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Abstract A series of novel thiazolidine-4-one derivatives was synthesized by reacting 1,4-

disubstituted hydrazine carbothioamides with diethyl azodicarboxylate. The structures were con-

firmed by spectroscopic data as well as single-crystal X-ray analyses. The antiproliferative activity

of the synthesized compounds was investigated against four human cancer cell lines using an MTT

assay. Compounds 5d, 5e, and 5f revealed the most potent antiproliferative activity with GI50 values

ranging from 0.70 mM to 1.20 mM, compared to doxorubicin GI50 value = 1.10 mM. Compounds

5d, 5e, and 5f were further investigated for their inhibitory activities against CDK2 and EGFR as

potential targets for their molecular mechanism. Compounds 5e and 5f have showed potent

inhibitory activity to CDK2 enzyme with IC50 values of 18 and 14 nM, which is more potent than

the reference dinaciclib (IC50 = 20 nM). Moreover, compounds 5e and 5f were the most potent
oussif),
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EGFR inhibitors, with IC50 values of 93 and 87 nM, respectively, compared to the reference erlo-

tinib (IC50 = 70 nM). In addition, the most potent derivatives were tested for their apoptotic activ-

ity against caspases 3, 8, and 9, and the results showed that compounds 5d, 5e, and 5f revealed a

greater increase in active caspases 3,8 and 9 than doxorubicin. Also, compounds 5d, 5e, and 5f ele-

vated cytochrome C levels in the MCF-7 human breast cancer cell line by about 15.5, 15.8, and 16.5

times, respectively. Finally, a molecular docking study was performed to investigate the binding

sites of these compounds within the active sites of CDK2 and EGFR targets, and the results con-

firmed that the most potent CDK2 and EGFR inhibitor 5h also have showed the highest docking

score.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The syntheses and the biological activities of thiazolidinone derivatives

have been the subject of substantial research (Zhou et al., 2020, Santos

et al., 2018). The thiazolidinone derivatives are privileged heterocyclic

compounds owing to their contribution as biologically active chro-

mophores along with pharmaceutical application in disease treatment

such as anticancer (Zhou et al., 2020; Sigalapalli et al., 2021, Rani

et al., 2020), anti-inflammatory (Shawky et al., 2019), antimicrobial

activities (Arshad and Ahmad, 2020; Beniwal and Jain, 2019), antiox-

idant activities (Zhang et al., 2018) and antileishmanial (Bhat et al.,

2020). Also, thiazolidinone derivatives have been utilized as a hybrid

drug in medicines, and their activities were compared with marketed

drugs.

Reasonably, the chemistry of azodicarboxylate compounds was

determined by their behavior as a mediator and building blocks in

organic synthesis. They reacted as a mediator in the conversion of alco-

hols to the corresponding carbonyl compounds as reported (Hayashi

et al., 2012), dehydrogenation reactions (oxidation reactions) (Jung

et al., 2016), and the oxidative cleavage of SAS and SeASe bonds were

mediated by azodicarboxylates (An et al., 2018). Also, Bräse et al. have

reported the N-amination of a,a-disubstituted aldehydes using L-

proline as an asymmetric catalyst with azodicarboxylate to afford a-
amino aldehydes (Baumann et al., 2007). Amination of arenes has been

achieved using azodicarboxylate in the presence of potassium bisulfate

as a catalyst (Tang et al., 2019). Furthermore, azodicarboxylates

underwent CAH amination at the para-position of 1-naphthylamides
Structure of compounds I-III an
under silver-catalysis (Li et al., 2019). They are used as a key for the

synthesis of different organic heterocyclic compounds (Benavent

et al., 2018; Zhang et al., 2018; Cheng et al., 2017; Yang et al., 2016;

Selvakumar et al., 2015; Leng et al., 2015; Varlet et al., 2019; Jiang

et al., 2013; Shao et al., 2013). Many thiazolidinone-based compounds

with antiproliferative and apoptotic actions have been reported (Lv

et al., 2010; Yousef et al., 2020; Jia et al., 2016). Compound I

(Fig. 1) exhibited potent inhibitory anticancer activity (IC50 = 0.09 m
M for EGFR and IC50 = 0.42 mM for HER-2), comparable to the pos-

itive control erlotinib (IC50 = 0.03 mM). According to the EGFR

molecular docking model, the nitrogen atom of the thiazolidinone ring

establishes a hydrogen bond with the side chain mercapto group of Cys

751, improving binding to the active sites of the tested enzyme (Lv

et al., 2010). A new series of isatin-thiazolidine derivatives were synthe-

sized and evaluated for their antiproliferative activity. The newly syn-

thesized compounds have varying inhibitory effects on three cancer cell

lines with IC50 values ranging from 3.29 mM to 100 mM. Compound II

(Fig. 1) showed potent CDK inhibitory activity with IC50 of 0.38 mM
and good apoptotic activities against caspases 3 and 9 (Yousef et al.,

2020).

Another study on compound III (Fig. 1), a thiazolidine derivative,

suggests that compound III or a related compound in combination

with cetuximab (EGFR dimer-disrupting antibody) would be an effec-

tive strategy for treating lung cancers driven by the L858R/T790M

mutation, as well as those driven by the triple L858R/T790M/C797S

mutation, which is resistant to all current EGFR-targeted therapies

(Jia et al., 2016).
d new compounds 3a, 3b, and 5a-f.
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We continued our studies on N-Substituted hydrazine carboth-

ioamides, which are considered one of the most important classes of

compounds containing nitrogen, sulfur, and oxygen used for heterocy-

clization and formation of different heterocyclic rings such as thiadia-

zole and thiadiazepine, and from the reaction with several p-deficient
compounds (Hassan et al., 2003, 2006, 2007, 2011, 2020; Aly et al.,

2021).

Thus, we report the synthesis of thiazolidine-4-one derivatives

through the reaction of 1,4-disubstituted hydrazine carbothioamides

and diethyl azodicarboxylate under different conditions. In addition,

we discuss the antiproliferative activity of the two new scaffolds of

thiazolidine-4-one derivatives, Scaffold A (compounds 3a and 3b)

and Scaffold B (5a-f). The new derivatives were investigated against

a panel of cancer cell lines using an MTT assay. The most potent

derivatives from the MTT assay were further investigated for their

inhibitory activities against CDK2 and EGFR as potential targets

for their molecular mechanism. Also, the most potent derivatives were

tested for their apoptotic activity against caspases 3, 8, and 9. Finally,

a molecular docking study was performed to investigate the binding

sites of these compounds within the active sites of EGFR and CDK2

targets.

2. Experimental

2.1. Chemistry

General Details: See Appendix A.

Diethyl azodicarboxylate was purchased from Sigma-

Aldrich chemicals. The hydrazine carbothioamides 1a-h have
been prepared according to references (Hassan et al., 2019a,
b) by refluxing the appropriate hydrazine with the correspond-
ing isothiocyanates in ethanol for interval time.

General procedure for the synthesis of compounds 3a, 3b, 4,

and 5a-f

Dissolving 0.174 gm (1.0 mmol) of diethyl azodicarboxylate

2 with triphenylphosphine (Ph3P) 0.262 gm (1.0 mmol) in
15 ml ethanol and allowed to stir under reflux for 30 min, then
the appropriate hydrazine carbothioamide 1 (1.0 mmol) in

5 ml ethanol with two drops of triethylamine (Et3N) was
added. The mixture was then refluxed for 6 hrs. The reaction
was monitored by TLC after completion of the reaction; the
solvent was dried through vacuum evaporation. The reaction

mixture was extracted three times with methylene chloride
(CH2Cl2), the extract was added to anhydrous calcium chlo-
ride (CaCl2) filtered, then subjected to plc chromatography

using toluene: ethyl acetate (5:1) as eluent. The separated zones
were collected and eluted with acetone to give the thiazolidi-
nones 5a-f as major products (orange-red zones), and the prod-

ucts were recrystallized from methanol. While in the case of N-
substituted-2-phenylhydrazine carbothioamide 1a,b com-
pounds 3a, and b were observed as dark zones and was recrys-

tallized from acetonitrile to obtained as a colorless crystal. The
side product also was observed as a dark zone and was recrys-
tallized from acetonitrile to obtain the calcium chloride com-
plex (CaCl2(PPh3O)4-H2O). The oxidized form (E)-N-

cyclohexyl-2-phenyldiazene-1-carbothioamide (4) was
obtained as an orange zone.

General procedure for the synthesis of compounds 5a-f and 7

To a solution of hydrazine carbothioamides 1b-h (1 mmol)
in 15 ml dry ethyl acetate, chloroacetyl chloride 6 (0.124 gm,
1.1 mmol) (slightly excess) was added with the addition of

two drops of triethylamine. The mixture was stirred at room
temperature for an hour and left to stand overnight. The
red–orange precipitate was filtered, washed with ethyl acetate
several times, and recrystallized from methanol to obtain the
target compounds 5a-f with high purity and high yields. On

the other hand, a colorless precipitate of (Z)-2-chloro-N-(2-(c
yclohexylimino)-4-oxothiazolidin-3-yl)-N-phenyacetamide 7

was obtained when 1b was reacted in the same manner with

chloroacetyl chloride, and the product was recrystallized from
acetonitrile.

2.1.1. (Z)-2-(Benzylimino)-3-(phenylamino)thiazolidin-4-one
(3a)

Colorless crystals (acetonitrile); yield (178 mg, 60%), mp. 182–
183 �C; IR (KBr): m 3223 (NH), 3036 (ArACH), 2937

(aliACH), 1731 (C‚O), 1639 (C‚N), 1568 (ArAC‚C)
cm�1; 1H NMR (400 MHz, DMSO d6): d 4.43 (s, 2H,
thiazolidinone-CH2), 4.96 (s, 2H, benzyl-CH2), 7.06–7.47 (m,

10H, ArAH), 9.29 (s, 1H, hydrazono-NH) ppm; 13C NMR
(100 MHz, DMSO d6): d 46.62 (C-5), 48.10 (benzyl-CH2),
127.21, 127.48, 128.04, 128.45 (ArACH), 136.32, 138.02
(ArAC), 157.48 (C2), 168.95 (C4) ppm; MS (70 eV): m/

z = 297 (M+, 3); 269 (3); 257 (7); 206 (3); 164 (6); 149 (8);
108 (7); 91 (100). Anal. Calcd. for C16H15N3OS: C, 64.62; H,
5.08; N, 14.13; S, 10.78; Found: C, 64.57; H, 4.95; N, 14.02;

S, 10.69.

2.1.2. (Z)-2-(Cyclohexylimino)-3-(phenylamino)thiazolidin-4-

one (3b)

Colorless crystals (acetonitrile); yield (187 mg, 65%), mp. 185–
186 �C; IR (KBr): m 3233 (NH), 3086 (ArACH), 2947
(aliACH), 1736 (C‚O), 1649 (C‚N), 1566 (ArAC‚C)

cm�1; 1H NMR (400 MHz, CDCl3): d 1.25–1.67 (m, 10H,
Cyclohexyl-CH2); 4.09–4.21 (m, 1H, Cyclohexyl-H); 4.33 (s,
2H, thiazolidinone-CH2), 7.23–7.49 (m, 5H, ArAH), 9.23 (s,

1H, hydrazono-NH) ppm; 13C NMR (100 MHz, CDCl3): d
24.64, 25.41, 33.14 (Cyclohexyl-CH2); 43.85 (C-5), 54.40
(Cyclohexyl-CH), 124.27, 129.30, 130.02 (ArACH), 136.48
(ArAC), 152.42 (C2), 169.10 (C4) ppm; MS (70 eV): m/

z = 289 (M+, 100); 249 (33); 198 (25); 156 (81); 91 (67). Anal.
Calcd. for C15H19N3OS: C, 62.25; H, 6.62; N, 14.52; S, 11.08;
Found: C, 62.14; H, 6.53; N, 14.38; S, 11.00.

2.1.3. (E)-N-cyclohexyl-2-phenyldiazene-1-carbothioamide (4)

Orange crystals (acetonitrile); yield (40%), mp. 126–127 �C; IR
(KBr): m 3347 (NH), 3110 (ArACH), 2950 (aliACH), 1582

(ArAC‚C), 1440 (N‚N), 1139 (C‚S) cm�1; 1H NMR
(400 MHz, CDCl3): d 1.22–2.46 (m, 10H, Cyclohexyl-CH2),
4.22–4.46 (m, 1H, Cyclohexyl-CH), 7.46–7.52 (m, 3H, ArAH)

7.78–8.18 (3, 3H, ArAH and NH) ppm; 13C NMR (100 MHz,
CDCl3): d 24.46, 25.41, 33.14 (cyclohexyl-CH2), 45.40
(cyclohexyl-CH), 124.27, 129.34, 133.38 (ArACH), 150.69

(ArAC), 190.37 (C‚S) ppm; MS (70 eV): m/z (%) = 247
(M+, 43), 141 (32), 105 (100), 77 (81). Anal. Calcd. for
C13H17N3S: C, 63.12; H, 6.93; N, 16.99; S, 12.96; Found: C,

63.05; H, 6.88; N, 16.92; S, 12.89.

2.1.4. (Z)-2-(2-(2,4-Dinitrophenyl)hydrazono)-3-
ethylthiazolidin-4-one (5a)

Red crystals (methanol); yield (80% and 95%)), mp. 198–
199 �C; IR (KBr): m 3267 (NH), 3095 (ArACH), 2937
(aliACH), 1722 (C‚O), 1638 (C‚N), 1585 (ArAC‚C),
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1420 (NO2) cm�1, 1H NMR (400 MHz, DMSO d6): d 1.22–
1.26 (t, 3H, J = 7.77 Hz, CH3), 3.76–3.80 (q, 2H,
J = 7.77 Hz, CH2), 4.25 (s, 2H, thiazolidine-CH2), 7.59–7.62

(d, 1H, ArAH), 8.38–8.41 (d, 1H, ArAH), 8.91 (s, 1H, ArAH),
10.53 (s, 1H, hydrazono-NH) ppm; 13C NMR (100 MHz,
DMSO d6): d 12.25 (CH3), 33.46 (CH2), 37.73 (C5), 115.14,

122.81, 130.13 (ArACH), 129.02, 136.35, 144.93
(ArAC),156.97 (C2), 170.71 (C4) ppm;; MS (70 eV): m/z
(%) = 325 (M+, 100), 285 (28), 168 (57), 158 (71), 137 (55),

123 (46), 87 (52). Anal. Calcd. for C11H11N5O5S: C, 40.61;
H, 3.41; N, 21.53; S, 9.86; Found: C, 40.46; H, 3.37; N,
21.45; S, 9.78.

2.1.5. (Z)-3-Allyl-2-(2-(2,4-dinitrophenyl)hydrazono)
thiazolidin-4-one (5b)

Red crystals (methanol); yield (68% and 93%), mp. 225–

227 �C; IR (KBr): m 3347 (NH), 3120 (ArACH), 2952
(aliACH), 1724 (C‚O), 1618 (C‚N), 1558 (ArAC‚C),
1407 (NO2) cm�1; 1H NMR (400 MHz, DMSO d6): d 3.90–
3.93 (m, 2H, allylACH2), 4.28 (s, 2H, thiazolidine-CH2),

5.12–5.53 (m, 2H, allylACH2‚), 5.82–5.99 (m, 1H,
allylACH‚), 7.56–7.59 (d, 1H, ArAH), 8.16–8.19 (d, 1H,
ArAH), 8.80 (s, 1H, ArAH), 11.36 (s, 1H, hydrazono-NH)

ppm; 13C NMR (100 MHz, DMSO d6): d 37.34 (C-5), 45.12
(allylACH2), 116.10 (allylACH2‚), 115.77, 123.47, 126.88,
129.66 (ArACH), 134.99 (allyl‚CH), 142.50 (ArAC),150.10

(C2), 169.18 (C4) ppm; MS (70 eV): m/z (%) = 337 (M+,
100), 297 (36), 171 (57), 168 (41), 137 (65), 123 (71), 99 (82).
Anal. Calcd. for C12H11N5O5S: C, 42.73; H, 3.29; N, 20.76;

S, 9.51; Found: C, 42.63; H, 3.18; N, 20.65; S, 9.46.

2.1.6. (Z)-3-Benzyl-2-(2-(2,4-dinitrophenyl)hydrazono)
thiazolidin-4-one (5c)

Red crystals (methanol); yield (72% and 91%), mp. 213–
215 �C; IR (KBr): m 3246 (NH), 3103 (ArACH), 2995 and
2942 (aliACH), 1718 (C‚O), 1628 (C‚N), 1587 (ArAC‚C),
1415 (NO2) cm

�1, 1H NMR (400 MHz, DMSO d6): d 4.31 (s,

2H, thiazolidine-CH2), 4.96 (s, 2H, benzyl-CH2), 7.36–7.42 (m,
6H, ArAH), 8.26–8.34 (d, 1H, ArAH), 8.84 (s, 1H, ArAH),
10.52 (s, 1H, hydrazono-NH) ppm; 13C NMR (100 MHz,

DMSO d6): d 37.93 (C-5), 45.77 (benzyl-CH2), 115.96,
122.98, 127.62, 127.80, 128.91 129.97 (ArACH), 129.77,
129.94, 135.72, 144.79 (ArAC), 156.45 (C2), 171.07 (C4)

ppm; MS (70 eV): m/z (%) = 387 (M+, 100), 347 (25), 221
(58), 168 (40), 149 (75), 137 (33), 123 (32). Anal. Calcd. for C16-
H13N5O5S: C, 49.61; H, 3.38; N, 18.08; S, 8.28; Found: C,

49.55; H, 3.27; N, 17.98; S, 8.19.

2.1.7. (Z)-2-(2-(2,4-Dinitrophenyl)hydrazono)-3-
phenylthiazolidin-4-one (5d)

Red crystals (methanol); yield (67% and 88%), mp. 234–
236 �C; 1H NMR (400 MHz, DMSO d6): d 4.34 (s, 2H,
thiazolidine-CH2), 7.46–7.68 (m, 5H, ArAH), 8.23–8.27 (d,

1H, ArAH), 8.82–8.87 (d, 1H, ArAH), 9.42 (s, 1H, ArAH),
11.61 (s, 1H, hydrazono-NH) ppm; 13C NMR (100 MHz,
DMSO d6): d 37.46 (C-5), 115.69, 123.53, 127.72, 128.42,
128.77, 130.41 (ArACH), 129.74, 134.31, 135.65, 145.82

(ArAC),158.49 (C2), 171.05 (C4) ppm; MS (70 eV): m/z
(%) = 373 (M+, 100), 333 (28), 207 (37), 168 (71), 137 (85),
135 (83), 123 (34). Anal. Calcd. for C15H11N5O5S: C, 48.26;
H, 2.97; N, 18.76; S, 8.59; Found: C, 48.19; H, 2.88; N,
18.67; S, 8.46.

2.1.8. (Z)-3-Cyclohexyl-2-(2-(2,4-dinitrophenyl)hydrazono)
thiazolidin-4-one (5e)

Red crystals (methanol); yield (80%, 97%), mp. 223–225 �C;
1H NMR (400 MHz, CDCl3): d 1.40–1.76 (m, 10H,

Cyclohexyl-CH2), 3.09–3.20 (m, 1H, Cyclohexyl-CH), 3.92 (s,
2H, thiazolidine-CH2), 7.52–7.56 (d, 1H, ArAH), 8.25–8.29
(d, 1H, ArAH), 9.05 (s, 1H, ArAH), 10.51 (s, 1H,

hydrazono-NH) ppm; 13C NMR (100 MHz, CDCl3): d
24.65, 25.53, 27.80 (cyclohexyl-CH2), 36.73 (C5), 45.83
(cyclohexyl-CH), 115.33, 123.31, 129.43 (ArACH), 130.12,

137.35, 144.95 (ArAC), 156.97 (C2), 169.80 (C4) ppm. Anal.
Calcd. for C15H17N5O5S: C, 47.49; H, 4.52; N, 18.46; S, 8.45;
Found: C, 47.40; H, 4.47; N, 18.35; S, 8.38.

2.1.9. (Z)-2-(2-(2,4-Dinitrophenyl)hydrazono)-3-(p-tolyl)
thiazolidin-4-one (5f)

Red crystals (methanol); yield (67% and 95%), mp. 232–

234 �C; 1H NMR (400 MHz, CDCl3): d = 2.5 (s, 3H, CH3);
4.24 (s, 2H, thiazolidine-CH2), 7.21–7.31 (m, 4H, ArAH),
7.40–7.45 (d, 1H, ArAH), 8.21–8.25 (d, 1H, ArAH), 9.10 (s,

1H, ArAH), 10.61 (s, 1H, hydrazono-NH) ppm; 13C NMR
(100 MHz, CDCl3): d 21.36 (CH3); 33.30 (C-5), 115.94,
123.41, 127.26, 129.26, 130.12 (ArACH), 130.31, 131.25,
137.84, 139.73 144.92 (ArAC),152.81 (C2), 169.54 (C4) ppm.

Anal. Calcd. for C16H13N5O5S: C, 49.61; H, 3.38; N, 18.08;
S, 8.28; Found: C, 49.57; H, 3.29; N, 17.98; S, 8.17.

2.1.10. (CaCl2(Ph3PO)4�H2O)

Colorless crystals (acetonitrile), yield (10–12%), mp. 172–
173 �C; IR (KBr): m 362 (ArACH), 1588 (ArAC‚C) cm�1;
1H NMR (400 MHz, DMSO d6): d 7.54–7.65 (m, 60H, ArAH)

ppm; 13C NMR (100 MHz, DMSO d6): d 128.66, 128.78,
131.40, (ArACH); 131.50 (ArAC) ppm. MS (70 eV): m/
z = 611 (5), 278 (78), 201 (14). Anal. Calcd. for C72H62CaCl2-

O5P4: C, 69.62; H, 5.03; Cl, 5.71. Found: C, 69.77; H, 4.98; Cl,
5.65.

2.1.11. (Z)-2-Chloro-N-(2-(cyclohexylimino)-4-
oxothiazolidin-3-yl)-N-phenyacet-amide (7)

Colorless crystals (acetonitrile); yield (336 mg, 93%), mp.152–
153 �C. Anal. Calcd. for C17H20ClN3O2S: C, 55.81; H, 5.51; Cl,

9.69; N, 11.48; S, 8.76; Found: C, 55.66; H, 5.40; Cl, 9.81; N,
11.33; S, 8.69.

2.2. Biology

Details of all biological assay tests: See Appendix A.

Molecular Docking Simulations: See Appendix A.
Supplementary Information:

CCDC 2177163 (5a, SB1441_HY_HA396), 2177164 (5b,
SB1486_HY_HA395), 2177165 (5c, SB1502_HY_HA394),

2177166 (5f, SB1502_HY_HA392), 1939590 (Experimental
Crystal Structure Determination, 2019, DOI:0.5517/ccdc.csd.
cc2339fz; complex (CaCl2(PPh3O)4-H2O) [complex_ha117]),

2177167 (4, SB1471_HY_HA345) and 2177168 (7,
SB1442_HY_HA398) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free



Scheme 1 Reactions between hydrazine carbothioamides 1a-h and diethyl azodicarboxylate (2) to form the thiazolidinone derivatives

3a,b, and 5a-f.
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of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
3. Results and discussion

3.1. Chemistry

Scheme 1 depicts the reaction of hydrazine carbothioamides
1a-h with diethyl azodicarboxylate (2). First, to optimize the

reaction conditions, the reaction of hydrazine carbothioamide
1a,b with diethyl azodicarboxylate (2) were carried in a differ-
ent solvents such (EtOH, CH3CN, CH2Cl2, and AcOEt) with a
Fig 2 Spectral data of 3a and molecular structure of compound 4

phenyldiazene carbothioamide.
free catalyst to investigate our idea. But unfortunately, no
products were identified. So, we repeated the reactions of
hydrazine carbothioamides 1a,b with compound 2 again in

the presence of triphenylphosphine (Ph3P) and triethylamine
(Et3N) in absolute ethanol (abs. EtOH) under refluxing condi-
tions for 6 h. Fortuntely, the reactions proceeded to form (Z)

2-(substituted imino)-3-(phenylamino)thiazolidin-4-ones 3a,b

and the oxidized structure of the hydrazine carbothioamide 4

(in case 1b, R1 = R2 = H, R3 = cyclohexyl) in addition to
a colorless crystals of calcium chloride complex with triph-

enylphosphine oxide (CaCl2(PPh3O)4�H2O). Based on the pre-
vious results, we perform the rest of the reactions betwee
hydrazine carbothioamides 1c-h with diethyl azodicarboxylate
identified according to IUPAC nomenclature as N-cyclohexyl-2-

http://www.ccdc.cam.ac.uk/data_request/cif


Fig. 4 Molecular structure of compound 7 identified according

to IUPAC nomenclature as (Z)-2-chloro-N-(2-(cyclohexylimino)-

4-oxo-thiazolidin-3-yl)-N-phenylacetamide.
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(2) under the same conditions to complete the chain. But, the
unexpected products hydrazonothiazolidin-4-ones 5a-f were
obtained (in case 1c-h) in addition to a colorless crystals

(CaCl2(PPh3O)4�H2O) (Scheme 1). We attributed the forma-
tion of these isomers 5a-f according to our reported literature
(Hassan et al., 2019a,b).

The structure of compounds 3a,b, and 4 were also con-
firmed with spectral data and X-ray crystallography, as shown
in Fig. 2. In compound 3a, as example which was assigned as

2-(Benzylimino)-3-(phenylamino)thiazolidin-4-one. The IR
spectra of compound 3a showed strong absorptions at 3223,
1731 1639 cm�1 for NH, carbonyl group (C‚O) and
(C‚N), respectively. The presence of carbonyl group and

(C‚N) was further confirmed by 13C NMR specta which give
signals at 168.30 and 156.42 ppm, respectively. The 1H NMR
spectra of 3a revealed three broad singlet signals with the ratio

(1:2:2) at dH = 4.43, 4.96 and 9.29 ppm, due to thiazolidinon-
CH2, benzyl-CH2 and NH, respectively. The benzyl-CH2 give
singlet signals with downfield at dH = 4.96 ppm, due to the

benzyl group and the imnino-structure (Aly et al., 2007;
Beya Haouas et al., 2018). Also, the presence of two CH2

groups will further confirmed from the 13C NMR spectra with

downfield signals at dC = 46.62 and 48.10 ppm, for
thiazolidinone-CH2 and benzyl-CH2, respectively.
Fig. 3 Molecular structure of compound 5a identified according to I

ethylthiazolin-4-one.

Scheme 2 Reactions of hydrazine carbothioamides 1b-h with chloroa

and 7.
The structures of unexpected products
hydrazonothiazolidin-4-ones 5a-f were elucidated by spectro-

scopic analyses IR, NMR (1H and 13C), mass spectrometry,
and elemental analyses in addition to the X-ray crystallo-
graphic analyses. IR spectra of (Z)-2-(2-(2,4-dinitrophenyl)hy
UPAC nomenclature as (Z)-2-(2-(2,4-dinitrophenyl)hydrazono)-3-

cetyl chloride (6) and formation of 4-thiazolidinone derivatives 5a-f
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drazono)-3-ethylthiazolin-4-one (5a, R3 = ethyl) showed a
broad band for NH-stretching at 3267 cm�1, other absorptions
at m = 1722, 1638, 1585, and 1420 cm�1 which characteristic

for CO, exo-C‚N, ArAC‚C and NO2, respectively. The car-
bonyl group and exo-C‚N were further confirmed from 13C
Fig. 5 The expected alternative structures formed from interac-

tions between hydrazinecarbothioamides 1b-h and diethyl azodi-

carboxylate (2) or chloroacetyl chloride (6).

Scheme 3 The proposed mechanism for
NMR spectra, which gave signals at dC = 170.71 and
156.97 ppm, respectively. The 1H NMR spectra of 5a revealed
two singlets at dH = 4.25 and 10.53 ppm, corresponding to

thiazolidinone-CH2 and NH protons, respectively. Addition-
ally, the triplet-quartet signals for ethyl group at dH = 1.22–
1.26 (t, 3H, J = 7.77 Hz) and 3.76–3.80 ppm (q, 2H,

J = 7.77 Hz), which were further confirmed from 13
C NMR

spectra which gave signals at dC = 33.46, 12.25 ppm, for
(CH2) and 12.25 (CH3), respectively. On the other hand, single

crystal X-ray crystallographic analysis of compound 5a unam-
biguously supported the structure of the thiazolidinone deriva-
tives. From the tables (S1-7) of the supplementary data of
compound 5a and their measurements, it was clear that it pos-

sesses molecular formula = C11H11N5O5S. The bond lengths
of S1AC2 (1.762 Å), S1AC5 (1.812 Å), C2AN3 (1.383 Å),
N3AC4 (1.378 Å), and C4AC5 (1.510 Å) were closed to the

single bond lengths. The sum of the bond angles around the
atoms in the thiazolidinone ring N6AC2AN3 (121.15�);
N6AC2AS1 (126.89�), and N3AC2AS1 (111.92�) equal to
the formation of thiazolidinone 5a-f.
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359.96�; C4AN3AC2 (116.13�), C4AN3AC20 (121.16�),
C2AN3AC20 (122.70�) equal to (359.99�) and O4AC4AN3
(123.57�), O4AC4AC5 (123.75�), N3AC4AC5 (112.68�) equal
to (360.00�), these confirm the planarity of the thiazolidinone
ring. Whereas the C2AN6 (1.282 Å) was closed to the C‚N
bond length, the geometry around the C2AN6 double bond

was confirmed with X-ray structure to be in the cissoid-
geometry concerning the sulfur of the thiazolidinone ring.
The structure of compound 5a was further confirmed with

X-ray crystallography, as shown in Fig. 3.
To enhance our investigation, the reaction of substituted

hydrazine carbothioamides 1b-h with chloroacetyl chloride
(6) has been carried out in ethyl acetate as a solvent catalyzed

with triethyl amine, resulting in the formation of hydrazonoth-
iazolidinone 5a-f in case of 2-(2,4-dinitrophenyl)-N-substituted
hydrazinecarbothioamide 1c-h. While (Z)-2-chloro-N-(2-(cyclo

hexylimino)-4-oxo-thiazolidin-3-yl)-N-phenyacet-amide 7 was
obtained via interaction between hydrazine carbothioamide
1b and 6 (Scheme 2).

The structure of compound 7, which is assigned as (Z)-2-
chloro-N-(2-(cyclohexylimino)-4-oxo-thiazolidin-3-yl)-N-
phenyacetamide by single crystal X-ray crystallographic anal-

ysis has the transoid-geometry, and the cyclohexyl moiety has
the most stable chair form conformation (Fig. 4).

Accordingly, four isomeric structures may be formed via
interactions between hydrazine carbothioamides 1b-h and

diethyl azodicarboxylate (2) or chloroacetyl chloride (6) as
(E/Z)-hydrazonothiazolidinones (A and B) and (E/Z)-
iminothiazolidinones (C and D) (Fig. 5).

A plausible mechanism for forming the thiazolidinone
derivatives 5a-f through the transformation of triethylamine
upon the reaction between thiosemicarbazides with diethyl

azodicarboxylate in triphenylphosphine/triethylamine catalyst
in absolute ethanol as depicted in Scheme 3.
Scheme 4 Proposed mechanism for
Here, the obtained thiazolidinones were formed by access
of both triphenylphosphine and triethylamine, in which the
triphenylphosphine reacted with azodicarboxylate to form

the zwitterion (Huisgen-Zwitterion) (Brunn and Huisgen,
1969; Huisgen, 1996; Nair et al., 2007). This zwitterion plays
a role in the oxidation and formation of the thiazolidinones

3a,b, and 5a-f. The triethylamine played an important role in
the formation of acetaldehyde according to the studies carried
out by Ye et al. in which the triethylamine was oxidized to

acetaldehyde via the single-electron-transfer (SET) process
(Ye et al., 1999), as outlined in Scheme 3, and for the progress
of the reaction to form the thiazolidinone derivatives. Other-
wise, the ethanol may be oxidized in the presence of azodicar-

boxylate and triphenylphosphine (Mitsunobu reagent)
(Hayashi et al., 2012; Yoneda et al., 1966). We attempted to
carry out the reaction without these reagents, but none were

successful. Furthermore, when ethanol is exchanged with other
solvents, no products are generated that assist the oxidation of
ethanol to the carbonyl molecule.

Reasonably, the proposed mechanism attributed the reac-
tions of hydrazine carbothioamides with chloroacetyl chloride
were heterocyclization via nucleophilic substitution reactions,

as depicted in Scheme 4. The suggested mechanism starts with
the nucleophilic addition of the thiol lone pair to the elec-
trophilic CH2 in chloroacetyl chloride (6) to give the salt 11
(Scheme 4). Addition of Et3N would then ehance the removal

of triethylammonium chloride and gave the intermediate 12.
Subsequently, the nitrogen lone pair would attack to the polar
carbon in the carbonyl group to give the intermediate 13.

Repeating of the previous step, which would show the effect
Et3N, compounds 5a-f would then be formed (Scheme 4).

However, the reaction between 1b and 6 behaved differently

compared with the other substituents of compounds 1 as
shown in Scheme 2. As the NH-1 and the thiol group comp-
tetes each other in the acetylation process (route a or b). Acety-
the reaction between 1c-h and 6.



Scheme 5 Proposed mechanism for the formation of compound

7.

Table 2 Results of CDK2 and EGFR assays of 5d, 5e, and 5f.

Code No. CDK2

IC50 ± SEM (nM)

EGFR

IC50 ± SEM (nM)

5d 23 ± 2 103 ± 10

5e 18 ± 1 93 ± 8

5f 14 ± 1 87 ± 6

Dinaciclib 20 ± 1 ND

Erlotinib ND 70 ± 5

ND: Not Determined.
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lation process via either route a or route b, which would be fol-
lowed by the nucleophilic attack of N-2 to attempt the cycliza-

tion process. Route a describes the formation of the
intermediate 15, which on second acetylation process would
led to the formation of compound 7 (Scheme 5).

3.2. Biology

3.2.1. In vitro anticancer activity

3.2.1.1. Cell viability assay. The viability of novel compounds

3a,b, and 5a-f was tested using the human mammary gland
epithelial (MCF-10A) cell line (Al-Wahaibi et al., 2020;
Abdelbaset et al., 2018). MCF-10A cells were treated with
3a,b, and 5a-f for four days before being evaluated for viability

using the MTT assay (Abou-Zied et al., 2019; Hisham et al.,
2019). Table 1 demonstrates that none of the compounds
Table 1 IC50 of compounds 3a,b, and 5a-f and doxorubicin.

Compd. No. Cell Viability Antiproliferative activity IC

(50mM) Panc-1 MCF

3a 87 2.60 ± 0.20 2.30 ±

3b 89 2.10 ± 0.20 1.80 ±

5a 90 3.40 ± 0.40 3.10 ±

5b 91 1.50 ± 0.10 1.20 ±

5c 87 1.20 ± 0.10 1.10 ±

5d 91 1.05 ± 0.10 0.90 ±

5e 87 0.80 ± 0.10 0.65 ±

5f 89 0.70 ± 0.10 0.60 ±

Doxorubicin – 1.40 ± 0.10 0.90 ±
tested had cytotoxic effects, and cell viability was greater than
87% for the compounds tested at 50 mM.

3.2.1.2. Antiproliferative activity. Using the MTT assay
(Abdelrahman et al., 2017; Youssif et al., 2018) and doxoru-
bicin as the reference drug, compounds 3a,b, and 5a-f were

investigated for antiproliferative activity against four human
cancer cell lines: Panc-1 (pancreas cancer cell line), MCF-7
(breast cancer cell line), HT-29 (colon cancer cell line), and

A-549 (epithelial cancer cell line). The median inhibitory con-
centration (IC50) is shown in Table 1.

In general, 2,4-dinitrophenyl-hydrazono-thiazolidin-4-ones
5a-f outperformed 3-(phenylamino)thiazolidin-4-ones 3a,b in

terms of antiproliferative activity (Table 1). Compared to dox-
orubicin (GI50 = 1.10 mM), the three most active compounds
5d, 5e, and 5f, all have the backbone 2,4-dinitrophenyl-hydra

zono-thiazolidin-4-one in their structure, demonstrated potent
antiproliferative activity with GI50 values ranging from
0.70 mM to 1.20 mM.

The 2,4-dinitrophenyl-hydrazono-thiazolidin-4-one deriva-
tive 5f (R3 = p-tolyl) had the highest antiproliferative activity
of the eight new derivatives, with a GI50 value of 0.70 mM
against the four cell lines, comparable to the reference doxoru-
bicin (GI50 = 1.10 mM) and is more potent than doxorubicin
against all cancer cell lines tested.
50 ± SEM (lM)

-7 HT-29 A-549 Average

0.20 3.10 ± 0.30 3.20 ± 0.30 2.80

0.20 2.50 ± 0.20 2.90 ± 0.20 2.30

0.30 3.70 ± 0.30 3.70 ± 0.40 3.50

0.10 1.70 ± 0.10 1.80 ± 0.20 1.55

0.10 1.40 ± 0.10 1.30 ± 0.10 1.25

0.40 1.10 ± 0.10 1.20 ± 0.10 1.05

0.10 0.90 ± 0.10 0.95 ± 0.10 0.80

0.30 0.80 ± 0.10 0.80 ± 0.10 0.70

0.10 1.00 ± 0.10 1.20 ± 0.10 1.10



10 H.N. Tawfeek et al.
Compound 5e of cyclohexyl moiety (R3 = cyclohexyl)
showed potent antiproliferative activity (GI50 = 0.80 mM)
against the four cancer cell lines with antiproliferative efficacy

higher than that of doxorubicin. Table 1 shows that com-
pounds 5d (GI50 = 1.05 mM) with a phenyl moiety (R3-
= phenyl) and 5c (GI50 = 1.25 mM) with a benzyl moiety

(R3 = benzyl) had about the same antiproliferative activity
as the reference doxorubicin (GI50 = 1.10 mM).

3-(phenylamino)thiazolidin-4-ones 3a (R3 = benzyl) and 3b

(R3 = cyclohexyl) demonstrated moderate antiproliferative
activity (GI50 = 2.80 mM and 2.30 mM, respectively) against
the four cancer cell lines, being 2.5-folds less potent than
doxorubicin.

Compound 5e (R3 = cyclohexyl) exhibited potent antipro-
liferative activity and had a 2,4-dinitrophenyl-hydrazono-thia
zolidin-4-one backbone (Scaffold B). In contrast, compound

3b had the same substitution pattern as 5e, with the difference
being a 3-(phenylamino)thiazolidin-4-one moiety (Scaffold A)
but showed almost three times less activity and that the same
Table 3 Effects of compounds 5d, 5e, and 5f and doxorubicin on a

Comp. Code Caspase-3 Caspase-8

Conc (pg/ml) Fold change Conc (ng/ml) Fold cha

5d 507.50 ± 4.5 7.75 1.80 9.00

5e 515.50 ± 5.0 7.90 1.85 9.25

5f 610.50 ± 6.0 9.30 1.98 9.90

Doxorubicin 503.50 ± 4.0 7.70 1.75 8.75

Control 65.50 1 0.20 1

Table 4 Binding Interactions of 5f,g,h & Erlotinib within EGFR (P

5d

EGFR (PDB ID: 1M17)

S (kcal/mol) �6.17

RMSD (Å) 1.72

Amino acids residues’ binding interactions & their bond

length (Å)

Met76

(3.45)

Lys72

(3.10)

Leu69

(3.73)

CDK2 (PDB ID: 4KD1)

S (kcal/mol) �6.40

RMSD (Å) 1.93

Amino acids residues’ binding interactions & their bond

length (Å)

Leu83

(3.46)

a H-acceptor.
b pi-H.
c H-donor.
d Erlotinib.
e Dinaciclib.
pattern holds for 5c versus 3a. Finally, all other derivatives
demonstrated moderate to weak inhibitory action against the
proliferation of cancer cell lines.

3.2.2. CDK2 inhibitory assay

Previous studies (Youssif et al., 2018) demonstrate the anti-
CDK2 activity of thiazolidin-4-one derivatives; the most

potent antiproliferative derivatives 5d, 5e, and 5f were further
studied for their ability to inhibit the CDK2 enzyme
(Mekheimer et al., 2022). Table 2 displays the IC50 values.

According to the results, compounds 5d, 5e, and 5f inhibited
CDK2 with IC50 values ranging from 14 nM to 23 nM. In
cases of compounds 5f (IC50 = 14 nM) and 5e (IC50 = 18 nM),

beingmore potent than the reference dinaciclib (IC50= 20 nM),
which is consistent with the antiproliferative assay results, see
Table 2. Compound 5d exhibited strong anti-CDK2 activity,

with an IC50 value of 23 nM, and was found to be equivalent
to dinaciclib. The results of this experiment indicate that
CDK2 could be a possible target for these drugs.
ctive Caspases 3, 8, 9, and Cytochrome C in MCF-7 cell.

Caspase-9 Cytochrome C

nge Conc (ng/ml) Fold change Conc (ng/ml) Fold change

16.80 17.70 0.77 15.50

17.80 18.75 0.79 15.80

18.30 19.25 0.85 16.50

16.20 17.05 0.60 12.00

0.95 1 0.05 1

DB ID: 1M17) & CDK2 (PDB ID: 4KD1) active sites.

5e 5f Ref. 1d Ref. 2e

�6.54 �6.86 �7.30 NA

0.90 1.78 1.28

9
a

Cys751

(3.57)a
Asp831

(3.92)c
Gln767

(3.15)c

1
a

Met742

(3.62)c

4
b

Gly772

(3.67)b
Met769

(2.70)a

�6.21 �6.50 NA �8.66

1.93 1.99 1.28

a
Leu83

(3.39)a
Leu83

(3.25)a
Leu83

(2.65)c

Leu83

(3.43)a
Asp86

(3.64)c

Val18

(4.15)b
Lys33

(2.99)a
Leu83

(3.24)a

Lys33

(3.82)a
Lys33

(2.57)a
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3.2.3. EGFR inhibitory assay

Several prior investigations have demonstrated the efficiency

of many thiazolidin-4-one derivatives as EGFR inhibitors
(Lv et al., 2010; Jia et al., 2016). The EGFR-TK assay
(Mohamed et al., 2021) was used to assess the inhibitory

potency of compounds 5d, 5e, and 5f against EGFR; the find-
ings are shown in Table 2. The results of this assay supplement
the findings of the cancer-cell-based investigation. All com-

pounds tested inhibited EGFR, with IC50 values ranging from
87 nM to 103 nM. In all cases, the tested compounds were at
least 1.2-fold less potent than the reference erlotinib (IC50= 70-
nM). Once again, the 2,4-dinitrophenyl-hydrazono-thiazoli

din-4-one derivatives 5f and 5e were the most potent deriva-
(a)

(c)

Fig. 6 2D Interaction diagram of 5d (a), 5e (b), 5f (c), & Erlotinib (

(green and blue arrows), pi-H (green dotted-line), and proximity cont
tives, with IC50 values of 87 and 93 nM, respectively. Based
on the findings of this investigation, we may conclude that
CDK2 and EGFR are attractive targets for this class of chem-

ical compounds. In the future, a more in-depth mechanistic
study may be required.

3.2.4. Apoptosis assay

Previous research has demonstrated that thiazolidin-4-one
derivatives can induce apoptosis (Yousef et al., 2020). To
determine our new compounds’ proapoptotic potential, we

tested the most active compounds, 5d, 5e, and 5f, for their abil-
ity to activate apoptosis flow in the MCF-7 breast cancer cell
line.
(b)

(d)

d) within EGFR (PDB ID: 1M17) active site showing H-bonding

our around each molecule (grey dotted-line).



Fig. 7 Electrostatic map of EGFR showing a good overlay of

compound 5f (cyan) with erlotinib (yellow) and three binding hot

spots of the active site: Blue and red contours of H-donor and

acceptor favorable region, respectively (H-donors shown in green

dotted-lines and H-acceptor shown in yellow dotted-lines), in

addition to the white contour of hydrophobic interactions (notice

perfect overlay of the nitro group of 5f with this binding hot spot).
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3.2.4.1. Activation of proteolytic caspases cascade. The effects

of 5d, 5e, and 5f on caspase 3 were investigated and compared
to doxorubicin (Slee et al., 2001). The results showed that
when compared to control cells, the tested compounds

increased the level of active caspase 3 by 7.75–9.3 folds and
that 5d, 5e, and 5f had outstanding overexpression of
caspase-3 protein levels (507.50 ± 6.0, 515.50 ± 5.0, and
610.50 ± 4.5 pg/mL, respectively) when compared to doxoru-

bicin (503.50 ± 4.0 pg/mL). All the compounds tested showed
a greater increase in active caspase 3 than doxorubicin,
Table 3.

The effect of compounds 5d, 5e, and 5f on caspases 8 and 9
were further investigated to underline the significance of intrin-
sic and extrinsic apoptotic pathways in the antiproliferative

activity. Compound 5f raises caspase 8 and 9 levels by 10
and 19 folds, respectively, while compounds 5d and 5e raise
caspase 8 and 9 levels by 9 and 18 folds, respectively, compared
to the control cells, Table 3. Once again, all of the compounds

tested showed a greater rise in active caspases 8 and 9 levels
than the control doxorubicin.

3.2.4.2. Cytochrome C assay. Cytochrome C levels within the
cell are important for activating caspases and initiating the
apoptotic process (Mahmoud et al., 2022). The results of test-

ing derivatives 5d, 5e, and 5f as cytochrome C activators in the
MCF-7 human breast cancer cell line are shown in Table 3.
Compared to untreated control cells, compounds 5d, 5e, and

5f elevated cytochrome C levels in the MCF-7 human breast
cancer cell line by about 15.5, 15.8, and 16.5 times, respec-
tively. The findings add to the evidence that apoptosis can be
attributable to Cytochrome C overexpression and activation

of the intrinsic apoptotic pathway caused by the examined
compounds.
3.3. Molecular docking simulations

As discussed before in Sections 3.2.2 and 3.2.3, how effective
are the thiazolidin-4-ones as inhibitors for both EGFR and

CDK-2, we decided to explore their possible interaction modes
within active sites of both of these two targets, also, as shown
in Table 4 that compounds 5d, 5e, and 5f are the best candi-

dates to achieve such target. Molecular docking simulations
of these compounds within the EGFR active site revealed their
good interaction profile, as summarized in Table 4. Compound
5f showed the highest docking score (S; kcal/mol) among the

three test compounds.
Visual inspections of binding interactions of best docking

pose of each of the three test compounds and co-crystallized

ligand (Erlotinib), showed stabilization of their molecules
inside cavity of active site with number of H-bonds and pi-H
hydrophobic interactions with various amino acid residues lin-

ing active site, as shown in Fig. 6. Furtherly, as a possible
explanation for better inhibitory activity of 5f over its con-
geners 5d and 5e, we examined deeply their best docking poses,
and we found that even 5d and 5f have more binding interac-

tions over 5e, compound 5e still showing better docking score
over 5d because of its closer distance to amino acid residues
lining active site indicated by continuity of its proximity con-

tour compared to that of 5d (as shown in Fig. 6a and b), addi-
tionally, compound 5f still having better docking score over 5e
because of its extra H-donor and pi-H binding interactions, as
shown in Fig. 6c, and this why we took compound 5f as a
model compound to examine the possible binding interactions

of such class of compounds with EGFR protein as illustrated
by the generated electrostatic map shown in Fig. 7.

The electrostatic isoenergy contours around the EGFR

receptor with erlotinib ‘‘as a co-crystallized ligand” illustrated
the binding hot spots within EGFR active site and revealed the
good overlay of compound 5f atoms and its functional groups
with the three favorable regions of H-donor, H-acceptor, and

hydrophobic interactions, which characterize the EGFR active
site, as shown in Fig. 7.

Additionally, molecular docking simulations of compounds

5d-f within CDK2 (PDB ID 4KD1) active site revealed dock-
ing poses with docking scores (S; kcal/mol) equipotent to the
ones obtained within EGFR active site, indicating possible

multi-target action of this class of compounds, as shown in
Table 4. In addition, the best docking poses of all three com-
pounds showed binding interactions with key amino acid resi-
dues; Lys 33 and Leu 83; as do the co-crystallized ligand

(Dinaciclib), as listed in Table 4. Interestingly, visual inspec-
tion of docking poses of all three tested compounds showed
a common H-bonding between Leu 83 and/or Lys 33 and

either of nitro groups of phenyl hydrazine ring as shown in
the interaction diagrams of Fig. 8. Interestingly, compound
5e showed better inhibitory activity over 5d against CDK2

protein, which opposite of we was found during molecular
docking virtual simulations, compound 5d have a little better
docking score compared to 5e, and from this point we tried

to explain at least molecular docking results, since both of
them showed single H-binding interaction with either Leu 83
or Lys 33, using the VWD interaction map of both of these
molecules within CDK2 protein, and the results were largely

realistic; compound 5d because of its aromatic ring on N3
showed VWD interactions with Gln 131 which in turns made
the molecule closer to have another VWD interaction with

Val 18 anchoring the molecule tightly within CDK2 active site
which either were missing with compound 5e as shown in
Fig. 9.



Fig. 8 Schematic 2D diagram of binding interactions of 5e within CDK2 (PDB ID: 4KD1) active site showing H-bonding (green and

blue arrows) and pi-H interactions (green dotted line).
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3.4. Structure activity relationship (SAR) analysis

The results show that our synthetic Scaffold A and B targeted
molecules have the following structure–activity relationship
(Fig. 10):

1. The antiproliferative action of the 2,4-dinitrophenyl-hydra
zono-thiazolidin-4-one backbone (Scaffold B) is better tol-

erated than the 3-(phenylamino)thiazolidin-4-one moiety
(Scaffold A)
2. The antiproliferative activity of scaffold B compounds
appears to be influenced by the type of the R3 group, with
activities rising in the following order: p-tolyl > cyclohexy
l > phenyl > benzyl, allyl, and ethly.

3. The type of the R3 group appears to impact both CDK2
and EGFR inhibitory activities in scaffold B compounds
(5d-f), with activities rising in the order p-tolyl >

cyclohexyl > phenyl.
4. For antiproliferative activity, the cyclohexyl group

appeared to be more tolerated in Scaffold A compounds

than the benzyl group.



Fig. 9 Schematic diagram of VWD interaction surface of both 5d (right) and 5e (left) within CDK2 (PDB ID: 4KD1) active site:

showing compound 5d hydrophobic interactions with Gln131 and Val18 (green dotted line), which both are missing with compound 5e (N.

B. most of the active site amino acids have been hidden to simplify and clarify the diagram).

14 H.N. Tawfeek et al.
Fig. 10 SAR analysis of compounds 5a-f and 3a,b.
4. Conclusion

A series of novel thiazolidine-4-one derivatives was synthesized

through the reaction of 1,4-disubstituted hydrazine carbothioamides

with diethyl azodicarboxylate in the presence of triphenylphosphine

and triethylamine, the structures were confirmed by spectroscopic

data as well as single-crystal X-ray analyses. The role of the elec-

tronic effect of the aromatic substitution controls the formation of

thiazolidine-4-one derivatives in either Scaffold A with H-

substitution or Scaffold B with NO2-substitution; this effect is further

confirmed through the reaction of 1,4-disubstituted hydrazine car-

bothioamides with chloroacetylchloride. The antiproliferative activity

of the synthesized compounds was investigated against four human

cancer cell lines where compounds 5d, 5e, and 5f revealed the most

potent antiproliferative activity. Compounds 5e and 5f showed potent

inhibitory activity against EGFR and CDK2 enzymes. Moreover, 5d,

5e, and 5f revealed a greater increase in active caspase 3, 8, and 9

than doxorubicin. Also, compounds 5d, 5e, and 5f elevated cyto-

chrome C levels in the MCF-7 human breast cancer cell line by about

15.5, 15.8, and 16.5 times, respectively. Additionally, compound 5h

showed the best docking score (S) within active sites of both EGFR

and CDK2 proteins which matches its antiproliferative activity

against four cancer lines used and inhibitory activity against EGFR

and CDK2 proteins.
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Bräse, S., Nieger, M., 2019a. Convenient diastereoselective synthe-

sis of annulated 3-substituted-(5S*,6S*, Z)-2-(2-(2,4-dinitrophenyl)

hydrazono)-5,6-diphenyl-1,3-thiazinan-4-ones. Mol. Diver. 23, 821.

Hassan, A.A., Mohamed, N.K., Shawky, A.M., Döpp, D., 2003.
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