL that are resis-
tant or intolerant to previous TK inhibitor treatments.17

Even though ponatinib is restricted due to the serious side
effects, its strategy of design is commendable and encouraged
other scientist to develop more CML drugs. Unlikely to other
solid tumors, the CML has more mutation types and more
mutation risks. It has been reported that more than 90 different
amino acid substitutions in Bcr-Abl domain have been identi-
ed.18 Among them, the T315I mutation, aptured 15–20%.19 In
the progress of CML, there is oen a phenomenon that mutants
and non-mutants coexist in patients which increases the diffi-
culty of clinical treatment. For example, a combination of
imatinib and an imatinib-resistant Bcr-Abl mutants inhibitor
was oen used to treat this phenomenon, but this may lead to
This journal is © The Royal Society of Chemistry 2019
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an increased toxicity in normal tissues.20 Hence, it is crucial to
design new broad-spectrum Bcr-Abl inhibitors.

In this work, based on the comprehension of the mechanism
of imatinib resistance and the high activity of ponatinib on the
T315I mutation, a series of novel thiazolamide–benzamide
derivatives were designed, synthesized and evaluated for their
Bcr-Abl inhibitory activity. The in vitro biochemical assays
results showed that some compounds showed good broad-
spectrum Bcr-Abl inhibition of both wild-type and T315I
mutant.
2 Results and discussion
2.1 Design

The pharmacophore that imatinib binds to the Abl kinase
domain is pyrimidine aminobenzoyl.21 This pharmacophore is
also present in other Bcr-Abl inhibitors, such as nilotinib and
radotinib. Studying the interaction between imatinib and Bcr-
AblT315I, it is found that aer the 315 threonine mutation to
isoleucine, the large volume of isoleucine produces steric
hindrance, hindering the interaction with imatinib. The
combination result in imatinib being ineffective against Bcr-
AblT315I.22,23 Compared to the pyrimidine ring in imatinib, the
alkynyl group in ponatinib does not produce steric hindrance to
isoleucine due to its small size. This is the main reason why
ponatinib is effective to Bcr-AblT315I but imatinib is ineffective.24

So, we speculate that some small volume groups can be used in
place of the pyrimidine group in imatinib which reduces its
steric hindrance to isoleucine to obtain a CML drug that is
effective against both wild-type and T315I mutant.

The thiazole skeleton is known as to have pharmacological
activities against the chronic myeloid leukemia cell line
K562.25,26 Moreover, the result of dasatinib binding to the Abl
kinase domain showed that the N3 of thiazole ring was engaged
in a vital hydrogen bond interplay with the NH group of
Met318.27,28 And the volume of 1,3-thiazole ring is smaller than
that of 1,3-pyrimidine ring. So, our team used the 1,3-thiazole
ring to instead of 1,3-pyrimidine. At the same time, the struc-
ture of the pharmacophore group benzamide was retained.
Thus, designed a series of novel thiazolamide–benzamide
derivatives were designed (Fig. 1).
2.2 Molecular

In order to demonstrate our design hypothesis, we used SYBYL-
X2.0 to perform molecular docking simulation of the designed
compounds with Abl and AblT315I kinases. Wild-type Abl kinase
(PDB code: 2GQG27) and its T315I mutant (PDB code: 3IK315)
were selected as receptors for docking study. The docking
results showed that the designed compounds had a good
inhibitory effect on Abl and AblT315I. 3m was taken an example
to illustrate the docking mode of the designed compound with
Abl and AblT315I. The binding modes of compound 3m with
wild-type and AblT315I mutant were illustrated in Fig. 2. As ex-
pected, 3m showed a high affinity with Bcr-Abl like imatinib. It
displayed perfect binding with the gatekeeper Thr315 residue
by two hydrogen bonds. The terminal methoxy group hold the
This journal is © The Royal Society of Chemistry 2019
important hydrophobic pocket of Asp381 (part of the DFG-motif
of the N-terminal activation ring), which was occupied in an
excellent manner by the formation of hydrogen bonds. In
addition, the hydroxyl group on the benzene ring of 3m formed
an additional hydrogen bond with Thr319 (Fig. 2B).

3m binded to the ATP pockets formed by the activity of
AblT315I mutant, avoiding steric hindrance with the gatekeeper
residue Ile315. In addition, NH in the amide group formed two
hydrogen bonds with Glu286 and Asp381 which enhanced the
affinity of the compound for the ATP binding site (Fig. 2C).

It can be seen from the docking diagram of 3m and Abl and
AblT315I that 3m not only has good affinity with the ATP binding
site, but also does not produce steric hindrance with Ile315.
Therefore, theoretically, this series of compounds may has
a good broad-spectrum Bcr-Abl inhibition.

2.3 Chemistry

The synthetic program utilized for the synthesis of titled thia-
zolamide–benzamide derivatives 2a–2h, 3a–3p, and 4a–4p were
outlined in Schemes 1 and 2. The key intermediate 3-thiour-
eidobenzoic acid was synthesized starting from 3-aminobenzoic
acid, thiocyanate and benzoyl chloride according to the steps
reported in our previous research. A series of bromoaryl ketone
(1a–1h) were produced by bromine substitution of different aryl
ketones. The vital skeleton of the 1,3-thiazole ring was con-
structed by a cyclization reaction of the intermediate 3-thiour-
eidobenzoic acid with (1a–1h).

In the presence of EtOH, HOBt and EDCI were added to
compound (2a–2h) under ice bath. Aer about 4 h, the glycine
methyl ester hydrochloride or L-phenylalanine methyl ester
hydrochloride, DIPEA, DMAP and DMF were added, and the ice
bath was continued for half an hour. Then the resulting mixture
was allowed to stir at room temperature for 21–28 h to obtain
3a–3p. The synthesis of 4a–4p was a common hydrolysis reac-
tion, and the yield was also satisfactory.

2.4 Inhibition of Bcr-Abl and Bcr-AblT315I activity

All the target compounds were evaluated for their enzymatic
inhibition against both Bcr-Abl and Bcr-AblT315I. The tyrosine
kinase inhibitory potency was assayed by using the well-
established ADP-Glo assays. The substituents of the tested
compounds and their kinase IC50 values were listed in Table 1.

As shown in Table 1, some compounds showed good
inhibitory activities against Bcr-Abl and Bcr-AblT315I. In partic-
ular, eight compounds (3a, 3e, 3m, 3n, 3p, 4c, 4f, 4g) showed
better activities. The most potent compound, 3m, strongly
inhibited Bcr-Abl and Bcr-AblT315I with IC50 values of 1.273 mM
and 39.89 mM. Meanwhile, the control drug imatinib displayed
excellent Abl potency with IC50 values of 0.398 mM. However, it
did not shown an inhibitory effect on the T315I mutant.
Compared with imatinib, 3m showed more potent Bcr-AblT315I

inhibitory activity.
Eight compounds (2a–2h) without amino acids had no

inhibitory effect on Bcr-Abl and Bcr-AblT315I, while compounds
with amino acids were signicantly increased. The reason may
be that the introduction of amino acids can increase the
RSC Adv., 2019, 9, 2092–2101 | 2093
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Fig. 1 Design of thiazolamide–benzamide derivatives as novel Bcr-Abl inhibitors.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 2
/1

9/
20

26
 5

:4
3:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
targeting of drugs,29,30 raise solubility.31,32 And the ip-side of
using amino acids is the potential accumulation of the drug
into the lysosomes as well as exposing the scaffold to potential
attack from proteases.33,34 In general, compounds connected
with L-phenylalanine were more active than those linked to
glycine, which might be that the stronger hydrophobicity of
benzyl group than hydrogen atom, resulting in the increased
activity of wild-type and T315I mutation.

The enzymatic kinase assays and docking simulation studies
have showed that some compounds showed good broad-
spectrum Bcr-Abl inhibition of wild-type and T315I mutant. In
particular, 3m could prove to be a new promising lead
compound for the further development of broad-spectrum Bcr-
Abl inhibitors to overcome clinical acquired resistance.
3 Conclusion

In summary, a series of novel thiazolamide–benzamide deriva-
tives were designed, synthesized and evaluated for their Bcr-Abl
inhibitory activity. The in vitro biochemical assays results
showed that some compounds showed good broad-spectrum
Bcr-Abl inhibition of wild-type and T315I mutant. In partic-
ular, 3m could prove to be a new promising lead compound for
the further development of broad-spectrum Bcr-Abl inhibitors
to overcome clinical acquired resistance.
2094 | RSC Adv., 2019, 9, 2092–2101
4 Experimental
4.1 Chemistry

Chemicals and solvents were purchased from commercial
suppliers and used without further purication unless other-
wise indicated. The silica powder was 100–200 mesh used to
purify the compound by column chromatography. Thin layer
chromatography (TLC) was performed to monitor the comple-
tion of the reaction and optimize the purity of the reaction, and
was observed under ultraviolet light at 254 nm. Melting points
were determined on RY-1G melting point apparatus (Tianjin
Xintianguang Instrument Company, China) and were uncor-
rected 1H NMR spectra were recorded (in DMSO-d6 or CDCl3) on
a Bruker spectrometer (400 MHz) using TMS as an internal
control. 13C NMR spectra were recorded (in DMSO-d6 or CDCl3)
on a Bruker spectrometer (101 MHz). IR was acquired on SHI-
MADZU. Mass spectra were acquired on APCI-MS spectrometer
and elemental analysis was achieved on Perkin Elmer 2400
CHN.

4.1.1 Synthesis of 3-thioureidobenzoic acid. A 250 mL,
three-necked, round-bottomed ask containing ammonium
thiocyanate (11.4341 g, 0.12 mol) and acetone (30 mL) was
equipped with machine mixing. The benzoyl chloride
(16.8034 g, 0.13 mol) was slowly added into the above reaction
mixture. Heating to reux, then adding 3-aminobenzoic acid
(14.1147 g, 0.10 mol) in 4 batches. Aer the addition was
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Chemical Structure of 3m and the predicted bindingmode of 3mwith Abl and AblT315I. (A) Chemical structure of 3m. (B) The bindingmode
of 3mwith the ATP-binding site of Abl. 3mwas shown in blue with translucent molecular surface. Hydrogen bonds were highlighted with yellow
dashed lines. The residues formed hydrogen bonds with 3m was shown in purple. (C) The binding mode of 3m with the ATP-binding site of
AblT315I. The side chain of the mutated gatekeeper residue Ile315 was shown in purple.
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completed, the resulting mixture was kept under reux for
about 8 h while stirring. The reaction completion was moni-
tored by TLC (ethyl acetate : petroleum ether¼ 4 : 1). The liquid
was cooled, ltered and dried to a pale yellow powder 3-(3-
benzoyl thiourea) benzoic acid 28.0041 g, yield 93.33%;mp 186–
187 �C.
Scheme 1 Reagents and conditions: (I) NH4SCN, PhCOCl, CH3COCH3,

This journal is © The Royal Society of Chemistry 2019
3-(3-Benzoyl thiourea)benzoic acid (0.9913 g, 0.12 mol) and
10% NaOH (33 mL) was added to 100 mL round bottom ask
with condensation tube, the mixture was stirred under
magnetic pressure, heated to reux, and the reaction was
monitored by TLC (ethyl acetate : petroleum ether ¼ 4 : 1). The
mixture is cooled to room temperature, then adjust pH to 2 with
HCl (4 mol L�1). Aer standing for 24 h, the solid was
reflux; (II) 10% NaOH, reflux; (III) CuBr2, EtOH, reflux; (IV) HAc, reflux.

RSC Adv., 2019, 9, 2092–2101 | 2095
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Scheme 2 Reagents and conditions: (V) EDCI, HOBT, EtOH, 0 �C; glycine methyl ester hydrochloride/L-phenylalanine methyl ester hydro-
chloride, DIPEA, DMAP, DMF, 0 �C, 4 h / room temperature; (VI) EtOH, water, reflux.
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precipitated, ltered, and dried under vacuum to obtain
a 0.6142 g white solid, yield 82%; mp: 186–187 �C. 1H NMR
(DMSO-d6, 400 MHz), d: 2.51 (s, 1H, NH), 3.36 (s, 2H, NH2), 7.43–
8.03 (m, 4H, C6H4), 9.89 (s, 1H, COOH).

4.1.2 General procedure for the synthesis of 1a–1h. The
mixture of substituted aryl ketones (4.6314 g, 0.025 mol), copper
bromide (12.2421 g, 0.051 mol) and EtOH (50 mL) were warmed
to 78 �C and stirred for 2–4 h. Aer completion of reaction, lter
while hot, discarded the lter residue, and concentrate the
solvents by rotary evaporation. The aqueous layer was extracted
Table 1 In vitro enzyme inhibitory activities of target compounds towar

No. R1 R2 R3 ABL-1 ABLT315I

2a Et H — >100 ND
2c Me Cl — >100 >500
2e Me OH — >100 >500
2g Me CF3 — >100 ND
3a Et H H 3.02 130.10
3c Me Cl H >100 ND
3e Me OH H 12.42 121.80
3g Me CF3 H 35.26 268.40
3i Et H Bz >100 ND
3k Me Cl Bz >100 ND
3m Me OH Bz 1.27 39.89
3o Me H Bz 57.51 114.60
4a Et H H 70.56 >500
4c Me Cl H 36.95 167.10
4e Me OH H >100 ND
4g Me CF3 H 24.61 90.04
4i Et H Bz >100 >500
4k Me Cl Bz 73.40 >500
4m Me OH Bz 77.50 104.90
4o Me H Bz >100 211.90
Imatinib 0.398 ND

a ND ¼ Not determined.

2096 | RSC Adv., 2019, 9, 2092–2101
with ethyl acetate (3 � 50 mL). The organic layer was dried with
Na2SO4, ltered and concentrated by rotary evaporation to
obtain target compounds.

4.1.3 General procedure for the synthesis of 2a–2h. 3-Thi-
oureidobenzoic acid (3.9432 g, 0.02 mol), 1a–1h (4.5213 g, 0.02
mol) and HAc (20 mL) were added to 100mL round bottom ask
with condensation tube. The mixture was stirred under
magnetic pressure, heated to reux, and TLC (ethyl aceta-
te : petroleum ether ¼ 4 : 1) detected the reaction process and
took about 24 hours. Filter while hot, discarded the lter
ds wild-type and T315I mutant ABL kinase (IC50, uM)

No. R1 R2 R3 ABL-1 ABLT315I

2b Me CH3 — >100 >500
2d Et Cl — >100 NDa

2f Me F — >100 ND
2h Me H — 70.56 >500
3b Me Me H >100 ND
3d Et Cl H >100 ND
3f Me F H >100 ND
3h Me H H >100 ND
3j Me Me Bz 42.07 ND
3l Et Cl Bz 39.07 ND
3n Me F Bz 19.75 76.60
3p Me CF3 Bz 12.16 59.44
4b Me Me H >100 ND
4d Et Cl H 42.07 >500
4f Me F H 37.18 54.98
4h Me H H 77.37 150.70
4j Me Me Bz >100 >500
4l Et Cl Bz >100 ND
4n Me F Bz 135.30 141.50
4p Me CF3 Bz >100 101.90

This journal is © The Royal Society of Chemistry 2019
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residue, and concentrate some of the solvents by rotary evapo-
ration. Aer standing for 24 h, the solid was precipitated,
ltered, and dried under vacuum to obtain target compounds.

4.1.4 Synthesis of 3-((5-ethyl-4-phenylthiazol-2-yl)amino)
benzoic acid (2a). Yellow powder, yield 66.54%; mp: 229–
231 �C. 1H NMR (DMSO-d6, 400 MHz), d: 1.25 (t, 3H, J ¼ 8.0 Hz,
CH3), 2.85 (q, 2H, J ¼ 8.0 Hz, CH2), 7.32–8.27 (m, 9H, C6H4,

C6H5), 10.38 (s, 1H, COOH). APCI-MS: 325.2 (M + H+). Elemental
analysis: (found: C, 66.65; H 4.97; N 8.64. Calc. for C, 66.70; H,
4.95; N, 8.61). IR (KBr) nmax/cm

�1 1370 (C6H4–NH), 1755
(COOH), 3420 (C6H4–NH), 3542 (COOH).

4.1.5 Synthesis of 3-((5-methyl-4-(p-tolyl)thiazol-2-yl)
amino)benzoic acid (2b). Dark green powder, yield 57.72%,
mp: 257–258 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.35 (s, 3H,
CH3), 2.42 (s, 3H, CH3), 7.27–8.27 (m, 8H, 2 � C6H4), 10.42 (s,
1H, COOH). APCI-MS: 325.2 (M + H+). Elemental analysis:
(found C, 66.65; H, 4.97; N 8.64. Calc. for C, 66.69; H, 4.94; N,
8.73). IR (KBr) nmax/cm

�1 1360 (C6H4–NH), 1750 (COOH), 3418
(C6H4–NH), 3557 (COOH).

4.1.6 Synthesis of 3-((4-(4-chlorophenyl)-5-methylthiazol-2-
yl)amino)benzoic acid (2c). Brown powder, yield 54.19%, mp:
257–258 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.44 (s, 3H, CH3),
7.44–8.27 (m, 8H, 2 � C6H4), 10.40 (s, 1H, COOH). APCI-MS:
345.9 (M + H+). Elemental analysis: (found C, 59.22; H,
3.80; N, 8.12. Calc. for C, 59.24; H, 3.81; N, 8.09). IR (KBr) nmax/
cm�1 1364 (C6H4–NH), 1759 (COOH), 3422 (C6H4–NH), 3548
(COOH).

4.1.7 Synthesis of 3-((4-(4-chlorophenyl)-5-ethylthiazol-2-yl)
amino)benzoic acid (2d). Yellow brown powder, yield 53.10%,
mp: 222–223 �C. 1H NMR (DMSO-d6, 400 MHz), d: 1.25 (s, 3H, J
¼ 8.0 Hz, CH3), 2.85 (q, 2H, J¼ 8.0 Hz, CH2), 7.43–7.95 (m, 8H, 2
� C6H4), 10.37 (s, 1H, COOH). APCI-MS: 359.9 (M + H+).
Elemental analysis: (found C, 60.25; H, 4.21; N, 7.81. Calc. for C,
60.23; H, 4.23; N, 8.77). IR (KBr) nmax/cm

�1 1365 (C6H4–NH),
1760 (COOH), 3426 (C6H4–NH), 3543 (COOH).

4.1.8 Synthesis of 3-((4-(4-hydroxyphenyl)-5-methylthiazol-
2-yl)amino)benzoic acid (2e). Light green powder, yield
60.19%, mp: 252–254 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.39
(s, 3H, CH3), 6.84–8.26 (m, 8H, 2 � C6H4), 10.34 (s, 1H, COOH).
APCI-MS: 327.1 (M + H+). Elemental analysis: (found C, 62.56; H,
4.32; N, 8.58. Calc. for C, 62.56; H, 4.33; N, 8.57). IR (KBr) nmax/
cm�1 1364 (C6H4–NH), 1752 (COOH), 3419 (C6H4–NH), 3554
(COOH).

4.1.9 Synthesis of 3-((4-(4-uorophenyl)-5-methylthiazol-2-
yl)amino)benzoic acid (2f). Blue powder, yield 57.43%, mp:
258–259 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.43 (s, 3H, CH3),
7.28–7.94 (m, 8H, 2 � C6H4), 10.34 (s, 1H, COOH). APCI-MS:
329.1 (M + H+). Elemental analysis: (found C, 62.18; H,
3.99; N, 8.53. Calc. for C, 62.21; H, 3.97; N, 8.58). IR (KBr) nmax/
cm�1 1375 (C6H4–NH), 1753 (COOH), 3431 (C6H4–NH), 3547
(COOH).

4.1.10 Synthesis of 3-((5-methyl-4-(4-(triuoromethyl)
phenyl)thiazol-2-yl)amino)benzoic acid (2g). White powder,
yield 53.86%, mp: 151–153 �C. 1H NMR (DMSO-d6, 400 MHz), d:
2.45 (s, 3H, CH3), 7.29–8.28 (m, 8H, 2 � C6H4), 10.33 (s, 1H,
COOH). APCI-MS: 379.1 (M + H+). Elemental analysis: (found C,
57.14; H, 3.46; N, 7.40. Calc. for C, 57.19; H, 3.45; N, 7.36). IR
This journal is © The Royal Society of Chemistry 2019
(KBr) nmax/cm
�1 1368 (C6H4–NH), 1759 (COOH), 3422 (C6H4–

NH), 3550 (COOH).
4.1.11 Synthesis of 3-((5-methyl-4-phenylthiazol-2-yl)

amino)benzoic acid (2h). Brownish yellow powder, yield
61.13%. mp: 252–254 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.45
(s, 3H, CH3), 7.31–8.31 (m, 9H, C6H4, C6H5), 10.47 (s, 1H,
COOH). APCI-MS: 311.1 (M + H+). Elemental analysis: (found C,
65.79; H, 4.55; N, 9.03. Calc. for C, 65.80; H, 4.57; N, 9.00). IR
(KBr) nmax/cm

�1 1364 (C6H4–NH), 1755 (COOH), 3430 (C6H4–

NH), 3543 (COOH).
4.1.12 General procedure for the synthesis of 3a–3p. A 250

mL, three-necked, round-bottomed ask containing 2a–2h
(0.4153 g, 0.00 3 mol), EDCI (0.5812 g, 0.003 mol), HOBT
(0.4154 g, 0.003 mol), and EtOH (18 mL) were stirred under ice
bath. Aer 3 h, glycine methyl ester hydrochloride/
phenylalanine methyl ester hydrochloride (0.2502 g, 0.002
mol), DIPEA (0.8 mL), DMAP (0.0979 g, 0.0008 mol) and DMF
(18 mL) were added, and the ice bath was continued for half an
hour, then the resulting mixture was allowed to stir at room
temperature for 21–28 h. The reaction completion was moni-
tored by TLC (ethyl acetate : petroleum ether ¼ 0.8 : 1). Ice
water was slowly added while stirring, until the solution turned
from clarication to turbidity, stirred at room temperature for
30 min, and then put in the refrigerator to separate out the
white solid. The crude product was puried by column chro-
matography on silica gel, eluting with dichlor-
omethane : methanol ¼ 150 : 1 to obtain target compounds.

4.1.13 Synthesis of methyl (3-((5-ethyl-4-phenylthiazol-2-yl)
amino)benzoyl)glycinate (3a). White powder, yield 42.0%, mp:
135–137 �C. 1H NMR (CDCl3, 400 MHz), d: 1.30 (t, J¼ 8.0 Hz, 3H,
CH2CH3), 1.41 (s, 3H, OCH3), 2.89 (q, J ¼ 8.0 Hz, 2H, CH2CH3),
4.39 (d, J ¼ 4.0 Hz, 2H, NHCH2), 7.26–8.00 (m, 9H, C6H5, C6H4).
APCI-MS: 396.1 (M + H+). Elemental analysis: (found C, 63.78; H,
5.35; N, 10.63. Calc. for C, 63.83; H, 5.32; N, 10.62). IR (KBr) nmax/
cm�1 1250 (COOC), 1364 (C6H4–NH), 1680 (CONH), 1736
(COOC), 3422 (NH).

4.1.14 Synthesis of methyl (3-((5-methyl-4-(p-tolyl)thiazol-
2-yl)amino)benzoyl)glycinate (3b). White powder, yield
68.23%, mp: 187–188 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.36
(s, 3H, CH3), 2.42 (s, 3H, CH3), 3.67 (s, 3H, OCH3), 4.02 (d, J ¼
4.0 Hz, 2H, NHCH2), 7.26–8.07 (m, 8H, 2 � C6H4), 8.90 (t, J ¼
4.0, 1H, CONH), 10.30 (s, 1H, NH). APCI-MS: 396.1 (M + H+).
Elemental analysis: (found C, 63.78; H, 5.35; N, 10.53. Calc. for
C, 63.83; H, 5.37; N, 10.46). IR (KBr) nmax/cm

�1 1280 (COOC),
1350 (C6H4–NH), 1676 (CONH), 1730 (COOC), 3412 (NH). 13C
NMR (101 MHz, DMSO) d 12.44, 21.28, 41.69, 52.21, 116.47,
116.47, 119.72, 119.72, 119.89, 120.06, 128.39, 129.41, 129.41,
132.78, 135.10, 136.81, 141.97, 145.81, 159.31, 167.26, 170.87.

4.1.15 Synthesis of methyl (3-((4-(4-chlorophenyl)-5-
methylthiazol-2-yl)amino)benzoyl)glycinate (3c). Yellow
powder, yield 70.44%, mp: 158–159 �C. 1H NMR (CDCl3, 400
MHz), d: 1.41 (s, 3H, CH3), 2.44 (s, 3H, OCH3), 4.39 (d, J¼ 4.0 Hz,
2H, NHCH2), 7.34–8.01 (m, 8H, 2 � C6H4). APCI-MS: 416.1 (M +
H+). Elemental analysis: (found C, 57.76; H, 4.36; N, 10.10. Calc.
for C, 56.74; H, 4.37; N, 9.97). IR (KBr) nmax/cm

�1 1178 (COOC),
1353 (C6H4–NH), 1689 (CONH), 1726 (COOC), 3419 (NH). 13C
NMR (101 MHz, CDCl3) d 12.36, 14.34, 61.19, 117.54, 118.72,
RSC Adv., 2019, 9, 2092–2101 | 2097
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122.18, 123.73, 128.52, 129.40, 129.67, 129.67, 131.65, 133.30,
133.26, 133.26, 140.55, 144.84, 160.54, 166.26.

4.1.16 Synthesis of methyl (3-((4-(4-chlorophenyl)-5-
ethylthiazol-2-yl)amino)benzoyl)glycinate (3d). Yellow powder,
yield 81.29%, mp: 187–189 �C. 1H NMR (CDCl3, 400 MHz), d:
1.28 (t, J ¼ 8.0 Hz, 3H, CH2CH3), 2.84 (q, J ¼ 8.0 Hz, 2H,
CH2CH3), 3.80 (s, 3H, OCH3), 4.26 (d, J ¼ 4.0 Hz, 2H, NHCH2),
6.95 (s, 1H, NH), 7.26–7.82 (m, 8H, 2 � C6H4). APCI-MS: 430.1
(M + H+). Elemental analysis: (found C, 58.67; H, 4.69; N, 9.77.
Calc. for C, 58.81; H, 4.71; N, 9.61). IR (KBr) nmax/cm

�1 1225
(COOC), 1364 (C6H4–NH), 1670 (CONH), 1728 (COOC), 3425
(NH). 13C NMR (101 MHz, DMSO) d 16.92, 20.40, 36.71, 52.41,
54.71, 116.52, 119.99, 125.99, 126.93, 128.77, 129.44, 130.19,
132.25, 134.46, 135.14, 138.16, 141.75, 143.89, 159.91, 167.05,
172.64.

4.1.17 Synthesis of methyl (3-((4-(4-hydroxyphenyl)-5-
methylthiazol-2-yl)amino)benzoyl)glycinate (3e). Yellow
powder, yield 59.74%, mp: 174–175 �C. 1H NMR (CDCl3, 400
MHz), d: 2.39 (s, 3H, CH3), 3.82 (s, 3H, OCH3), 4.26 (d, J¼ 4.0 Hz,
2H, NHCH2), 6.81–7.75 (m, 8H, 2 � C6H4). APCI-MS: 398.1 (M +
H+). Elemental analysis: (found C, 60.44; H, 4.82; N, 10.57. Calc.
for C, 60.48; H, 4.80; N, 10.63). IR (KBr) nmax/cm

�1 1250 (COOC),
1354 (C6H4–NH), 1680 (CONH), 1736 (COOC), 3418 (NH).

4.1.18 Synthesis of methyl (3-((4-(4-uorophenyl)-5-
methylthiazol-2-yl)amino)benzoyl)glycinate (3f). Light pink
powder, yield 79.82%, mp: 197–199 �C. 1H NMR (CDCl3, 400
MHz), d: 2.43 (s, 3H, CH3), 3.82 (s, 3H, OCH3), 4.26 (d, J¼ 4.0 Hz,
2H, NHCH2), 6.85 (s, 1H, NH), 7.12–7.89 (m, 8H, 2 � C6H4).
APCI-MS: 400.2 (M + H+). Elemental analysis: (found C, 60.14; H,
4.54; N, 10.52. Calc. for C, 60.21; H, 4.52; N, 10.47). IR (KBr) nmax/
cm�1 1258 (COOC), 1370 (C6H4–NH), 1686 (CONH), 1729
(COOC), 3432 (NH).

4.1.19 Synthesis of methyl (3-((5-methyl-4-(4-
(triuoromethyl)phenyl)thiazol-2-yl)amino)benzoyl)glycinate
(3g). Yellow powder, yield 66.97%, mp: 211–213 �C. 1H NMR
(DMSO-d6, 400 MHz), d: 2.43 (s, 3H, CH3), 3.67 (s, 3H, OCH3),
4.02 (d, J ¼ 4.0 Hz, 2H, NHCH2), 7.26–8.07 (m, 8H, 2 � C6H4),
8.90 (t, J¼ 4.0, 1H, CONH), 10.30 (s, 1H, NH). APCI-MS: 450.2 (M
+ H+). Elemental analysis: (found C, 56.12; H, 4.04; N, 9.35. Calc.
for C, 56.15; H, 4.03; N, 9.33). IR (KBr) nmax/cm

�1 1255 (COOC),
1364 (C6H4–NH), 1680 (CONH), 1736 (COOC), 3420 (NH).

4.1.20 Synthesis of methyl (3-((5-methyl-4-phenylthiazol-2-
yl)amino)benzoyl)glycinate (3h). Light pink powder, yield
86.66%, mp: 169–171 �C. 1H NMR (CDCl3, 400 MHz), d: 2.46 (s,
3H, CH3), 3.80 (s, 3H, OCH3), 4.26 (d, J ¼ 4.0 Hz, 2H, NHCH2),
6.93 (s, 1H, NH), 7.31–7.81 (m, 9H, 2 � C6H4). APCI-MS: 382.2
(M + H+). Elemental analysis: (found C, 62.98; H, 5.02; N, 11.02.
Calc. for C, 62.89; H, 5.04; N, 11.09). IR (KBr) nmax/cm

�1 1275
(COOC), 1362 (C6H4–NH), 1673 (CONH), 1735 (COOC), 3418
(NH).

4.1.21 Synthesis of methyl (3-((5-ethyl-4-phenylthiazol-2-yl)
amino)benzoyl)phenylalaninate (3i). Yellow powder, yield
52.21%, mp: 111–113 �C. 1H NMR (DMSO-d6, 400 MHz), d: 1.24
(t, J ¼ 8.0 Hz, 3H, CH2CH3), 2.84 (q, J ¼ 8.0 Hz, 2H, CH2CH3),
3.16 (m, 2H, CH2C6H5), 3.64 (s, 3H, OCH3), 4.68 (m, 1H, CH),
7.17–7.94 (m, 14H, 2� C6H5, C6H4), 8.82 (d, J¼ 4.0, 1H, CONH),
10.26 (s, 1H, NH). APCI-MS: 486.2 (M + H+). Elemental analysis:
2098 | RSC Adv., 2019, 9, 2092–2101
(found C, 69.26; H, 5.60; N, 8.65. Calc. for C, 69.33; H, 5.63; N,
8.69). IR (KBr) nmax/cm

�1 1284 (COOC), 1376 (C6H4–NH), 1697
(CONH), 1732 (COOC), 3438 (NH).

4.1.22 Synthesis of methyl (3-((5-methyl-4-(p-tolyl)thiazol-
2-yl)amino)benzoyl)phenylalaninate (3j). Brown powder, yield
66.97%, mp: 113–115 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.34
(s, 3H, CH3), 2.42 (s, 3H, CH3), 3.12 (m, 2H, CH2C6H5), 3.64 (s,
3H, OCH3), 4.67 (m, 1H, CH), 7.24–7.94 (m, 13H, 2 � C6H4,

C6H5), 8.82 (d, J ¼ 4.0, 1H, CONH), 10.19 (s, 1H, NH). APCI-MS:
486.2 (M + H+). Elemental analysis: (found C, 69.26; H, 6.60; N,
8.65. Calc. for C, 69.52; H, 5.57; N, 8.31). IR (KBr) nmax/cm

�1

1273 (COOC), 1368 (C6H4–NH), 1680 (CONH), 1738 (COOC),
3441 (NH).

4.1.23 Synthesis of methyl (3-((4-(4-chlorophenyl)-5-
methylthiazol-2-yl)amino)benzoyl)phenylalaninate (3k). Light
pink powder, yield 51.72%, mp: 166–167 �C. 1H NMR (DMSO-d6,
400 MHz), d: 2.44 (s, 3H, CH3), 3.15 (m, 2H, CH2C6H5), 3.66 (s,
3H, OCH3), 4.69 (m, 1H, CH), 7.19–7.95 (m, 13H, 2 � C6H4,

C6H5), 8.81 (d, J ¼ 4.0, 1H, CONH), 10.26 (s, 1H, NH). APCI-MS:
505.2 (M + H+). Elemental analysis: (found C, 64.09; H, 4.78; N,
8.30. Calc. for C, 64.20; H, 4.77; N, 8.20). IR (KBr) nmax/cm

�1

1256 (COOC), 1374 (C6H4–NH), 1682 (CONH), 1727 (COOC),
3420 (NH).

4.1.24 Synthesis of methyl (3-((4-(4-chlorophenyl)-5-
ethylthiazol-2-yl)amino)benzoyl)phenylalaninate (3l). Light
yellow powder, yield 66.23%, mp: 105–107 �C. 1H NMR (DMSO-
d6, 400 MHz), d: 1.24 (t, J ¼ 8.0 Hz, 3H, CH2CH3), 2.84 (m, 2H,
CH2CH3), 3.11 (m, 2H, CH2C6H5), 3.64 (s, 3H, OCH3), 4.68 (m,
1H, CH), 7.19–7.95 (m, 13H, 2 � C6H4, C6H5), 8.81 (d, J ¼ 4.0,
1H, CONH), 10.26 (s, 1H, NH). APCI-MS: 520.2 (M + H+).
Elemental analysis: (found C, 64.67; H, 5.04; N, 8.08. Calc. for C,
64.64; H, 5.05; N, 8.10). IR (KBr) nmax/cm

�1 1250 (COOC), 1372
(C6H4–NH), 1674 (CONH), 1735 (COOC), 3415 (NH). 13C NMR
(101 MHz, DMSO) d 12.37, 41.68, 52.21, 115.54, 115.75, 116.45,
117.10, 119.80, 119.80, 129.48, 130.44, 130.44, 132.01, 132.01,
135.12, 141.87, 144.74, 159.47, 160.45, 162.88, 167.25, 170.88.

4.1.25 Synthesis of methyl (3-((4-(4-hydroxyphenyl)-5-
methylthiazol-2-yl)amino)benzoyl)phenylalaninate (3m). Light
yellow powder, yield 44.91%, mp: 158–160 �C. 1H NMR (CDCl3,
400 MHz), d: 2.37 (s, 3H, CH3), 3.23 (m, 2H, CH2C6H5), 3.76 (s,
3H, OCH3), 5.07 (m, 1H, CH), 6.71–7.68 (m, 13H, 2 � C6H4,

C6H5). APCI-MS: 488.2 (M + H+). Elemental analysis: (found C,
66.51; H, 5.17; N, 8.62. Calc. for C, 66.60; H, 5.20; N, 8.50). IR
(KBr) nmax/cm

�1 1241 (COOC), 1375 (C6H4–NH), 1688 (CONH),
1737 (COOC), 3432 (NH).

4.1.26 Synthesis of methyl (3-((4-(4-uorophenyl)-5-
methylthiazol-2-yl)amino)benzoyl)phenylalaninate (3n). White
powder, yield 42.82%, mp: 245–248 �C. 1H NMR (DMSO-d6, 400
MHz), d: 2.45 (s, 3H, CH3), 3.15 (m, 2H, CH2C6H5), 3.67 (s, 3H,
OCH3), 4.69 (m, 1H, CH), 7.15–87.96 (m, 13H, 2 � C6H4, C6H5),
8.80 (d, J ¼ 4.0, 1H, CONH), 10.22 (s, 1H, NH). APCI-MS: 490.2
(M + H+). Elemental analysis: (found C, 66.24; H, 4.94; N, 8.58.
Calc. for C, 66.18; H, 4.91; N, 8.67). IR (KBr) nmax/cm

�1 1252
(COOC), 1371 (C6H4–NH), 1670 (CONH), 1728 (COOC), 3425
(NH).

4.1.27 Synthesis of methyl (3-((5-methyl-4-phenylthiazol-2-
yl)amino)benzoyl)phenylalaninate (3o). Light yellow powder,
This journal is © The Royal Society of Chemistry 2019
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yield 51.43%, mp: 128–131 �C. 1H NMR (DMSO-d6, 400 MHz), d:
2.45 (s, 3H, CH3), 3.15 (m, 2H, CH2C6H5), 3.67 (s, 3H, OCH3),
4.69 (m, 1H, CH), 7.15–87.96 (m, 13H, 2� C6H5, C6H4), 8.80 (d, J
¼ 4.0, 1H, CONH), 10.22 (s, 1H, NH). APCI-MS: 472.2 (M + H+).
Elemental analysis: (found C, 68.77; H, 5.34; N, 8.91. Calc. for C,
68.66; H, 5.36; N, 8.99). IR (KBr) nmax/cm

�1 1250 (COOC), 1363
(C6H4–NH), 1659 (CONH), 1726 (COOC), 3419 (NH).

4.1.28 Synthesis of methyl (3-((5-methyl-4-(4-
(triuoromethyl)phenyl)thiazol-2-yl)amino)benzoyl)
phenylalaninate (3p). Light yellow powder, yield 51.43%, mp:
120–122 �C. 1H NMR (CDCl3, 400 MHz), d: 2.44 (s, 3H, CH3), 3.13
(m, 2H, CH2C6H5), 3.64 (s, 3H, OCH3), 4.66 (m, 1H, CHCH2),
7.19–7.94 (m, 13H, 2� C6H4, C6H5), 8.80 (d, J¼ 4.0, 1H, CONH),
10.22 (s, 1H, NH). APCI-MS: 540.2 (M + H+). Elemental analysis:
(found C, 62.33; H, 4.48; N, 7.79. Calc. for C, 61.28; H, 4.49; N,
7.83). IR (KBr) nmax/cm

�1 1253 (COOC), 1370 (C6H4–NH), 1663
(CONH), 1729 (COOC), 3419 (NH).

4.1.29 General procedure for the synthesis of 4a–4p. A 50
mL, three-necked, round-bottomed ask was charged with 3a–
3p (0.1532 g, 0.4 mmol), EtOH (15 mL) and distilled water (3
mL), and the pH was adjusted to about 12 with dilute NaOH and
stirred at 37 �C. The mixture was reacted under reux for 2–4 h
and was monitored by TLC (ethyl acetate : petroleum ether ¼
1 : 1). Aer the reaction is completed, the mixture is ltered,
and the residue is discarded. The ltrate was adjusted to pH of
2–3 with dilute HCl, and then put in the refrigerator to separate
out the white solid, the solid was precipitated, ltered, and
dried under vacuum to obtain target compounds.

4.1.30 Synthesis of (3-((5-ethyl-4-phenylthiazol-2-yl)amino)
benzoyl)glycine (4a). Yellow powder, yield 56.70%, mp: 200–
202 �C. 1H NMR (DMSO-d6, 400 MHz), d: 1.22 (t, J ¼ 8.0 Hz, 3H,
CH2CH3), 2.82 (q, J ¼ 8.0 Hz, 2H, CH2CH3), 3.93 (d, J ¼ 4.0 Hz,
2H, NHCH2), 7.37–8.07 (m, 9H, C6H4, C6H5), 8.87 (t, J ¼ 4.0 Hz,
1H, CONH), 10.79 (s, 1H, COOH). APCI-MS: 382.1 (M + H+).
Elemental analysis: (found C, 62.98; H, 5.02; N, 11.02. Calc. for
C, 63.05; H, 5.00; N, 10.91). IR (KBr) nmax/cm

�1 1372 (C6H4–NH),
1674 (CONH), 1755 (COOH), 3422 (NH), 3545 (COOH).

4.1.31 Synthesis of (3-((5-methyl-4-(p-tolyl)thiazol-2-yl)
amino)benzoyl)glycine (4b). Brown powder, yield 61.28%, mp:
225–228 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.36 (s, 3H, CH3),
2.41 (s, 3H, CH3), 3.93 (d, J¼ 8.0 Hz, 2H, NHCH2), 7.26–8.08 (m,
8H, 2 � C6H4), 8.82 (t, J ¼ 8.0 Hz, 1H, CONH), 10.49 (s, 1H,
COOH). APCI-MS: 382.1 (M + H+). Elemental analysis: (found C,
62.98; H, 5.02; N, 11.02. Calc. for C, 62.93; H, 5.03; N, 11.06). IR
(KBr) nmax/cm

�1 1366 (C6H4–NH), 1682 (CONH), 1753 (COOH),
3413 (NH), 3547 (COOH).

4.1.32 Synthesis of (3-((4-(4-chlorophenyl)-5-methylthiazol-
2-yl)amino)benzoyl)glycine (4c). Yellow powder, yield 59.18%,
mp: 238–240 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.43 (s, 3H,
CH3), 3.91 (d, J ¼ 8.0 Hz, 2H, NHCH2), 7.26–8.08 (m, 8H, 2 �
C6H4), 8.75 (t, J ¼ 8.0 Hz, 1H, CONH), 10.25 (s, 1H, COOH).
APCI-MS: 402.1 (M + H+). Elemental analysis: (found C, 56.79; H,
4.01; N, 10.46. Calc. for C, 56.92; H, 3.99; N, 10.36). IR (KBr) nmax/
cm�1 1379 (C6H4–NH), 1683 (CONH), 1748 (COOH), 3419 (NH),
3552 (COOH).

4.1.33 Synthesis of (3-((4-(4-chlorophenyl)-5-ethylthiazol-2-
yl)amino)benzoyl)glycine (4d). Yellow powder, yield 71.86%,
This journal is © The Royal Society of Chemistry 2019
mp: 161–163 �C. 1H NMR (CDCl3, 400MHz), d: 1.28 (t, J¼ 8.0 Hz,
3H, CH2CH3), 2.18 (q, J¼ 8.0 Hz, 2H, CH2CH3), 4.26 (d, J¼ 8.0H,
2H, NHCH2), 6.95–7.79 (m, 9H, 2 � C6H4). APCI-MS: 416.1 (M +
H+). Elemental analysis: (found C, 57.76; H, 4.36; N, 10.10. Calc.
for C, 57.27; H, 4.34; N, 10.65). IR (KBr) nmax/cm

�1 1369 (C6H4–

NH), 1679 (CONH), 1756 (COOH), 3435 (NH), 3544 (COOH).
4.1.34 Synthesis of (3-((4-(4-hydroxyphenyl)-5-

methylthiazol-2-yl)amino)benzoyl)glycine (4e). Yellow powder,
yield 50.36%, mp: 194–197 �C. 1H NMR (DMSO-d6, 400 MHz), d:
2.43 (s, 3H, CH3), 3.93 (d, J¼ 8.0 Hz, 2H, NHCH2), 7.26–8.08 (m,
8H, 2 � C6H4), 8.75 (t, J ¼ 8.0 Hz, 1H, CONH), 10.25 (s, 1H,
COOH). APCI-MS: 384.1 (M + H+). Elemental analysis: (found C,
59.52; H, 4.47; N, 10.96. Calc. for C, 60.31; H, 4.46; N, 10.16). IR
(KBr) nmax/cm

�1 1367 (C6H4–NH), 1674 (CONH), 1748 (COOH),
3414 (NH), 3540 (COOH).

4.1.35 Synthesis of (3-((4-(4-uorophenyl)-5-methylthiazol-
2-yl)amino)benzoyl)glycine (4f). Light green powder, yield
80.59%, mp: 211–213 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.43
(s, 3H, CH3), 3.93 (d, J ¼ 8.0 Hz, 2H, NHCH2), 7.26–8.08 (m, 8H,
2 � C6H4), 8.75 (t, J ¼ 8.0 Hz, 1H, CONH), 10.25 (s, 1H, COOH).
APCI-MS: 386.1 (M + H+). Elemental analysis: (found C, 59.21; H,
4.18; N, 10.90. Calc. for C, 59.24; H, 4.17; N, 10.96). IR (KBr) nmax/
cm�1 1369 (C6H4–NH), 1679 (CONH), 1756 (COOH), 3448 (NH),
3542 (COOH).

4.1.36 Synthesis of (3-((5-methyl-4-(4-(triuoromethyl)
phenyl)thiazol-2-yl)amino)benzoyl)glycine (4g). Yellow powder,
yield 81.29%, mp: 183–186 �C. 1H NMR (DMSO-d6, 400 MHz), d:
2.45 (s, 3H, CH3), 3.95 (d, J¼ 8.0 Hz, 2H, NHCH2), 7.29–8.10 (m,
8H, 2 � C6H4), 8.78 (t, J ¼ 8.0 Hz, 1H, CONH), 10.27 (s, 1H,
COOH). APCI-MS: 435.1 (M + H+). Elemental analysis: (found C,
53.17; H, 3.70; N, 9.65. Calc. for C, 53.45; H, 3.69; N, 9.37). IR
(KBr) nmax/cm

�1 1360 (C6H4–NH), 1668 (CONH), 1752 (COOH),
3419 (NH), 3544 (COOH).

4.1.37 Synthesis of (3-((5-methyl-4-phenylthiazol-2-yl)
amino)benzoyl)glycine (4h). Yellow powder, yield 81.29%, mp:
283–285 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.44 (s, 3H, CH3),
3.93 (d, J ¼ 8.0 Hz, 2H, NHCH2), 7.69–8.05 (m, 9H, C6H4, C6H5),
8.77 (t, J ¼ 8.0 Hz, 1H, CONH), 10.24 (s, 1H, COOH). APCI-MS:
367.1 (M + H+). Elemental analysis: (found C, 62.11; H,
4.66; N, 11.44. Calc. for C, 62.36; H, 4.63; N, 11.32). IR (KBr) nmax/
cm�1 1365 (C6H4–NH), 1674 (CONH), 1752 (COOH), 3431 (NH),
3546 (COOH).

4.1.38 Synthesis of (3-((5-ethyl-4-phenylthiazol-2-yl)amino)
benzoyl)phenylalanine (4i). White powder, yield 62.74%, mp:
199–202 �C. 1H NMR (DMSO-d6, 400 MHz), d: 1.24 (t, J ¼ 8.0 Hz,
3H, CH2CH3), 2.84 (q, J ¼ 8.0 Hz, 2H, CH2CH3), 3.18 (m, 2H,
CH2C6H5), 4.63 (m, 1H, CH), 7.16–7.97 (m, 14H, 2 � C6H5,

C6H4), 8.66 (d, J ¼ 8.0 Hz, 1H, CONH), 10.27 (s, 1H, COOH).
APCI-MS: 471.2 (M + H+). Elemental analysis: (found C, 68.77; H,
5.34; N, 8.91. Calc. for C, 68.74; H, 5.35; N, 8.93). IR (KBr) nmax/
cm�1 1368 (C6H4–NH), 1667 (CONH), 1749 (COOH), 3418 (NH),
3548 (COOH).

4.1.39 Synthesis of (3-((5-methyl-4-(p-tolyl)thiazol-2-yl)
amino)benzoyl)phenylalanine (4j). White powder, yield
62.79%, mp: 223–225 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.37
(s, 3H, CH3), 2.45 (s, 3H, CH3), 3.10 (m, 2H, CH2C6H5), 4.65 (m,
1H, CH), 7.07–7.98 (m, 13H, 2 � C6H4, C6H5), 8.66 (d, J ¼ 8.0,
RSC Adv., 2019, 9, 2092–2101 | 2099
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1H, CONH), 10.21 (s, 1H, COOH). APCI-MS: 471.2 (M + H+).
Elemental analysis: (found C, 68.77; H, 5.34; N, 8.91. Calc. for C,
68.72; H, 5.34; N, 8.96). IR (KBr) nmax/cm

�1 1364 (C6H4–NH),
1673 (CONH), 1742 (COOH), 3418 (NH), 3547 (COOH).

4.1.40 Synthesis of (3-((4-(4-chlorophenyl)-5-methylthiazol-
2-yl)amino)benzoyl)phenylalanine (4k). White powder, yield
71.34%, mp: 237–239 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.50
(s, 3H, CH3), 3.8 (m, 2H, CH2C6H5), 4.62 (m, 1H, CH), 7.17–7.95
(m, 13H, 2 � C6H4, C6H5), 8.65 (d, J ¼ 8.0, 1H, CONH), 10.29 (s,
1H, COOH). APCI-MS: 492.2 (M + H+). Elemental analysis:
(found C, 63.47; H, 4.51; N, 8.54. Calc. for C, 63.43; H, 4.50; N,
8.51). IR (KBr) nmax/cm

�1 1369 (C6H4–NH), 1679 (CONH), 1756
(COOH), 3431 (NH), 3542 (COOH).

4.1.41 Synthesis of (3-((5-ethyl-4-phenylthiazol-2-yl)amino)
benzoyl)phenylalanine (4l). White powder, yield 66.03%, mp:
192–194 �C. 1H NMR (DMSO-d6, 400 MHz), d: 1.23 (t, J ¼ 8.0 Hz,
3H, CH2CH3), 2.84 (q, J ¼ 8.0 Hz, 2H, CH2CH3), 3.07 (m, 2H,
CH2C6H5), 4.13 (m, 1H, CH), 7.19–7.92 (m, 13H, 2 � C6H4,

C6H5), 7.98 (s, 1H, CONH), 10.59 (s, 1H, COOH). APCI-MS: 506.2
(M + H+). Elemental analysis: (found C, 64.09; H, 4.78; N, 8.87.
Calc. for C, 64.01; H, 4.79; N, 8.91). IR (KBr) nmax/cm

�1 1363
(C6H4–NH), 1668 (CONH), 1747 (COOH), 3435 (NH), 3540
(COOH).

4.1.42 Synthesis of (3-((4-(4-hydroxyphenyl)-5-
methylthiazol-2-yl)amino)benzoyl)phenylalanine (4m). White
powder, yield 55.37%, mp: 156–158 �C. 1H NMR (DMSO-d6, 400
MHz), d: 2.39 (3, 3H, CH3), 3.11 (m, 2H, CH2C6H5), 4.62 (m, 1H,
CH), 6.83–7.94 (m, 13H, 2 � C6H4, C6H5), 8.65 (d, J ¼ 8.0, 1H,
CONH), 10.18 (s, 1H, COOH). APCI-MS: 474.2 (M + H+).
Elemental analysis: (found C, 65.95; H, 4.90; N, 8.87. Calc. for C,
65.90; H, 4.91; N, 4.91). IR (KBr) nmax/cm

�1 1369 (C6H4–NH),
1680 (CONH), 1753 (COOH), 3419 (NH), 3552 (COOH).

4.1.43 Synthesis of (3-((4-(4-uorophenyl)-5-methylthiazol-
2-yl)amino)benzoyl)phenylalanine (4n). White powder, yield
67.82%, mp: 228–130 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.45
(s, 3H, CH3), 3.11 (m, 2H, CH2C6H5), 4.62 (m, 1H, CH), 7.20–7.96
(m, 13H, 2 � C6H4, C6H5), 8.65 (d, J ¼ 8.0, 1H, CONH), 10.24 (s,
1H, COOH). APCI-MS: 476.2 (M + H+). Elemental analysis:
(found C, 65.67; H, 4.66; N, 8.84. Calc. for C, 65.77; H, 4.68; N,
8.96). IR (KBr) nmax/cm

�1 1365 (C6H4–NH), 1677 (CONH), 1756
(COOH), 3434 (NH), 3548 (COOH).

4.1.44 Synthesis of (3-((5-methyl-4-phenylthiazol-2-yl)
amino)benzoyl)phenylalanine (4o). White powder, yield
63.18%, mp: 207–210 �C. 1H NMR (DMSO-d6, 400 MHz), d: 2.47
(3, 3H, CH3), 3.11 (m, 2H, CH2C6H5), 4.62 (m, 1H, CH), 7.20–
7.98 (m, 14H, 2 � C6H5, C6H4), 8.65 (d, J ¼ 8.0, 1H, CONH),
10.26 (s, 1H, COOH). APCI-MS: 458.2 (M + H+). Elemental
analysis: (found C, 68.25; H, 5.07; N, 9.18. Calc. for C, 68.12; H,
5.08; N, 9.29). IR (KBr) nmax/cm

�1 1360 (C6H4–NH), 1679
(CONH), 1753 (COOH), 3416 (NH), 3542 (COOH).

4.1.45 Synthesis of (3-((5-methyl-4-(4-(triuoromethyl)
phenyl)thiazol-2-yl)amino)benzoyl)phenylalanine (4p). White
powder, yield 56.47%, mp: 193–196 �C. 1H NMR (DMSO-d6, 400
MHz), d: 2.46 (s, 3H, CH3), 3.08 (m, 2H, CH2C6H5), 4.62 (m, 1H,
CH), 7.17–8.66 (m, 13H, 2 � C6H4, C6H5), 8.65 (d, J ¼ 8.0, 1H,
CONH), 10.21 (s, 1H, COOH). APCI-MS: 526.2 (M + H+).
Elemental analysis: (found C, 61.71; H, 4.22; N, 8.00. Calc. for C,
2100 | RSC Adv., 2019, 9, 2092–2101
61.45; H, 4.21; N, 8.27). IR (KBr) nmax/cm
�1 1359 (C6H4–NH),

1668 (CONH), 1766 (COOH), 3473 (NH), 3557 (COOH).
4.2 Bcr-Abl and Bcr-AblT315I inhibitory activity assays

The Bcr–Abl inhibitory activity assay was performed using ADP-
Glo™ Kinase assay kit (Promega, catalog: V9101), Abl Kinase
Enzyme System (Promega, catalog: V1901) and AblT315I Kinase
Enzyme System (Promega, catalog: V5320) according to the
manufacturer's instructions. The Abl and AblT315I reaction
utilized ATP and generate ADP. Then the ADP-Glo™ reagent
was added to simultaneously terminate the kinase reaction and
deplete the remaining ATP. Finally, the Kinase Detection
Reagent was added to convert ADP to ATP and the newly
synthesized ATP was converted to light using the luciferase
reaction.35,36

Abl and AblT315I were incubated with substrates, inhibitors
and ATP in a nal buffer of 25 mM HEPES (pH 7.4), 10 mM
MgCl2, 0.01% Triton X-100, 100 mg mL�1 BSA, 2.5 mM DTT in
384-well plate with the total volume of 10 mL. Then the ADP-
Glo™ Kinase Assay was performed in two steps once the kinase
reaction was complete. Subsequently, 5 mL ADP-Glo Reagent
was added to stop the kinase reaction and deplete the uncon-
sumed ATP. Only ADP and a very low background of ATP were
le. Then the mixture was incubated at room temperature for
40 min and added 10 uL of kinase detection reagent to convert
ADP to ATP and introduced luciferase and luciferin to detect
ATP. At last, the mixture was incubated at room temperature for
30–60 min and measured the luminescence with BioTek
Synergy H at 490 nM. The signal was correlated with the amount
of ATP present in the reaction and was inversely correlated with
the kinase activity. The IC50 value was calculated by Graphpad
based on the inhibition rate. All date were expressed as the
average of three independent parallel experiments.
4.3 Molecular docking

In order to demonstrate our design hypothesis, we used SYBYL-
X2.0 to perform molecular docking simulation of the design
compounds with Abl and AblT315I kinases. Wild-type Abl kinase
(PDB code: 2GQG) and its T315I mutant (PDB code: 3IK3) were
selected as the receptor for docking study. The molecules (3m)
were drawn with Chemdraw3D and minimized under Tripos
Forceeld with Gasteiger–Huckel charge. The protein structures
of wild-type and T315I type were introduced, and the corre-
sponding ligand was used to dene the binding pocket and
generate the promotional. The inhibitors were docked into the
active site using a ligand-based mode. Unwanted water and
ligands were removed, and the lost atoms such as hydrogen
were added to construct an initial receptor structure for dock-
ing. The assigned atom type of the ligand was AMBER7-FF99
and the residues in a radius 5.0 Å around ligands were
selected as the active site.
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