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SYNTHESIS, ANTICANCER PROPERTIES EVALUATION AND IN SILICO STUDIES OF
2-CHLORO-AND 2,2-DICHLOROACETAMIDES BEARING THIAZOLE SCAFFOLDS

Liubomyr Havryshchuk, Volodymyr Horishny, Iryna Ivasechko, Yuliia Kozak, Dmytro Melnyk,
Dmytro Khylyuk, Myroslava Kusiy, Victoria Serhiyenko, Nataliya Finiuk, Rostyslav Stoika,
Serhii Holota, Roman Lesyk

The aim. The study aimed to synthesize and evaluate the anticancer activity of a series of 2-chloro- and 2,2-dichlo-
roacetamides bearing thiazole scaffolds. Particular attention was paid to their cytotoxic effects, chemical proper-
ties, and action mechanisms, with a focus on glutathione S-transferase (GST) inhibition as a potential pathway for
anticancer activity.

Materials and methods. The compounds were synthesized using acylation reactions and characterized via 'H and
3C NMR spectroscopy as well as LC-MS. Their cytotoxicity was assessed using the MTT assay across cancer and
pseudo-normal cell lines. Quantum-chemical calculations were performed using DFT, while molecular docking
studies analyzed interactions with GST to explore their interaction.

Results. Among the synthesized derivatives, 2-chloroacetamides exhibited significant cytotoxic activity against hu-
man acute T cell leukemia (Jurkat) and triple-negative breast cancer (MDA-MB-231) cell lines, as well as Ba/F3 cells
with calreticulin mutations. In contrast, 2,2-dichloroacetamides showed negligible activity across all tested cell lines.
Quantum-chemical analysis indicated that structural and electronic differences between these two compound classes
likely influence their bioactivity. Molecular docking studies revealed higher binding affinities of glutathione-2-chlo-
roacetamide conjugates to GST, compared to the reference glutathione-etacrynic acid complex, suggesting GST inhi-
bition as a potential mechanism underlying their anticancer effects.

Conclusions. The synthesized 2-chloroacetamides demonstrate promising potential as anticancer agents, likely
due to their ability to form inhibitory conjugates with glutathione, thereby affecting GST activity. These findings
underline the importance of further studies to optimize these compounds for therapeutic use
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1. Introduction

Nowadays, the structure diversity of potential
anticancer drugs and agents has gained significant
progress and achievements; however, small molecules
still represent a majority of studied/approved candi-
dates that target different pathways of carcinogene-
sis [1-5]. In this field of anticancer drug design
chloro- (CAAs) and dichloroacetamides (DCAAs) have
been the objects of detailed research during the last
decades as effective cytotoxic agents [6—10], FGFR- [11],
alcohol/aldehyde dehydrogenases (ADH/ALDH) [12],
KRAS covalent [13, 14], PARP- [15], pyruvate dehydro-
genase kinases (PDKs) inhibitors [16-21], and multi-tar-
get agents [22, 23]. This area of chemical space covers
simple chemotypes of molecules that are easily accessi-
ble with wide variation and structure complexity in
amide moieties, making it attractive for the diversi-
ty-oriented design [24-26]. While the ability to affect a
wide range of molecular targets makes them interesting
for pharmacologists. It is worth noting that today,

CAAs are widely known and popular as covalent inhib-
itors [27], and synthetic chemists more often success-
fully apply these molecules as effective covalent war-
heads, which was demonstrated in developing
KRAS - inhibitors [13, 14]. The anticancer properties
of dichloroacetic acid (DCA) were initially reported in
the early 2000s and later proved that DCA significantly
impacts the growth and survival of tumor cells [28, 29].
Among other established DCA mechanisms of action
was an increase in reactive oxygen species. Later, the
synthesis of corresponding DCAAs was proposed as a
possible structure optimization approach for DCA anti-
cancer and ADMET properties (Fig. 1) [21]. It should be
noted that the number of reports in this field is growing
yearly, indicating the actuality and need for a deeper
study of the anticancer activity of CAAs and DCAAs
and the development of these molecules as potential
anticancer agents.

Aminothiazole-bearing scaffolds are considered
privileged heterocycles in the anticancer drug de-
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sign [30, 31]. Incorporation of these fragments into the
structure of the basic molecules was applied by medici-
nal chemists in the design of potential inhibitors to vari-
ous druggable anticancer molecular targets such as tubu-
lin, histone acetylase/histone deacetylase (HAT/HDAC),
different kinases, epidermal growth factor receptor and
other [30, 31]. From the perspective of synthetic chemis-
try, the presence of free amino groups in the molecules
of aminothiazole-bearing scaffolds makes them conve-
nient building blocks for the application in the different
hybridization (molecular/scaffold/pharmacophore) meth-
odologies.

Considering all the above, in the present paper, the
synthesis of a series of structure-related 2-chloro- and
2,2-dichloroacetamides bearing thiazole scaffolds, stud-
ies, and comparison of their anticancer and cytotoxicity
properties in vitro are reported. Significant attention in
the study was devoted to performing quantum chemical
calculations and docking simulations to detail the ob-
tained results and predict potential mechanisms for the
synthesized compounds.

2. Planning (methodology) of research

Building upon the promising background, this re-
search is planned with a systematic, quality-driven ap-
proach. The present paper aims to synthesize a series of
2-chloro- and 2,2-dichloroacetamides bearing thiazole
scaffolds and to compare their anticancer and cytotoxici-
ty properties in vitro.

The methodology encompasses synthetic proce-
dures, comprehensive physical-chemical characteriza-
tion (NMR, LC-MS, and elemental analysis), and in vi-
tro biological evaluation using MTT assays on various
cancer and pseudo-normal cell lines. Additionally, in
silico techniques, including quantum chemical calcula-
tions and molecular docking simulations targeting GST,
are employed to elucidate the electronic characteristics
and potential action mechanisms. This integrated ap-
proach is expected to provide critical insights into the
differential reactivity of CAAs versus DCAAs, thereby
laying the groundwork for the rational design of more
effective targeted anticancer agents. Fig. 1 illustrates
the overall research strategy and design.

of molecular targets

3. Materials and methods

3. 1. Chemistry

General.

Melting points were measured in open capillary
tubes on a BUCHI B-545 melting point apparatus (BUCHI
Labortechnik AG, Flawil, Switzerland) and were uncor-
rected. The elemental analyses (C, H, N) were performed
using the Perkin-Elmer 2400 CHN analyzer (PerkinElmer,
Waltham, MA, USA) and were within £0.4 % of the theo-
retical values. The 500 MHz-1H and 126 MHz-13C spec-
tra were recorded on Bruker AVANCE-500 spectrometer
(Bruker, Bremen, Germany). All spectra were recorded at
room temperature except where indicated otherwise and
were referenced internally to solvent reference frequencies.
Chemical shifts (8) are quoted in ppm and coupling con-
stants (J) are reported in Hz. LC-MS spectra were ob-
tained on a Finnigan MAT INCOS-50 (Thermo Finnigan
LLC, San Jose, CA, USA). Solvents and reagents that are
commercially available were used without further purifi-
cation. Commercially available chloroacetyl chloride
(CAS 79-04-9), dichloroacetyl chloride (CAS 79-36-7),
2-amino-2-thiazoline (CAS 1779-81-3), 2-aminothiazole
(96-50-4), 2-amino-4-phenylthiazole (CAS 2010-06-2),
2-amino-4-(4-chlorophenyl)thiazole (CAS 2103-99-3), eth-
yl 2-aminothiazole-4-acetate (CAS 53266-94-7), 2-amino-
benzothiazole (CAS 136-95-8), 4,6-dimethyl-benzothi-
azol-2-ylamine (CAS 64036-71-1), and triethylamine (CAS
121-44-8) were used for the synthesis of the target com-
pounds 2a,b; 3a-h; 4a-d in present research. Synthesis of
2-chloro-N-(thiazol-2-yl)acetamide 3a was early reported
in [32], and the physic-chemical properties of the 3a corre-
spond to the data reported in [33].

General procedure for the synthesis of chloroacet-
amides and dichloroacetamides 2a,b; 3a-h; 4a-d.

A solution of chloroacetyl chloride or dichloroace-
tyl chloride (3 mmol) in 5 ml of dioxane dropwise was
added to the mixture of an appropriate amine (3 mmol)
and triethylamine (3 mmol) in 5 ml of dioxane. The ob-
tained mixture was stirred for 15 minutes at r. t. and then
was heated to 70—80 °C for 30 minutes. After cooling,
the mixture was poured into cold water (50 ml). The ob-
tained powders were filtered off, washed with water, and
recrystallized from ethanol.
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(o] _ : aromatic, : ’> ’g
Amides o sheterocyclic’ /k Cl /L
Cl OH .
synthesis, | gj\ scaffolds’  Scaffold
ol % N . hybridization
H (§)= H, Cl
Antll?cc.:aﬁcer Structure % o N @-H.c
optimization - Easy synthetic accessibility 1
agent - Ligands to a wide range Structure Cl NJ\S
optimization H

- Polypharmacological effect

Pharmacophore scaffolds,
often used in the anticancer R_ *_S\
drug design N

- Anticancer and cytotoxicity
properties in vitro screening
- ADMET properties and quantum
chemical studies in silico

Fig. 1. Background and design of the current studies
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2-Chloro-N-(4,5-dihydrothiazol-2-yl)acetamide (2a).
White powder, yield 58 %, mp 131-133 °C (;-PrOH).
'H NMR (500 MHz, DMSO-d,, 6): 9.86 (s, 1H, NH),
4.22 (s, 2H, CH,), 3.63 (t, J=8.0 Hz, 2H, CH,), 3.23 (z,
J=8.0 Hz, 2H, CH,). "C NMR (126 MHz, DMSO-d,, 9):
173.7 (C=0), 1714, 46.2 (CH,), 45.7 (CH,), 29.8 (CH,).
LCMS (ESI+) m/z 179.0/181.0 (100.0 %, [M+H]"). Anal.
calc. for C.H.CIN,OS: C, 33.62 %; H, 3.95 %; N, 15.68 %.
Found: C, 33.80 %; H, 4.10 %; N, 15.80 %.
2,2-Dichloro-N-(4,5-dihydrothiazol-2-yl)acet-
amide (2b).
White powder, yield 64 %, mp 150—152 °C (i-PrOH).
'H NMR (500 MHz, DMSO-d,, 5): 991 (s, 1H, NH),
6.44 (s, 1H, CH), 3.65 — 3.59 (m, 2H, CH,), 3.29 (td, J=1.9,
40Hz, 2H, CH). "C NMR (126 MHz, DMSO-d,, 9):
177.5 (C=0), 172.7 (C-2), 70.3 (CH), 44.1(CH,), 29.42 (CH,).
LCMS (ESI+) m/z 213.0/215.0 (100.0 %, [M+H]"). Anal.
calc. for CH,CLN,OS: C, 28.18 %; H, 2.84 %; N, 13.15 %.
Found: C, 28.30 %; H, 3.10 %; N, 13.30 %.
2,2-Dichloro-N-(thiazol-2-yl)acetamide (3b).
White powder, yield 73 %, mp 180—182 °C (;-PrOH).
'H NMR (500 MHz, DMSO-d,, 6): 13.01 (s, 1H, NH), 7.55
(d, J=3.7 Hz, 1H, thiazole), 7.33 (d, J=3.7 Hz, 1H, thiazole),
6.64 (s, IH, CH). "C NMR (126 MHz, DMSO-d,, 5): 166.22
(C=0), 160.64 (C-2), 137.61 (C-4), 114.64 (C-5), 66.5 (CH).
LCMS (ESI+) m/z 211.0/213.0 (100.0 %, [M+H]"). Anal. calc.
for C.H,CLLN,OS: C, 28.45 %; H, 1.91 %; N, 13.27 %. Found:
C, 28.60 %; H, 2.10 %; N, 13.50 %.
2-Chloro-N-(4-phenylthiazol-2-yl)acetamide (3c).
White powder, yield 81 %, mp 147-149 °C
(i-PrOH). 'H NMR (500 MHz, DMSO-d, 3): 12.63 (s,
1H, NH), 7.89 (d, J=7.6 Hz, 2H, arom.), 7.67 (s, 1H,
thiazole), 7.42 (¢, J=7.5 Hz, 2H, arom.), 7.32 (¢, J=7.6 Hz,
1H, arom.), 4.41 (s, 2H, CH)). "C NMR (126 MHz,
DMSO-d,, 3): 165.1 (C=0), 164.9, 157.4, 149.0, 134.1,
128.7, 127.8, 125.6, 108.5, 42.3 (CH,). LCMS (ESI+)
m/z 253.0/255.0 (100.0 %, [M+H]"). Anal. calc. for
C,H,CINOS: C, 52.28 %; H, 3.59 %; N, 11.09 %.
Found: C, 52.40 %; H, 3.80 %; N, 11.20 %.
2,2-Dichloro-N-(4-phenylthiazol-2-yl)acetamide (3d).
White powder, yield 79 %, mp 111-113 °C (EtOH-
H,0 2:1). '"H NMR (500 MHz, DMSO-d,, 8): 13.08 (s, 1H,
NH), 7.90 (d, J/=7.6 Hz, 2H, arom.), 7.77 (s, 1H, thiazole),
743 (¢, J<1.5 Hz, 2H, arom.), 7.34 (¢, J/=7.3 Hz, 1H, arom.),
6.68 (s, 1H, CH). "C NMR (126 MHz, DMSO-d,, 6): 162.1
(C=0), 156.8, 149.5, 133.8, 128.7, 28.0, 125.7, 109.5, 65.8
(CH). LCMS (ESI+) m/z 287.0/289.0 (100.0 %, [M+H]").
Anal. calc. for C, HCILN,OS: C, 46.01 %; H, 2.81 %; N,
9.76 %. Found: C, 46.20 %; H, 3.00 %; N, 9.90 %.
2-Chloro-N-(4-(4-chlorophenyl)thiazol-2-yl)acet-
amide (3e).
White powder, yield 78 %, mp 168—170 °C (i-PrOH).
'H NMR (500 MHz, DMSO-d,, 3): 12.65 (s, 1H, NH), 7.89
(d, J=77Hz, 2H, arom.), 7.73 (s, 1H, thiazole), 747 (d,
J=17Hz, 2H, arom.), 441 (s, 1H, CH,). *C NMR (126 MHz,
DMSO-d,, 8): 165.2 (C=0), 157.5, 147.7, 132.9, 132.3, 1287,
127.3, 109.2, 42.2 (CH,). LCMS (ESI+) m/z 287.0/289.0
(100.0 %, [M+H]"). Anal. cale. for C H,CLN,OS: C,
46.01 %; H, 2.81%; N, 9.76 %. Found: C, 46.10 %; H,
3.10 %; N, 10.00 %.

2,2-Dichloro-N-(4-(4-chlorophenyl)thiazol-2-yl)
acetamide (3f).

White powder, yield 75 %, mp 128—122 °C (i-PrOH).
'H NMR (500 MHz, DMSO-d,, 8): 13.09 (s, 1H, NH), 7.92
(d, J/=8.0 Hz, 2H, arom.), 7.83 (s, 1H, thiazole), 7.50 (d,
J=8.0 Hz, 2H, arom.), 6.69 (s, IH, CH). 3C NMR (126 MHz,
DMSO-d,, §): 162.1 (C=0), 1570, 148.2, 1327, 132.5, 128 8,
1274, 110.2, 65.8 (CH). LCMS (ESI+) m/z 322.0/324.0
(100.0 %, [M+H]"). Anal. calc. for C HCLN,OS:
C, 41.08 %; H, 2.19%; N, 8.71 %. Found: C, 41.20 %;
H, 2.40 %; N, 8.90 %.

Ethyl 2-(2-(2-chloroacetamido)thiazol-4-yl)ace-
tate (3g).

White powder, yield 72 %, mp 145-147 °C (EtOH).
'HNMR (500 MHz, DMSO-d,, 6): 12.54 (s, 1H, NH), 7.05
(s, 1H, thiazole), 4.35 (s, 2H, CH,), 4.07 (¢, J=7.1 Hz, 2H,
CH,), 3.69 (s, 2H, CH,), 1.18 (¢, J=7.1 Hz, 3H, CH,). "C
NMR (126 MHz, DMSO-d,, 6): 169.9 (C=0), 164.8 (C=0),
157.0, 143.9, 110.9, 60.3 (CH,), 42.2 (CH,), 36.5 (CH,), 14.0
(CH,). LCMS (ESI+) m/z 263.0/265.0 (100.0 %, [M+H]").
Anal. calc. for CH CIN,O,S: C, 41.15 %; H, 4.22 %; N,
10.66 %. Found: C, 41.40 %; H, 4.40 %; N, 10.80 %.

Ethyl 2-(2-(2,2-dichloroacetamido)thiazol-4-yl)
acetate (3h).

White powder, yield 75 %, mp 89-91 °C (EtOH-
H,O 1:1). 'H NMR (500 MHz, DMSO-d,, 5): 13.01 (s, 1H,
NH), 7.14 (s, 1H, thiazole), 6.62 (s, 1H, CH), 4.08 (s, 2H,
CH,), 373 (s, 2H, CH,), 118 (s, 3H, CH,). "C NMR
(126 MHz, DMSO-d,, 9): 169.7 (C=0), 161.9 (C=0), 156.5,
144.3, 111.9, 66.0 (CH), 60.3 (CH,), 36.3 (CH,), 14.05 (CH,).
LCMS (ESI+) m/z 297.0/299.0 (100.0 %, [M+H]"). Anal.
calc. for C;H CLN,O,S: C, 36.38 %; H, 3.39 %; N, 9.43 %.
Found: C, 36.50 %; H, 3.50 %; N, 9.70 %.

N-(Benzo[d]thiazol-2-yl)-2-chloroacetamide (4a).

White powder, yield 79 %, mp 163—165 °C (i-PrOH).
'HNMR (500 MHz, DMSO-d,, 6): 12.70 (s, 1H, NH), 7.99
(d,J=79 Hz, 1H, arom.), 7.76 (d, J/=8.1 Hz, 1H, arom.), 7.44
(¢, /7.7 Hz, 1H, arom.), 7.31 (¢, J=7.6 Hz, 1H, arom.), 4.46
(s, 2H, CH,). "C NMR (126 MHz, DMSO-d,, §): 165.8
(C=0), 157.5, 148.4, 131.4, 126.2, 123.7, 121.7, 120.6, 42.5
(CH,). LCMS (ESI+) m/z 227.0/229.0 (100.0 %, [M+H]").
Anal. cale. for C;H.CIN,0S: C, 47.69 %; H, 3.11 %; N,
12.36 %. Found: 47.90 %; H, 3.30 %; N, 12.50 %.

N-(Benzo[d]thiazol-2-yl)-2,2-dichloroacetamide (4b).

White powder, yield 80 %, mp 188—190 °C (i-PrOH).
\HNMR (500 MHz, DMSO-d, 6): 13.28 (s, 1H, NH), 8.01
(d,J=79 Hz, 1H, arom.), 7.74 (d, J/=8.1 Hz, 1H, arom.), 7.47
(¢, J/=7.7 Hz, 1H, arom.), 7.35 (¢, J/=7.6 Hz, 1H, arom.), 6.71
(s, 1H, CH).”"C NMR (126 MHz, DMSO-d,, 5): 163.2
(C=0), 157.0, 147.9, 131.0, 126.6, 124.2, 122.2, 121.0, 64.6
(CH). LCMS (ESI+) m/z 261/263 (100.0 %, [M+H]"). Anal.
calc. for C;H,CLN,OS: C, 41.40 %; H, 2.32 %; N, 10.73 %.
Found: C, 41.60 %; H, 2.50 %; N, 10.90 %.

2-Chloro-N-(4,6-dimethylbenzo[d]thiazol-2-yl)ac-
etamide (4d).

White powder, yield 77 %, mp 196-198 °C
(i-PrOH). '"HNMR (500 MHz, DMSO-d,, 6): 12.71 (s, 1H,
NH), 7.56 (s, 1H, arom.), 7.06 (s, 1H, arom.), 4.42 (s, 2H,
CH,), 2.51 (s, 3H, CH,), 2.49 (s, 3H, CH,). "C NMR
(126 MHz, DMSO-d,, 6): 165.5 (C=0), 155.6, 145.5, 133.1,
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131.2, 129.5, 128.1, 118.7, 42.3 (CH,), 20.9 (CH,), 17.7
(CH,). LCMS (ESI¥) m/z 255/257 (100.0 %, [M+H]").
Anal. calc. for C, H, CIN,OS: C, 51.87 %; H, 4.35 %; N,
11.00 %. Found: C, 52.10 %; H, 4.50 %; N, 11.20 %.

2,2-Dichloro-N-(4,6-dimethylbenzo[d]thiazol-2-yl)
acetamide (4e).

White powder, yield 80 %, mp 195-197 °C
(--PrOH). '"H NMR (500 MHz, DMSO-d,, 3): 13.18 (s, 1H,
NH), 7.59 (s, 1H, arom.), 7.09 (s, 1H, arom.), 6.67 (s, 1H,
CH), 2.51 (s, 3H, CH,), 2.49 (s, 3H, CH,). "C NMR
(126 MHz, DMSO-d,, 6): 162.3 (C=0), 155.1, 145.8, 133.6,
131.3,129.5,128.4,118.9, 65.9 (CH), 20.9 (CH,), 17.7 (CH,).
LCMS (ESI+) m/z 289/291 (100.0 %, [M+H]"). Anal. calc.
for C H CLNOS: C, 45.69 %; H, 3.49 %; N, 9.69 %.

117710

Found: C, 45.90 %; H, 3.70 %; N, 9.90 %.

3. 2. Assessment of compounds cytotoxicity via
MTT assay

The pseudo-normal cell lines BALB-3T3 (mouse
embryo fibroblasts) and HaCaT (human epidermal kerat-
inocytes), as well as the cancer cell lines MDA-
MB-231 (human triple-negative breast cancer), K562 (hu-
man chronic myelogenous leukemia), HT-29 (human
colon cancer), and Jurkat (human acute T cell leukemia),
were kindly provided by the Collection at the Institute of
Molecular Biology and Genetics, National Academy of
Sciences of Ukraine (Kyiv, Ukraine). HCT-116 colon
cancer cells were donated by the Collection of the Insti-
tute for Cancer Research at Vienna Medical Universi-
ty (Vienna, Austria). Ba/F3 cell lines, models for my-
eloproliferative neoplasms, kindly provided for research
by Prof. Robert Kralovics (Vienna Medical University).
The cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Biowest, France) or RPMI-1640 medi-
um (Biowest, France), containing 10 % of fetal bovine
serum (FBS, Biowest, France), according to the recom-
mendations of the American Type Culture Collec-
tion (ATCC), under the incubation conditions of 5 % CO,
and 90-95 % humidity at 37 °C.

The viability of cell lines after incubation with
the compounds was assessed using 3-[4,5-dimethylthi-
azol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT re-
agent) (Sigma-Aldrich, USA) [34]. 6000 Adherent cells
or 15,000 suspension cells per well were seeded in 96-
well plates in 100 uL of DMEM or RPMI-1640 (Sig-
ma-Aldrich, USA) according to the recommendations
of the ATCC and incubated for 24—72 hours at 37 °C in
a CO, incubator with different concentrations of the
studied compounds (3 concentrations (5, 10, and 50 uM)
each in 3 replicates). After the incubation period, the
test medium was discarded, the MTT reagent was add-
ed to the cells according to the manufacturer’s recom-
mendations (final concentration Smg/mL) and incubat-
ed for an additional 4 hours. The formazan crystals
were dissolved using DMSO, and the absorbance was
measured using an Absorbance Reader BioTek
ELx800 (BioTek Instruments, Inc., Winooski, VT, USA)
at a wavelength of 490 nm. The IC50 values were calcu-
lated using GraphPad Prism 8 software (San Diego,
California, USA).
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3. 3. Quantum - chemical calculations

The structure of the synthesized compounds and
intermediate states was optimized using the Gaussian 09
program [35], results were visualized using Gauss-
View 5.0.8 [36]. In all studied structures, the geometry
was optimized using density functional theory (DFT) in
the B3LYP approach with a standard set of basic func-
tions 6-311++G(d,p).

3. 4. Molecular docking

Potential glutathione-chloroacetamide (GSH-CA)
conjugates were constructed by modifying the 3D struc-
ture of glutathione with the alkyl groups from the synthe-
sized compounds. The protonation states of the struc-
tures were adjusted to reflect physiological pH (7.4).
These conjugates were subsequently minimized using a
molecular mechanics-based optimization approach. The
minimization was performed with the MMFF94 [37, 38]
force field in Avogadro software, using a maximum of
10,000 steps [38].

The crystal structure of glutathione S-transfer-
ase (GST) (PDB ID: 11GS) [39] was retrieved from the
Protein Data Bank (PDB) for docking studies. For dock-
ing simulations, we employed the FlexX algorithm [40]
implemented in LeadIT 2.3.2 due to its capability to ac-
curately predict the binding positions of the glutathi-
one-ethacrynic acid complex. The algorithm
demonstrated sufficient accuracy, with root mean square
deviation (RMSD) values of less than 2 A (observed
RMSD: 1.8402 A) (Fig. 2) [41].

Fig. 2. The real (grey-colored) and predicted positions of
the glutathione-etacrynic acid complex inside GST (PDB
11GS) are shown, with an RMSD of 1.8402 A

The binding site for docking was defined as the
amino acid residues surrounding the binding region
of GST. To ensure comprehensive coverage of potential
interactions, the radius of the docking site was expanded
from the default 6.5 A to 8.5 A. The glutathione-ethacryn-
ic acid conjugate from the available X-ray crystal structure
was used to validate the docking parameters and to bench-
mark docking scores against those of the predicted com-
plexes. Visualization and analysis of the docking results
were performed using BIOVIA Discovery Studio and the
built-in PoseView module from LeadIT.
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4. Results

4. 1. Chemistry

The target CAAs and DCAAs 2a,b; 3a-h; 4a-d
were synthesized using early developed protocols [32, 42],
which are based on acylation of corresponding thi-
azole-bearing amines by chloroacetyl or dichloroacetyl
chlorides in the dry dioxane medium with presence of
triethylamine. Compounds 2a,b; 3a-h; and 4a-d were
obtained with satisfactory yields (58—81 %) and purity.
Performed synthetic transformations and structures of
synthesized molecules are depicted in Fig. 3.

o)
Cl

Cl

in the mass spectra confirmed the formation of the target
derivatives.

4. 2. Screening of cytotoxic activity on cancer
and pseudo-normal cell lines

With the aim to investigate the cytotoxicity of the
synthesized compounds 2a,b; 3a-h; 4a-d on various types
of cancer and normal cells, MTT assay was applied on
myeloproliferative neoplasms cell models (Ba/F3
wt Mouse Pro B-cell line, Ba/F3 CALRins 5 Mouse
Pro B-cell line and Ba/F3 CALRdel 52 Mouse Pro
B-cell line), human colo-
rectal cancer cells (HT-
29), human colon carci-
noma cells (HCT-116),

N
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NS -

H
2a,b

(R)2a=H, 2b=ClI

4a

4b cl /k
4c

4d CI CH3

Fig. 3. Synthesis of target chloro- and dichloroacetamides 2a,b; 3a-h; 4a-d. Reagents and
conditions: i — corresponding amine (10 mmole), chloroacetyl chloride or dichloroacetyl
chloride (10 mmole), triethylamine (10 mmole), dioxane (10ml), stirring 15 minutes (r. t.),
and then was heated to 70-80 °C for 30 minutes

The structure of synthesized derivatives 2a,b; 3a-h;
4a-d was confirmed using 'H, *C NMR, and LC-MS
spectra (copies of spectra are presented in the Supplemen-
tary Materials). In the "H NMR spectra of CAAs 3c, 3e,
3g, 4a and DCAAs 3b, 3d, 3f, 3h, 4b signals of aliphatic
CH, and CH protons appear as singlets at 4.35-4.46 ppm,
6.64—6.71 ppm, correspondingly. The molecular ion peaks
observed at the m/z values in the positive ionization mode

human chronic myelo-
genous Leukemia cells
(K562), human acute T
cell Leukemia cells (Jur-
kat), human triple nega-
tive breast cancer cells
(MDA-MB-231), mice
fibroblasts (BALB-3T3),
and human epidermal
keratinocytes (HaCat)
for 72 hours. The IC50
(uM) values for testing
compounds were deter-
mined using point-to-
point analysis and pre-
sented in Table 1.

Cytotoxicity
screening results revealed that synthesized CAAs pos-
sessed significantly higher activity levels towards
tested cancer cell lines compared to their dichlorosub-
stituted analogs (Table 1, Fig. 4 and Supporting Infor-
mation: Figure S39). The most potent CAAs 3a, 3c, 4c,
and 3g demonstrated strong cytotoxic effect with IC50
values ranging from 5.99 up to >50 uM toward tested
cancer models.

Table 1
The IC50 values of compounds 2a,b; 3a-h; 4a-d on cancer and pseudo-normal cell lines based on MTT test data for 72 h
(uM).
Cell lines/ Myeloproliferative neoplasms cell models Cancer cell lines Pseudo-normal cell lines
compound |Ba/F3 wt|Ba/F3 CALR Ins5|Ba/F3 CALR Del52 |HT-29 |HCT-116|K562 |Jur-kat| MDA-MB-231 | BALB-3T3| HaCat
2a 34.77 33.89 >50 >50 >50 |48.85| n/d 39.58 >50 n/d
2b >50 >50 >50 >50 >50 | =50 | >50 >50 >50 n/d
3a 7.72 7.45 7.88 n/d | 34.42 [33.12| >50 7.97 >50 >50
3b >50 >50 >50 >50 >50 | >50 | n/d >50 >50 n/d
3c 6.05 6.78 6.99 27.61| 792 |599| 6.4 7.67 32.24 >50
3d >50 >50 >50 >50 >50 | >50 | n/d >50 >50 n/d
3e 27.08 8.67 31.41 14.78 | 49.35 |31.34| n/d 14.72 33.61 >50
3f >50 47.05 >50 >50 | 38.60 |42.54| n/d 47.54 >50 >50
3g 7.34 7.26 9.73 n/d | 34.70 [36.47| 8.54 8.96 n/d n/d
3h >50 >50 >50 n/d >50 | >50 | >50 >50 n/d n/d
4a 25.06 6.42 14.08 33.66| 30.62 [27.71| n/d 8.60 35.65 n/d
4b >50 >50 >50 >50 >50 | >50 | >50 >50 >50 n/d
4c 7.08 6.98 7.42 30.33| 33.81 [19.22| n/d 7.60 4.51 >50
4d >50 >50 41.90 >50 >50 | =50 | nd 47.54 >50 >50
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Fig. 4. Some preliminary structure — anticancer activity relationships for the synthesized CAAs
and DCAAs 2a,b; 3a-h; 4a-d

4. 3. In silico evaluation of ADMET properties
using ADMET]Iab 3.0

Predictions of some ADMET properties of the
studied compounds 3a, 3¢, 3g and 4c were performed
using ADMETIab 3.0 [43]. The calculated prognostic
ADMET parameters are summarized and presented in
Supporting Information (Tables 1-3), with key find-
ings highlighted below.

All four compounds comply with major medici-
nal chemistry rules, including Lipinski’s rule of five,
which predicts good oral bioavailability based on mo-
lecular weight, lipophilicity (log P), hydrogen bond
donors (HBD), and acceptors (HBA). They also meet
the GSK rule, which is designed to minimize toxicity
risks in drug development. However, compounds 3c
and 4c violated Pfizer’s rule, which flags potential
toxicity due to high log P and molecular weight. Com-
pound 3g exhibited the most balanced properties, with
acceptable molecular weight, polarsurfacearea (TPSA),
log P, and an appropriate Fsp® score, indicating poten-
tial for good solubility and absorption.

Predicted absorption data indicated low perme-
ability for all compounds through MDCK and Caco-2
models. All compounds are unlikely substrates or in-
hibitors of P-glycoprotein, ensuring favorable pharma-
cokinetics. Human intestinal absorption (HIA) predic-
tions suggested poor absorption for all derivatives,
particularly 4c and 3c. Plasma protein binding (PPB)
was high for compounds 3¢ and 4c, indicating a low
free-drug fraction, while 3g showed moderate binding,
which may result in a better therapeutic index. Howev-
er, none of the compounds are predicted to efficiently
cross the blood-brain barrier (BBB), reducing the like-
lihood of central nervous system (CNS) side effects.

All compounds exhibited low plasma clearance,
with 3g showing moderate clearance. The predicted
half-life was short for all derivatives except 3a, which
showed an intermediate half-life, indicating the need for
less frequent dosing. Regarding toxicity, compounds 3¢
and 4c had higher probabilities of human hepatotoxici-
ty (H-HT) and mutagenicity (AMES). In contrast, 3g
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displayed the lowest risks of hepatotoxicity and muta-
genicity, making it the safest candidate.

Compounds 3c and 4c demonstrated strong poten-
tial for being PPARy agonists, while 3g showed modest
activity, suggesting potential metabolic or anti-inflamma-
tory applications. Notably, 3g also displayed low probabil-
ities of being an estrogen receptor (ER) agonist or aro-
matase inhibitor, reducing concerns about off-target
hormonal effects.

The predicted ADMET profiles suggest that com-
pound 3g has the most favorable balance of drug-like
properties, including reduced toxicity risks, moderate
clearance, and metabolic stability. This makes it the
most promising candidate for further pharmacological
evaluation.

4. 4. Quantum chemical calculations

The anticancer activity screening result showed a
significant difference between synthesized CAAs and
their dichlorosubstituted analogs. Since CAAs possess
higher activity than DCAAs and differ only with the
presence in the structure of one additional Chlorine atom,
their action could be expected to mainly depend on the
reactivity of the carbon atom bound to one or two chlo-
rine atoms. To explain the difference in anticancer activ-
ity in structure-related compounds, quantum-chemical
calculations of their electronic features were carried out
for some synthesized CAAs and DCAAs.

The molecules’ electrophilic properties depend
on their energy levels’ location. The energy levels’
relative arrangement and the shape of molecular orbit-
als of some CAAs and DCAAs are presented in Fig. 5.
As presented, two chlorine atoms create a greater ac-
ceptor effect, and the energy levels shift down. The
LUMO energy is more affected. In addition, in DCAAs,
the LUMO 1is more concentrated on the same side of
the molecule as the terminal carbon with two chlorine
atoms. All this indicates greater electrophilic proper-
ties of DCAAs compared to CAAs. However, it is
known that the results of quantum-chemical calcula-
tions of the CAAs reactivity showed no correlation
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with the warhead-associated electrophilicity index [44].
Therefore, their alkylating ability will be determined
more by the reaction mechanism than by electronic
effects in the molecule.

CAAs and DCA As covalent binding occurs due to
the halogen substitution on a cysteine residue. In this
case, the reaction takes place either through the carboca-
tion formation (by the S 1 mechanism) or through a
transition state (by the S 2 mechanism), in both cases the
carbon atom changes its initial sp*-hybridization to
sp*-hybridization with an approximately perpendicular
p-orbital. This p-orbital enters into conjugation with the
other conjugated system, and in the case of DCAAs, an-
other chlorine atom is also included in this system, which
in this case will already exhibit the M+ effect and reduce
the electron density on the carbocation, which will re-
duce its reactivity. Two such cations were calculated,
which are formed when a chlorine atom is removed from
CAAs 4a (cation A) and from DCAAs (cation B), the en-
ergy and shape of the frontier orbitals are shown in Fig. 6.
The donor effect of the chlorine atom in the transition
state affects the location of the energy levels, which are
higher in the B cation containing the conjugated chlorine
atom. The Fukui indices were calculated for the carbon
atom of carbocation A f"(C")=0.191 and B f"(C")=0.162,
which indicating a greater ability of the intermediate
carbocation A to be attacked by a nucleophile.

[45] also noted the lower reactivity of DCAAs
compared to CAAs. In the same article, they show the
substitution products’ instability in an aqueous medi-
um, where the DCA As-thiol adduct easily hydrolyzes
in an aqueous solution. In contrast, the CAAs-thiol
adduct does not hydrolyze. In addition, due to the
DCA As-thiol adduct hydrolysis, the product does not
contain chlorine atoms and will not be able to further
act as an alkylating agent.

4. 5. Molecular docking

According to the reports, biologically active
CAAs (including herbicides) can interact with glutathi-
one [46—49]. This interaction is suggested to contribute
to their primary mode of action as well as associated
with toxic side effects. However, some compounds,
such as etacrynic acid, which can covalently bind to
glutathione, have been shown to act as ligands that
block GST activity [50-52]. Such GST inhibition may
enhance the efficacy of chemotherapy regimens by in-
creasing the levels of reactive oxygen species (ROS),
thereby promoting cellular damage [53, 54]. If these
conjugates exhibit strong affinity for GST, they could
also function as GST inhibitors. This approach may be
useful for anticancer therapy or as an adjunct to existing
treatments to reduce resistance or enhance the efficacy
of the selected chemotherapy regimen [50, 55-58].

2a 2b 3¢

Fig. 5. Energy and shape of frontier molecular orbitals of some synthesized derivatives of CAAs and DCAAs
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Fig. 6. The energy and shape of the frontier molecular orbitals of the intermediate cations formed during the chlorine
anion removed from 4a (A) and 4b (B)
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Therefore, we aimed to evaluate the affinity of
potential glutathione-CAAs conjugates as GST inhibi-
tors. The obtained FlexX docking scores are presented
in Table 2.

Table 2
The FlexX docking scores of the predicted glutathione-
CAAs conjugates and complex with the etacrynic acid

Compounds GST, (PDB 11GS) FlexX docking score
2a —26.5358
3a —-28.9050
3c -34.4758
3e —33.0665
3g -29.8119
4a -33.2909
4c -31.4291
GSH-EAA complex —29.2766

Most conjugates demonstrate improved binding
affinity compared to the native glutathione-etacrynic
acid complex. The best docking score was obtained for
the glutathione-3c complex. As shown in Fig. 7, the
4-phenylthiazol-2-yl motif fits well into the hydrophobic
pocket formed by several lipophilic amino acids, includ-
ing Ilel04, Tyrl08, VallO, Tyr7, and Phe8. Other CAAs
interact in a similar manner; however, in the case of
compound 3c, the presence of a phenyl substituent in-
creases the number of amino acids involved in lipophilic
interactions.

Fig. 7. The 3D and 2D interaction diagrams of the glutathione-3c conjugate with
GST (PDB code 11GS). Pink indicates hydrogen bonds, while green represents

lipophilic interactions

5. Discussion

It has been established that the synthesized 2-chlo-
roacetamides exhibit superior cytotoxicity compared to
the dichlorosubstituted analogs. While dichlorosubstituted
analogs 3d, 3b, 4d, and 3h decreased cell viability to a
lesser extent with IC50 in the range of 41.90 up to >50 pM.
Compounds 3e, 2a, and 4a demonstrated moderate cyto-
toxic effect, with IC50 values predominantly within
30—40 uM range. In contrast, DCAAs 3f, 2b, and 4b did
not affect the viability of both cancer and pseudo-normal
cell lines (MDA-MB-231, K562, HT-29, HCT-116, Jurkat,
and Ba/F3wt, BALB-3T3, HaCat respectively). It was also
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observed that thiazoline-bearing derivative 2a exhibited
lower cytotoxicity across all cell lines compared to thi-
azole and benzothiazole analogs 3a, 4c and 4a. Notably,
while DCA As are nearly inactive, the highest sensitivity to
CAAs was observed in myeloproliferative disease model
cells carrying calreticulin gene mutations (Ba/F3CALRins5
and Ba/F3CALRdel52), their wild-type counterpart
Ba/F3wt cells, human acute T cell leukemia (Jurkat cell
line) and the triple-negative breast cancer cells MDA-
MB-231. Lower sensitivity was demonstrated by colon
cancer cell lines HT-29, HCT-116, and the chronic myeloid
leukemia cell line K562. Furthermore, CAAs reduced
BALB-3T3 fibroblast viability to some extent.
Summarizing the obtained results of quantum
chemical studies, we can see that the lower activity of
DCAAs compared to CAAs is due to a combination of
electronic effects and the intermediates’ stability. The
DCAASs’ higher electrophilic properties, due to the chlo-
rine atoms acceptor effect that lowers the LUMO, can
reduce the carbocations reactivity, especially in the S 1
mechanism, where the chlorine donor effect reduces the
electron density. In the S 2 mechanism, conjugation with
chlorine atoms probably complicates the formation of a
stable transition state. In addition, the lower reactivity
observed in DCA As may also be due to steric hindrance
and DCA As-thiol adduct instability in an aqueous envi-
ronment, which leads to its hydrolysis and alkylating
properties loss. CAAs-thiol adducts, on the other hand,
show higher stability, which may explain their higher
activity. Thus, the differences in activity are likely due to
the chemical properties of
Phes the intermediates and the
Tl Vel T stability of the products
formed. This requires fur-
ther research to determine
the applications of DCAAs.
Furthermore, the
FlexX docking scores of
the conjugates during in sil-
ico simulation corroborate
the cytotoxicity data: the
improved binding affinities
of glutathione-CAA conju-
gates, especially the gluta-
thione-3¢ complex, support
the hypothesis that GST in-
hibition may be a key ac-
tion mechanism. Neverthe-
less, one disadvantage is that CAAs may also interact with
other thiol-containing enzymes, which could contribute to
complex cytotoxic effects. When compared with other stud-
ies — for example, those reporting on similar anticancer
scaffolds and their GST interactions [50, 51, 53—56] — our
results agree regarding the importance of electronic proper-
ties and binding stability. However, discrepancies in IC50
values among different cell lines indicate that additional
factors, such as cell-specific uptake and metabolism, may
also play significant roles.
In summary, the advantages of our study include
the integrated approach combining in vitro cytotoxicity,

R \\O Ser65



ScienceRise: Pharmaceutical Science

Ne 1(53)2025

quantum chemical analysis, and molecular docking,
which provides a comprehensive understanding of the
«structure-activity» relationships in these compounds.

Practical relevance. The results of this study pro-
vide a valuable foundation for the rational design of nov-
el anticancer agents. By elucidating the «structure-activ-
ity» relationships of 2-chloroacetamides and
2,2-dichloroacetamides through integrated in vitro cyto-
toxicity assays, quantum chemical calculations, ADMET
profiling, and molecular docking studies, our findings
can guide the molecular scaffolds optimization to achieve
improved efficacy and selectivity. In particular, the
demonstrated potential of CAAs to interact with glutathi-
one and inhibit GST activity offers a promising strategy
for targeted anticancer therapy. Furthermore, the com-
prehensive computational approach employed here can
serve as a predictive platform for future drug develop-
ment, facilitating the early identification of candidates
with favorable pharmacokinetic and toxicity profiles.

Research limitations. Despite the promising out-
comes, several limitations must be acknowledged. The
cytotoxicity and ADMET evaluations were performed
exclusively in vitro and through in silico models, which
may not fully replicate in vivo biological conditions. The
variability among cell lines and the inherent limitations
of current computational methods — such as the approxi-
mations used in quantum chemical calculations and
docking simulations — may affect the precision of the
predicted reactivity and binding interactions. Moreover,
potential off-target effects and these compounds’ com-
plex metabolism in a living system remain to be elucidat-
ed, thus restricting the immediate clinical applicability of
the findings.

Prospects for further research. The present
study opens numerous avenues for future investigations.
Further research should include in vivo studies to vali-
date the anticancer efficacy and safety of the most prom-
ising CAAs, particularly those exhibiting favorable AD-
MET profiles. Detailed mechanistic studies are warranted
to fully elucidate the role of GST inhibition and other
molecular interactions in mediating cytotoxic effects.
Advancements in computational modeling — such as in-
corporating active learning into docking protocols —
could further refine the prediction of molecular reactivity
and binding affinity. Additionally, exploring combina-
tion therapies and alternative drug delivery systems may
enhance these compounds’ therapeutic potential, ulti-
mately contributing to developing innovative, targeted
anticancer drugs.

6. Conclusion

In the present paper, the synthesis of a series of
2-chloro- and 2,2-dichloroacetamides bearing thiazole scaf-
folds as potential anticancer agents is reported. Anticancer
and cytotoxicity properties of all the compounds have been
evaluated in the panels of cancer and pseudo-normal cell
lines. Synthesized 2-chloroacetamides possessed high and
moderate activity levels towards calreticulin gene mutations
(Ba/F3CALRins5 and Ba/F3CALRdel52), their wild-type
counterpart Ba/F3wt cells, human acute T cell leukemia
(Jurkat cell line) and the triple-negative breast cancer cells
MDA-MB-231. Meanwhile, synthesized 2,2-dichloroacet-
amide analogs were found to be almost inactive in the tested
lines. Performed quantum chemical calculations suggest
that the differences in activity are likely due to the chemical
properties of the intermediates and the stability of the prod-
ucts formed. The docking studies results demonstrate that
most glutathione-2-chloroacetamides conjugates exhibit
higher binding affinity to GST compared to the native glu-
tathione-etacrynic acid complex. These findings suggest
that the cytotoxic effects of the tested 2-chloroacetamides
may be linked to their interaction with glutathione and sub-
sequent inhibition of GST activity.
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