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silico ADMET analysis of novel thalidomide analogs
as promising immunomodulatory agents†
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Ibrahim H. Eissa, a Mohammed S. Taghour,a Dina Abed Bakhotmah,b
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Immunomodulatory medications like thalidomide and its analogs prevent the production of some

proinflammatory cytokines linked to cancer. A new series of thalidomide analogs were designed and

synthesized in order to develop potential antitumor immunomodulatory agents. The antiproliferative

activities of the new candidates against a panel of three human cancer cell lines (HepG-2, PC3 and

MCF-7) were assessed in comparison to thalidomide as a positive control. The obtained results showed

the relative significant potency of 18f (IC50 = 11.91 ± 0.9, 9.27 ± 0.7, and 18.62 ± 1.5 mM) and 21b (IC50

= 10.48 ± 0.8, 22.56 ± 1.6, and 16.39 ± 1.4 mM) against the mentioned cell lines, respectively. These

results were comparable to thalidomide (IC50 = 11.26 ± 0.54, 14.58 ± 0.57, and 16.87 ± 0.7 mM,

respectively). To see to what extent the biological properties of the new candidates are relative to those

of thalidomide, the effects of 18f and 21b on the expression levels of TNF-a, CASP8, VEGF, and NF-kB

P65 were evaluated. Significant reductions in the proinflammatory TNF-a, VEGF, and NF-kB P65 levels in

HepG-2 cells were observed after exposure to compounds 18f and 21b. Furthermore, a sharp increase in

CASP8 levels was detected. The obtained results revealed that 21b is of greater significance than

thalidomide in TNF-a and NF-kB P65 inhibition. The in silico ADMET and toxicity studies showed that

most of tested candidates have a good profile of drug-likeness and low toxicity potential.
1. Introduction

Immunomodulatory drugs modify the response of the immune
system by increasing (immunostimulants) or decreasing
(immunosuppressives) the production of serum antibodies.1

Immunostimulant drugs are prescribed to enhance the
immune response against infectious diseases, tumors, primary
or secondary immunodeciency, and alterations in antibody
transfer, among others.2 Immunosuppressive drugs are used to
reduce the immune response against transplanted organs and
to treat autoimmune diseases such as pemphigus, lupus, or
allergies.3 In contrast to immunosuppressive agents that inhibit
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the immune response in transplant rejection and autoimmu-
nity, a few immunostimulatory drugs have been developed with
applicability to infection, immunodeciency, and cancer.
Problems with such drugs include systemic (generalized) effects
at one extreme or limited efficacy at the other.3

Thalidomide I, lenalidomide II, and pomalidomide III are
a class of immunomodulatory drugs that contain imide groups
targeting cereblon (CRBN). These drugs work through various
mechanisms of actions that promote malignant cell death and
enhance host immunity.4,5 Thalidomide is considered as
a prototype of the glutarimide-containing immunomodulatory
agents.6 It inhibits the production of many proinammatory
mediators such as tumor necrosis factor-alpha (TNF-a) and can
affect the production of others, such as interleukin-1b (IL-1b),
IL-2, IL-4, IL-5, IL-6, IL-10, and interferon-g (IFN-g).7 More-
over, thalidomide and its analogs inhibit the secretion of both
beta broblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF) from cancer cells and bone marrow
stromal cells, leading to reduction of endothelial cell migration
and proliferation and induction of apoptosis.8

Second-generation thalidomide analogs, lenalidomide II, is
a potent immunomodulator that is 50 000 times more potent
than thalidomide as an inhibitor of TNF-a.9 Clinical studies
have revealed that lenalidomide demonstrates fewer side effects
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and almost neither neurological toxicity nor teratogenicity,
compared to thalidomide.10 Structural modication of thalido-
mide via the addition of an amino group at the 4-position of the
phthaloyl ring forming pomalidomide III which was 10-fold
more potent than lenalidomide as a TNF-a inhibitor and
interleukin-2 (IL-2) stimulator.11 It also showed better anti-
angiogenic results than thalidomide and lenalidomide.12

Great attention has focused on the possible use of thalido-
mide as an anti-angiogenic agent – a property that might
account for its teratogenicity. The ability of a tumor to induce
new blood vessel formation is crucial for the growth of solid
tumors and for metastasis. The similarities between this
process in the promotion of tumor growth and in chronic
inammation supports a possible role for thalidomide in the
treatment of cancers. There are reports of efficacy in patients
with multiple myeloma13 and thalidomide has been reported to
possess anti-angiogenic properties.14

Other CRBN targeting thalidomide analogs were developed
in an attempt to overcome the toxicity of thalidomide. These
compounds include CC-122 (avadomide) IV, CC-220 (iberdo-
mide) V, and CC-885 VI.15 Avadomide is effective for the treat-
ment of multiple myeloma and diffuse large B-cell lymphoma
Fig. 1 Reported thalidomide analogs having the same pharmacophoric

© 2023 The Author(s). Published by the Royal Society of Chemistry
(DLBCL), whereas iberdomide is effective for systemic lupus
erythematosus (SLE)16 (Fig. 1). CC-885 was recently identied as
CRBN modulator with potent activities against solid tumors.17

Three common pharmacophoric features of thalidomide
and its analogs can be identied, as is presented in Fig. 1. These
features include: (i) aromatic domain, (ii) spacer, and (iii) glu-
tarimide moiety. In this work, we designed and synthesized
a new series of anticancer agents having the same essential
pharmacophoric features of thalidomide.
1.1. Rationale of molecular design

Forcing by all mentioned facts and the promising ndings ob-
tained in our former work,18 we decided to start the present
work. The rational of molecular design depended on ligand-
based drug design approach to develop potent thalidomide
analogs. In line with the pharmacophoric features of thalido-
mide and on the basis of the structural features of potent
thalidomide analogs, we made modications on thalidomide
structure (Fig. 2). It can be noticed that the modications were
at three different sites including the aromatic ring system, the
linker, and the glutarimide moiety.
features.

RSC Adv., 2023, 13, 10488–10502 | 10489
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Fig. 2 Rationale of the work using thalidomide as lead compound.
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Initially, different aromatic systems extracted from potent
thalidomide analogs of signicant clinical characteristics have
been designed. Similar to avadomide, compounds 17a–g and
20a–c were based on quinazolinone. Meanwhile, substituted
phenylthiourea moiety was constructed in compound 12 as
a bio-isostere to phenylurea moiety presented in CC-885.
Furthermore, anilide group was introduced in compounds
6a,b and 9 as can be seen in Fig. 2.

With respect to the linker, we can see amide group in
compounds 6a,b, 9, and 12 and thioacetamide in compounds
17a–g and 20a–c. The two linkers were of different lengths to
study the effect of the distance between the aromatic system
and the glutarimidemoiety on the activity. At the same time, the
new linkers had two or three bonds of free rotation, which
would contribute to the exibility of the new molecules relative
to thalidomide which contains a one bond linker with restricted
rotation.

Regarding the glutarimide moiety, it was kept as it is in all
the designed members, whereas it was only replaced with 3-
chloro-4-uorophenyl moiety in compounds 20a–c. Variability
of the substitutions enabled us to study the structure–activity
relationships of the nal compounds as a main objective of this
work (Fig. 2).
10490 | RSC Adv., 2023, 13, 10488–10502
The antiproliferative activities of synthesized compounds
were assessed against three cancer cell lines namely; hepato-
cellular carcinoma (HepG-2), prostate carcinoma (PC3), and
breast cancer (MCF-7). The immunomodulatory activities of the
synthesized compounds were evaluated against different
enzymes including caspase-8, VEGF, NFkB P65, and TNF-a.
Furthermore, the kinetic and toxicity prole of the synthesized
compounds were assessed in silico.

2. Results and discussion
2.1. Chemistry

According to the above rationale, Schemes 1–4 were carried out
for furnishing the target compounds 6a,b, 9, 12, 18a–g, and
21a–c.

Compounds 3a,b were synthesized according to the reported
method which involves addition of the appropriate anhydride to
4-aminobenzoic acid in pyridine at r.t.19 Pyridine was a suitable
solvent because it is of pKa 5.2. It is a stronger base than the
amino group of 4-aminobenzoic acid which has pKa of 2.7.
Hence, pyridinium carboxylate salt will be formed instead of
zwitter ion of 4-aminobenzoic acid increasing the availability of
the lone pair of the amino group. At the same time, compound 8
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of compounds 6a,b, and 9.
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View Article Online
was formed via drop wise addition of benzoyl chloride to an
aqueous solution of sodium 4-aminobenzoate with stirring.
Next, the target compound was furnished using mixed anhy-
dride method that involved reaction of ethyl chloroformate with
the carboxylic group of 3a,b, and 8 to give the corresponding
mixed anhydride in DCM. Then 3-aminopiperidine-2,6-dione
was allowed to react with the formed anhydrides to furnish
the target compounds 6a,b, and 9, respectively (Scheme 1). The
structures of compounds 6a,b, and 9 were veried by their
elemental and spectral data. The IR spectra of this series
© 2023 The Author(s). Published by the Royal Society of Chemistry
revealed the presence of imide carbonyl absorption bands at
a range of 1690 to 1730 cm−1, amide carbonyl absorption bands
at a range of 1645 to 1680 cm−1 and presence of NH bands at
a range of 3176–3368 cm−1. On the other hand, the 1H NMR
spectra showed peaks at about 10.85, 10.3 and 8.6 ppm for
imidic NH and the two amidic NH, respectively. Moreover, their
1H NMR spectra revealed the signals of the aliphatic NCH and
CH2CH2CO proton at a range of 4.79–4.72 and 2.61–1.92 ppm,
respectively for the introduced glutarimide ring.
RSC Adv., 2023, 13, 10488–10502 | 10491
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Scheme 2 Synthesis of compounds 12.
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The intermediate compounds 11a,b were synthesized by
reuxing 4-aminobenzoic acid with the proper isothiocyanates
in ethanol in the presence of Et3N. In this reaction, the nucle-
ophilic amino group of 4-aminobenzoic acid attacked the elec-
tron decient carbon of isothiocyanates. Then compound 12
was synthesized in line with a reported mixed anhydride
method20,21 by reaction of 4-(3-ethylthioureido)benzoic acid 11
with ethyl chloroformate in the presence of Et3N followed by 3-
Scheme 3 Synthesis of compounds 18a–g.

10492 | RSC Adv., 2023, 13, 10488–10502
aminopiperidine-2,6-dione (Scheme 2). The structure of
compound 12 was veried by its elemental and spectral data.
The IR spectrum revealed the presence of imide carbonyl and
amide carbonyl absorption band at 1726. On the other hand,
the 1H NMR spectrum of compound 12 showed peaks at about
10.85, 10.3 and 8.3 ppm for imidic NH and the two amidic NH,
respectively. Moreover, the 1H NMR spectrum revealed the
signals of the aliphatic NCH and CH2CH2CO proton at a range
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of 4.77 and 2.80–2.56 ppm, respectively for the introduced
glutarimide ring.

In accordance with the reported method, we prepared
compounds 14a–g. This method involves reuxing an appro-
priate anthranilic acid derivative namely; 6-chloroanthranilic
acid 13a, 3-chloroanthranilic acid 13b, 6-uoroanthranilic acid
13c, 5-uoroanthranilic acid 13d, and 5-chloroanthranilic acid
13e with the appropriate isothiocyanates namely; ethyl iso-
thiocyanate 10a or allyl isothiocyanate 10c in absolute ethanol
and in the presence of Et3N.22,23 The potassium salts 15a–g were
furnished via heating the appropriate 2-mercaptoquinazolin-4-
one derivatives 14a–g with equimolar amount of KOH in
ethanol.23 On the other hand, compound 16 was produced in
two phase system (DCM and water) in the presence of two molar
equivalent of NaHCO3 in ice-salt bath as reported. Then, we
obtained the nal compounds 18a–g in good yields by stirring
the appropriate mercapto salt of quinazoline derivatives 15a–g
with the chloroacetamide derivative 16 and KI at r.t. in aceto-
nitrile (Scheme 3). The structures of compounds 15a–g were
veried by their elemental analyses and spectral data. The IR
charts of compounds 15a–g showed bands for imide CO of
glutarimide ring at about 1708 to 1720 cm−1. While amide CO
showed bands from 1623 to 1684 cm−1. On the other hand, the
1H NMR spectra of compounds 15a–g showed peaks at about
10.8 and 8.6 ppm for imide NH and amide NH, respectively.
Methylene protons anked between sulfur and carbonyl
appeared as a singlet peak at about 4.1 ppm.

The acetamide derivative 20 was obtained by addition of
chloroacetyl chloride 16 to a mixture of 3-chloro-4-uoroaniline
Scheme 4 Synthesis of compounds 21a–c.

© 2023 The Author(s). Published by the Royal Society of Chemistry
19 and NaHCO3 in DMF in ice salt bath. Stirring the appropriate
mercapto salt of quinazoline derivatives 15a–g with the acet-
amide derivative 20 and KI at r.t. in acetonitrile afforded the
nal compounds 21a–c in good yields (Scheme 4). The 1H NMR
spectra showed peaks at about 10.69 and 10.74 ppm for amide
NH. Methylene protons anked between sulfur and carbonyl
appeared as a singlet peak at about 4.2 ppm.
2.2. Biological testing

2.2.1. In vitro anti-proliferative activity. It was reported that
some types of cancer have a high incidence and mortality rate.
Among which are breast, liver, and prostate cancers.24 MTT
method was used to evaluate the anti-proliferative activities of
compounds 6a,b, 9, 12, 18a–g, and 21a–c against three cancer
cell lines namely: hepatocellular carcinoma (HepG-2), prostate
carcinoma (PC3), and breast cancer (MCF-7). Thalidomide was
examined as a positive control. The MTT results presented in
Table 1 reects the variability in activity towards the tested cell
lines. It can be noticed that Compounds 18f (IC50 = 11.91 ± 0.9,
9.27 ± 0.7, and 18.62 ± 1.5 mM against HepG-2, PC3, and MCF-
7, respectively) and 21b (IC50 = 10.48 ± 0.8, 22.56 ± 1.6, and
16.39 ± 1.4 mM against HepG-2, PC3, and MCF-7, respectively)
exhibited themost promising anti-proliferative activities among
all the tested members. These values were comparable to those
of thalidomide (IC50 = 11.26 ± 0.54, 14.58 ± 0.57, and 16.87 ±

0.7 mM against HepG-2, PC3, and MCF-7, respectively). More-
over, compounds as 12, 18a, 18c, and 18g revealed good anti-
proliferative activities against the tested cell lines with IC50

values ranging from 12.13 to 37.95 mM. On the other hand, the
RSC Adv., 2023, 13, 10488–10502 | 10493
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Table 1 Anti-proliferative activities of the target compounds against
HepG-2, PC3 and MCF-7 cell lines

Comp.

In vitro cytotoxicity IC50 (mM) a

HepG-2 PC3 MCF-7

6a 49.34 � 3.4 39.27 � 2.7 65.27 � 3.6
6b 62.78 � 3.8 48.02 � 3.1 56.39 � 3.3
9 53.39 � 3.6 57.48 � 3.4 78.25 � 4.4
12 37.22 � 2.6 25.91 � 1.9 34.81 � 2.5
18a 18.90 � 1.4 32.86 � 2.3 37.95 � 2.5
18b 39.76 � 2.6 60.29 � 3.6 49.70 � 2.9
18c 33.82 � 2.2 12.13 � 1.1 26.89 � 2.1
18d 72.31 � 3.9 82.38 � 4.3 93.16 � 4.8
18e 42.65 � 3.1 31.36 � 2.4 64.03 � 3.4
18f 11.91 � 0.9 9.27 � 0.7 18.62 � 1.5
18g 30.23 � 2.3 23.04 � 1.9 36.18 � 2.7
21a 52.47 � 3.1 39.94 � 2.7 61.51 � 3.3
21b 10.48 � 0.8 22.56 � 1.6 16.39 � 1.4
21c 55.02 � 3.2 67.72 � 3.9 79.05 � 4.0
Thalidomide 11.26 � 0.54 14.58 � 0.57 16.87 � 0.7

a Three independent experiments were performed for each
concentration.
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rest of the compounds displayed moderate anti-proliferative
activities against the tested cell lines.

2.2.2. Structure activity relationship. From the aforemen-
tioned in vitro anti-proliferative activity ndings, we could
Fig. 3 SAR of the synthesized members.

10494 | RSC Adv., 2023, 13, 10488–10502
conclude appreciated information about the structure–activity
relationships (Fig. 3).

Regarding 3-ethyl-2-substitutedquinazolin-4-one containing
derivatives; 5-uoro candidate 18c (IC50 = 33.82 ± 2.2, 12.13 ±

1.1, and 26.89 ± 2.1 mM against HepG-2, PC3, and MCF-7,
respectively) was more potent than the corresponding 6-uoro
one 18d (IC50 = 72.31 ± 3.9, 82.38 ± 4.3, and 93.16 ± 4.8 mM
against HepG-2, PC3, and MCF-7, respectively) against all cell
lines. Moreover, 5-chloro derivative 18a (IC50 = 18.90 ± 1.4,
32.86± 2.3, and 37.95 ± 2.5 mM against HepG-2, PC3, and MCF-
7, respectively) was more potent than the corresponding 8-
chloro one 18b (IC50 = 39.76 ± 2.6, 60.29 ± 3.6, and 49.70 ± 2.9
mM against HepG-2, PC3, and MCF-7, respectively) against all
cell lines. For 3-ally-2-substitutedquinazolin-4-derivatives, it
was noticed that 6-chloro counterpart 18f (IC50 = 11.91 ± 0.9,
9.27 ± 0.7, and 18.62 ± 1.5 mM against HepG-2, PC3, and MCF-
7, respectively) was more advantageous than 5-uoro analog 18g
(IC50 = 30.23 ± 2.3, 23.04 ± 1.9, and 36.18 ± 2.7 mM against
HepG-2, PC3, and MCF-7, respectively). However, the 5-chloro
containing derivative 18e (IC50 = 42.65 ± 3.1, 31.36 ± 2.4, and
64.03 ± 3.4 mM against HepG-2, PC3, and MCF-7, respectively)
displayed less potent inhibitory activity against the tested cell
lines.

Comparing the cytotoxic activity of compounds 21a–c (qui-
nazoline derivatives containing 3-chloro-4-uorophenylmoieties)
indicated that 6-chloro 21b is more preferred biologically than 5-
chloro 21a and 5-uoro 21c members against all cell lines.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The effect of compounds 18f, 21b, and thalidomide on the
levels of CASPASE-8

Comp. no. CASPASE-8 (ng mL−1)

18f 6.7
21b 6.5
Control 1.08
Thalidomide 8.3

Table 5 The effect of compounds 18f, 21b, and thalidomide on the
levels of TNF-a

Compound TNF-a (pg mL−1)

18f 73.2
21b 50.6
Control 162.5
Thalidomide 53.1
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2.2.3. In vitro immunomodulatory assay. The effects of
compounds 18f and 21b on the expression levels of caspase-8,
VEGF, NFkB P65, and TNF-a were examined in HepG-2 cells
along with thalidomide as a positive control.

2.2.3.1. The effect on the expression level of caspase-8. As
presented in Table 2, thalidomide and compounds 18f and 21b
showed a statistically signicant increase in caspase-8 levels
compared with control cells. Also, it was found that compounds
18f and 21b were able to increase caspase-8 level in HepG-2 cells
by 6.7 and 6.5 ng mL−1, respectively, compared to 8.3 ng mL−1

for thalidomide.
2.2.3.2. The effect on the expression level of vascular endo-

thelial growth factor (VEGF). The data presented in Table 3
showed that thalidomide and compounds 18f and 21b showed
a signicant decrease in VEGF level comparing with control
cells. HepG-2 cells treated with 18f and 21b revealed VEGF level
of 169.6 and 162.3 pg mL−1, respectively, compared to 153.2 pg
mL−1 calculated for thalidomide.

2.2.3.3. The effect on NF-kB P65 expression level. The ob-
tained data indicated that the impact of 18f and 21b on NF-kB
P65 were much better than thalidomide. It can be seen that NF-
kB P65 level in HepG-2 cells treated with 18f and 21b were 89.4
and 85.1 pg mL−1 compared to 110.5 pg mL−1 measured for
thalidomide treated HepG-2 cells. At the same time, the two
tested compounds showed a signicant decrease in NF-kB P65
levels when compared to control treated cells (Table 4).
Table 3 The effect of compounds 18f, 21b, and thalidomide on the
levels of VEGF

Comp. no. VEGF (pg mL−1)

18f 169.6
21b 162.3
Control 432.5
Thalidomide 153.2

Table 4 The effect of compounds 18f, 21b, and thalidomide on the
levels of NFkB P65

Compound NFkB P65 (pg mL−1)

18f 89.4
21b 85.1
Control 278.1
Thalidomide 110.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2.3.4. The effect on TNF-a expression level. The data pre-
sented in Table 5 shows that both 18f and 21b signicantly
reduced TNF-a levels in HepG-2 cells. TNF-a levels were reduced
from 162.5 pg mL−1 in control cells to 73.2 and 50.6 pg mL−1

under the effects of 18f and 21b respectively. Meanwhile, the
level in cells treated with thalidomide was 53.1 pg mL−1. These
ndings highlight the importance of 21b as TNF-a inhibitor in
comparison with thalidomide.

2.2.3.5. HepG-2 cell cycle analysis. The most promising
candidate, compound 21b, was further evaluated by analyzing
its effect on cycle phases of the HepG-2 cells. From the results
presented in Table 6, it can be noticed that a large percentage
(54.05%) of cells treated with 21b was accumulated at G0/G1
phase compared to 8.07 and 10.05% reported for thalidomide
and control cells, respectively. This clearly indicates the ability
of compound 21b to inhibit HepG-2 cell proliferation efficiently
at G0/G1 phase (Fig. 4).

2.2.3.6. The effect of 21b on apoptosis and necrosis rates of
HepG-2. As presented in Table 7 and Fig. 5, the death rate of
HepG-2 cells treated with compound 21b dramatically
increased from 1.19% to 25.78% at the early stage of apoptosis.
Meanwhile, there is no signicant increase in the late apoptosis
and necrosis. This suggests that apoptosis was the main
mechanism of HepG-2 cell death that was caused by compound
21b.

2.2.4. ADMET proling study. In silico studies are preferred
for a variety of reasons, including the restrictions on cost, time,
and effort as well as the strict laws regarding animal testing.25,26

Although there are many in vitro studies that can be carried out
to investigate the properties of ADMET, they are not always the
most effective method.27,28 Therefore, the ADMET characteris-
tics of the examined compounds were assessed computationally
using Discovery Studio 4.0.29–31 Thalidomide was used
a reference.

Themost promising candidates 18f and 21b show acceptable
range of the expected ADMET prole. Compound 18f was pre-
dicted to have low blood–brain barrier (BBB) penetration level.
While compound 21b was expected to have high penetration
Table 6 The impact of compound 21b on HepG-2 cell cycle

Sample G0/G1 S G2/M

Control 10.05 59.55 29.73
Thalidomide 8.07 66.38 25.54
21b 54.05 37.04 8.96

RSC Adv., 2023, 13, 10488–10502 | 10495
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Fig. 4 The effect of 21b on different phases of HepG-2 cell cycle.

Table 7 Effect of compound 21b on apoptosis and necrosis rates of
HepG-2 cells

Sample
Normal
cells Early apoptosis Late apoptosis Necrosis

Control 98.61 1.19 0.18 0.02
Thalidomide 95.98 3.76 0.26 0.00
21b 74.00 25.78 0.19 0.03

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:4

5:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
level. For aqueous solubility, compounds 18f and 21b showed
good and low levels, respectively. It is noteworthy that
compounds 18f and 21b have good absorption levels and do not
inhibit CYP2D6. Regarding plasma protein binding parameter,
compounds 18f was anticipated to bind plasma protein less
than 90% while 21b was expected to bind it with more than 90%
(Table 8 and Fig. 6).

2.2.5. In silico toxicity studies. Eight toxicity parameters
were evaluated according to the toxicity models developed with
the Discovery studio soware. Thalidomide was used as
a reference (Table 9).

For ames mutagenicity (A-M), skin irritancy (S-I), ocular
irritancy (O-I) models, and developmental toxicity potential
Fig. 5 Apoptosis and necrosis rates of HepG2 cells treated with 21b co

10496 | RSC Adv., 2023, 13, 10488–10502
model (DTP), the most promising candidates 18f and 21b were
predicted as non-mutagen (N-M), non-irritant (N-I), mild irri-
tant (M), and non-toxic (N-T), respectively.

For carcinogenic potency TD50 rat model (C-P-TD50),
compound 21b showed TD50 values of 71.894 g per kg body
weight, which is higher than thalidomide (26.375). For rat
maximum tolerated dose (R-M-T-D) model, compound 18f and
21b demonstrated values higher than that of thalidomide.
Additionally, compounds 18f and 21b revealed oral LD50 (R-O-
LD50) and LOAEL (R-C-LOAEL) values lower than thalidomide.
3. Conclusion

Fourteen thalidomide analogs have been designed and
synthesized for anticancer and immunomodulatory evaluation.
The in vitro cytotoxicity results revealed that compounds 18f
(IC50 = 11.91 ± 0.9, 9.27 ± 0.7, and 18.62 ± 1.5 mM against
HepG-2, PC3, and MCF-7, respectively) and 21b (IC50 = 10.48 ±

0.8, 22.56 ± 1.6, and 16.39 ± 1.4 mM against HepG-2, PC3, and
MCF-7, respectively) were the most potent members. Also,
compounds as 12, 18a, 18c, and 18g displayed good anti-
proliferative activities against the tested cell lines with IC50
mpared to control and thalidomide.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 ADMET characteristics of the new candidates in comparison with thalidomide

Comp. BBB levela Solubilityb Absorptionc CYP2D6 inhibitiond Plasma protein bindinge

6a 4 4 0 False False
6b 3 4 0 False False
9 3 3 0 False False
12 3 3 0 False False
18a 3 3 0 False False
18b 3 3 0 False False
18c 3 3 0 False False
18d 3 3 0 False False
18e 4 3 0 False False
18f 4 3 0 False False
18g 3 3 0 False False
21a 1 1 0 False True
21b 1 2 0 False True
21c 1 1 0 False True
Thalidomide 3 3 0 False False

a 1= high, 3= low, and 4= very low. b 1= very low, 2= low, 3= good, and 4= optimal. c 0= good. d False= non inhibitor. e False means less than
90% & true means more than 90%.

Fig. 6 ADMET properties of the new derivatives and thalidomide.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:4

5:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
values ranging from 12.13 to 37.95 mM. Moreover, the most
promising compounds 18f and 21b were further evaluated for
their immunomodulatory effects. Compounds 18f and 21b
showed a signicant reduction in levels of TNF-a (from 162.5 pg
mL−1 to 73.2 and 50.6 pg mL−1), VEGF (from 432.5 pg mL−1 to
169.6 and 162.3 pg mL−1), and NF-kB p65 (from 278.1 pg mL−1

to 89.4 and 85.1 pg mL−1). Furthermore, compounds 18f and
21b exhibited signicant elevation in CASP8 levels (from 1.08 ng
mL−1 to 6.7 and 6.5 ng mL−1). These results were compared to
thalidomide as a reference standard which reports 53.1, 153.2,
110.5 pg mL−1 and 8 ng mL−1 against TNF-a, VEGF, NF-kB p65,
and CASP8, respectively. The obtained ndings suggest that the
designed members have the potential to function as powerful
immunomodulators and anticancer agents. Further optimiza-
tion of these derivatives may lead to the discovery of more
promising immunomodulatory agents.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4. Experimental
4.1. Chemistry

4.1.1. General procedure for synthesis of compounds 6a,b,
and 9. Et3N (0.18 mL, 1.20 mmol) was added to a suspension of
the appropriate acid 3a,b, and 8 (1.00 mmol) in DCM (15 mL)
with stirring to give a clear solution. The reaction mixture was
stirred in ice-salt bath for 5 min. Then ethyl chloroformate (0.10
mL, 1.05 mmol) was added dropwise over a period of 20 min.
The reaction mixture was stirred for further 1 h at the same
temperature. A solution of 3-aminopiperidine-2,6-dione HCl
(0.17 g, 1.00 mmol) and triethyl amine (0.18 mL, 1.20 mmol) in
DCM (10 mL) was added to the reaction mixture. The reaction
mixture was stirred at r.t. for 3 h. Aer the reaction was
complete (monitored by TLC), the impurities were removed by
partitioning the organic layer with acidied water then with
RSC Adv., 2023, 13, 10488–10502 | 10497
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Table 9 Evaluation of some toxicity parameters of the new synthesized compounds compared with thalidomide

Comp. C-P-TD50 (rat)
a A-M R-M-T-D (feed) b R-O-LD50

b R-C-LOAELb S-I O-I DTP

6a 2.890 N-M 0.107 5.079 0.171 N-I M T
6b 2.827 N-M 0.119 5.002 0.107 N-I M T
9 8.040 N-M 0.115 2.375 0.134 N-I M T
12 10.821 N-M 0.220 3.375 0.071 N-I M T
18a 2.240 N-M 0.055 1.287 0.023 N-I M N-T
18b 1.665 N-M 0.055 2.222 0.029 N-I M N-T
18c 2.397 N-M 0.059 0.673 0.024 N-I M N-T
18d 0.908 N-M 0.059 1.205 0.023 N-I M N-T
18e 5.760 N-M 0.055 0.564 0.007 N-I M N-T
18f 2.182 N-M 0.055 0.692 0.007 N-I M N-T
18g 6.173 N-M 0.059 0.295 0.007 N-I M N-T
21a 67.057 N-M 0.058 0.660 0.029 N-I M N-T
21b 71.894 N-M 0.062 0.693 0.029 N-I M N-T
21c 25.404 N-M 0.058 0.484 0.025 N-I M N-T
Thalidomide 26.375 N-M 0.047 0.835 0.133 N-I None N-T

a Unit: mg per kg body weight per day. b Unit: g per kg body weight.
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NaHCO3 aqueous solution. Upon evaporation, the organic
solvent the obtained solid was washed with water then meth-
anol to afford the corresponding benzamide derivatives 6a,b,
and 9, respectively.

4.1.1.1. 4-Acetamido-N-(2,6-dioxopiperidin-3-yl)benzamide
(6a).

White crystal (yield, 75%); m.p. = 245–247 °C. IR (KBr, cm−1):
3329, 3176 (NH), 3090 (CH aromatic), 2975 (CH aliphatic), 1693
(C]O imide), 1645 (C]O amide).; 1H NMR (DMSO-d6) dppm:
10.85 (s, 1H, CONHCO), 10.18 (s, 1H, CH3CONH), 8.64 (d, J =
8 Hz, 1H, PhCONH), 7.84 (d, J = 8.2 Hz, 2H, Ar–H), 7.68 (d, J =
8.2 Hz, 2H, Ar–H), 4.78 (m, 1H, CH-piperidine), 2.80 (m, 1H,
CHCONH-piperidine), 2.55 (m, 1H, CHCONH-piperidine), 2.15
(m, 1H, CHCH2CONH-piperidine), 2.08 (s, 3H, CH3), 1.97 (m,
1H, CHCH2CONH-piperidine); mass (m/z): 289 (M+, 31%), and
75 (100%, base peak); 13C NMR (101 MHz, DMSO-d6) d 173.55,
172.82, 169.23, 166.07, 142.62, 128.68, 128.60, 118.56, 49.95,
31.48, 24.73, 24.59; Anal. Calcd. for C14H15N3O4 (289.29): C,
58.13; H, 5.23; N, 14.53. Found: C, 58.41; 5.40; N, 14.61%.

4.1.1.2. N-(2,6-Dioxopiperidin-3-yl)-4-
propionamidobenzamide (6b).

Grayish white crystal (yield, 67%); m.p. = 260–262 °C. IR
(KBr, cm−1): 3263, 3194 (NH), 3106 (CH aromatic), 2980 (CH
aliphatic), 1728 (C]O imide), 1680 (C]O amide); 1H NMR
10498 | RSC Adv., 2023, 13, 10488–10502
(DMSO-d6) dppm: 10.84 (s, 1H, CONHCO), 10.11 (s, 1H, CH2-
CONH), 8.63 (d, J = 8.2 Hz, 1H, PhCONH), 7.83 (d, J = 8.4 Hz,
2H, Ar–H), 7.69 (d, J = 8.4 Hz, 2H, Ar–H), 4.77 (m, 1H, CH-
piperidine), 2.80 (m, 1H, CH2CH2CONH-piperidine), 2.57 (m,
1H, CH2CH2CONH-piperidine), 2.36 (q, J = 7.5 Hz, 2H, CH3-
CH2CO), 2.12 (m, 1H, CH2CH2CONH-piperidine), 1.98 (m, 1H,
CH2CH2CONH-piperidine), 1.09 (t, J = 7.5 Hz, 3H, CH3); mass
(m/z): 303 (M+, 100%, base peak); 13C NMR (101 MHz, DMSO-d6)
d 173.53, 172.86, 172.81, 166.02, 142.67, 128.66, 128.48, 118.56,
49.91, 31.48, 30.04, 24.73, 9.97; Anal. Calcd. for C15H17N3O4

(303.32): C, 59.40; H, 5.65; N, 13.85. Found: C, 59.63; H, 5.81; N,
13.97%.

4.1.1.3. 4-Benzamido-N-(2,6-dioxopiperidin-3-yl)benzamide
(9).

White crystal (yield, 75%); m.p. = 295–298 °C. IR (KBr, cm−1):
3626, 3298 (2NH), 3098 (CH aromatic), 2923 (CH aliphatic),
1724 (C]O imide), 1647 (C]O amide); 1H NMR (DMSO-d6)
dppm: 10.85 (s, 1H, CONHCO), 10.49 (s, 1H, PhCONHPh), 8.70
(d, J = 8.2 Hz, 1H, PhCONH), 7.98 (m, 2H, Ar–H), 7.91 (d, J =
8.2 Hz, 4H, Ar–H), 7.62 (m, 1H, Ar–H), 7.55 (m, 2H, Ar–H), 4.79
(m, 1H, CH-piperidine), 2.81 (m, 1H, CH2CH2CONH-piperidine),
2.56 (m, 1H, CH2CH2CONH-piperidine),2.14 (m, 1H, CH2CH2-
CONH-piperidine), 2.01 (m, 1H, CH2CH2CONH-piperidine); 13C
NMR (101 MHz, DMSO-d6) d 173.54, 172.81, 166.32, 166.06,
142.55, 135.15, 132.27, 129.20, 128.91, 128.55, 128.23, 119.91,
49.96, 31.49, 24.75; Anal. Calcd. for C19H17N3O4 (351.36): C,
64.95; H, 4.88; N, 11.96. Found: C, 65.18; H, 4.96; N, 12.19%.

4.1.2. General procedure for synthesis of compound 12.
Compound 12 was prepared in a similar manner of preparation
of compounds 6a,b in which a solution of compound 11 (1.00
© 2023 The Author(s). Published by the Royal Society of Chemistry
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mmol) and Et3N (0.18 mL, 1.20 mmol) in DCM was treated with
ethyl chloroformate (0.10 mL, 1.05 mmol). Then a solution of 3-
aminopiperidine-2,6-dione HCl (0.17 g, 1.00 mmol) and triethyl
amine (0.18 mL, 1.20 mmol) in DCM was added to the reaction
mixture. The obtained solid was collected by ltration and
recrystallized from ethanol to give the corresponding thiour-
eidobenzamide derivative 12, respectively.

4.1.2.1. N-(2,6-Dioxopiperidin-3-yl)-4-(3-ethylthioureido)
benzamide (12).

Yellow crystal (yield, 69%); m.p. = 220–222 °C. IR (KBr, cm−1):
3752, 3652, 3314 (3NH), 3100 (CH aromatic), 2972 (CH
aliphatic), 1726 (C]O imide), 1644 (C]O amide); 1H NMR
(DMSO-d6) dppm: 10.85 (s, 1H, CONHCO), 9.68 (s, 1H,
CSNHPh), 8.66 (d, J = 8.2 Hz, 1H, PhCONH), 7.95 (s, 1H, CH2-
NHCS), 7.82 (d, J= 8.4 Hz, 2H, Ar–H), 7.58 (d, J= 8.4 Hz, 2H, Ar–
H), 4.77 (m, 1H, CH-piperidine), 3.49 (q, J = 6.8 Hz, 2H, CH3-
CH2NH), 2.80 (m, 1H, CH2CH2CONH-piperidine), 2.57 (m, 1H,
CH2CH2CONH-piperidine), 2.13 (m, 1H, CH2CH2CONH-
piperidine), 1.99 (m, 1H, CH2CH2CONH-piperidine), 1.14 (t, J
= 7.2 Hz, 3H, CH3);

13C NMR (101 MHz, DMSO-d6) d 180.40,
173.53, 172.77, 166.04, 142.97, 129.05, 128.33, 49.94, 39.15,
31.47, 24.73, 14.49; Anal. Calcd. for C15H18N4O3S (334.11): C,
53.88; H, 5.43; N, 16.76. Found: C, 53.72; H, 5.49; N, 16.98%.

4.1.3. General procedure for synthesis of compounds 18a–
g. A mixture of the appropriate potassium salt of substituted-2-
mercaptoquinazoline-4(3H)-one 15a–g (0.90 mmol), 2-chloro-N-
(2,6-dioxopiperidin-3-yl)acetamide 17 (0.20 g, 0.99 mmol) and
KI (catalytic amount) was stirred at r.t. for about 2 h in aceto-
nitrile (15 mL). The obtained precipitates were collected by
ltration, washed with water, dried, and crystallized from
ethanol to afford the corresponding thioacetamide derivatives
18a–g, respectively.

4.1.3.1. 2-((5-Chloro-3-ethyl-4-oxo-3,4-dihydroquinazolin-2-yl)
thio)-N-(2,6-dioxopiperidin-3-yl)acetamide (18a).

White crystal (yield, 74%); m.p. = 218–220 °C. IR (KBr, cm−1):
3530, 3271 (2NH), 3085 (C–H aromatic), 2981 (C–H aliphatic),
1711 (C]O imide), 1680 (C]O amide) and 11 650 (amide II
band); 1H NMR (DMSO-d6) dppm: 10.84 (s, 1H, CONHCO), 8.63
(d, J = 8.0 Hz, 1H, CONHCH), 7.68 (t, J = 8.0 Hz, 1H, Ar–H), 7.51
(d, J = 8.2 Hz, 1H, Ar–H), 7.45 (d, J = 7.8 Hz, 1H, Ar–H), 4.60 (m,
1H, CH-piperidine), 4.09 (q, J = 7.2 Hz, 2H, CH2CH3), 4.07 (s,
2H, SCH2), 2.71 (m, 1H, CH2CO-piperidine), 2.47 (m, 1H,
© 2023 The Author(s). Published by the Royal Society of Chemistry
CH2CO-piperidine), 1.93 (m, 2H, CH2CH-piperidine), 1.30 (t, J =
7 Hz, 3H, CH3); mass (m/z): 408 (M+, 16%), and 241 (100%, base
peak); 13C NMR (101 MHz, DMSO-d6) d 173.33, 172.42, 167.20,
158.59, 157.25, 149.56, 134.78, 133.03, 128.74, 126.12, 116.15,
50.06, 35.87, 31.26, 24.75, 13.21; Anal. Calcd. for C17H17ClN4O4S
(408.86): C, 49.94; H, 4.19; N, 13.70. Found: C, 49.71; H, 4.27; N,
13.96%.

4.1.3.2. 2-((8-Chloro-3-ethyl-4-oxo-3,4-dihydroquinazolin-2-yl)
thio)-N-(2,6-dioxopiperidin-3-yl)acetamide (18b).

White crystal (yield, 74%); m.p. = 232–234 °C. IR (KBr, cm−1):
3393, 3170 (2NH), 3083 (C–H aromatic), 2939 (C–H aliphatic),
1708 (C]O imide), 1679 (C]O amide) and 1646 (amide II
band); 1H NMR (DMSO-d6) dppm: 10.82 (s, 1H, CONHCO), 8.63
(d, J= 8.0 Hz, 1H, CONHCH), 8.03 (dd, J= 8.0,1.5 Hz, 1H, Ar–H),
7.92 (dd, J= 7.8, 1.4 Hz, 1H, Ar–H), 7.42 (t, J= 7.9 Hz, 1H, Ar–H),
4.58 (m, 1H, CH-piperidine), 4.18 (q, J = 7.8 Hz, 2H, CH2CH3),
4.13 (s, 2H, SCH2), 2.71 (m, 1H, CH2CO-piperidine), 2.46 (m, 1H,
CH2CO-piperidine), 1.94 (m, 2H, CH2CH-piperidine), 1.31 (t, J =
7.1 Hz, 3H, CH3);

13C NMR (101 MHz, DMSO-d6) d 173.35,
172.33, 166.78, 160.22, 157.76, 143.51, 134.93, 129.82, 126.61,
125.89, 120.83, 50.15, 36.10, 31.26, 24.62, 13.25; Anal. Calcd. for
C17H17ClN4O4S (408.86): C, 49.94; H, 4.19; N, 13.70. Found: C,
49.86; H, 4.31; N, 13.98%.

4.1.3.3. N-(2,6-dioxopiperidin-3-yl)-2-((3-ethyl-5-uoro-4-oxo-
3,4-dihydroquinazolin-2-yl)thio)acetamide (18c).

Shine yellow crystal (yield, 72%); m.p. = 252–250 °C. IR
(KBr, cm−1): 3273, 3210 (2NH), 3114 (C–H aromatic), 2978 (C–H
aliphatic), 1720 (C]O imide), 1681 (C]O amide) and 1653
(amide II band); 1H NMR (DMSO-d6) dppm: 10.84 (s, 1H, CON-
HCO), 8.63 (d, J = 8.0 Hz, 1H, CONHCH), 7.74 (t, J = 8.0 Hz, 1H,
Ar–H), 7.38 (d, J = 8.2 Hz, 1H, Ar–H), 7.18 (d, J = 7.8 Hz, 1H, Ar–
H), 4.60 (m, 1H, CH-piperidine), 4.09 (q, J = 7.2 Hz, 2H,
CH2CH3), 4.06 (s, 2H, SCH2), 2.71 (m, 1H, CH2CO-piperidine),
2.47 (m, 1H, CH2CO-piperidine), 1.93 (m, 2H, CH2CH-
piperidine), 1.29 (t, J = 7.0 Hz, 3H, CH3); mass (m/z): 392 (M+,
3%), and 42 (100%, base peak); 13C NMR (101 MHz, DMSO-d6)
d 173.34, 172.42, 167.19, 162.17, 159.55, 157.65, 157.61, 149.10,
135.71, 135.61, 122.60, 122.56, 112.76, 112.56, 108.85, 50.05,
35.99, 31.26, 24.75, 13.27; Anal. Calcd. for C17H17FN4O4S
(392.41): C, 52.03; H, 4.37; N, 14.28. Found: C, 52.29; H, 4.50; N,
14.47%.
RSC Adv., 2023, 13, 10488–10502 | 10499
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4.1.3.4. N-(2,6-Dioxopiperidin-3-yl)-2-((3-ethyl-6-uoro-4-oxo-
3,4-dihydroquinazolin-2-yl)thio)acetamide (18d).

Shine yellow crystal (yield, 72%); m.p. = 227–229 °C. IR
(KBr, cm−1): 3301, 3169 (2NH), 3108 (C–H aromatic), 2954 (C–H
aliphatic), 1713 (C]O imide), 1647 (C]O amide) and 1649
(amide II band); 1H NMR (DMSO-d6) dppm: 10.84 (s, 1H, CON-
HCO), 8.69 (d, J = 7.9 Hz, 1H, CONHCH), 7.72 (d, J = 8.8 Hz, 1H,
Ar–H), 7.66 (d, J = 7.9 Hz, 1H, Ar–H), 7.64 (s, 1H, Ar–H), 4.60 (m,
1H, CH-piperidine), 4.11 (q, J = 7.2 Hz, 2H, CH2CH3), 4.07 (s, 2H,
SCH2), 2.71 (m, 1H, CH2CO-piperidine), 2.46 (m, 1H, CH2CO-
piperidine), 1.94 (m, 2H, CH2CH-piperidine), 1.30 (t, J = 7.0 Hz,
3H, CH3);

13C NMR (101MHz, DMSO-d6) d 173.35, 172.42, 167.25,
161.05, 160.19, 158.63, 155.77, 144.21, 129.30, 129.22, 123.64,
123.40, 120.38, 120.30, 111.41, 111.17, 50.04, 35.95, 31.26, 24.74,
13.37; Anal. Calcd. for C17H17FN4O4S (392.41): C, 52.03; H,
4.37; N, 14.28. Found: C, 52.79; H, 3.68; N, 14.04%.

4.1.3.5. 2-((3-Allyl-5-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)
thio)-N-(2,6-dioxo piperidin-3-yl)acetamide (18e).

White crystal (yield, 71%); m.p. = 289–291 °C. IR (KBr, cm−1):
3304, 3201 (2NH), 3093 (C–H aromatic), 2987 (C–H aliphatic),
1713 (C]O imide), 1684 (C]O amide) and 1645 (amide II
band); 1H NMR (DMSO-d6) dppm: 10.84 (s, 1H, CONHCO), 8.61
(d, J = 8.0 Hz, 1H, CONHCH), 7.70 (t, J = 8.0 Hz, 1H, Ar–H), 7.53
(d, J = 8.2 Hz, 1H, Ar–H), 7.47 (d, J = 7.8 Hz, 1H, Ar–H), 5.93 (m,
1H, CH2CHCH2), 5.21 (m, 2H, CH2CHCH2), 4.68 (d, J = 5.1 Hz,
2H, NCH2), 4.59 (m, 1H, CH-piperidine), 4.05 (s, 2H, SCH2), 2.71
(m, 1H, CH2CO-piperidine), 2.46 (m, 1H, CH2CO-piperidine),
1.92 (m, 2H, CH2CH-piperidine); mass (m/z): 420 (M+, 23%),
and 364 (100%, base peak);. 13C NMR (101 MHz, DMSO-d6)
d 173.33, 172.42, 167.16, 158.59, 157.69, 149.57, 134.94, 133.14,
131.62, 128.84, 126.18, 118.21, 116.09, 50.05, 46.58, 36.01,
31.26, 24.75; Anal. Calcd. for C18H17ClN4O4S (420.87): C, 54.35;
H, 4.32; N, 10.01. Found: C, 54.60; H, 4.41; N, 10.28%.

4.1.4. 2-((3-Allyl-6-chloro-4-oxo-3,4-dihydroquinazolin-2-yl)
thio)-N-(2,6-dioxopiperidin-3-yl)acetamide (18f).
10500 | RSC Adv., 2023, 13, 10488–10502
White crystal (yield, 71%); m.p. = 289–291 °C. IR (KBr, cm−1):
3305, 3189 (2NH), 3086 (C–H aromatic), 2927 (C–H aliphatic),
1712 (C]O imide), 1678 (C]O amide) and 1628 (amide II band);
1H NMR (DMSO-d6) dppm: 10.83 (s, 1H, CONHCO), 8.62 (s, 1H,
CONHCH), 7.99 (s, 1H, Ar–H), 7.81 (s, 1H, Ar–H), 7.60 (s, 1H, Ar–
H), 5.92 (m, 1H, CH2CHCH2), 5.22 (m, 2H, CH2CHCH2), 4.72 (d, J
= 5.2 Hz, 2H, NCH2), 4.59 (m, 1H, CH-piperidine), 4.05 (s, 2H,
SCH2), 2.70 (m, 1H, CH2CO-piperidine), 2.46 (m, 1H, CH2CO-
piperidine), 1.92 (m, 2H, CH2CH-piperidine); 13C NMR (126
MHz, DMSO-d6) d 172.71, 171.79, 166.59, 159.31, 156.93, 145.42,
134.72, 131.02, 129.94, 128.21, 125.28, 119.85, 117.71, 49.56,
35.59, 30.71, 24.19; Anal. Calcd. for C18H17ClN4O4S (420.87): C,
54.35; H, 4.32; N, 10.01. Found: C, 54.56; H, 4.49; N, 10.02%.

4.1.5. 2-((3-Allyl-5-uoro-4-oxo-3,4-dihydroquinazolin-2-yl)
thio)-N-(2,6-dioxopiperidin-3-yl)acetamide (18g).

White crystal (yield, 71%); m.p. = 289–291 °C. IR (KBr, cm−1):
3308, 3191 (2NH), 3092 (C–H aromatic), 2987 (C–H aliphatic),
1690 (C]O imide), 1623 (C]O amide) and 1640 (amide II
band); 1H NMR (DMSO-d6) dppm: 10.84 (s, 1H, CONHCO), 8.62
(d, J = 8.0 Hz, 1H, CONHCH), 7.76 (t, J = 8.0 Hz, 1H, Ar–H), 7.40
(d, J = 8.2 Hz, 1H, Ar–H), 7.19 (d, J = 8.1 Hz, 1H, Ar–H), 5.92 (m,
1H, CH2CHCH2), 5.21 (m, 2H, CH2CHCH2), 4.69 (d, J = 5.1 Hz,
2H, NCH2), 4.60 (m, 1H, CH-piperidine), 4.05 (s, 2H, SCH2), 2.71
(m, 1H, CH2CO-piperidine), 2.47 (m, 1H, CH2CO-piperidine),
1.93 (m, 2H, CH2CH-piperidine); 13C NMR (126 MHz, DMSO-
d6) d 172.72, 171.78, 166.58, 161.41, 159.32, 157.48, 148.55,
135.30, 131.12, 122.11, 117.62, 112.29, 108.21, 49.53, 45.58,
35.60, 30.70, 24.18; Anal. Calcd. for C18H17FN4O4S (404.42): C,
56.57; H, 4.50; N, 10.42. Found: C, 56.78; H, 4.62; N, 10.68%.

4.1.6. General procedure for synthesis of compounds (21a–
c). A mixture of an appropriate potassium salt of 2-
mercaptoquinazolin-4-one derivative 15a,f, and g (0.90 mmol)
and 2-chloro-N-(3-chloro-4-uorophenyl)acetamide 20 (0.20 g,
0.90 mmol) was stirred at r.t. in acetonitrile for about 2h in
presence of catalytic amount of KI. The obtained precipitates
were ltered off and crystallized from ethanol to furnish the
corresponding thioacetamide products 21a–c.

4.1.6.1. 2-((5-Chloro-3-ethyl-4-oxo-3,4-dihydroquinazolin-2-yl)
thio)-N-(3-chloro-4-uorophenyl)acetamide (21a).

Off white crystal (yield, 85%); m.p. = 240–244 °C. IR
(KBr, cm−1): 3257 (NH), 3044 (C–H aromatic), 2987 (C–H
© 2023 The Author(s). Published by the Royal Society of Chemistry
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aliphatic), 1669 (C]O amide) and 1643 (amide II band); 1H
NMR (DMSO-d6) dppm: 10.69 (s, 1H, NH), 7.92 (s, 1H, Ar–H),
7.67 (t, J= 8.0 Hz, 1H, Ar–H), 7.52 (s, 1H, Ar–H), 7.44 (m, 1H, Ar–
H), 7.37 (m, 2H, Ar–H), 4.21 (s, 2H, SCH2), 4.08 (q, J= 7.4 Hz, 2H,
NCH2CH3), 1.31 (t, J = 7.0 Hz, 3H, CH3); MS (m/z): 428 (M++1,
34%), 426 (M+, 52%), 147 (100%, base peak); 13C NMR (101
MHz, DMSO-d6) d 166.53, 158.53, 157.30, 154.80, 152.39, 149.48,
136.82, 134.88, 133.12, 128.79, 125.86, 120.94, 119.91, 119.51,
117.37, 116.16, 36.98, 13.22; Anal. Calcd. for C18H14Cl2FN3O2S
(426.29): C, 50.72; H, 3.31; N, 9.86. Found: C, 50.97; H, 3.45; N,
9.98%.

4.1.6.2. 2-((6-Chloro-3-ethyl-4-oxo-3,4-dihydroquinazolin-2-yl)
thio)-N-(3-chloro-4-uorophenyl)acetamide (21b).

Grayish white crystal (yield, 85%); m.p. = 209–211 °C. IR
(KBr, cm−1): 3251 (NH), 3049 (C–H aromatic), 2985 (C–H
aliphatic), 1675 (C]O amide) and 1619 (amide II band); 1H
NMR (DMSO-d6) dppm: 10.61 (s, 1H, NH), 7.91 (s, 1H, Ar–H),
7.71 (s, Hz, 1H, Ar–H), 7.50(m, 1H, Ar–H), 7.38 (d, J= 7.6 Hz, 1H,
Ar–H), 7.19 (s, 2H, Ar–H), 4.20 (s, 2H, SCH2), 4.08 (q, J = 7.1 Hz,
2H, NCH2CH3), 1.29 (t, J= 7.1 Hz, 3H, CH3);

13C NMR (101MHz,
DMSO-d6) d 166.51, 159.75, 157.10, 154.81, 152.40, 145.86,
136.81, 135.25, 130.41, 128.45, 125.77, 120.95, 120.48, 119.85,
119.52, 117.37, 37.09, 13.33; Anal. Calcd. for C18H14ClF2N3O2S
(409.84): C, 52.75; H, 3.44; N, 10.25. Found: C, 52.91; H, 3.63; N,
10.12%.

4.1.6.3. N-(3-chloro-4-uorophenyl)-2-((3-ethyl-5-uoro-4-oxo-
3,4-dihydroquinazolin-2-yl)thio)acetamide (21c).

White crystal (yield, 82%); m.p. = 279–281 °C. IR (KBr, cm−1):
3262 (NH), 3063 (C–H aromatic), 2987 (C–H aliphatic), 1686
(C]O amide) and 1652 (amide II band); 1H NMR (DMSO-d6)
dppm: 10.74 (s, 1H, NH), 8.0 (s, 1H, Ar–H), 7.92 (s, Hz, 1H, Ar–
H), 7.80 (dd, J = 8.7, 2.6 Hz, 1H, Ar–H), 7.52 (d, J = 7.6 Hz, 1H,
Ar–H), 7.46 (d, J = 8.7 Hz, 1H, Ar–H), 7.39 (t, J = 9.1 Hz, 1H, Ar–
H), 4.23 (s, 2H, SCH2), 4.13 (q, J= 7.1 Hz, 2H, NCH2CH3), 1.31 (t,
J = 7.1 Hz, 3H, CH3);

13C NMR (126 MHz, DMSO-d6) d 166.06,
161.60, 159.51, 157.29, 154.27, 152.34, 148.66, 136.31, 135.42,
121.89, 120.68, 119.54, 117.22, 112.27, 108.49, 39.44, 36.75,
12.90. Anal. Calcd. for C18H14Cl2FN3O2S (426.29): C, 50.72; H,
3.31; N, 9.86. Found: C, 50.99; H, 3.48; N, 9.93%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.2. Biological testing

4.2.1. In vitro antitumor assay. This test was carried out on
three different human cancer cell lines: MCF-7, HCT116, and
HepG-2 using the MTT method32–34 as described in ESI.†

4.2.2. Estimation of TNF-a, CASP8, and VEGF in HepG-2
cells supernatant. The levels of TNF-a, CASP8, and VEGF in
cell culture supernatants were estimated by ELISA technique
using commercially available matched paired antibodies (R&D
Systems Inc., Minneapolis, MN) according to reported proce-
dure35,36 as described in ESI.†

4.2.3. Estimation of nuclear factor kappa-B P65 (NF-kB
P65) in HepG-2 cell lysate. Anti-rabbit NF-kB P65 polyclonal
antibody was measured using the ELISA plate reader in cell
lysate37 as described in ESI.†

4.2.4. Flow cytometry analysis for cell cycle. Cell cycle
analysis was performed using propidium iodide (PI) staining
and ow cytometry analysis for compound 12l as described in
ESI†.38,39

4.2.5. Flow cytometry analysis for apoptosis. Apoptotic
effect was assessed for compound 12l as described in ESI†.40,41

4.2.6. In silico studies
4.2.6.1. ADMET studies. ADMET descriptors were deter-

mined using Discovery studio 4.0 as according to the reported
method42–45 (ESI†).

4.2.6.2. Toxicity studies. The toxicity parameters of the
synthesized compounds were calculated using Discovery studio
4.0 as described46–49 in ESI.†
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