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morpholinochromonylidene–
thiazolidinone using nucleophiles: facile synthesis,
cytotoxic evaluation, apoptosis, cell cycle and
molecular docking studies of a novel series of
azole, azine, azepine and pyran derivatives†

Tarik E. Ali, *a Mohammed A. Assiri,a Maha N. Alqahtani,a Ali. A. Shati,b

Mohammad. Y. Alfaifib and Serag. E. I. Elbehairib

A convenient synthetic approach for construction of a novel series of substituted azoles, azines, azepines

and pyrans clubbed with a morpholinothiazolidinone hybrid was achieved. The methodology depended

on ring-opening and ring-closure (RORC) of chromone ring in 2-(morpholinoimino)-5-[(4-oxo-4H-

chromen-3-yl)methylene]-3-phenylthiazolidin-4-one (3) through its reaction with a series of nitrogen

and carbon nucleophiles under mild reaction conditions. The cytotoxic effects of all products were

evaluated against three cancerous cell lines (MCF-7, HepG-2 and SKOV-3) by the standard SRB method.

Fortunately, the products 7, 11, 12, 15, 19, 22, 26 and 28 were found to be the most active against all

cancer cell lines, comparable to doxorubicin. Apoptosis was determined using flow cytometry along with

cell cycle analysis and supported by molecular docking. The products 7, 11, 12, 15, 19, 22, 26 and 28

induced a significant early-and late-apoptotic effect against all tumor cells. In addition, these products

preferred to arrest all cancer cells in the G1 and G2 phases. Finally, molecular docking was attempted to

investigate the binding mode of products 12 and 22 with p53-MDM2 protein receptor.
1. Introduction

Cancer has become the most prominent life-threatening
disease, presenting a serious health challenge worldwide.
Despite considerable research in cancer treatment, there is still
a continuing need for novel cancer treatments.1 The develop-
ment of multiple drug resistance to antitumor drugs is a major
problem in chemotherapy. Hence, research for the invention of
novel agents for treating cancer is of prime importance.2

Combination of morpholine and thiazolidinone rings in one
molecular structure has been proved for its potency as
antimicrobial,3–6 anticancer,6 antioxidant,7 antihistaminic and
anticholinergic agents8 as well as a neuroprotective agent
against cerebral ischemia reperfusion.9 On the other hand,
chromone compounds have long gained interest as highly
reactive molecules that can be used as precursors in the
synthesis of a wide variety of heterocycles. They possess
important chemical properties due to the presence of two active
ce, King Khalid University, Abha, 61421
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tion (ESI) available. See DOI:

675
electrophilic centers at the C–2 and C]Opyrone groups. There-
fore, chromone rings can react with nitrogen and carbon
nucleophiles, that begin by ring opening at the unsubstituted
C–2 then recyclization through condensation with the pyrone
group forming a variety of heterocycles.10,11 Starting from the
previous facts and results that based on our successful trials
research in the preparation of antiproliferative agents,12–15 we
aim here to construct a novel series of oxygen and nitrogen
heterocycles linked with morpholinothiazolidinone moiety to
investigate their cytotoxic effects. The methodology depended
on ring opening and ring closure (RORC) of the chromone ring
in 2-(morpholinoimino)-5-[(4-oxo-4H-chromen-3-yl)methylene]-
3-phenyl-thiazolidin-4-one (3) through its reaction with some
nitrogen and carbon nucleophiles under mild conditions.
2. Results and discussion

Construction of 2-(morpholinoimino)-5-[(4-oxo-4H-chromen-3-
yl)methylene]-3-phenyl-thiazolidin-4-one (3) as the starting
material, was achieved through one-pot three components
reaction of 1-morpholino-3-phenylthiourea (1), ethyl bromoa-
cetate and 3-formyl-chromone (2) in ethanol in the presence of
anhydrous sodium acetate (Scheme 1, see ESI section†).

The substrate 3 is a very active starting material toward
nitrogen and carbon nucleophiles. This substrate has four
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the starting material 3.
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possible electrophilic centers at the C–2chromone, C]Ochromone,
]CHexocyclic and C]Othiazole groups as two cyclic a,b-unsatu-
rated ketones.16 Logically, the C–2chromone has electrophilic
character more than ]CHexocyclic due to electronegativity of
oxygen atom. The present work aims to study the ring opening
and recyclization reactions of the starting material 3 toward
a variety of nitrogen and carbon nucleophiles to synthesize
a novel series of oxygen and nitrogen heterocycles linked with
morpholinothiazolidinone moiety.
2.1. Reaction with nitrogen nucleophiles

Heating of the substrate 3 with some selected amines such as 4-
aminomorpholine and morpholine in absolute ethanol affor-
ded 5-[2-(2-hydroxybenzoyl)-3-(morpholinoamino) allylidene]-2-
(morpholinoimino)-3-phenylthiazolidin-4-one (4) and 5-[2-(2-
Scheme 2 Reaction of the substrate 3 with 4-aminomorpholine and m

© 2023 The Author(s). Published by the Royal Society of Chemistry
hydroxybenzoyl)-3-morpholino-allylidene]-2-
(morpholinoimino)-3-phenylthiazolidin-4-one (5), respectively
(Scheme 2).17 The reaction started through a nucleophilic attack
at C–2 position of chromone ring by ring opening to yield these
products.

Next, the chemical reactivity of substrate 3 was studied
toward nitrogen 1,2-bi-nucleophiles. Thus, treatment of
compound 3 with some hydrazines namely, hydrazine hydrate,
methylhydrazine, phenylhydrazine, 4-nitrophenylhydrazine
and 2,4-dinitrophenylhydrazine in absolute ethanol under
reux gave the corresponding pyrazole derivatives 6–10,
respectively (Scheme 3).16 Similarly, the oxazole derivative 11
was obtained by reaction of compound 3 with hydroxylamine
hydrochloride in ethanolic sodium ethoxide (Scheme 3).18 The
plausible mechanism for formation of these azoles suggested
a nucleophilic attack by NH2 or NH-Me group at C–2 of
orpholine.
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Scheme 3 Reaction of the substrate 3 with nitrogen 1,2-bi-nucleophiles.
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View Article Online
chromone ring with ring opening followed by closure occurred
by another nucleophilic attack of XH group (X = NH, NR, O) on
the C]Obenzoyl with removal of water molecule.16

Interestingly, the reaction of the substrate 3 with some
hydrazides such as semicarbazide, thiosemicarbazide and cya-
noacetohydrazide in absolute ethanol or ethanolic sodium
ethoxide, was studied. In all cases, the previous product, 5-{[3-
(2-hydroxyphenyl)-1H-pyrazol-4-yl] methylene}-2-
(morpholinoimino)-3-phenylthiazolidin-4-one (6) was isolated
(Scheme 4).

Based on the above mentioned results, the work was
extended to study the behavior of nitrogen 1,3-bi-nucleophiles
towards the substrate 3. Thus, the reaction of compound 3 with
Scheme 4 Reaction of the substrate 3 with some hydrazides.

18660 | RSC Adv., 2023, 13, 18658–18675
urea, thiourea, selenourea and guanidine carbonate in etha-
nolic sodium ethoxide afforded the corresponding 5-{[4-(2-
hydroxyphenyl)-2-oxo(thioxo)(selenoxo)-1,2-dihydropyrimidin-
5-yl] methylene}-2-(morpholinoimino)-3-phenylthiazolidin-4-
ones 12–14 and 5-{[2-amino-4-(2-hydroxyphenyl)pyrimidin-5-yl]
methylene}-2-(morpholinoimino)-3-phenylthiazolidin-4-one
(15), respectively (Scheme 5).19

Similarly, the reaction of 2-aminobenzimidazole and 3-
amino-4H-[1,2,4]-triazole as cyclic nitrogen 1,3-bi-nucleophiles
with the substrate 3 under the previous reaction conditions led
to the formation of 5-{[4-(2-hydroxyphenyl)benzo[4,5]imidazo
[1,2-a]pyrimidin-3-yl]methylene}-2-(morpholinoimino)-3-
phenylthiazolidin-4-one (16) and 5-{[5-(2-hydroxy-phenyl)-[1,2,4
triazolo[4,3-a]pyrimidin-6-yl]methylene}-2-(morpholinoimino)-
3-phenylthiazolidin-4-one (17), respectively (Scheme 6).20 The
spectral data of both products 16 and 17 conrmed their
structures (see ESI†).

Seven-membered heterocycles with two heteroatoms are
known to possess several biological activities.21–23 The present
study was extended to investigate the chemical reactivity of the
substrate 3 with classical nitrogen 1,4-bi-nucleophiles to
construct seven-membered heterocyclic systems clubbed with
morpholinothiazolidinone moiety. Thus, treatment of
compound 3 with ethylenediamine in 1 : 1 or 1 : 2 molar ratio in
ethanol led to formation of 5-[(5-(2-hydroxyphenyl)-2,3-dihydro-
1H-1,4-diazepin-6-yl)methylene]-2-(morpholinoimino)-3-
phenylthiazolidin-4-one (18) (Scheme 7). In the same way,
heating of the substrate 3 with 2-aminothiophenol, 1,2-phe-
nylenediamine and 2-aminophenol in ethanolic sodium eth-
oxide yielded the corresponding benzothiazepine,
benzodiazepine and benzoxazepine derivatives 19–21, respec-
tively (Scheme 7).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Reaction of the substrate 3 with urea, thiourea, selenourea and guanidine carbonate.

Scheme 6 Reaction of the substrate 3 with 2-aminobenzimidazole and 3-amino-4H-1,2,4-triazole.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 18658–18675 | 18661
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Scheme 7 Reaction of the substrate 3 with ethylenediamine, 2-aminothiophenol, 1,2-phenylenediamine and 2-aminophenol.

Scheme 8 Reaction of the substrate 3 with malononitrile and
cyanoacetamide.
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2.2. Reaction with carbon nucleophiles

We also studied the effect of acyclic and cyclic carbon nucleo-
philes which can construct various novel pyran and pyridine
18662 | RSC Adv., 2023, 13, 18658–18675
compounds in an efficient and economical way. Thus, a simple
treatment of 2-(morpholinoimino)-5-[(4-oxo-4H-chromen-3-yl)
methylene]-3-phenylthiazolidin-4-one (3) with each one of
acyclic carbon nucleophiles, namely malononitrile and cya-
noacetamide in ethanol in the presence of sodium ethoxide at
80 °C afforded 6-(2-hydroxyphenyl)-2-imino-5-{[2-
(morpholinoimino)-4-oxo-3-phenylthiazolidin-5-ylidene]
methyl}-2H-pyran-3-carbonitrile (22) (Scheme 8) and 6-(2-
hydroxyphenyl)-5-{[2-(morphol-inoimino)-4-oxo-3-phenyl-
thiazolidin-5-ylidene]methyl}-2-oxo-2H-pyran-3-carbonitrile
(23), respectively (Scheme 8).24 In addition, the product 23 was
also obtained by acidic hydrolysis of compound 22 in ethanol
(Scheme 8). The 1H-NMR spectrum of 22 displayed specic
singlets at d 8.22 (H–4pyran), 10.11 (NH) and 9.87 (OH) ppm,
while compound 23 displayed the ]CH and H–4pyrone protons
as singlets at d 8.17 and 8.86 ppm, respectively. Consequently,
the 13C-NMR spectrum of 22 conrmed the existence of C–2 and
C^N atoms of the pyran ring at d 161.9 and 114.3 ppm,
respectively. In addition, there are two characteristic signals in
compound 23 at d 114.1 and 172.6 ppm due to C^N and C]
Opyrone, respectively.

The interesting point in this work was the reaction of
substrate 3 with cyanothioacetamide in ethanolic sodium eth-
oxide. The reaction did not form a similar product to compound
23, but it afforded 6-(2-hydroxyphenyl)-5-(Z/E)-{[2-oxo-2H-pyran-
3-carbothioamido-5-yl]methylene}-2-(morpholinoimino)-3-
phenylthiazolidin-4-one (24) as red crystals on heating aer 2
hours (Scheme 9). In addition, cooling of the ltrate of the
reaction mixture and its neutralization with diluted hydro-
chloric acid, yielded 6-(2-hydroxyphenyl)-5-{[3-cyano-2-thioxo-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 Reaction of the substrate 3 with cyanothioacetamide.

Scheme 10 Reaction of the substrate 3 with some cyclic carbon nucleophiles.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 18658–18675 | 18663
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Scheme 11 The possible mechanism for reaction of the substrate 3 with some cyclic carbon nucleophiles.

Table 1 The in vitro cytotoxic effects of the synthesized compounds
3–29 against MCF-7, HEPG-2 and SKOV-3 cancerous cell linesa

Compounds

IC50 (mg mL−1)

MCF-7 HepG-2 SKOV-3

3 12.79 � 0.41 17.91 � 2.06 17.03 � 1.38
4 11.11 � 4.62 4.854 � 1.79 7.656 � 0.97
5 9.357 � 0.95 8.186 � 1.51 6.580 � 1.42
6 25.13 � 2.63 21.01 � 2.05 65.43 � 3.25
7 1.152 � 0.17 0.061 � 0.03 3.323 � 0.95
8 58.41 � 2.67 18.90 � 1.45 26.48 � 2.88
9 49.43 � 3.25 17.34 � 1.12 23.20 � 0.89
10 34.11 � 2.24 16.16 � 1.24 21.08 � 1.23
11 1.992 � 0.19 17.01 � 2.65 3.910 � 1.57
12 0.738 � 0.07 1.910 � 0.06 0.578 � 0.31
13 75.86 � 3.35 31.45 � 5.69 27.66 � 3.69
14 21.76 � 3.33 23.67 � 1.74 18.57 � 2.17
15 1.601 � 0.22 2.975 � 1.01 0.380 � 0.19
16 6.101 � 1.84 7.920 � 2.43 7.514 � 1.93
17 4.821 � 1.09 4.921 � 2.18 5.321 � 1.35
18 8.314 � 2.64 16.28 � 0.56 7.278 � 2.60
19 0.650 � 0.24 1.158 � 0.41 1.086 � 0.27
20 4.191 � 0.99 16.92 � 3.83 4.541 � 0.86
21 17.09 � 2.54 23.24 � 2.43 15.11 � 1.94
22 1.423 � 0.27 0.674 � 0.23 0.540 � 0.05
23 10.37 � 1.18 6.055 � 1.26 2.544 � 0.13
24 11.01 � 1.23 12.03 � 1.69 15.62 � 1.94
25 18.12 � 2.71 22.13 � 2.82 17.53 � 2.47
26 4.645 � 0.90 2.408 � 0.42 0.832 � 0.05
27 10.32 � 1.11 13.66 � 2.59 6.559 � 1.57
28 2.882 � 0.36 3.079 � 0.41 1.262 � 0.06
29 6.531 � 2.24 8.103 � 2.45 7.513 � 2.17
Doxorubicin 1.923 � 0.38 1.510 � 0.31 1.823 � 0.42

a IC50 values are the mean ± SD of three separate experiments.
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2,3-dihydropyridine-5-yl]methylene}-2-(morpholinoimino)-3-
phenylthiazolidin-4-one (25) as orange crystals (Scheme 9). The
formation of both products 24 and 25 was explained as depicted
in Scheme 9. Interestingly, the 1H and 13C-NMR spectra of
compound 24 displayed duplication of the expected protons
and carbons. This may be due to the presence of the Z- and E-
congurations of the product 24 in ratio 1 : 1.25 The H–4pyrone
and OH protons appeared as singlets at d 8.08, 8.24 and 8.44,
8.89 ppm, respectively, while NH2 and]CH protons were found
in the aromatic region between d 7.37 and 7.58 ppm. Further,
the 13C-NMR spectrum of compound 24 supported the presence
of the ]CHexocyclic (127.3, 127.5), C–4pyran (139.1, 139.9), C]
Opyrone (161.2, 161.9) and C]Sthioamide (180.5, 180.9) ppm,
respectively. On the other hand, the 1H-NMR spectrum of
compound 25 displayed the H–3 and H–4 protons of pyridine
ring as two doublets at d 6.11 (J = 3.2 Hz) and 8.28 (J = 3.2
Hz) ppm, respectively. The carbon atoms of C^N, C–3, C–4, C–
5, C–6 and C]S of pyridine moiety in compound 25 were
resonated in its 13C-NMR spectrum at d 113.4, 45.9, 123.4, 124.2,
155.5 and 183.1 ppm, respectively.

Finally, we have succeeded to synthesize some novel fused
pyran systems that would expect to have good biological prop-
erties. Thus, heating of the chromone derivative 3 with four
examples of cyclic carbon nucleophiles namely, dimedone, 3-
phenyl-1,4-dihydro-5H-pyrazol-5-one, barbituric acid and thio-
barbituric acid in ethanolic sodium ethoxide for 10–12 hours
afforded the corresponding fused pyran derivatives 26–29,
respectively (Scheme 10).26 A plausible mechanism for the
formation of the products 26–29 is depicted in Scheme 11.
Initially, a nucleophilic attack of activated cyclic CH2 at the
position C–2 of chromone ring formed the intermediate E. The
18664 | RSC Adv., 2023, 13, 18658–18675 © 2023 The Author(s). Published by the Royal Society of Chemistry
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keto–enol tautomerism between the intermediates E and F
facilitated the nucleophilic attack of OH group on C]O of the
active methyl compound, followed by elimination of water to
Fig. 1 Apoptosis/necrosis assessment for compounds 7, 11, 12, 15, 19, 2
and apoptosis/necrosis quantified using flow cytometry. Data are presen

© 2023 The Author(s). Published by the Royal Society of Chemistry
produce the new pyran ring (Scheme 11). The structures of these
pyran derivatives were established from IR, MS and NMR
spectral data (see ESI†).
2, 26 and 28 against MCF-7, subjected to previous treatment for 48 h,
ted as the mean ± SD; n = 3.
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3. The cytotoxicity properties
3.1. Evaluation of cytotoxic effects

The in vitro cytotoxic effects of the novel synthesized
compounds 3–29 were evaluated using the SRB assay against
three cancer cell lines namely, human breast cancer cells (MCF-
Fig. 2 Apoptosis/necrosis assessment for compounds 7, 11, 12, 15, 19, 22
and apoptosis/necrosis quantified using flow cytometry. Data are presen

18666 | RSC Adv., 2023, 13, 18658–18675
7), human liver cancer cells (HepG-2), and Human ovary cancer
cells (SKOV-3) at doses ranging from 0.01 to 1000 mg.27 The
obtained results were compared with doxorubicin as standard
anticancer drug. The results regarding cytotoxic activities are
displayed as IC50 values in Table 1. Towards human breast
cancer cells (MCF-7), compounds 7, 11, 12, 15, 17, 19, 20, 22, 26
, 26 and 28 against HepG-2, subjected to previous treatment for 48 h,
ted as the mean ± SD; n = 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 28 were the most promising candidates, exhibiting better
cytotoxicity between IC50 0.650± 0.24 and 4.645± 0.90 mg ml−1.
In particular, compounds 7, 11, 12, 15, 19 and 22 were near or
more active than doxorubicin (1.903 ± 0.38 mg ml−1).28 Further,
the other compounds 4, 5, 16, 18, 23, 24, 27 and 29 showed
Fig. 3 Apoptosis/necrosis assessment for compounds 7, 11, 12, 15, 19, 22
and apoptosis/necrosis quantified using flow cytometry. Data are presen

© 2023 The Author(s). Published by the Royal Society of Chemistry
moderate cytotoxicity, with IC50 values in the range 6.101 ± 1.84
and 11.11 ± 4.62 mg ml−1, while the remaining compounds
exhibited low cytotoxicity on this cell line. With respect to
human liver cancer cells (HepG-2), the compounds 4, 7, 12, 15,
17, 19, 22, 26 and 28 were found to be most potent in exerting
, 26 and 28 against SKOV-3, subjected to previous treatment for 48 h,
ted as the mean ± SD; n = 3.
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cytotoxicity, with IC50 values between 0.061 ± 0.03 and 4.854 ±

1.79 mg ml−1. Especially, compounds 7, 12, 19 and 22 were more
active than doxorubicin (1.501 ± 0.32 mg ml−1).29 In addition,
compounds 5, 16, 23 and 29 were also sensitive towards HEPG-2
cancer cells with IC50 between 6.055 ± 1.26 and 8.186 ± 1.51 mg
ml−1. On the other hand, the human ovary cancer cells (SKOV-3)
Fig. 4 The effect of compounds 7, 11, 12, 15, 19, 22, 26 and 28 on c
determined using DNA cytometry analysis after exposure to 7, 11, 12, 15, 1
G1, G2 and S are cell cycle phases.

18668 | RSC Adv., 2023, 13, 18658–18675
were easily killed by compounds 7, 11, 12, 15, 17, 19, 20, 22, 23,
26 and 29 which displayed their IC50 values between 0.380 ±

0.19 and 4.541 ± 0.86 mg ml−1. In particular, compounds 12, 15,
19, 22, 26 and 28 recorded better activities than doxorubicin
(1.852 ± 0.42 mg ml−1).29 Moreover, compounds 4, 5, 16, 18, 27
and 29 were acceptable as potent agents (IC50 values between
ell cycle distributions of MCF-7 cell lines. Cell cycle distribution was
9, 22, 26 and 28 for 48 h. Data are presented as the mean ± SD; n = 3;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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6.559 ± 1.57 and 7.656 ± 0.97 mg ml−1) with respect to
doxorubicin.

3.2. Structure activity relationship (SAR)

It was observed that cleavage of chromone ring and its closure
into other heterocycles increased the cytotoxic effects which
they compared with the substrate 3 and doxorubicin.
Fig. 5 The effect of compounds 7, 11, 12, 15, 19, 22, 26 and 28 on ce
determined using DNA cytometry analysis after exposure to 7, 11, 12, 15, 1
G1, G2 and S are cell cycle phases.

© 2023 The Author(s). Published by the Royal Society of Chemistry
- The introducing of additional morpholine ring into the
morpholinothiazolidinone as in both products 4 and 5
increased the cytotoxic effects.

- Generally, some pyrazole, pyrimidine and pyran deriva-
tives bearing morpholino-thiazolidinone moiety displayed
excellent cytotoxic effects depending on the nature of their
substituents.
ll cycle distributions of HepG-2 cell lines. Cell cycle distribution was
9, 22, 26 and 28 for 48 h. Data are presented as the mean ± SD; n = 3;
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- The substitution of hydrogen atom of 1H-pyrazole ring in
compound 6 by methyl group (product 7) caused excellent
cytotoxic effects towards all the three cancer cell lines.

- On the contrary, the N-aryl pyrazole 8–10 (Ar]C6H5, 4-
NO2C6H4 and 2,4-(NO2)2C6H3) did not improve the cytotoxic
effects as in case of the N-methylpyrazole derivative 7.
Fig. 6 The effect of compounds 7, 11, 12, 15, 19, 22, 26 and 28 on ce
determined using DNA cytometry analysis after exposure to 7, 11, 12, 15, 1
G1, G2 and S are cell cycle phases.

18670 | RSC Adv., 2023, 13, 18658–18675
- The presence of nitro groups in both products 9 and 10
increased the cytotoxic effects when compared with
compound 8.

- The 2-amino- and 2-oxopyrimidine derivatives 12 and 15
displayed inhibition effects more than the 2-thioxo- and 2-
selenoxopyrimidine derivatives 13 and 14, respectively.
ll cycle distributions of SKOV-3 cell lines. Cell cycle distribution was
9, 22, 26 and 28 for 48 h. Data are presented as the mean ± SD; n = 3;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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- The fused pyrimidine systems such as midazopyrimidine 16
and triazolopyrimidine 17 displayed good cytotoxic properties.

- The conversion of chromone ring into seven-membered
ring caused good cytotoxic properties especially, thiazepine 19
and diazepine 20 rings.

- The thiazepine ring 19 recorded inhibition effects more
than diazepine and oxazepane.

- The presence of pyran moieties beard on the morpholino-
thiazolidinone moiety (products 22, 23, 26–29) fully succeed to
increase the cytotoxic effects.

- The presence of imino group (C]NH) in pyran derivative 22
induced the cytotoxic effects more than the oxo group (C]O) in
compound 23.

- Interestingly, the fused pyran derivatives 26–29 recorded
promising cytotoxic effects especially in both products 26, 28
and 29.

3.3. Apoptosis studies

Apoptosis evasion is a hallmark of the transformation of normal
cells into tumor cells.30 Common anticancer drugs aim to
induce cell death through apoptosis; this is viewed as
a requirement for blocking malignant cell growth.31 The
apoptotic cell death was caused by the promising compounds 7,
11, 12, 15, 19, 22, 26 and 28. Alexa Fluor-488/PI staining was
used to quantify the cells undergoing apoptosis by ow
cytometry.32 In MCF-7 cancer cell lines, the eight compounds
strongly induced the early-apoptotic cell populations between
48.30–64.08%, while compounds 12, 15, 19, 22 and 28 increased
the late-apoptotic cell populations between 25.97–40.90%, in
comparison with control cell (Fig. 1). With respect to HepG-2
cancer cell line, the eight compounds induced the early-
Table 2 The interactions of compounds 12, 22 and Nutlin-3a with
MDM2 (4j3e)

Compound
Binding affinity
(kcal mol−1) Amino acid

Interaction
types

Distance
(Å)

12 −8.0 LEU 50 Pi–alkyl 5.43
LEU 53 Pi–alkyl 4.88
GLN 55 Hydrogen bond 2.96
ILE 95 Pi–alkyl 4.50
HIS 92 Hydrogen bond 3.19
MET 58 Pi–Sulfur 5.43
VAL 89 Pi–Sigma 3.96

22 −7.7 LEU 50 Pi–Alkyl 5.37
LEU 53 Pi–Alkyl 5.21
GLN 55 Hydrogen bond 3.16
ILE 95 Pi–Alkyl 4.67
HIS 92 Van der Waals —
MET 58 Pi–Sulfur 3.89
GLN 68 Hydrogen bond 2.93

Nutlin-3a −9.2 LEU 53 Pi–Alkyl 3.94
GLN 55 Hydrogen bond 3.18
ILE 95 Pi–alkyl 3.86
LEU 50 Pi–alkyl 4.31
HIS 92 Pi–Pi stacked 4.07
MET 58 Pi–alkyl 4.92
VAL 89 Pi–sigma 3.82

© 2023 The Author(s). Published by the Royal Society of Chemistry
apoptotic cell populations to be between 40.27% and 71.24%
while only compounds 7, 12, 15, 19, 22 and 26 increased the
late-apoptotic cell populations in range 25.79–49.43% as
depicted in Fig. 2. Interestingly, these eight compounds
strongly increased the early-and late-apoptotic cell populations
against SKOV-3 cell line in range 45.01–70.84% and 13.15–
26.79%, respectively (Fig. 3). Finally, these eight compounds did
not have any impacts in the necrotic assessment against the
three cancer cell lines (Fig. 1–3).

3.4. Cell cycle studies

The Effect on the cell cycle distribution of solid tumor cells
tracking tumor cell cycle phases was used to investigate the
cytotoxic effects. As a result, the effect of the most promising
compounds 7, 11, 12, 15, 19, 22, 26 and 28 were explored for cell
cycle distribution to determine the intracellular mode of action
of these compounds. The cells and vehicle control were treated
with each precalculated IC50s for 48 h, were stained with pro-
pidium iodide, and observed for cell cycle distribution by ow
cytometry.33 In MCF-7 cancer cell lines, the tested compounds
did not signicantly induce the cell distributions in the G1 and
S phases in comparison with control cell. However, they
strongly increased the cell distribution in the G2 phase to be
between 30.53 ± 1.40% and 61.00 ± 2.01% (Fig. 4). These
results showed that compounds 7, 11, 12, 15, 19, 22, 26 and 28
displayed acceptable arresting of the cell cycle in the G2 phase
against MCF-7 cell lines. In the HepG-2 cells, only compounds
11, 15, 19 and 28 stopped these cells in the G1 phase between
37.92 ± 1.50% and 45.04 ± 1.82%. In addition, the eight
compounds except 7 did not cause a prominent increase in cell
distribution in the S phase when compared with control.
However, the G2 phase was increased to be in range 32.22 ±

1.52% and 52.14 ± 1.94% in the presence of all compounds
except 15 and 19 (Fig. 5). As shown in Fig. 6, both compounds 7
and 28-treated SKOV-3 cells increased the G1 phase to be 47.47
± 1.78% and 37.79 ± 1.65%, respectively, while the remaining
compounds decreased the cell populations in this phase.
Similarly, the eight compounds decreased of the cell distribu-
tion in the S phase compared to the control cells. On contrary,
the same compounds except 7 and 28 showed an increase in the
G2 phase to be between 38.17 ± 1.63% and 58.76 ± 1.99%.
These results showed that compounds 7 and 28 exhibited good
arresting of the cell cycle in the G1 phase while compounds 15,
19, 22 and 26 were affected in the G2 phase against SKOV-3
cancer cell lines.

3.5. Molecular docking study

Molecular docking study was conducted to determine the suit-
able mechanism of cytotoxicity activities for the bioactive
compounds 12 and 22. The binding modes of the synthesized
compounds to Mouse Double Minute 2 homolog (MDM2) (PDB
ID: 4j3e) was studied. The inhibition of p53-MDM2 protein–
protein interaction results in p53 accumulation and restore its
tumor suppressor activity in cancer cells expressing wild-type
p53. Blocking MDM2 to restore p53 function is a hotspot in
the development of anticancer candidates.34 The MDM2 was
RSC Adv., 2023, 13, 18658–18675 | 18671
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chosen as the target for docking studies because both
compounds 12 and 22 recorded excellent cytotoxic effects
against SKOV-3 and MCF-3 cell lines. It is known that MDM2 is
highly expressed and correlated with the stages of the breast
and ovarian cancer patients.34 Nutlins are known as a class of
potent and specic small molecule antagonists of p53-MDM2
inhibitors.35 The Molecular docking was performed using
Auto Dock Tools version 1.5.6 in 2D and 3D images.36–41

The binding affinity (kcal mol−1) and the detailed interac-
tions of Nutlin-3a and the synthesized compounds 12 and 22
were depicted in Table 2. As shown in Fig. 7, the binding mode
of Nutlin-3a as co-crystalized ligand (affinity value of
−9.2 kcal mol−1) showed hydrogen bond with amino acid GLN
Fig. 7 Interactions of product 12 (A), 22 (B), Nutlin-3a (C) and all the stud
natural ligand P53 (D).

18672 | RSC Adv., 2023, 13, 18658–18675
55. In addition, there were pi interactions including pi-alkyl
(LEU 53, ILE 95, LEU 50 and MET 58), pi-sigma (VAL 89) and
pi–pi T shaped (HIS 92) through planar aromatic regions with
these amino acids (Fig. 7 and Supplemental Material).

The docking of compounds 12 and 22 with MDM2 (PDB ID:
4j3e) revealed that these compounds can form very similar
interactions to that of the potent MDM2 antagonist Nutlin-3a.42

Both products 12 and 22 showed similar binding mood with
binding affinity of −8.0 and −7.7 kcal mol−1, respectively.
Products 12 and 22 formed pi-alkyl interactions through phenyl
ring attached to N-thiazolidinone moiety with key residue LEU
50, LEU 53 and ILE 95 (Table 2). Moreover, weak pi–sulfur
interactions were observed between pyran or pyrimidine
ied compounds with Nutlin-3a occupying the same binding site of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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moieties and amino acidMET 58. Interestingly, both compound
12 and 22 can formed two extra interaction such as hydrogen
bond between oxygen or nitrogen atoms of (O, C]O, OH, N^C)
and key amino acids HIS 92, GLN 55 and GLN 68. Compound 12
formed further pi-sigma interaction with amino acid VAL 89
(Table 2). Although both compounds 12 and 22 make two H-
bonds in comparison with Nutlin-3a, their effects are less
because of the overall binding energies are less than Nutlin-3a.
Because of MDM2 can inhibit p53 activity by binding of its N-
terminal domain to the trans-activation domain of p53 with
the stages of the breast and ovarian cancer patients,43 both
compounds may be promising anti-metastatic ovarian cancer.
4. Conclusion

In this work, conversion of 2-(morpholinoimino)-5-[(4-oxo-4H-
chromen-3-yl) methylene]-3-phenylthiazolidin-4-one (3) into
a novel series of different nitrogen and oxygen heterocycles, was
achieved by its reaction with different nitrogen and carbon
nucleophiles. The analytical and spectral data evidenced the
structure of newly designed derivatives. The in vitro cytotoxic
activities of all synthesized derivatives were evaluated against
MCF-7, HepG-2 and SKOV-3 cancerous cell lines. The synthe-
sized derivatives 7, 11, 12, 15, 19 and 22 exhibited promising
potency with IC50 values ranging between IC50 0.650 ± 0.24 and
1.992 ± 0.19 mg ml−1 against MCF-7 cell which were near or
more active than doxorubicin (1.903 ± 0.38 mg ml−1). In addi-
tion, compounds 7, 12, 19 and 22 displayed their IC50 values
between 0.061 ± 0.03 1.910 ± 0.06 mg ml−1 against HepG-2 cell
which were more active than doxorubicin (IC50 at 1.501 ± 0.32
mg ml−1). Further, compounds 12, 15, 19, 22, 26 and 28 recorded
better activities than doxorubicin (IC50 1.852 ± 0.42 mg ml−1)
against SKOV-3 cell. Apoptosis was determined using ow
cytometry along with cell cycle analysis and supported by
a molecular docking. The products 7, 11, 12, 15, 19, 22, 26 and
28 induced a signicant early-and late-apoptotic effect against
all tumor cells while these products preferred to arrest all
cancer cells in the G1 and G2 phases. Finally, the molecular
docking studies were performed for compounds 12 and 22, and
the results indicated a negative binding energy with a similar or
close to binding mode as described for the Nutlin-3a as co-
crystalized inside the active sites of p53-MDM2 protein receptor.
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