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, in silico studies, and biological
evaluation of novel pyrimidine-5-carbonitrile
derivatives as potential anti-proliferative agents,
VEGFR-2 inhibitors and apoptotic inducers†

Abdulrahman M. Saleh, ab Hazem A. Mahdy, *a Mohamed Ayman El-Zahabi,a

Ahmed B. M. Mehany,b Mohamed M. Khalifa *a and Ibrahim H. Eissa *a

A novel series of pyrimidine-5-carbonitrile derivatives bearing benzylidene and hydrazone moieties with

different linkers (spacers) were designed and synthesized as possible inhibitors of the vascular endothelial

growth factor receptor-2 (VEGFR-2). The newly synthesized compounds were evaluated in vitro for their

cytotoxic activities against two human cancer cell lines namely colon cancer (HCT-116) and breast

cancer (MCF-7) using sorafenib as a standard anticancer drug. Compounds 9d, 11e, 12b, and 12d showed

higher cytotoxic activities than sorafenib with IC50 values ranging from 1.14 to 10.33 mM. In particular,

compound 11e exhibited excellent activities against HCT-116 and MCF-7 with IC50 values of 1.14 and

1.54 mM, respectively. Moreover, compound 11e exhibited about 47.32-fold cytotoxic activity against

normal human fibroblast (WI-38) cells, lower than the cytotoxicity against the cancer cells. Compounds

11e and 12b were the most potent VEGFR-2 inhibitors with IC50 values of 0.61 and 0.53 mM, respectively,

compared to sorafenib. Bedsides, compound 11e arrested the HCT-116 cell growth at S and sub-G1

phases, induced a significant increase in the apoptotic cells, and caused remarkable decrease in the

levels of TNF-a, IL-6, and caspase-3. Finally, the binding patterns of the target derivatives were

investigated through the docking study against the proposed molecular target (VEGFR-2, PDB ID 1YWN).

The results of molecular docking studies showed similar binding modes to sorafenib against VEGFR-2. In

addition, molecular dynamic simulations revealed the stability of compound 11e in the active site for 100 ns.
1. Introduction

Cancer, a disease characterized by uncontrollable cell growth, is
still one of the most serious diseases to threaten human life.1

Although there are wide advances dealing with its biochemistry
and trying to understand its progression, the complete cure of
cancer has not been achieved yet.2–4 The increased incidence of
cancer cases returns primarily to the resistance of the cancer
cells to the known medications, the reason that opens the door
to research to either nd new targets or to construct new
chemical scaffolds to act on the previously identied targets.

Vascular Endothelial Growth Factor (VEGF) has been nomi-
nated as one of the most prevalent tumor angiogenesis medi-
ators. VEGF initiates endothelial cell activation and
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proliferation.5 However, it promotes vascular permeability in
solid tumors.6 These processes are all mediated via stimulation
of a specic type of tyrosine kinase receptors, VEGFR-2
receptor.7 However, VEGF/VEGFR-2 pathway contributes to the
progress of numerous cancer types including breast, colon,
gastric and lung via migration, metastasis and stimulation of
angiogenesis.8 Therefor hindering the VEGF/VEGFR-2 pathway
appears crucial in stopping angiogenesis.9 Accordingly, VEGFR-
2 gained an increasing importance in the anti-angiogenic
therapy against cancer. Unfortunately, treatment with the
currently FDA approved VEGFR-2 inhibitors faced several
drawbacks represented in their serious adverse reactions and
development of a secondary resistance.10 There drawbacks
motivated the medicinal chemists to continue searching for
new small molecules aiming to overcome the adverse effects
and minimize resistance.11–14

Observing the structure–activity relationship of the FDA
approved VEGFR-2 inhibitors revealed that they almost shared
four common features namely, (a) a heterocyclic head with
minimum one nitrogen atom to occupy the hinge region of the
active site, (b) a spacer to occupy gatekeeper region, (c)
a hydrogen bonding moiety or a pharmacophore that makes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
essential H-bonds with the DFG amino acids, and (d) a hydro-
phobic tail that lls the receptor's allosteric site15–20 (Fig. 1A).
However, Fig. 1B illustrated the role of sorafenib in inhibiting
the VEGFR-2-mediated angiogenesis effect.

In light of the abovementioned facts, we were encouraged to
build a new scaffold constructed from the four key reported
VEGFR-2 inhibitors features. The rationale of our molecular
design depended basically on the bioisosteric modication of
the well-dened VEGFR-2 inhibitors at their four main parts.
However, the 6-aryl-5-cyano-thiouracil moiety was used in the
current as a heterocyclic head. The choice of such a moiety was
suitable as it contains a pyrimidine core that can ll the large
size space of the ATP binding region. Besides, the pyrimidine's
nitrogen atoms may serve as H-bond acceptors that may
potentiate binding of the designed compounds with the VEGFR-
2 receptor. Supporting with the structure of sorafenib I, the
Fig. 1 (A) Some reported VEGFR-2 inhibitors and their necessary four p

© 2023 The Author(s). Published by the Royal Society of Chemistry
potent VEGFR-2 inhibitor, we have designed the spacer part of
the target members to share the same length of that of sor-
afenib. The spacer part, hence, consisted of a four-carbon
bridge attached to an NH group which are directly linked to
heterocyclic head. The length of the designed linker was then
convenient to occupy the gate keeper region in VEGFR-2 pocket
(Fig. 2).

Two different hydrophilic moieties were selected in the
current study to play the role of the compounds' pharmaco-
phore part. The choice of the moieties was based on their ability
to act either as H-bond donor or acceptor. Thus, they could bind
to the two essential receptor's amino acids, Glu883 and
Asp1044. The nal position to be modied was the terminal
hydrophobic tail. Herein, we xed the sorafenib phenyl hydro-
phobic tail with a change in its substitutions as we selected
a wide variety of substitutions that enabled us to study the SAR
arts. (B) Function of VEGFR-2 and effects of sorafenib.

RSC Adv., 2023, 13, 22122–22147 | 22123
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Fig. 2 Rationale of molecular design for synthesis of novel VEGFR-2 inhibitors.
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of the designed compounds against VEGFR-2 tyrosine kinase
receptor (Fig. 2).

2. Results and discussion
2.1. Chemistry

Chemical reactions for the synthesis of the target derivatives
were depicted in Schemes 1–3. First, the starting material 2-
mercapto-6-oxo-4-phenyl-1,6-dihydropyrimidine-5-carbonitril 1
was obtained in a good yield by the cyclocondensation of
benzaldehyde with ethyl cyanoacetate and thiourea in alkaline
media according to the reported method.21–23 The derivative 1
was subjected to the alkylation with an equivalent amount of
methyl iodide in 10% alcoholic KOH to afforded 2-(methylthio)-
6-oxo-4-phenyl-1,6-dihydropyrimidine-5-carbonitrile 2. Thus,
reuxing of compound 2 with phosphorus oxychloride afforded
the corresponding the key intermediate 3. The latter 3 was
reuxed in n-butanol with the commercially available aromatic
amines namely, 4-aminobenzoic acid, 4-aminoacetophenone,
and 3-aminoacetophenone to yield the corresponding target
intermediates 4, 5, and 6, respectively (Scheme 1).

The 1H NMR analyses of such intermediates (4, 5, and 6)
showed three exchangeable signals at d 10.12, 10.15, and
22124 | RSC Adv., 2023, 13, 22122–22147
10.10 ppm corresponding to the NH protons, respectively. Besides,
the 1H NMR spectra of 5 and 6 exhibited characteristic singlet
signal for COCH3 group resonating at rang of d 2.53–2.58 ppm.

In order to accomplish the target nal compounds, the
intermediate 4 was rstly activated by reuxing with thionyl
chloride according to the reported method16 to achieve the acid
chloride derivative 7which was then utilized as freshly prepared
without further purication to react with hydrazine hydrate in
absolute ethanol to afford acid hydrazide analog 8. Such reac-
tion was performed using an ice bath to avoid desulfurization
which may take place through the attack hydrazine hydrate on
the SCH3 group. The evidences for the formation of the acid
hydrazide was veried by spectral data. The IR spectrum dis-
played strong bands at 3296, 3202 and 1658 cm−1 correspond-
ing to NH, NH2 and C]O groups, respectively. 1H NMR
spectrum revealed appearance of a broad singlet signal at
d 4.72 ppm that refers to NH2 protons and another two singlet
signals of two NH groups at d 9.97 and 9.74 ppm. Then, the
hydrazide 8 was allowed to react with appropriate aldehydes at
reuxing ethanol temperature in the presence of a catalytic
amount of glacial acetic acid to obtain the respective imine
compounds or Schiff's bases 9a–d (Scheme 2).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General procedure for synthesis of intermediate compounds 4, 5, and 6.
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IR spectra of these compounds showed the disappearance of
NH2 absorption band of the hydrazide compound 8. On the
other hand, 1H NMR spectra of such compounds displayed
a down-eld singlet signal at a range of d 8.84–8.00 ppm that
refers to the new benzylidene proton, in addition to an increase
in the aromatic protons by ve, four or three protons according
to the aldehyde used.

Condensation of the keton derivatives 5 and 6 with the
appropriate acid hydrazides 10a–g (obtained according to the
reported procedures)16,23,24 at heating and reuxing temperature
in absolute ethanol containing catalytic amount of glacial acetic
acid afforded the respective hydrazono compounds 11a–e and
12a–g, respectively (Scheme 3).

IR spectra of 11a–e and 12a–g series conrmed presence of
the carbonyl absorption band at a range of 1666–1637 cm−1 and
NH bands at a range of 3341–3196 cm−1. On the other hand, the
1H NMR spectra showed up-eld singlet signals of the aliphatic
SCH3 and CH3 protons at d range of 2.51–2.42 ppm and 2.44–
2.20 ppm as well as the presence of NH protons at a d range of
11.13–9.90 ppm. An important point was noticed regarding
a couple of compounds, 11b and 12b, as the 1H NMR analyses
revealed that they existed as E/Z isomers. This conclusion was
© 2023 The Author(s). Published by the Royal Society of Chemistry
reached through the investigation of signaling patterns of two
methyl groups and two NH groups. For compound 11b, the two
isomers appeared as about 60% : 40%. While, for compound
12b, the two isomers appeared as about 65% : 35%. Complete
details for signaling ratio of each signal group were illustrated
in ESI (Table S-1 and 1H NMR charts).† Moreover, the 13C NMR
spectra of such series showed signals of the two methyl carbons
at d range of 19.20–13.77 ppm.

2.2. Biological evaluation

2.2.1. In vitro growth inhibitory activity against HCT-116
and MCF-7 cell lines. The target derivatives were assessed for
their in vitro anti-proliferative activities of against two overex-
pressed VEGFR-2 cells; colon cancer (HCT-116), and breast
cancer (MCF-7) cell lines via MTT assay method.25–27 Results of
the in vitro evaluation against HCT-116 and MCF-7 cell lines
revealed that these compounds possessed high inhibitory
activity towards the two cell lines with IC50 ranges of 1.14–32.16
mM. Four out of the thirteen target compounds (9d, 11e, 12b,
12d) showed higher cytotoxic activity than the standard sor-
afenib (IC50 = 8.96 and 11.83 mM) with IC50 values ranging from
1.14 to 10.33 mM against HCT-116 and MCF-7, respectively. In
RSC Adv., 2023, 13, 22122–22147 | 22125
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Scheme 2 General procedure for synthesis of target compounds 9a–d.

Scheme 3 General procedure for synthesis of target compounds 11a–e and 12a–g.

22126 | RSC Adv., 2023, 13, 22122–22147 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 In vitro anti-proliferative activities of the synthesized compounds against HCT-116 and MCF-7 cell lines their VEGFR-2 inhibitory
activities on HCT-116 cell line and cytotoxicity for compound 11e against normal human lung cells (WI-38)

Comp. no.

In vitro cytotoxicity IC50
a (mM)

VEGFR-2a (mM)HCT 116 MCF-7 WI-38

9a 30.15 � 0.25 28.66 � 0.2 NTb NTb

9b 12.34 � 0.09 15.26 � 0.12 NTb NTb

9c 20.62 � 0.15 26.75 � 0.24 NTb NTb

9d 7.14 � 0.025 9.85 � 0.035 NTb 2.41 � 0.16
11a 23.58 � 0.18 32.16 � 0.28 NTb NTb

11b 10.7 � 0.05 13.48 � 0.1 NTb 1.55 � 0.25
11c 10.45 � 0.05 10.92 � 0.05 NTb 1.38 � 0.03
11d 13.78 � 0.11 14.31 � 0.15 NTb 2.32 � 0.21
11e 1.14 � 0.01 1.54 � 0.01 63.41 � 0.015 0.61 � 0.01
12a 17.98 � 0.15 25.18 � 0.19 NTb NTb

12b 8.65 � 0.05 9.77 � 0.06 NTb 0.53 � 0.07
12c 9.25 � 0.07 10.17 � 0.05 NTb 0.74 � 0.15
12d 7.15 � 0.06 10.33 � 0.05 NTb 1.61 � 0.18
12e 19.44 � 0.14 30.14 � 0.26 NTb NTb

12f 21.36 � 0.15 26.11 � 0.18 NTb NTb

12g 16.39 � 0.12 21.72 � 0.15 NTb NTb

Sorafenib 8.96 � 0.05 11.83 � 0.07 NTb 0.19 � 0.15

a Data are presented as mean ± S. D of the IC50 values from two different experiments. b NT: not tested.
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particular, compound 11e exhibited excellent activities against
HCT-116 and MCF-7 with IC50 values of 1.14 and 1.54 mM,
respectively. Moreover, four compounds such as 9b, 11b, 11c,
11d, and 12c showed remarkable activities against two cell lines
with IC50 values ranging from 9.25 to 15.26 mM. These results
were found to be a little lower than the standard drug. On the
other hand, several compounds showed moderate to weak anti-
proliferative activities against the tested cell lines.

2.2.2. In vitro cytotoxicity against normal human lung cells
(WI-38). In order to assess the selectivity of the target
compounds against cancer cells over normal ones, the cyto-
toxicity of the most active compound 11e was estimated in vitro
against normal human lung cells (WI-38). The obtained results
revealed that, compounds 11e exhibited cytotoxic IC50 value of
63.41 ± 0.015 mM against normal human lung cells. These
results indicated that its cytotoxicity against normal cells is
about 47.32-fold lower than the cytotoxicity against the cancer
cells (Table 1).

2.2.3. In vitro VEGFR-2 kinase inhibitory assay. The most
active derivatives (9d, 11b, 11c, 11d, 11e, 12b, 12c, and 12d) that
exhibited promising anti-proliferative activities were subjected to
further investigation for their ability to inhibit VEGFR-2 using
sorafenib as a reference VEGFR-2 inhibitor.28,29 Kinase assay
protocol was utilized in this test using Human VEGFR-2 TK
ELISA kit. The results of VEGFR-2 inhibitory activity revealed that
the compounds showed inhibitory activity with IC50 values
ranging from 0.53 to 2.41 mM. Compounds 11c, 11e, 12b, and 12c
were the most potent VEGFR-2 inhibitors with IC50 values of 1.38
± 0.03, 0.61± 0.01, 0.53± 0.07, and 0.74± 0.15 mM, respectively,
compared with that of sorafenib (IC50 = 0.19 ± 0.15 mM). On the
other hand, compounds 9d, 11b, 11d, and 12d showed prom-
ising activity towards VEGFR-2 with IC50 values of 2.41 ± 0.16,
1.55 ± 0.25, 2.32 ± 0.21, 1.61 ± 0.18 mM, respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2.4. Structure–activity relationships (SAR). As outlined in
the rationale molecular design, we aimed at studying the SAR of
newly synthesized pyrimidine derivatives as potential VEGFR-2
TK inhibitors. Observing the results of different biological
tests (in vitro anti-proliferative activity, measurement of VEGFR-
2 TK activity), we could deduce valuable data about the struc-
ture–activity relationships.

� Comparing the cytotoxicity of compounds containing m-
disubstituted linkers (12d, 12b, 12a, and 12g) with their corre-
sponding compounds of the p-disubstituted linkers (11d, 11b,
and 11a), respectively, indicated that, the m-disubstituted
derivatives are more active than the p-disubstituted ones
(Fig. 3).

With regard to the benzylidene derivatives (containing
hydrazone moiety) 9a–d:

� The p-electron withdrawing substitution derivatives (9b)
were more active than these with o-electron withdrawing ones
(9a) (Fig. 4).

� Introduction of a chlorine atom at p-position exhibited
preferable activity than o-position. Meanwhile, di-chloro
substitution at 2,6-positions (9d) showed an activity stronger
than the p-substituted one, but 2,4-dichloro derivative (9c), eli-
cited lower activity than both (Fig. 5).

� Compound 11e containing di-nitro substitution at 2,4-
positions showed the highest cytotoxic activity on the both
tested cell lines, moreover, shiing the nitro group from o-
position showed a sever decreasing in cytotoxicity and VEGFR-2
TK inhibitory activity (Fig. 6).

� Shiing the chloro group from m-position (11c) to o-posi-
tion (11b) showed notable decrease in the cytotoxic activity
(Fig. 7).

Regarding to the derivatives 12a–g containing m-disubsti-
tuted linkers, observation of the cytotoxic activity revealed that:
RSC Adv., 2023, 13, 22122–22147 | 22127
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Fig. 3 SAR studies of 12a, 12d, and 12b compared to 11a, 11d, and 11b, respectively.

Fig. 4 SAR studies of 9b compared to 9a.

22128 | RSC Adv., 2023, 13, 22122–22147 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SAR studies of 9d and 9c compared to 9b and 9a, respectively.

Fig. 6 SAR studies of 11e compared to 11d.
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� Compounds 12b and 12d, containing terminal hydro-
phobic tail substituted with electron withdrawing groups with
their corresponding derivatives with electron donating ones 12e
and 12g, indicated the derivatives of electron withdrawing
groups were more active than those donating one (Fig. 8).

� Introduction of electron withdrawing group at o-position
and m-position exhibited preferable activity than p-position
(Fig. 9).
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2.5. Effect on cell cycle progression. To investigate the
effect of the most promising compound 11e on the various
phases of the cell cycle in HCT-116 cells, ow cytometric anal-
ysis of cell cycle was performed using Epics XL-MCL™ Flow
Cytometer22,30 according to ow cytometric analysis technique.31

The results obtained aer exposure of HCT-116 cells to
compound 11e (as presented in Table 2, Fig. 10 and 11) indi-
cated that the percentage of HCT-116 cells decreased at the G0/
G1 and G2/M phases. For G0/G1 phase, it decreased from
RSC Adv., 2023, 13, 22122–22147 | 22129
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Fig. 7 SAR studies of 11c compared to 11b.

Fig. 8 SAR studies of 12b and 12d compared to 12e and 12g, respectively.
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54.18% in control cells to 41.36%. At the G2/M phase, it
decreased from 32.33% in the untreated cells to 22.43% in
treated cells. On the contrary, the percentage of HCT-116 cells
increased at Sub-G1 and S phases. For Sub-G1 phase, it
increased from 2.70% in control cells to 21.36% (7.91-fold) in
treated cells. For S phase, it increased from 13.49% in control
cells to 36.21% (2.68-fold). These ndings indicated that
compound 11e mainly arrested the cell cycle at S phase and
induced apoptosis at Sub-G1 phase. Such ndings were coor-
dinated with the recorded results which established that the
22130 | RSC Adv., 2023, 13, 22122–22147
VEGFR-2 TK inhibitors can arrest the cell growth at S and Sub-
G1 phases.32

2.2.6. Induction of apoptosis. Flow cytometry cell
apoptosis analysis was used to investigate the apoptotic effect
of the most active candidate on the treated HCT-116 cells.
Apoptotic effect of compound 11e on the treated HCT-116
cells was analyzed with the aid of annexin V-FITC-apoptosis
detection kit (PN IM3546) using Epics XL-MCL™ Flow
Cytometer.30,33 The results of apoptosis induction (as repre-
sented in Table 3, Fig. 12 and 13) indicated that exposure of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SAR studies of 12b and 12c compared to 12d.

Table 2 Effect of compound 11e on cell cycle progression in HCT-116
cells

Sample

Cell cycle distributiona (%)

% Sub-G1 % G0/G1 % S % G2/M

Cont./HCT-116 2.70 54.18 13.49 32.33
Compound 11e/HCT-116 21.36 41.36 36.21 22.43

a Values are given as mean of twice independent experiments.
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HCT-116 cells to compound 11e resulted in a signicant
increase in the percentage of apoptotic cells in the early stage
from 0.85% (untreated control cells) to 5.47%. Furthermore,
in the late phase, there was an increase in the apoptotic cells
Fig. 10 The representative histograms show the cell cycle distribution o

© 2023 The Author(s). Published by the Royal Society of Chemistry
to attain 15.70% in comparison to 1.31% in control HCT-116
cells.

2.2.7. In vitro immunomodulatory assay of TNF-a and IL-6.
The selected compound 11e, was further evaluated for its effects
on the expression levels of TNF-a and IL-6 in HCT-116 cell line.
Dexamethasone was used as positive controls as included in
literature.8 The effects of compound 11e on the expression of
TNF-a and IL-6 were determined using qRTPCR technique.34

The quantity of immunomodulatory proteins (TNF-a and IL-6)
in control and compound 11e (at the IC50 concentration)-
treated HCT-116 cells was assessed by qRTPCR (reference).

In these experiments, we calculated the changes in the
expression levels of such proteins that resulted from the treat-
ment of HCT-116 cells for 24 h with the selected molecule at
their IC50. The data outlined in (Table 4) showed the
f control (HCT-116), and cells treated with compound 11e.

RSC Adv., 2023, 13, 22122–22147 | 22131
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Fig. 11 Flow cytometric analysis of cell cycle phases post the compound 11e treatment.

Table 3 Effect of compound 11e on stages of the cell death process in HCT-116 cells

Sample Viablea (le bottom)

Apoptosisa

Necrosisa (le top)Early (right top)
Late (right
bottom)

Cont./HCT-116 97.30 0.85 1.31 0.54
Comp. 11e/HCT-116 78.64 5.47 15.70 0.19

a Values are given as mean of twice independent experiments.

Fig. 12 The representative flow cytometric charts for control (HCT-116) and the cells treated with compound 11e.
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signicance of compound 11e as potent inhibitor for the pro-
inammatory factors TNF-a and IL-6, which played main role
in immunomodulatory activity (Fig. 14). Compound 11e caused
remarkable decrease in the levels of TNF-a and IL-6, with
inhibition percent 70.22 pg per mL % for TNF-a & 81.39, 79.52
and 84.46 pg per mL % for IL-6, respectively.

2.2.8. In vitro assessment of caspase-3 expression. The
effect of the selected candidate 11e on the expression level of
22132 | RSC Adv., 2023, 13, 22122–22147
caspase-3 in HCT-116 cells was evaluated in comparison to
HCT-116 cells treated with DMSO represented as a negative
control. As can be seen from (Table 5), the tested molecule was
comparable to control in its effects on caspase-3 levels.
Compound 11e showed a notable increase in caspase-3
concentration (304.67 pg mL−1) by 5.4 folds, compared to the
negative control (see Fig. 15).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Flow cytometric analysis of apoptosis in HCT-116 cells exposed to compound 11e. For each dot plot chart, the quadrant regions
represent the cells in each sub-population; lower left quadrant (viable cells), lower right quadrant (late apoptosis), upper right quadrant (early
apoptosis), and upper left quadrant (necrosis).

Table 4 Immunomodulatory assay of the compound 11e against the
pro-inflammatory factors TNF-a and IL-6

Sample

Pro-inammatory factors
inhibition (pg per mL %)

TNF-a IL-6

Dexamethasone 82.47 93.15
Compound 11e/HCT-116 70.22 84.46
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2.3. In silico studies

2.3.1. Docking study. Docking study was performed to get
insight into how the designed compounds could bind to the
Fig. 14 The representative in vitro immunomodulatory assay charts for

© 2023 The Author(s). Published by the Royal Society of Chemistry
ATP binding site of VEGFR-2 TK and inhibit its downstream
signaling pathways. The results of these studies could help us to
understand the binding modes of the target compounds with
the crucial amino acids in the ATP binding site of VEGFR-2 TK
(Table 6). In these studies, the free energies, and binding modes
of the designed molecules against the VEGFR-2 TK active site
were determined. Molecular Operating Environment (MOE
19.0102) soware was used for the docking analysis and Biovia
discovery studio 2016 was used for the visualization. Validation
of the docking protocol was performed through the re-docking
of the co-crystalized ligand inside the active site of VEGFR-2 TK.
The resulted RMSD between the re-docked and the co-
crystallized ligand was 0.49 Å which indicated the validity of
the docking protocol (Fig. 16).
dexamethasone as positive control and the tested compound 11e.

RSC Adv., 2023, 13, 22122–22147 | 22133
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Table 5 Caspase-3 expression analysis of the tested compound 11e as
apoptotic inducer

Sample

Apoptosis markers assay
(pg mL−1)

Caspase-3 Fold

Cont./HCT-116 56.48 1
Compound 11e/HCT-116 304.67 5.4

Table 6 The calculated DG (binding free energies) of the synthesized
compounds and reference drug against VEGFR-2 TK (DG in kcal mol−1)

Comp.
DG
[kcal mol−1] Comp.

DG
[kcal mol−1]

9a −8.70 12a −8.95
9b −8.23 12b −9.17
9c −8.95 12c −8.99
9d −8.85 12d −9.01
11a −9.32 12e −9.34
11b −8.82 12f −8.60
11c −9.06 12g −8.90
11d −9.30 Sorafenib −8.70
11e −9.36

Fig. 16 Superimposition of the native ligand (turquoise) and the re-
docked one (green) in the VEGFR-2 TK active site (RMSD = 0.49 Å).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

12
:1

9:
11

 A
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
The native ligand was exhibited an affinity score of
−10.90 kcal mol−1 with RMSD value equal 0.49 Å (Fig. 17). It
showed many important interactions with the residues at the
active site of VEGFR-2 TK. The urea side chain possessed both
hydrogen bond acceptor and donor, which bound with two
crucial residues (Glu883 and Asp1044) of the receptor, where
the NH motifs of the urea moiety usually formed two hydrogen
bonds with the carboxylate of Glu883 with distance of 2.01 and
1.94 Å. Whereas the C]Omotif formed another hydrogen bond
with the backbone NH of with Asp1044 with a distance of 2.05 Å
at DFG region. The heterocyclic moiety showed two extra
hydrogen bonds with Glu915 and Cys917. Besides, the phenyl
group (spacer) interacted with the hydrophobic site (Val914,
Ala864, Cys1043 and Val846) in the linker region by pi interac-
tions. These results were found to be identical to the reported
data.35

Sorafenib interactions with the amino acids of the pocket
have been studied and displayed in 2D and 3D style in (Fig. 18).
The proposed binding mode of sorafenib, revealed an affinity
value of −8.70 kcal mol−1. It demonstrated the important
interactions with the residues at the active site of VEGFR-2 TK.
The urea moiety possessed both hydrogen bond acceptor and
donor that bound with two crucial residues (Glu883 and
Asp1044) of the receptor, where the NH motifs of the urea
moiety formed two hydrogen bonds with the carboxylate of
Glu883 with distances of 2.02 and 1.98 Å. Whereas the C]O
motif formed another hydrogen bond with the backbone NH of
with Asp1044 with a distance of 2.03 Å at DFG region. Besides,
Fig. 15 The representative in vitro caspase-3 expression chart for the te

22134 | RSC Adv., 2023, 13, 22122–22147
the phenyl group (spacer) interacted with the hydrophobic site
(Cys917, Cys1043 and Phe916) in the linker region. Moreover,
the distal hydrophobic moiety attached to the urea linker
occupied the hydrophobic pocket formed by Cys1043, Val896,
sted compound 11e.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 The predicted binding mode for the co-crystalized ligand with the active site of VEGFR-2 TK.
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Asp1044, Ile886, Ile890, Ile1042, and Leu887. Furthermore, the
N-methylpicolinamide moiety occupied the hinge region, it was
formed one hydrogen bond with Cys917 with a distance of 2.79
Å and pi interactions with Ala864, Phe916, Leu838, Leu1033 and
Cys917 (Fig. 18). The urea linker played an important role in the
binding affinity towards VEGFR-2 TK, which was responsible for
the higher binding affinity of sorafenib. These results were
found to be identical to the reported data.36
© 2023 The Author(s). Published by the Royal Society of Chemistry
The docking score for compound 9d was −8.85 kcal mol−1.
Through its pharmacophoric group, it formed two hydrogen
bonds with Glu883 and Asp1044. The spacer moiety (4-amino-
phenyl ethylidene) interacted hydrophobically with Val914, and
Cys1043. Many hydrophobic interactions in the hinge region
occurred between the 5-cyano-2-(methylthio)-6-phenyl-
pyrimidin moiety and different amino acid residues including
Leu838, Val846, Gly1046, Phe843, and Ala1048. Furthermore, in
RSC Adv., 2023, 13, 22122–22147 | 22135
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Fig. 18 The predicted binding mode for sorafenib with the active site of VEGFR-2 TK.
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the allosteric pocket, the 2,6-dichloro phenyl group formed
numerous hydrophobic interactions with Val896, Val897,
Ile890, Ile886, Phe1045 and Leu887. It also had a pi–anion
interaction with Asp1044 (Fig. 19).

The docking ndings of compound 11e revealed that it can
interact with the essential amino acids in the VEGFR-2 TK active
site. As displayed in (Fig. 20), it was showed docking energy of
−9.36 kcal mol−1. Both 4-amino phenyl and 5-cyano-2-
22136 | RSC Adv., 2023, 13, 22122–22147
(methylthio)-6-phenylpyrimidin moieties were oriented
towards the gate keeper area and the hinge region, respectively,
which bound with Ala1048 and Arg1049 by two hydrogen bonds
with distances 2.75 and 2.80 Å, additionally, it was interacted
with Val846, Ala864, Lys866, Val914, Cys1043, Ala1048 and
Arg1049 by seven hydrophobic interactions. Also, compound
11e incorporated in two hydrogen bonds with the key amino
acids; Glu883 (2.18 Å) and Asp1044 (2.52 Å) in the DFG motif.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 The predicted binding mode of compound 9d with the active site of VEGFR-2 TK.
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Additionally, the of the later moieties' orientation allowed the
hydrophobic substituents in the docked compound to t inside
the hydrophobic allosteric pocket. Such a binding pattern of
compound 11e encouraged us to study its MD simulation.

Compound 12a showed docking energy of −8.95 kcal mol−1.
The 5-cyano-2-(methylthio)-6-phenylpyrimidin moiety formed
seven hydrophobic interactions in the hinge region with
Arg1049, Ala1048, Leu1047, Leu1033, and Cys1043. Addition-
ally, it was formed two hydrogen bonds with Arg1049 and
Arg1030. The 4-amino phenyl (linker) moiety formed an extra
hydrogen bond with Gly1046 in addition to two hydrophobic
© 2023 The Author(s). Published by the Royal Society of Chemistry
interactions with Val846, and Ala864. The pharmacophore
moiety occupied the DFG region forming two hydrogen bonds
with Glu883 Asp1044. The terminal hydrophobic moiety occu-
pied the allosteric pocket forming four hydrophobic interac-
tions with Leu887, Lys866, Asp1044, and Val917 (Fig. 21).

The net result of computational studies of the designed
molecules indicates that most of the synthesized compounds
showed signicant VEGFR-2 TK inhibition affinities.

Comparing to the binding modes of the reference drugs, we
found a lot of compounds have excellent binding modes with
DG values higher than or at least similar to that of the reference
RSC Adv., 2023, 13, 22122–22147 | 22137
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Fig. 20 The predicted binding mode of compound 11e with the active site of VEGFR-2 TK.
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drugs (sorafenib), against VEGFR-2 TK with DG values ranging
from −8.23 to −9.36 compared with sorafenib DG value −8.70.
Other compounds showed binding affinities lower than that of
the reference drugs. The results may give guidance for further
structural modications.
22138 | RSC Adv., 2023, 13, 22122–22147
The p-di-substituted and m-di-substituted benzohydrazide
derivatives 11a–e and 12a–g exhibited a higher ability to form
hydrogen bonds interaction than other groups, which explains
their higher cytotoxic activity. Specically, compounds with
benzohydrazide side chains, such as 11e, 11b, 11d, 11c, 12b,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 The predicted binding mode of compound 12a with the active site of VEGFR-2 TK.
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12d, and 12c, showed high affinity toward VEGFR-2 TK with
(DG −9.36, −8.82, −9.30, −9.06, −9.17, −9.01, and −8.99),
respectively, and these results were consistent with the cyto-
toxicity MTT assay. Furthermore, the series with a benzylidene
side chain exhibited a remarkable affinity score against
VEGFR-2 TK, such as compounds 9c which had affinity score
(−8.95 kcal mol−1) higher than sorafenib (−8.70 kcal mol−1).
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.3.2. Molecular dynamic (MD) simulations. The dynamic
movements of atoms and conformational variations of back-
bone atoms of the protein–ligand complex were calculated by
RMSD to detect their stability upon apo and ligand bonded
state. It was observed that the protein, ligand, and the complex
exhibited a lower RMSD values with no major uctuations
throughout the simulation, indicating their greater stability.
RSC Adv., 2023, 13, 22122–22147 | 22139
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Fig. 22 MD simulations; (A) RMSD, (B) RMSF (C) Rg (D) SASA, and (E) hydrogen bonding for compound 11e-VEGFR-2 TK complex over theMD run
(100 ns).
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The exibility of each residue was calculated in terms of RMSF
to get better insight on the region of proteins that are being
uctuated during the simulation. It can be understood that the
binding of ligand makes the protein exible in 1025–1075
residue areas. The compactness of the complex was represented
by the radius of gyration (Rg). The lower degree of uctuation
throughout the simulation period indicates the greater
compactness of a system. The Rg of the complex was found to be
similar compared to the starting period. Interaction between
protein–ligand complexes and solvents was measured by
solvent accessible surface area (SASA) over the simulation
period. So, SASA of the complex was calculated to analyze the
extent of the conformational changes occurred during the
interaction. Interestingly, the protein featured neither reduc-
tion nor expansion of the surface area showing relatively similar
SASA value than the starting period. Hydrogen bonding between
a protein–ligand complex is essential to stabilize the structure.
It was observed that the highest number of conformations of
the protein formed up to two hydrogen bonds with the ligand
(Fig. 22).
22140 | RSC Adv., 2023, 13, 22122–22147
2.3.3. Molecular mechanics Poisson–Boltzmann surface
area (MM-PBSA). We calculated the binding free energy of the
last 20 ns of MD production run of the protein–ligand complex
with an interval of 100 ps from MD trajectories using MM/PBSA
method. We also utilized the MmPbSaStat.py script that calcu-
lated the average free binding energy and its standard
deviation/error from the output les that were obtained from
g_mmpbsa. The ligand showed binding free energy of
−139 kJ mol−1 with the protein. Further, we identied the
contribution of each residue of the protein in terms of binding
free energy to the interaction with the ligand. By decomposing
the total binding free energy of the system into per residue
contribution energy, the contribution of each residue was
calculated. This gave us an insight into the ‘crucial’ residues
that contributes favorably to the binding of this molecule to the
protein. It was found that Leu838, Val846, Ala864, Ile886,
Leu887, Val897, Val914 and Leu1033 residues of the protein
contributed higher than −5 kJ mol−1 binding energy and
thereby are hotspot residues in binding with the ligand (Fig. 23).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 MM-PBSA outputs of the compound 11e-VEGFR-2 TK
complex.
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3. Conclusion

A new sixteen pyrimidine-5-carbonitrile derivatives were
designed and synthesized as VEGFR-2 TK inhibitors. The
synthesized compounds were evaluated in vitro for their anti-
proliferative activities against colon cancer (HCT-116), and
breast cancer (MCF-7) cell lines. Compounds 9b, 9d, 11b, 11c,
11e, 12b, 12c, and 12d exhibited the highest activities towards
both cell lines. In particular, compound 11e exhibited the best
cytotoxic activity against HCT-116 andMCF-7 with IC50 values of
1.14 ± 0.01 and 1.54 ± 0.01 mM, respectively, compared to
sorafenib as a reference drug with IC50 values of 8.96 ± 0.05 &
11.83 ± 0.07 mM, respectively. In addition, the most active
cytotoxic agents 11e was further assessed for their inhibitory
action on VEGFR-2 TK activity to conrm the mechanism
responsible for their induced cytotoxic activities. The in vitro
analysis of VEGFR-2 TK inhibition revealed that, compounds
11e and 12b were the most potent VEGFR-2 TK inhibitors with
an IC50 values of 0.61± 0.01 and 0.53± 0.07 mM, respectively, in
comparing with that of sorafenib (IC50 = 0.19 ± 0.15 mM).
Moreover, compound 11e arrested the cell growth in HCT-116
cells at S and sub-G1 phase and induced a signicant increase
in the apoptotic cells. Finally, the binding patterns of the target
derivatives were investigated through the docking study against
the proposed molecular target (VEGFR-2 TK, PDB ID 1YWN).
The results of molecular docking studies showed similar
binding modes and interactions to sorafenib against VEGFR-2
TK active site.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4. Experimental
4.1. Chemistry

Compounds, 4-oxo-6-phenyl-2-thioxo-1,2,3,4-
tetrahydropyrimidine-5-carbonitrile 1,21,22 2-(methylthio)-6-oxo-
4-phenyl-1,6-dihydro-pyrimidine-5-carbonitrile 2,37 4-chloro-2-
(methylthio)-6-phenylpyrimidine-5-carbonitrile 3,37 sub-
stitutedbenzohydrazide 10a–e24,38–40 were prepared according to
the reported procedures.

4.1.1. General procedure for the synthesis of compounds 4,
5 & 6. To a solution of compound 3 (2.61 g, 0.01 mol) in n-
butanol (15 mL) containing few drops of TEA, the appropriates
amines namely p-amino benzoic acid, p-amino acetophenone,
andm-amino acetophenone (0.01 mol) were added. The mixture
was heated under reux for sufficient time. Aer completion of
reaction (monitored using TLC), the reaction mixture was
concentrated, cooled, and poured onto ice water (50 mL). Then,
the solution was acidied with dil. HCl with continuous stirring
for 15 min. The formed precipitate was ltered, washed with
water several times and dried. The cropped powder was crys-
tallized from ethanol to afford the target compounds 4, 5, & 6,
respectively.

4.1.1.1. 4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-yl)
amino]benzoic acid 4. Off-white powder (yield 83.4%, 3.1 g); mp
= 273–274 °C; IR (KBr) n cm−1: 3451 (OH), 3319 (NH), 2975 (CH
aromatic), 2928 (CH aliphatic), 2210 (C^N), 1696 (C]O), 1614
(C]N); 1H NMR (400 MHz, DMSO-d6) d ppm: 12.85 (s, 1H, OH),
10.12 (s, 1H, NH), 7.96 (d, J = 8.5 Hz, 2H, Ar–H, H-3 & H-5 of –
C6H4), 7.90 (d, J= 6.5 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.79 (d,
J = 8.5 Hz, 2H, Ar–H, H-2 & H-6 of –C6H4), 7.65–7.57 (m, 3H, Ar–
H, H-3, H-4 & H-5 of –C6H5), 2.51 (s, 3H, SCH3);

13C NMR (101
MHz, DMSO-d6) d ppm: 174.72, 168.71, 167.38, 160.39, 142.53,
136.24, 131.78, 130.24 (2C), 129.25 (2C), 129.06 (2C), 126.81,
122.93 (2C), 116.40, 85.84, 14.30; molecular formula
C19H14N4O2S (362.41).

4.1.1.2. 4-[(4-Acetylphenyl)amino]-2-(methylthio)-6-
phenylpyrimidine-5-carbonitrile 5. Beige uffy powder (yield
93.5%, 3.36 g); mp = 236–235 °C; 1H NMR (400 MHz, DMSO-d6)
d ppm: 10.15 (s, 1H, NH), 7.99 (d, J= 8.5 Hz, 2H, Ar–H, H-3 & H-5
of –C6H4), 7.90 (d, J = 6.2 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5),
7.83 (d, J = 8.4 Hz, 2H, Ar–H, H-2 & H-6 of –C6H4), 7.66–7.58 (m,
3H, Ar–H, H-3, H-4 & H-5 of –C6H5), 2.58 (s, 3H, COCH3), 2.52 (s,
3H, SCH3);

13C NMR (101 MHz, DMSO-d6) d ppm: 197.21,
174.73, 168.73, 160.34, 142.88, 136.23, 133.11, 131.80, 129.30
(2C), 129.26 (2C), 129.07 (2C), 122.73 (2C), 116.40, 85.99, 27.05,
14.34; molecular formula C20H16N4OS (360.44).

4.1.1.3. 4-[(3-Acetylphenyl)amino]-2-(methylthio)-6-
phenylpyrimidine-5-carbonitrile 6. Faint brown uffy powder
(yield 93.4%, 3.36 g); mp = 226–225 °C; 1H NMR (500 MHz,
DMSO-d6) d ppm: 10.10 (s, 1H, NH), 7.93 (d, J = 8.8 Hz, 2H, Ar–
H, H-2 & H-6 of –C6H5), 7.85 (s, 1H, Ar–H, H-2 of –C6H4), 7.83 (d,
J= 2.3 Hz, 1H, Ar–H, H-4 of –C6H4), 7.76–7.73 (m, 2H, Ar–H, H-5
& H-6 of –C6H4), 7.57–7.53 (m, 3H, Ar–H, H-3, H-4 & H-5 of –
C6H5), 2.53 (s, 3H, COCH3), 2.45 (s, 3H, SCH3);

13C NMR (126
MHz, DMSO-d6) d ppm: 197.26, 174.64, 168.73, 160.40, 142.76,
136.38, 132.96, 131.80, 129.36 (2C), 129.30 (2C), 129.12 (2C),
RSC Adv., 2023, 13, 22122–22147 | 22141
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122.83 (2C), 116.65, 86.16, 27.11, 14.37; molecular formula
C20H16N4OS (360.44).

4.1.2. 4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-yl)
amino]benzoyl chloride 7. To a suspension of compound 4
(3.62 g, 0.01 mol) in dichloromethane (20 mL), thionyl chloride
(15 mL) was added and the mixture was heated gently under
reux for 2–3 h. Then, the reaction mixture was ltrated while
hot, and the excess of thionyl chloride was removed under
vacuum. Aer cooling, the formed yellow crystals were washed
with diethyl ether several times and dried to afford the inter-
mediate compound 7.

4.1.3. 4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-yl)
amino]benzohydrazide 8.Hydrazine hydrate 70% (0.5 mL, 0.5 g,
0.1 mol) was added to a stirred mixture of compound 7 (3.80 g,
0.01 mol) and absolute ethanol (50 mL) in ice bath. The reaction
mixture was further stirred for 30–60 min. Aer completion of
reaction, the formed precipitate was ltered. The cropped
powder was crystallized from ethanol to afford the target
compounds 8.

White crystals (yield 90%, 3.4 g); mp = 294–295 °C; IR (KBr)
n cm−1: 3296 (NH), 3202 (NH2), 3035 (CH aromatic), 2922 (CH
aliphatic), 2213 (C^N), 1658 (C]O), 1602 (C]N); 1H NMR (500
MHz, DMSO-d6) d ppm: 9.97 (s, 1H, CONH), 9.74 (s, 1H, NH),
7.84 (d, J = 6.6 Hz, 2H, Ar–H, H-3 & H-5 of –C6H4), 7.79 (d, J =
8.7 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.67 (d, J = 8.8 Hz, 2H,
Ar–H, H-2 & H-6 of –C6H4), 7.58–7.53 (m, 3H, Ar–H, H-3, H-4 &
H-5 of –C6H5), 4.72 (s, 2H, NH2), 2.44 (s, 3H, SCH3);

13C NMR
(126 MHz, DMSO-d6) d ppm: 174.71, 168.71, 165.98, 160.46,
140.92, 136.35, 131.81, 129.62, 129.29 (2C), 129.12 (2C), 127.81
(2C), 123.17 (2C), 116.51, 85.61, 14.32; molecular formula
C19H16N6OS (376.44).

4.1.4. General procedure for synthesis of compounds 9a–d.
Equimolar amounts of compound 8 (0.25 g, 0.0067 mol) and the
appropriate aldehydes namely, 2-chlorobenzaldehyde, 4-chlor-
obenzaldehyde, 2,4-dichlorobenzaldehyde, and 2,6-di-
chlorobenzaldehyde (0.001 mol) were reuxed in absolute
ethanol (25 mL) with catalytic amount of glacial acetic acid for
3–6 h. The reaction was followed up by TLC. Aer completion of
reaction, the mixture was cooled. The precipitate formed was
ltered, dried and recrystallized from ethanol to give the cor-
responding compounds 9a–d, respectively.

4.1.4.1. N-(2-Chlorobenzylidene)-4-[(5-cyano-2-(methylthio)-6-
phenyl pyrimidin-4-yl)-amino]benzohydrazide 9a. White uffy
powder (yield 84.5%, 0.27 g); mp = 300–301 °C; IR (KBr) n cm−1:
3276, 3236 (NH), 3062 (CH aromatic), 2931 (CH aliphatic), 2222
(C^N), 1649 (C]O), 1599 (C]N); 1H NMR (500 MHz, DMSO-
d6) d ppm: 12.05 (s, 1H, CONH), 10.08 (s, 1H, NH), 8.84 (s, 1H,
N]CH), 8.00 (d, J = 5.6 Hz, 1H, Ar–H, H-6 of 2-ClC6H4), 7.93 (d,
J= 8.4 Hz, 2H, Ar–H, H-3 & H-5 of –C6H4), 7.85 (d, J= 7.5 Hz, 2H,
Ar–H, H-2 & H-6 of –C6H5), 7.79 (d, J = 8.2 Hz, 2H, Ar–H, H-2 &
H-6 of –C6H4), 7.60–7.53 (m, 3H, Ar–H, H-3, H-4 & H-5 of –C6H5),
7.50 (d, J = 7.5 Hz, 1H, Ar–H, H-3 of 2-Cl–C6H4), 7.43–7.39 (m,
2H, Ar–H, H-4 & H-5 of 2-Cl–C6H4), 2.48 (s, 3H, SCH3);

13C NMR
(126 MHz, DMSO-d6) d ppm: 174.78, 168.76, 163.05, 160.43,
143.89, 141.79, 136.32, 133.71, 132.17, 132.02, 131.85, 130.50,
129.32 (3C), 129.14 (3C), 128.64, 128.20, 127.39, 123.06 (2C),
116.50, 85.80, 14.40; molecular formula C26H19ClN6OS (498.99).
22142 | RSC Adv., 2023, 13, 22122–22147
4.1.4.2. N-(4-Chlorobenzylidene)-4-[(5-cyano-2-(methylthio)-6-
phen-ylpyrimidin-4-yl)-amino]benzohydrazide 9b. Off-white uffy
powder (yield 83.9%, 0.275 g); mp = 309–310 °C; HPLC purity
99.53%; IR (KBr) n cm−1: 3300, 3227 (NH), 3062 (CH aromatic),
2924 (CH aliphatic), 2214 (C^N), 1650 (C]O), 1607 (C]N); 1H
NMR (500 MHz, DMSO-d6) d ppm: 11.89 (s, 1H, CONH), 10.07 (s,
1H, NH), 8.41 (s, 1H, N]CH), 7.91 (d, J = 8.4 Hz, 2H, Ar–H, H-3
& H-5 of –C6H4), 7.85 (d, 2H, J = 6.8 Hz, Ar–H, H-2 & H-6 of –
C6H5), 7.77 (d, J= 8.4 Hz, 2H, Ar–H, H-2 & H-6 of –C6H4), 7.72 (d,
J = 8.3 Hz, 2H, Ar–H, H-2 & H-6 of 4-ClC6H4), 7.57–7.49 (m, 3H,
Ar–H, H-3, H-4 & H-5 of –C6H5), 7.50 (d, J = 8.1 Hz, 2H, Ar–H, H-
3 & H-5 of 4-ClC6H4), 2.48 (s, 3H, SCH3);

13C NMR (126 MHz,
DMSO-d6) d ppm: 174.77, 168.76, 163.06, 160.44, 146.65, 141.70,
136.33, 134.99, 133.88, 131.85, 129.51 (2C), 129.31 (3C), 129.25,
129.14 (3C), 128.59 (2C), 123.09 (2C), 116.52, 85.79, 14.39; MS
(m/z): 497.99 (M+, 31.63%), 500.61 (M2+, 28.55%), 462.04 (100%,
base peak); molecular formula C26H19ClN6OS (498.99).

4.1.4.3. 4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-yl)
amino]-N-(2,4-dichloro-benzylidene)benzohydrazide 9c. Off-white
powder (yield 85.6%, 0.30 g); mp = 290–291 °C; HPLC purity
97.46%; IR (KBr) n cm−1: 3303, 3201 (NH), 3043 (CH aromatic),
2925 (CH aliphatic), 2215 (C^N), 1650 (C]O), 1612 (C]N); 1H
NMR (500 MHz, DMSO-d6) d ppm: 12.09 (s, 1H, CONH), 10.07 (s,
1H, NH), 8.78 (s, 1H, N]CH), 7.99 (d, J = 8.5 Hz, 1H, Ar–H, H-6
of –C6H3), 7.93 (d, J = 8.5 Hz, 2H, Ar–H, H-3 & H-5 of –C6H4),
7.85 (d, J = 7.4 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.79 (d, J =
8.4 Hz, 2H, Ar–H, H-2 & H-6 of –C6H4), 7.70 (s, 1H, Ar–H, H-3 of –
C6H3), 7.60–7.49 (m, 3H, Ar–H, H-3, H-4 & H-5 of –C6H5), 7.50 (d,
J= 8.6 Hz, 1H, Ar–H, H-5 of –C6H3), 2.48 (s, 3H, SCH3);

13C NMR
(126 MHz, DMSO-d6) d ppm: 174.78, 168.77, 163.05, 160.43,
142.81, 141.89, 136.32, 135.57, 134.37, 131.86, 131.31, 129.96,
129.32 (3C), 129.14 (3C), 129.03, 128.66, 128.58, 123.07 (2C),
116.51, 85.82, 14.40; molecular formula C26H18Cl2N6OS
(533.43).

4.1.4.4. 4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-yl)
amino]-N-(2,6-dichloro-benzylidene)benzohydrazide 9d. White
uffy powder (yield 82.8%, 0.29 g); mp = 298–299 °C; IR (KBr)
n cm−1: 3311, 3202 (NH), 3062 (CH aromatic), 2926 (CH
aliphatic), 2218 (C^N), 1645 (C]O), 1610 (C]N); 1H NMR (500
MHz, DMSO-d6) d ppm: 12.11 (s, 1H, CONH), 10.07 (s, 1H, NH),
8.62 (s, 1H, N]CH), 7.93 (d, J= 8.5 Hz, 2H, Ar–H, H-3 & H-5 of –
C6H4), 7.85 (d, J= 7.2 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.78 (d,
J = 8.5 Hz, 2H, Ar–H, H-2 & H-6 of –C6H4), 7.59–7.54 (m, 5H, Ar–
H, H-3 & H-5 of –C6H3 and H-3, H4 & H5 of –C6H5), 7.42 (t, J =
8.1 Hz, 1H, Ar–H, H-4 of –C6H3), 2.50 (s, 3H, SCH3);

13C NMR
(126 MHz, DMSO-d6) d ppm: 177.55, 171.12, 165.64, 160.46,
147.49, 136.34, 131.85, 129.67 (4C), 129.31 (5C), 129.14 (4C),
123.09, 115.53, 113.17, 112.36, 81.83, 14.38; molecular formula
C26H18C12N6OS (533.43).

4.1.5. General procedure for synthesis of target
compounds 11a–e. To a solution of compound 5 (0.25 g, 0.0069
mol) in absolute ethanol (30 mL), the appropriate benzohy-
drazide derivatives 10a–e namely, benzohydrazide, 2-chlor-
obenzohydrazide, 4-chlorobenzohydrazide, 4-
nitrobenzohydrazide, and 2,4-dinitrobenzohydrazide (0.001
mol) were added. The reaction mixture was reuxed with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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vigorous stirring till completion of the reaction (4–6 h). Aer
completion of the reaction, the reaction mixture was cooled to
room temperature and poured onto ice water (100 mL). The
crude product formed was ltered, washed with water, and
crystallized from ethanol to afford the corresponding deriva-
tives 11a–e.

4.1.5.1. N-(1-(4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-
yl)amino]phenyl)ethylidene)benzohydrazide 11a. Off-white
powder (yield 90.3%, 0.30 g); mp = 251–252 °C; IR (KBr)
n cm−1: 3294, 3229 (NH), 3055 (CH aromatic), 2921 (CH
aliphatic), 2216 (C^N), 1650 (C]O), 1612 (C]N); 1H NMR (500
MHz, DMSO-d6) d ppm: 10.74 (s, 1H, CONH), 9.97 (s, 1H, NH),
7.85–7.82 (m, 4H, Ar–H, H-2 & H-6 of –C6H5 and H-2 & H-6 of –
COC6H5), 7.69 (d, J = 8.1 Hz, 2H, Ar–H, H-2 & H-6 of –C6H4),
7.61–7.51 (m, 6H, Ar–H, H-3 & H-5 of –C6H4, H-3 & H-5 of –C6H5

and H-3 & H-5 of –COC6H5), 7.50–7.47 (m, 2H, Ar–H, H-4 of –
COC6H5 and H-4 of –C6H5), 2.46 (s, 3H, SCH3), 2.34 (s, 3H, CH3);
13C NMR (126 MHz, DMSO-d6) d ppm: 174.71, 168.69, 160.40,
155.46, 139.55, 136.40, 134.65, 131.79, 129.29 (4C), 129.12 (4C),
128.91, 128.43, 127.10, 123.41 (2C), 122.81, 116.58, 111.45,
85.45, 14.94, 14.37; molecular formula C27H22N6OS (478.57).

4.1.5.2. 2-Chloro-N-(1-(4-[(5-cyano-2-(methylthio)-6-
phenylpyrimidin-4-yl)amino]phenyl)-ethylidene)benzohydrazide
11b. Off-white uffy powder (yield 80%, 0.28 g); mp = 232–233 °
C; HPLC purity 99.01%; IR (KBr) n cm−1: 3300, 3224 (NH), 3057
(CH aromatic), 2924 (CH aliphatic), 2214 (C^N), 1658 (C]O),
1612 (C]N); 1H NMR (500 MHz, DMSO-d6) d ppm: 11.09 (d, J =
125.9 Hz, 1H, CONH), 9.90 (d, J = 67.3 Hz, 1H, NH), 7.85–7.81
(m, 3H, Ar–H, H-2 & H-6 of –C6H5 and H-6 of 2-ClC6H4), 7.69 (d, J
= 8.4 Hz, 1H, Ar–H, H-5 of 2-ClC6H4), 7.58–7.51 (m, 4H, Ar–H,
H-2, H-3, H-5 & H-6 of –C6H4), 7.50–7.45 (m, 2H, Ar–H, H-3 & H-5
of –C6H5), 7.43–7.35 (m, 3H, Ar–H, H-4 of –C6H4 and H-3 & H-4
of 2-ClC6H4), 2.42 (d, J= 32.2 Hz, 3H, SCH3), 2.26 (d, J= 16.6 Hz,
3H, CH3);

13C NMR (126 MHz, DMSO-d6) d ppm: 174.73–174.61,
170.13, 168.69–168.62, 163.53, 160.40–160.33, 154.52, 148.58,
139.59, 139.03, 137.29, 136.38, 136.31, 134.69, 134.50, 131.77,
131.67, 131.01, 130.81, 130.24, 130.11, 129.35, 129.28, 129.10
(2C), 127.68, 127.38, 127.12, 126.40, 123.37, 116.54, 85.46, 85.37,
14.96, 14.39, 14.2, 14.15; molecular formula C27H21ClN6OS
(513.02).

4.1.5.3. 3-Chloro-N-(1-(4-[(5-cyano-2-(methylthio)-6-
phenylpyramid-in-4-yl)amino]-phenyl)ethylidene)benzohydrazide
11c. Yellow powder (yield 80.1%, 0.285 g); mp = 262–263 °C;
HPLC purity 96.25%; IR (KBr) n cm−1: 3306, 3194 (NH), 3060
(CH aromatic), 2926 (CH aliphatic), 2222 (C^N), 1666 (C]O),
1620 (C]N); 1H NMR (400 MHz, DMSO-d6) d ppm: 10.88 (s, 1H,
CONH), 9.98 (s, 1H, NH), 7.96–7.86 (m, 5H, Ar–H, H-2 & H-6 of –
C6H5 and H-2, H-4 & H-6 of 3-ClC6H4), 7.74 (d, J = 9.1 Hz, 2H,
Ar–H, H-2 & H-6 of –C6H4), 7.67 (d, J = 9.9 Hz, 2H, Ar–H, H-3 &
H-5 of –C6H4), 7.63–7.57 (m, 4H, Ar–H, H-3, H-4 & H-5 of –C6H5

and H-5 of 3-ClC6H4), 2.51 (s, 3H, SCH3), 2.40 (s, 3H, –CH3);
13C

NMR (101 MHz, DMSO-d6) d ppm: 174.66, 168.61, 163.03,
160.36, 136.35, 134.48, 131.71, 131.07, 129.21 (4C), 129.04 (4C),
128.08, 127.12, 125.52, 123.31 (3C), 116.46, 85.45, 56.51, 19.02,
14.30; MS (m/z): 513.59 (M+, 14.25%), 515.73 (M+ + 2, 10.12%),
172.61 (100%, base peak); molecular formula C27H21ClN6OS
(513.02).
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.1.5.4. N-(1-(4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-
yl)amino]phenyl)-ethylidene)-4-nitrobenzohydrazide 11d. Yellow
uffy powder (yield 78.5%, 0.285 g); mp = 268–269 °C; HPLC
purity 93.41%; IR (KBr) n cm−1: 3307, 3210 (NH), 3007 (CH
aromatic), 2924 (CH aliphatic), 2213 (C^N), 1657 (C]O), 1611
(C]N), 1528, 1343 (NO2);

1H NMR (500 MHz, DMSO-d6) d ppm:
11.06 (s, 1H, CONH), 9.98 (s, 1H, NH), 8.32 (d, J = 8.4 Hz, 2H,
Ar–H, H-3 & H-5 of 4-NO2C6H4), 8.09 (d, J = 8.7 Hz, 2H, Ar–H, H-
2 & H-6 of 4-NO2C6H4), 7.87 (d, J= 8.5 Hz, 2H, Ar–H, H-2 & H-6 of
–C6H4), 7.84 (d, J = 7.1 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.70
(d, J = 8.2 Hz, 2H, Ar–H, H-3 & H-5 of –C6H4), 7.58–7.54 (m, 3H,
Ar–H, H-3, H-4 & H-5 of –C6H5), 2.46 (s, 3H, SCH3), 2.36 (s, 3H,
CH3);

13C NMR (126 MHz, DMSO-d6) d ppm: 174.72, 168.68,
162.95, 160.39, 156.81, 149.62, 140.43, 139.82, 136.38, 134.33,
131.79, 131.13, 129.99, 129.36, 129.29 (2C), 129.11 (2C), 127.23,
126.73, 124.02, 123.37, 122.80, 116.56, 85.49, 15.19, 14.38;
molecular formula C27H21N7O3S (523.57).

4.1.5.5. N-(1-(4-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-
yl)amino]phenyl)-ethylidene)-2,4-dinitrobenzohydrazide 11e.
Reddish-orange ne powder (yield 67.1%, 0.265 g); mp = 298–
299 °C; IR (KBr) n cm−1: 3297, 3204 (NH), 3113 (CH aromatic),
2925 (CH aliphatic), 2209 (C^N), 1614 (C]N), 1550, 1362
(NO2);

1H NMR (500 MHz, DMSO-d6) d ppm: 11.11 (s, 1H,
CONH), 10.01 (s, 1H, NH), 8.87 (d, J = 3.1 Hz, 1H, Ar–H, H-3 of –
C6H3), 8.38 (dd, J = 9.6, 2.5 Hz, 1H, Ar–H, H-5 of –C6H3), 8.11 (d,
J = 9.6 Hz, 1H, Ar–H, H-6 of –C6H3), 7.96 (d, J = 8.8 Hz, 2H, Ar–
H, H-2 & H-6 of –C6H4), 7.85 (d, J = 6.9 Hz, 2H, Ar–H, H-2 & H-6
of –C6H5), 7.74 (d, J = 8.7 Hz, 2H, Ar–H, H-3 & H-5 of –C6H4),
7.60–7.54 (m, 3H, Ar–H, H-3, H-4 & H-5 of –C6H5), 2.48 (s, 3H,
SCH3), 2.44 (s, 3H, CH3);

13C NMR (126 MHz, DMSO-d6) d ppm:
174.74, 168.71, 166.67, 160.35, 146.91, 144.96, 142.13, 140.07,
136.38, 133.43, 131.53, 130.72, 130.16, 129.31 (2C), 129.14 (2C),
127.28 (2C), 124.09, 123.40 (2C), 117.17, 116.13, 86.39, 14.41,
13.77; molecular formula C27H20N8O5S (568.57).

4.1.6. General procedure for synthesis of target
compounds 12a–g. To a solution of compound 6 (0.25 g, 0.0069
mol) in absolute ethanol (30 mL), the appropriate benzohy-
drazide derivatives 10a-h namely, benzohydrazide, 2-chlor-
obenzohydrazide, 3-chlorobenzohydrazide, 4-
nitrobenzohydrazide, 2-hydroxybenzohydrazide, 4-hydrox-
ybenzo- hydrazide, and 4-aminobenzohydrazide (0.001 mol)
were added. The mixture was heated at reuxing temperature
for 4–6 h. Aer completion of the reaction, the reaction mixture
was cooled to room temperature and poured onto ice water (100
mL). The crude product formed was ltered, washed with water,
and crystallized from ethanol to afford the corresponding
derivatives 12a–g, respectively.

4.1.6.1. N-(1-(3-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-
yl)amino]phenyl)-ethylidene)benzohydrazide 12a. Beige uffy
powder (yield 87.3%, 0.29 g); mp = 242–225 °C; HPLC purity
99.38%; IR (KBr) n cm−1: 3341, 3254 (NH), 3056 (CH aromatic),
2926 (CH aliphatic), 2206 (C^N), 1649 (C]O), 1615 (C]N); 1H
NMR (400 MHz, DMSO-d6) d ppm: 10.80 (s, 1H, CONH), 9.98 (s,
1H, NH), 7.92–7.87 (m, 4H, Ar–H, H-2, H-6 of –C6H5 and Ar–H,
H-2 & H-6 of –COC6H5), 7.70–7.67 (m, 2H, Ar–H, H-4 of –C6H4

and H-4 –COC6H5), 7.62–7.59 (m, 5H, Ar–H, H-3, H-4, H-5 of –
RSC Adv., 2023, 13, 22122–22147 | 22143
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C6H5 and H-3 & H-5 of –COC6H4), 7.54 (d, J = 7.3 Hz, 2H, Ar–H,
H-2 & H-5 of –C6H4), 7.47 (d, J = 8.00 Hz, 1H, Ar–H, H-6 of –
C6H4), 2.47 (s, 3H, SCH3), 2.40 (s, 3H, CH3);

13C NMR (101 MHz,
DMSO-d6) d ppm: 174.63, 168.58, 161.83, 160.58, 155.46, 138.85,
138.33, 136.40, 134.55, 132.02, 131.65, 129.19 (3C), 129.03 (3C),
128.83 (2C), 128.42, 125.10, 123.44, 122.10, 116.49, 85.10, 15.03,
14.22; molecular formula C27H22N6OS (478.57).

4.1.6.2. 2-Chloro-N-(1-(3-[(5-cyano-2-(methylthio)-6-phenyl
pyri-midin-4-yl)amino]-phenyl)ethylidene)benzohydrazide 12b.
White uffy powder (yield 77%, 0.27 g); mp = 221–222 °C; IR
(KBr) n cm−1: 3396 (NH), 3147, 3026 (CH aromatic), 2993 (CH
aliphatic), 2202 (C^N), 1664 (C]O), 1613 (C]N); 1H NMR (500
MHz, DMSO-d6) d ppm: 11.13 (d, J = 136.2 Hz, 1H, CONH), 9.96
(d, J = 72.0 Hz, 1H, NH), 8.17 (d, J = 34.5 Hz, 1H, Ar–H, H-2 of –
C6H4), 7.84 (d, J = 7.2 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.69–
7.64 (m, 1H, Ar–H, H-6 of –C6H4), 7.60 (dd, J = 15.0, 7.2 Hz, 1H,
Ar–H, H-6 of –C6H4), 7.56–7.47 (m, J= 12.8, 5.9 Hz, 3H, Ar–H, H-
3 of 3-ClC6H4 and Ar–H, H-3 & H-5 of –C6H5), 7.46–7.37 (m, 3H,
Ar–H, H-4 of –C6H4, 4 H-4 of 3-ClC6H4 & Ar–H, H-4 of –C6H5),
7.35–7.27 (m, 1H, Ar–H, H-5 of –C6H4), 7.25–7.15 (m, 1H, Ar–H,
H-5 of 3-ClC6H4), 2.45 (s, 3H, SCH3), 2.27 (s, 3H, CH3);

13C NMR
(126 MHz, DMSO-d6) d ppm: 174.70, 170.21, 168.66, 163.60,
160.61, 154.48, 148.32, 138.76, 138.59, 137.14, 136.44, 131.73,
130.99, 130.19, 129.27, 129.10, 128.90, 127.69, 125.22, 24.86,
123.58, 122.53, 116.58, 85.16, 84.92, 15.38, 14.30; molecular
formula C27H21ClN6OS (513.02).

4.1.6.3. 3-Chloro-N-(1-(3-[(5-cyano-2-(methylthio)-6-
phenylpyramidin-4-yl)amino]phenyl)-ethylidene)benzohydrazide
12c. Beige crystals (yield 87%, 0.31 g); mp = 230–231 °C; HPLC
purity 100%; IR (KBr) n cm−1: 3308, 3178 (NH), 3067 (CH
aromatic), 2923 (CH aliphatic), 2216 (C^N), 1669 (C]O), 1628
(C]N); 1H NMR (400 MHz, DMSO-d6) d ppm: 10.91 (s, 1H,
CONH), 10.00 (s, 1H, NH), 8.18 (s, 1H, Ar–H, H-2 of 3-ClC6H4),
7.96 (s, 1H, Ar–H, H-6 of 3-ClC6H4), 7.90–7.88 (m, 3H, Ar–H, H-4
of –C6H4 and H-2 & H-6 of –C6H5), 7.63–7.53 (m, 6H, Ar–H, H-2
of –C6H4, H-4, H-5 of 3-ClC6H4 and Ar–H, H-3, H-4 & H-5 of –
C6H5), 7.57–7.53 (m, 1H, Ar–H, H-5 of –C6H4), 7.46 (d, J =

4.00 Hz, 1H, Ar–H, H-6 of –C6H4), 2.47 (s, 3H, SCH3), 2.41 (s, 3H,
CH3);

13C NMR (101 MHz, DMSO-d6) d ppm: 174.62, 168.56,
162.95, 160.60, 150.58, 138.71, 138.37, 137.74, 136.42, 136.35,
133.22, 131.65, 131.07, 129.17 (2C), 129.02 (2C), 128.86, 128.47,
126.99, 125.04, 123.39, 122.13, 116.47, 85.11, 27.23, 14.20;
molecular formula C27H21ClN6OS (513.02).

4.1.6.4. N-(1-(3-[(5-cyano-2-(methylthio)-6-phenylpyrimidin-4-
yl)amino]phenyl)-ethylidene)-4-nitrobenzohydrazide 12d. Off-
white crystals (yield 80%, 0.29 g); mp = 265–266 °C; IR (KBr)
n cm−1: 3305, 3196 (NH), 3076 (CH aromatic), 2927 (CH
aliphatic), 2213 (C^N), 1670 (C]O), 1597 (C]N), 1543, 1345
(NO2);

1H NMR (400 MHz, DMSO-d6) d ppm: 11.10 (s, 1H,
CONH), 9.98 (s, 1H, NH), 8.36 (d, J= 8.0 Hz, 2H, Ar–H, H-3 & H-5
of 4-NO2C6H4), 8.16 (d, 2H, Ar–H, H-2 & H-6 of 4-NO2C6H4), 8.06
(s, 1H, Ar–H, H-2 of –C6H4), 7.89 (d, 2H, J = 8.0 Hz, Ar–H, H-2 &
H-6 of –C6H5), 7.71–7.68 (m, 1H, Ar–H, H-5 of –C6H4), 7.61–7.59
(m, 4H, Ar–H, H-3, H-4 & H-5 of –C6H5 and H-4 of –C6H4), 7.47
(d, 1H, Ar–H, H-6 of –C6H4), 2.51 (s, 3H, SCH3), 2.20 (s, 3H, CH3);
13C NMR (101 MHz, DMSO-d6) d ppm: 174.61, 168.58, 164.39,
163.07, 160.56, 138.15, 137.19, 136.39, 131.65, 129.95 (3C),
22144 | RSC Adv., 2023, 13, 22122–22147
129.19 (2C), 129.05 (2C), 129.01, 128.92, 125.36, 124.02, 123.93,
123.70, 122.14, 116.50, 85.11, 15.04, 14.21; molecular formula
C27H21N7O3S (523.57).

4.1.6.5. N-(1-(3-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-
yl)amino]phenyl)-ethylidene)-2-hydroxybenzohydrazide 12e. Beige
crystals (yield 79%, 0.27 g); mp = 204–205 °C; IR (KBr) n cm−1:
3392 (OH), 3297 (NH), 3060 (CH aromatic), 2925 (CH aliphatic),
2213 (C^N), 1649 (C]O), 1602 (C]N); 1H NMR (500 MHz,
DMSO-d6) d ppm: 11.39 (s, 1H, OH), 9.97 (s, 1H, CONH), 8.14 (s,
1H, NH), 7.96 (d, J = 5.00 Hz, 1H, Ar–H, H-6 of 2-OHC6H4), 7.84
(d, J = 7.2 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.66–7.61 (m, 2H,
Ar–H, H-5 of –C6H4 & H-4 of 2-OHC6H4), 7.60–7.51 (m, 4H, Ar–H,
H-3, H-4 & H-5 of –C6H5 and H-4 of –C6H4), 7.43–7.37 (m, 2H,
Ar–H, H-2 & H-6 of –C6H4), 6.99 (d, J = 8.2 Hz, 1H, Ar–H, H-3 of
2-OHC6H4), 6.94 (t, J= 7.6 Hz, 1H, Ar–H, H-5 of 2-OHC6H4), 2.43
(s, 3H, SCH3), 2.32 (s, 3H, CH3);

13C NMR (126 MHz, DMSO-d6)
d ppm: 174.71, 168.65, 162.55, 160.62, 157.21, 152.12, 138.69,
138.39, 136.45, 133.94, 131.73, 131.21, 129.27 (2C), 129.10 (2C),
128.93, 125.11, 123.56, 122.04, 120.13, 118.44, 117.47, 116.58,
85.13, 14.42, 14.30; molecular formula C27H22N6O2S (494.57).

4.1.6.6. N-(1-(3-[(5-Cyano-2-(methylthio)-6-phenylpyrimidin-4-
yl)amino]phenyl)-ethylidene)-4-hydroxybenzohydrazide 12f. Beige
ne powder (yield 75.8%, 0.26 g); mp = 231–232 °C; HPLC
purity 94.88%; IR (KBr) n cm−1: 3316 (OH), 3270, 3196 (NH),
3011 (CH aromatic), 2806 (CH aliphatic), 2204 (C^N), 1659 (C]
O), 1614 (C]N); 1H NMR (400 MHz, DMSO-d6) d ppm: 10.53 (s,
1H, CONH), 9.99 (s, 1H, OH), 9.49 (s, 1H, NH), 7.89 (d, J =

7.5 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.81 (d, J = 8.3 Hz, 1H,
Ar–H, H-4 of –C6H4), 7.71–7.67 (m, 3H, Ar–H, H-2 & H-6 of 4-
OHC6H4 and H-2 of –C6H4), 7.64–7.59 (m, 3H, Ar–H, H-3, H-4 &
H-5 of –C6H5), 7.45 (t, J = 8.0 Hz, 1H, Ar–H, H-5 of –C6H4), 6.87
(d, J = 8.4 Hz, 1H, Ar–H, H-6 of –C6H4), 6.79 (d, J = 8.2 Hz, 2H,
Ar–H, H-3 & H-5 of 4-OHC6H4), 2.47 (s, 3H, SCH3), 2.38 (s, 3H,
CH3);

13C NMR (101 MHz, DMSO-d6) d ppm: 174.61, 168.57,
166.40, 161.01, 160.57, 160.47, 139.00, 136.42, 131.64, 129.28
(3C), 129.19 (2C), 129.02 (2C), 128.80, 124.90, 124.44, 123.34,
122.03, 115.29 (3C), 85.10, 14.80, 14.21; MS (m/z): 494.37 (M+,
54.40%), 419.31 (100%, base peak); molecular formula
C27H22N6O2S (494.57).

4.1.6.7. 4-Amino-N-(1-(3-[(5-cyano-2-(methylthio)-6-
phenylpyrimidin-4-yl)amino]phenyl)-ethylidene)benzohydrazide
12g. White uffy powder (yield 80%, 0.27 g); mp = 227–228 °C;
IR (KBr) n cm−1: 3478, 3363, 3293 (2NH, NH2), 3071 (CH
aromatic), 2924, (CH aliphatic), 2215 (C^N), 1637 (C]O), 1606
(C]N); 1H NMR (400 MHz, DMSO-d6) d ppm: 10.29 (s, 1H,
CONH), 9.97 (s, 1H, NH), 8.12 (s, 1H, Ar–H, H-4 of –C6H4), 7.91
(d, J = 8.00 Hz, 2H, Ar–H, H-2 & H-6 of –C6H5), 7.68 (d, J =
8.4 Hz, 2H, Ar–H, H-2 & H-6 of 4-NH2C6H4), 7.65 (d, J = 3.9 Hz,
1H, Ar–H, H-6 of –C6H4), 7.64–7.56 (m, 4H, Ar–H, H-2 of –C6H4,
and H-3, H-4 & H-5 of –C6H5), 7.45 (t, J = 7.9 Hz, 1H, Ar–H, H-5
of –C6H4), 6.61 (d, J = 8.3 Hz, 2H, Ar–H, H-3 & H-5 of 4-
NH2C6H4), 5.75 (s, 2H, NH2), 2.47 (s, 3H, SCH3), 2.37 (s, 3H,
CH3);

13C NMR (101 MHz, DMSO-d6) d ppm: 174.61, 168.57,
164.59, 160.57, 152.66, 139.18, 138.35, 136.43, 131.63, 130.31,
129.19 (3C), 129.02 (3C), 128.76, 124.79, 123.26, 121.97, 120.53,
116.52, 113.00 (2C), 85.09, 14.60, 14.22; molecular formula
C27H23N7OS (493.59).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.2. Biological evaluation

4.2.1. In vitro antiproliferative activities. The in vitro anti-
proliferative activeness of all the synthesized derivatives had
been evaluated towards HCT-116 and MCF-7 cell lines, using
the MTT assay protocol25–27 as prescribed in as shown in ESI.†
Sorafenib was utilized as the reference drug.

The cell lines were obtained from the Holding company for
biological products and vaccines (VACSERA), Cairo, Egypt.

4.2.2. In vitro cytotoxicity against normal human lung
cells. Cytotoxic activity of the most active anti-proliferative
compound 11e was estimated against normal human lung
cells (WI-38) using the MTT assay protocol41 as shown in ESI.†

4.2.3. In vitro VEGFR-2 kinase inhibitory assay. The
VEGFR-2 inhibitory activity for the most active cytotoxic
compounds (9d, 11b, 11c, 11d, 11e, 12b, 12c, and 12d) were
assessed in vitro using the Human VEGFR-2 TK ELISA kit as
shown in ESI.†

4.2.4. In vitro DNA-ow cytometric (cell cycle) analysis. To
investigate the effect of compound 11e on the various phases of
the cell cycle, ow cytometric analysis of cell cycle was performed
using Epics XL-MCL™ Flow Cytometer22,41 as shown in ESI.†

4.2.5. Annexin V-FITC apoptosis assay. Apoptotic effect of
compound 11e on the treated cells was analyzed with the aid of
Annexin V-FITC-apoptosis detection kit (PN IM3546) using
Epics XL-MCL™ Flow Cytometer33,41 as prescribed in ESI.†

4.2.6. In vitro immunomodulatory assay of TNF-a and IL-6.
Cell culture supernatants as well as cell lysate were prepared
from HepG2 cancer cell line utilized for immunoassay using
different kits.24,42,43 The protocols for cell culture supernatants
and cell lysate preparation were written in details in ESI.†

4.2.7. Assessment of caspase-3 expression. The levels of
caspase-3, cell culture supernatants was estimated by ELISA
technique using commercially available matched paired anti-
bodies (R&D Systems Inc., Minneapolis, MN) according to re-
ported procedure44 and described in details in ESI.†

4.3. In silico studies

4.3.1. Docking studies. Docking studies towards VEGFR-2
TK (PDB ID 1YWN, resolution: 1.71 Å) were performed by
MOE2019 soware as shown in ESI.†

4.3.2. MD simulations. MD simulation studies were
directed by the CHARMM-GUI web server and GROMACS 2021
as an MD engine as shown in ESI.†45,46

4.3.3. MM-GBSA. MM-GBSA and PLIP analyses were per-
formed by the Gmx_MMPBSA package as shown in ESI.†47
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