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KEYWORDS Abstract Multi-target EGFR, HER2, VEGFR-2 and PDGFR is an improved strategy for the
6-Benzoylbenzimidazole; treatment of solid tumors. This work deals with synthesis of an array of new 6-benzoyl benzimida-
Cervical cancer; zole derivatives utlizingl-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1 H benzo[d] imidazol-1-yl)propan-2-
EGFR; one (1) as a starting compound. The new compounds were screened as cytotoxic agents against cer-
HER2; vical cancer cells (Hela) and Doxorubicin served as a reference drug. Most of the tested compounds
Apoptosis; showed promising anticancer activity in addition to their safety towards the normal cell line. The
Molecular docking most potent candidates were evaluated as EGFR, HER2, PDGFR-B and VEGFR2 inhibitors in

comparison to Erlotinib. Compounds 9 and 13 exhibited promising suppression effects. Also, the

latter compounds exhibited their ability to induce cellular apoptosis alongside cell cycle arrest at

the G2/M phase and accumulation of cells in pre-G1 phase. Molecular docking analysis suggested

that compounds 2¢, 3f, 9, 12 and 13 tightly interacts with the amino acid residues in the active bind-

ing site of HER2 kinase.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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Cervical cancer disease is assumed to be the fourth most com-
mon cancer affecting women worldwide. It has been estimated
about 570 000 cases and 311 000 deaths in 2018, accounting for
3.3% of all cancer-related deaths (Vora and Gupta, 2018;
Abbas, and Abd El-Karim, 2019). Metastasis develops in
ELSEVIER Production and hosting by Elsevier 15% to 61% of women with cervical cancer within the first
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2 years of completing treatment (Sarenac and Mikov, 2019;
Ueda et al., 2017). Cervical cancer has moderate to high levels
of epidermal growth factor receptor (EGFR) protein expres-
sion. The percentage of cervical adenocarcinoma cases in
which EGFR expression was detected varied from 19% to
67% in previous studies, and its overexpression was shown
to be associated with poor prognosis (Pérez-Regadera et al.,
2011). As single agents in the treatment of recurrent cervical
cancer, Gefitinib and Erlotinib have shown minimal activity
(Schilder et al., 2009; Goncalves et al., 2008).

The human epidermal growth factor receptor (HER) family
is categorized into four candidates, which are HER1 (EGFR/
ErbB1), HER2 (ErbB2/neu), HER3 (ErB3) and HER4 (Erb4)
that are only expressed at low levels in normal human tissues
(Soliman et al., 2019; Hou et al., 2019).

It has been reported that, several malignant tumors
including breast, cervix, ovary, lung, colon, head, and neck
are associated with deregulation of HER family signaling
enhancing proliferation, invasion, metastasis, angiogenesis,
and tumor cell survival (Zou et al., 2018). Additionally, the
up regulation of EGFR and HER2 receptors is correlated
with therapeutic resistance, which represents a significant a
rationale for continuous urgent need for drug intervention
(EI-Sherief et al., 2018).

Molecular targeted medications represent one of the main
strategies in the research of novel cancer targets and associated
pathways (Oh et al., 2015). Many EGFR and HER?2 targeted
drugs were approved by the U.S. Food and Drug Administra-
tion (FDA) in recent years. They are currently divided into (i)
first generation drugs that interact reversibly to EGFR (such
as; Gefitinib, Erlotinib, Icotinib and Lapatinib), (ii) sec-
ond generation drugs of irreversible dual EGFR/HER2 bind-
ing thereby, enhancing their potencies by suppressing EGFR
signaling more effectively (such as Afatinib, Dacomitinib and
Neratinib) and (iii) third-generation agents that overcome
resistance to the previous two generations (such as; Nazartinib,
Avitinib and Osimertinib) (Das et al., 2019; Kujtan and
Subramanian, 2019) (Fig. 1).

Benzimidazole is an isostere of purine nucleosides so; it is
widely used as a basic nucleus in the development of different
anticancer agents (Jawaid Akhtar et al., 2018; Shrivastava et
al., 2017). Various researches investigated that benzimidazole
derivatives showing anticancer properties introduce their activ-
ities through different mechanisms via DNA intercalation,
topoisomerases-I & II inhibition, androgen receptor antago-
nistic effect, poly (ADP-ribose) polymerase (PARP), dihydro-
folate reductase (DHFR) enzymes and microtubule inhibiting
activity. Moreover, different anticancer benzimidazole candi-
dates were confirmed as potent EGFR inhibitors
(Shrivastava et al., 2017). In addition, the third generation
EGFR inhibitor Nazartinib has a benzimidazole structure
and the other two candidates Avitinib and Osimertinib
(Zhang, 2016) are indolopyrimidine and indole derivatives,
which are bio-isosteres to benzimidazole ring.

Recently, a paradigm change have been confirmed in
designing the significant selective agents targeting a single pro-
tein or gene to controlling a multiplicity of targets within
related signaling pathways (Elzahhar et al., 2019). Hence, this
effort was focused on seeking for new multi-targeting anti-
cervical cancer leads of high activity and selectivity with low
toxicity that can be reached to the clinical stages.

In continuation of our previous efforts to gain new com-
pounds bearing various heterocyclic scaffolds of efficient anti-
cancer activity targeting different enzymes (Abd El-Meguid
et al., 2019; Abd El-Meguid, and Ali, 2016), in this work,
Nazartinib structure helped for rational design and synthesis
of new derivatives bearing 6-benzoyl benzimidazole scaffold
hybridized at C-2 with 3,4-dimethoxyphenyl moiety and at
position N-1 with substituted phenylbut-3-en-2-one I, substi-
tuted phenyl iminopropyl II, propan-2-ylidene-hydrazine-1-(t
hio)carboxamide side chains III and propan-2-ylidenehydra
zine-thiazoline/thiazolidin-4-one side chain IV (Fig. 2). The
newly prepared compounds were evaluated as anti-cervical
cancer agents. Furthermore, the most active derivatives were
evaluated as EGFR/HER?2 inhibitors. Additionally, the most
promising derivatives were further subjected to kinase inhibi-
tion assay against the other two receptor tyrosine kinases
(RTKs); vascular endothelial growth factor receptor-2
(VEGFR-2) and platelet-derived growth factor receptor
(PDGFR-p) as well as cell cycle analysis and apoptosis induc-
tion study. Molecular docking study was performed for the
most promising structures inside the active site of HER2 to
confirm their possible mechanism of action.

2. Result and discussion

2.1. Synthesis

The synthetic approaches of the targeted benzimidazole com-
pounds were described in Schemes 1-3. The key starting com-
pound 1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1 H-benzo[d]
imidazol-1-yl)propan-2-one (1) was prepared by the reaction
of o-phenylenediamine A with 3,4-dimethoxybenzaldeyde to
give the corresponding (2-(3,4-dimethoxyphenyl)-1H-benzo[d]
imidazol-6-yl)(phenyl)methanone derivative B which was alky-
lated with chloroacetone in dry acetone in the presence of
potassium carbonate as a basic medium to give the target start-
ing precursor 1. Compound 1 was allowed to react with differ-
ent appropriate aromatic aldehydes in ethyl alcohol in the
presence of a catalytic amount of piperidine as a basic medium
to give the corresponding chalcone derivatives 2a-2e. In order
to construct the Schiff bases 3a-3f, the starting 1 was heated
with various aromatic amines in ethanol containing a few
amounts of acetic acid at the refluxing temperature (Scheme 1).
Also, compound 1 was allowed to react with hydrazine
hydrate in absolute ethanol to give the corresponding hydra-
zone derivative 4, while its reaction with p-toluic hydrazide
and 2-furoic acid hydrazide led to the formation of the corre-
sponding hydrazone derivatives 5 and 6 (Scheme 2). When the
acetyl compound 1 was condensed with semicarbazide
hydrochloride in absolute ethanol in the presence of sodium
acetate afforded the corresponding semicarbazone derivative
7, while condensation of 1 with thiosemicarbazide in ethanol
containing a few drops of concentrated hydrochloric acid fur-
nished the corresponding thiosemicarbazone derivative 8.
The thiosemicarbazone analogue 8 was utilized as a useful
intermediate  for  further preparation of different
benzimidazole-heterocyclic compounds. Thus, condensation
of 8 with different acid anhydrides such as succinic acid anhy-
dride, maleic acid anhydride and phthalic acid anhydride in
acetic acid led to the formation of 2,5-dioxopyrrolidine, 2,5-
dioxopyrroline and 1,3-dioxoisoindoline derivatives 9, 10 and



Novel benzimidazole derivatives as anti-cervical cancer agents

9181

First generation EGFR Inhibitors

/ N\
O o N
[ 3
(0] 0 =N ||
_/ HN

Icotinib (Conmana®)

Second generation EGFR Inhibitors

(0]
SNo SN
/O\/\O N/)

®)

Q F
Erlotinib (Tarceva

o

F ) \/O .\J\
—N =
HN
| . HN/( Ia N T CN
- N\/\/\n/ N SN F O
FC O X :
N - HN Cl a N/ N
K/\H/N N —
o) o /) Neratinib (Nerlynx®)
Afatinib (Gilotrif®) (I) N
Dacomitinib ( Vizimpro®)
Ny~
Third generation EGFR Inhibitors N
N r
SRR o = O T 0 i
l N (o) ~
! \>—1—NH N\ / \N/\ o ﬁ
1 N (U~ HN NH
LN | NN L
0 P NN o
N F N N N ) |
— H H
/ /
N ®
Nazartinib \ Avitinib /  Osimertinib (Tagrisso ")
Fig. 1 Various approved drugs of EGFR tyrosine kinase inhibiting activity.

11, respectively. Also, cyclization of the 8 with haloketones
such as chloroacetone and ethyl bromoacetate accomplished
the thiazoline and thiazolidinone derivatives 12 and 13, respec-
tively (Scheme 3).

2.2. In vitro anticancer activity

The present investigation deals with construction of new
derivatives bearing 2-(3,4-dimethoxyphenyl)-1-substituted-ben
zo[d]imidazol-6-yl)(phenyl)methanone scaffold 2-13 for anti-
cervical cancer evaluation. Accordingly, the new derivatives
were subjected to MTT assay against Hela cell line using Dox-
orubicin as a reference drug (Thavamani et al., 2013;

Prasetyaningrum et al., 2018) as represented in Fig. 3. The
results were tabulated in Table 1. It has been detected that
the 4-(dimethylamino)phenyl)but-3-en-2-one derivative 2c,
the thiazolylsulfonyl derivative 3f, the 2,5-dioxopyrrolidine
derivative 9, the 4-methylthiazoline derivative 12 and
thiazolidin-4-one 13 exhibited the most potent cytotoxic
activity that was higher than that gained by the reference drug
(ICsp 2¢; 1.84, ICs 35, 1.91; 1Cs0 9; 1.62; 1Cs 125 1.71; ICsg 13;
1.44; 1Csp pox: 2.05 uM). A slight decrease in the potency was
detected by the 4-nitrophenyl-iminopropyl derivative 3¢ of
I1Cs0 3.04 uM. It could be noted that the increase in the number
of nitrogen atoms in addition to the incorporation of thiazole
rings or pyrrolidine moiety contributed to more cytotoxic
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Fig. 2 Newly designed benzimidazole derivatives as EGFR tyrosine kinase inhibitors.

potency. This result comes in agreement with many researches
which investigated the unique anticancer activity of different
clinically applied anticancer drugs and compounds bearing thi-
azole and pyrrolidine scaffolds (Sharma et al, 2020;
Smolobochkin, et al., 2019). A detectable drop-in the cytotoxic
activity of the rest of the compounds was observed inducing
ICsq values ranging from 6.20 — 28.12 pM. One of the most
important drawbacks of the anticancer drugs is the deteriora-
tion of the normal cells. Accordingly, the cytotoxic activity of
the potent tested compounds (2¢, 3f, 9, 12 and 13) against cer-
vical cancer cell (Hela) was also examined against the human
normal fibroblast cells (WI-38) using Doxorubicin as a refer-
ence drug, and their ICsy values were determined by the
MTT assay. The 1Csy doses of all tested compounds against
the normal cells were higher than their 1Cs, values against
the Hela cells (Table 1). The most potent cytotoxic candidates
9 and 13 exhibited significant cytotoxic activity against Hela
cell line and noteworthy safety profile against the normal cells.

2.3. Evaluation of EGFR/HER?2 inhibitory activity

The compounds showing promising cytotoxic potency 2¢, 3f,
9, 12 and 13 were further evaluated for their dual EGFR/
HER?2 inhibitory activity referring to Erlotinib (Table 2,
Fig. 4). The 2,5-dioxopyrrolidine derivative 9 and the
thiazolidin-4-one 13 represented the most promising potential
EGFR inhibiting activity but slightly less than that of the ref-
erence Erlotinib (IC50 9, 0157, IC50 13, 0.109 HM, IC50 Erlotinib»
0.079 uM) and are more potent than that of the reference
Nazartinib (ICsy Nazartinib; 0-16 pM). Further decrease in the
suppression effect was investigated by the compounds 2¢, 3f
and 12 of ICso values; 0.214, 0.342, 0.305 uM, respectively,
which might be contributed to improper fitting in the EGFR
active site. On the other hand, all of the examined compounds
exhibited significant inhibition against HER2 enzyme. Com-

pound 13 produced 6.5 folds more potency than Erlotinib pro-
ducing ICsp; 0.19 uM, ICsg Erotinib; 1.23 M. Furthermore,
compound 9 represented 5 folds more inhibition potency of
HER?2 than the reference drug of ICsy; 0.25 pM. Compounds
12, 3f and 2¢ were more potent suppressors against HER2 than
Erlotinib by 5-3 folds, respectively. Scrutinizing the resultant
data, the examined benzimidazole derivatives are more selec-
tive towards HER2 than EGFR enzyme and the most potent
cytotoxic candidates 9 and 13 induced dual EGFR/HER?2 inhi-
bitory activity.

2.4. In vitro kinase inhibition assay

Since it has been reported that the receptor tyrosine kinases
(RTKs); EGFR, vascular endothelial growth factor receptor-
2 (VEGFR-2) and platelet-derived growth factor receptor
(PDGFR) participate significantly in regulating tumor cell
proliferation, differentiation, survival, angiogenesis and apop-
tosis, they were successfully considered as attractive targets for
anticancer therapies, particularly for producing multi-target
anticancer drugs of improved therapeutic effectiveness (Li
et al., 2011; Knight et al., 2010). Additionally, they also work
in a synergistic pattern in regulating tumor response to anti-
cancer RTK inhibitor drugs. Hence, multi-target RTK drugs
that simultaneously inhibit EGFR, VEGFR-2 and PDGFR-
B give substantially optimized anticancer therapeutic effect
than drugs that inhibit individual RTKs (Wang et al., 2019).
Accordingly, the promising cytotoxic compounds 2¢, 3f, 9,
12 and 13 were subjected to kinase assay against PDGFR-f
and VEGFR-2. As shown in Table 2, both compounds 9
and 13 exhibited promising inhibitory activity against both
kinases (Fig. 5). Interestingly, the thiazoline compound 13
appeared about 3.8 times more potent than the reference drug
Erlotinib against PDGFR-f (ICso; 21.61 puM, ICsy Emotinibs
83.11 uM) and about 1.8 times more potent than Erlotinib



Novel benzimidazole derivatives as anti-cervical cancer agents

9183

o)
NH, ;
L, ——
NH,

A

iv

(0]
H
N
N

/) OCH;

OCH,

R; a) -CO-CH3, b) -COOC,Hs, ¢) NO,
d) Br, ) -S0,-NH,, f) -SO,-NH-thiazolyl.

ethanol, few drops of glacial acetic acid, reflux for 12 h.

Reagents and conditions: i) 3,4- dimethoxy benzaldehyde, DMF, reflux for 8 h; ii) chloroacetone, dry acetone, anhyd. K,COs,
reflux for 3 h; iii) different aromatic aldehydes, ethanol, few drops of piperidine, reflux for 2-4 h; iv) various aromatic amines,

OCH,
i
R
N
o O
N
7 oo
N
2 OCH,

R; a) H, b) 3,4-(OCHj;),, ¢) 4-N(CH;),
d) 4-NO,, ¢) 4-F

Scheme 1
3a-f).

against VEGFR-2 (ICsq; 69.62 uM, 1Csg grotinib; 124.7 pM).
Furthermore, the 2,5-dioxopyrrolidine derivative 9 showed
good inhibitory activities against PDGFR-B (ICso; 76.09 uM,
ICs0  Erotinib; 83.11 pM) and against VEGFR-2 (ICs;
123.27 uM, ICsg Erotinib; 124.7 uM). Further decrease in the
suppression effects were investigated by the compounds 2c,
3f and 12 of ICsy values against PDGFR-B; 95.31, 89.11,
85.11 uM, respectively, and ICs, values against VEGFR-2;
143.44, 138.15, 133.54 uM, respectively.

It could be noted that the potent anti-cancer activity of
compound 13 against Hela cells comes as a companion to its
significant multi-kinase suppression activity against the recep-
tor tyrosine kinases (RTKs); EGFR, HER-2, PDGFR-f and
VEGFR-2.

2.5. Cell cycle analysis and detection of apoptosis

The most promising compounds 9 and 13 were selected for fur-
ther investigation to demonstrate their effects on the progres-
sion of cell cycle and apoptosis induction in Hela cell line.
Exposure of Hela cells to both compounds 9 and 13 at their
ICso concentrations 1.62 and 1.44 uM for 24 h alongside
induction of apoptosis were examined. Cells Exposure to both

Synthesis of phenylbuten-2-one-benzimidazole and substituted phenyl iminopropyl — benzimidazole derivatives (2a-e and

compounds led an interference with the normal cell cycle dis-
tribution. Both compounds 9 and 13 produced a pronounced
increment in the cell percentages at pre-G1 phase by 13 and
27 folds, respectively and at G2/M phase by 7 and 10 folds,
respectively compared to the untreated Hela cells (Table 3
and Fig. 6). Cumulation of cells in pre-G1 phase might be con-
tributed to degradation of the genetic materials indicating a
probable role the tested derivatives in inducing apoptosis in
the cancer cells. Furthermore, cumulation of the cells at G2/
M phase indicted cell cycle disruption at this stage preventing
its mitotic stage.

2.6. Apoptosis detection by annexin V-FITC assay

Apoptosis occurs due to the autonomous and organized
destruction of genes-controlled cells (He et al., 2009). In addi-
tion, multiple external factors influence its startup. Thus, it
was of interest to investigate the relationship between apopto-
sis of Hela cells and the compounds 9 and 13. The induction of
apoptosis of the latter compounds was examined utilizing
annexin V-FITC and propidium iodide (PI) double staining
flow cytometry analysis (Cao et al., 2020; Yang et al., 2020).
Based on the obtained results presented in Table 4 and
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Fig. 7, both derivatives effectively induced cell apoptosis at
their 1Csq concentrations of 1.62, 1.44 uM. Treatment of Hela
cells with compounds 9 and 13 for 24 h led to 8.47% and
18.99% of apoptotic cells (late apoptosis), respectively, com-
pared to 0.18% of apoptotic cells in the untreated control.
Also, there was an increase in the early apoptosis from
0.47% (control) to 2.81% and 5.44% cause by 9 and 13,
respectively with necrosis percent of 1.89 and 2.61% vs.
1.23% produced by DMSO control. It has been noted that
the late apoptotic percentages caused by both examined
derivatives were higher than that of the early phase which
makes it more challenging to recover the apoptotic cells to safe
ones. These results revealed that compounds 9 and 13 inhibited
cell growth through cell apoptosis induction.

2.7. Molecular docking study

In order to better rationalize how the compounds 2¢, 3f, 9, 12
and 13 contributed to the HER2 kinase inhibitory activities,
molecular docking simulation studies were carried. The
HER?2 kinase domain complexed with a ligand was down-
loaded from the protein databank (PDB ID: 3RCD, http://
www.rcsb.org). Protein preparation wizard of Schrédinger

Synthesis of hydrazine-(thio)carboxamide-benzimidazole derivatives (4-8).

Suite (Sastry et al., 2013, Schrodinger, 2018) was used to cor-
rect the protein structural file by correcting bond orders, add-
ing any missing hydrogen atoms, and completing unresolved
side chains or loops.

The ligands showed good fitting in the active site of HER2
with Glide docking scores in proportion to their biological
activities. In general, the docking poses of the ligands demon-
strated several good interactions with the DFG region, cat-
alytic loop, activation loop, G-rich loop, phosphate binding
loop and o-C helix of HER2 as shown in Table 5. Compound
2¢ was docked well in the ligand binding pocket with a Glide
docking score of —8.03 kcal/mol. It shows strong hydrogen
bonding and cation-r contacts with Lys 753. It has hydropho-
bic and electrostatic interactions with the surrounding amino
acids in the binding site. Compound 3f showed a docking score
of —9.1 kcal/mol (Fig. 8), and a strong hydrogen bonding with
Gly 881 in the activation loop. The sulphonyl substituent
shifted the structure to some extent inside the binding site.
Other hydrophobic and polar contacted are observed with
the kinase structural motifs. Compounds 9 (Fig. 9) and 12
(Fig. 10) have docking score of —9.4 and —9.3 kcal/mol,
respectively. Both compounds demonstrated strong m-m con-
tacts with Phe 864 in the DFG regions, and multiple polar/
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Scheme 3  Synthesis of benzimidazole derivatives conjugated with 2,5-dioxopyrrolidine, 2,5-dioxopyrroline, 1,3-dioxoisoindoline,

thiazoline and thiazolidine rings (9-13).

nonpolar contacts with the surrounding residues. Compound
13 exhibited strong fitting in the binding site with a Glide score
of —9.7 kcal/mol. The compound is strongly interacting with
Asn 850 of the catalytic loop, and Asp 863 of the DFG region
via hydrogen bonding. It shows n-m contacts with Phe 864 of
the DFG region (Fig. 11). It could be noted that the most
potent HER?2 inhibitors 9 and 13 showed the highest negative
energy score of —9.4, —9.7 kcal/mol, respectively, with higher
predicted binding affinity than the co-crystalized ligand Erloti-

nib which showed a docking score of —5.8 kcal/mol but lower
binding affinity than Lapatinib (docking score = -12 kcal/mol)
(Fig. 12).

3. Conclusion

In conclusion, a new series of 6-benzoyl-2-(3,4-dimethoxyphe
nyl)-1H-substituted benzimidazole compounds have been syn-



9186

Eman A. Abd El-Meguid et al.

ICsy (M)

30

25

20

15 4

10

22 2b 2¢c 2d 2¢ 3a 3b 3¢ 3d 3¢ 3 4 5 6 7

10 11 12 13 Dox

Fig. 3

Anti-cervical cancer evaluation of compounds 2-13 against Hela cell line compared with Doxorubicin.

Table 1
cell line WI-38.

Cytotoxic activity of the synthesized benzimidazoles 2-13 on Hela cell line and normal

N
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Cpd No. R/Ar Hela ICs (uM) WI-38 ICs (uM)
2a H 16.08 + 0.74 —
2b 3,4-(OCH3;), 22.87 + 0.61 -
2c 4-N(CHs;), 1.84 + 0.08 12.45 + 1.41
2d 4-NO, 12.53 + 0.27 -
2e 4-F 6.20 + 0.18 —
3a -CO-CH; 7.29 + 0.25 -
3b -COOGC,H; 6.53 + 0.47 -
3c -NO, 3.04 + 0.07 -
3d -Br 11.07 + 0.53 -
3e -SO,-NH, 8.51 + 0.33 -
3f -SO,-NH-thiazolyl 1.91 + 0.13 13.62 + 1.08
4 -NH, 15.96 + 0.62 -
5 -CO-p-tolyl 28.12 + 0.11 -
6 -CO-2-furan 11.67 £ 0.46 =
7 -CO-NH, 16.29 + 0.67 -
8 -CS-NH, 8.99 + 0.29 -
Arl Z (o) R
g FS Ve
HN_ N
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(o) /S o /S
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N N
9-11 OCH, 12,13 OCH,

9 2,5-dioxopyrrolidine 1.62 + 0.16 57.38 £ 2.66
10 2,5-dioxopyrroline 6.99 £+ 0.42 =
11 1,3-dioxoisoindoline 6.23 £ 0.18 -
12 4-methylthiazoline 1.71 £+ 0.09 25.11 + 1.94
13 thiazolidin-4-one 1.44 £+ 0.06 77.34 + 3.61
Doxorubicin 2.05 £ 0.03 79.7 £ 0.07
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Table 2 1Cs, values of some selected compounds 2¢, 3f, 9, 12 and 13 against HER2, EGFR, PDGFR- and VEGFR-2 kinases.
Cpd No. EGFR ICs, (LM) HER?2 ICs, (uM) PDGFR-B ICs, (tM) VEGFR-2 ICs, (uM)
2c 0.214 £+ 0.008 0.31 + 0.007 95.31 £ 0.19 143.44 + 1.1

3f 0.342 + 0.005 0.29 + 0.005 89.11 + 0.17 138.15 + 2.2

9 0.157 £ 0.007 0.25 = 0.003 76.09 + 2.04 123.27 £ 1.7

12 0.305 £+ 0.009 0.26 + 0.006 85.11 £ 0.17 133.54 £ 1.5

13 0.109 £+ 0.014 0.19 + 0.004 21.61 £ 047 69.62 £ 14
Erlotinib 0.079 £ 0.001 1.23 + 0.005 83.11 £ 0.17 124.7 £ 1.1
Nazartinib 0.160 £ 0.014 - - -

Abbreviations: EGFR, epidermal growth factor receptor; HER, human epidermal growth factor receptor; PDGFR, platelet-derived growth

factor receptor; VEGFR, vascular endothelial growth factor receptor.
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Fig. 4 EGFR/HER?2 inhibitory effects of compounds 2¢, 3f, 9,
12 and 13 compared with Erlotinib.

ICso (M)
160

140

120

= PDGFR-B
® VEGFR-2

80

60

40

20

13 Erlotinib

2c 3f 9 12

Fig. 5 PDGFR-B and VEGFR-2 inhibitory effects of com-
pounds 2¢, 3f, 9, 12 and 13 compared with Erlotinib.

Table 3 Results of Cell Cycle analysis of compounds 9 and 13.

DNA content
60%:
50 H %G0-G1
40 H %S
30
%G2/M
20
H %Pre-G1
10
0
9/Hela 13/Hela Cont. Hela
Fig. 6  Cell Cycle analysis of compounds 9 and 13.

thesized and evaluated as anticancer agents against cervical
Hela cancer cells. The potential inhibitory activity against
EGFR/HER2 kinases was evaluated for the most promising
cytotoxic derivatives 2¢, 3f, 9, 12 and 13, which exhibited bet-
ter suppression impact against HER2 than EGFR of 1Cs, val-
ues ranging from 0.19 to 0.31 pM comparing to Erlotinib of
1Csp; 1.23 uM. The 2,5-dioxopyrrolidine derivative 9 and the
thiazolidin-4-one 13 represented promising dual inhibition
activity against both EGFR and HER2 kinases. Multi-
targeting RTK inhibition was also evaluated against
PDGFR-p and VEGFR-2 by compounds 2¢, 3f, 9, 12 and
13 as representative examples. Compound 13 demonstrated
3.8 and 1.8 folds more suppression potency than that obtained
by Erlotinib as a reference drug. Molecular docking studies
exhibited good fitting of compounds 2¢, 3f, 9, 12 and 13 in
the active site of HER2 with Glide docking scores in propor-
tion to their biological activities. They exhibited strong hydro-
gen bonding, m-m contacts, hydrophobic and electrostatic
interactions with the surrounding amino acids in the binding
site of HER2. In addition, cell cycle data exhibited that com-
pounds 9 and 13 caused a pronounced increase in the percent-
age of Hela cells at pre-G1 by 13 and 27 folds and at G2/M

Cpd No. %G0-G1 %S %G2/M %Pre-G1 Comment

9 41.03 36.26 22.71 13.17 PreGlapoptosis&Cell growth arrest@G2/M
13 36.59 33.15 30.26 27.04 PreGlapoptosis&Cell growth arrest@G2/M
Cont. Hela cells 55.29 41.41 3.3 1.88
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Table 4 Results of Apoptotic activity of compounds 9 and 13.

Apoptosis

Cpd No. Total

Early

Late

Necrosis

13.17%
27.04%
1.88%

9/Hela
13/Hela
Cont. Hela

2.81%
5.44%
0.47%

8.47%
18.99%
0.18%

1.89%
2.61%
1.23%

Apoptosis/necrosis
30%

25% +

20% -+
®9/Hela

15% + m 13/Hela

Cont. Hela

10% -

5% - I
0% -

Total Early Late

ml

Necrosis

Apoptosis

Fig. 7 Apoptotic activity of benzimidazole compounds 9 and 13.

phase by 7 and 10 folds, respectively compared to the
untreated Hela cells which confirm a possible role of apoptosis
in compounds 9 and 13 induced cancer cell death and cytotox-
icity. Compounds 9 and 13 exhibited significant apoptotic
activity. Based on the results obtained, it is of interest to con-
tinue derivatization and optimization of various benzimidazole
series for further kinases inhibition and anticancer studies.

4. Experimental

4.1. Synthesis

The instruments utilized in measuring the melting points, spec-
tral data (IR, Mass, 'H NMR and '*C NMR) and elemental
analysis are cited in details in the Supplementary material.

4.1.1. Synthesis of starting key 1-(6-benzoyl-2-(3 4-

dimethoxyphenyl)-1H-benzo[ d[imidazol-1-yl) propan-2-one (1)
4.1.1.1. Synthesis of (2-(34-dimethoxyphenyl)-1H-benzo[d]
imidazol-6-yl) (phenyl) methanone (B). A stirred mixture of o-
phenylenediamine A (2.12 g, 10 mmol) and 3,4-
dimethoxybenzaldeyde (1.67 g, 10 mmol) in dimethylfor-
mamide (20 mL) was refluxed for 8 hr. The mixture was then
cooled and poured over ice, the precipitated product was col-
lected by filtration, followed by crystallization from methanol
to give the pure yellow product B (82%); m.p. 116-119 °C. IR
(KBr, v cm™'): 3438 (NH), 3051 (CH-aromatic), 1652
(C = 0). '"H NMR (DMSO dg, 400 MHz) &: 3.91 (s, 3H,
OCHs), 3.93 (s, 3H, OCH;), 6.68-8.12 (m, 11H, ArH), 9.68
(s, 1H, NH). *C NMR (DMSOd;, 100 MHz) §: 56.5
(20CH3), 111.2, 112.4, 1149, 119.0, 122.1, 123.3, 128.9,
130.5, 130.7, 131.2, 132.7, 138.4, 145.5, 149.2, 150.9, 152.0,
194.2 (C = 0). MS m/z (%): M ": 358 (94.5%), M + H)":
359 (1.1%); Anal. Caled for C,,H gN,O3 (358.4): C, 73.73;
H, 5.06; N, 7.82. Found C, 73.73; H, 5.06; N, 7.82.

4.1.1.2. Synthesis of 1-(6-benzoyl-2-(34-dimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl) propan-2-one (1). A stirred mixture
of (2-(3,4-dimethoxyphenyl)-1 H-benzo[d]imidazol-6-yl)
(phenyl) methanone B (3.58 g, 10 mmol) and chloroacetone
(0.93 mL, 10 mmol) in dry acetone (30 mL) in the presence
of potassium carbonate anhydrous (1.38 g, 10 mmol) was
refluxed for 12 hr. The mixture was then cooled and poured
over ice, the precipitated product was collected by filtration
after neutralization with drops of dilute hydrochloric acid, fol-
lowed by crystallization from methanol to give the pure yellow
product 1 (75%); m.p. 122-125 °C. IR (KBr, v cm™"): 3051
(CH-aromatic), 1672, 1652 (2C = O). '"H NMR (DMSO d,

Table 5 Docking energy scores in kcal/mol for the synthesized compounds 2¢, 3f, 9, 12 and 13 in HER?2 kinase active site.

Cpd No. Docking Score  Hydrogen- Aromatic-Bond pi-pi/ Hydrophobic
(kcal/mol) Bond cation-pi
2¢ —8.03 Lys753 Asp863 Lys753 Phe731, Val734, Ala751, 11752, Leu796, Val797, Leu800,
Met801, Phe864, Phel1004
3f -9.1 Gly881 Asp863, Ser783 - Ala730, Ala751, Leu800, Met801, Leu852
9 -9.4 - Ser783, Asp863 Phe864 Phe731, Val734, Ala751, 11e752, Leu796, Leu800, Met801,
Phel004
12 -9.3 Asp863, Ser783, Asp863 Phe864 Leu726, Ala730, Phe731, Ala751, 1le752, Met774, Leu785,
Lys753 Leu796, Leu800, Met801, Leu852, Phel004
13 -9.7 Asng850, Asp863, Ser783 Phe864 Ala730, Phe731, Ala751, 1le752, Leu796, Leu800, Met801,
Asp863 Phel004
Erlotinib —5.8 Cys805 Asp863 - Leu726, Val734, Ala751, ILe752, Met774, Phe1004
Lapitanib —12 Met801, Ser783, GIn799, Phe864 Leu726, Val734, Ala751, 1Le752, Met774, Phel004
Arg8l11 Asp808, Asp863




Novel benzimidazole derivatives as anti-cervical cancer agents

9189

ALA
-

| \
) i E
in{ O O ?/Q/ ::;/

& (=
™ TH e g0 2!
7% L

)

AL 76
™ )

Ley 86

(A)

Fig. 8

(B)

w
881 849
e
| .

Y5 805

(A)

(B)

Fig. 9 2D diagram (A) and 3D representation (B) of compound 9 showing its interaction with the HER2 kinase active site.

400 MHz) d: 2.89 (s, 3H, CH3), 3.91 (s, 3H, OCH3), 3.93 (s,
3H, OCH3), 4.71 (s, 2H, CH>), 7.1-8.12 (m, 11H, ArH). '*C
NMR (DMSO dg, 100 MHz) §: 28.3 (CH3), 56.5 (20CH3),
65.4 (CH), 111.2, 112.4, 114.9, 119.0, 122.1, 123.3, 128.9,
130.5, 130.7, 131.2, 132.7, 138.4, 145.5, 149.2, 150.9, 152.0,
1942 (C = 0), 196.2 (C = 0). MS m/z (%): M"*: 414
(91.5%), M + H)*: 415 (2.1%); Anal. Caled for
C5sHnN,0, (414.4): C, 72.45; H, 5.35; N, 6.76. Found C,
72.45; H, 5.35; N, 6.76.

4.1.2. General method for the synthesis of (E)-1-(6-benzoyl-2-
(3,4-dimethoxyphenyl )-1H-benzo[ d]imidazol-1-yl)-4-
(substituted ) phenylbut-3-en-2-one compounds (2a-2e)

A mixture of compound 1 (4 g, 10 mmol) and the appropriate
aromatic aldehydes, namely; benzaldehyde, 3,4-
dimethoxybenzaldehyde, 4-N-dimethylbenzaldehyde, 4-nitro
benzaldehyde and 4-fluorobenzaldehyde, (10 mmol) in abso-
lute ethanol (30 mL) containing few drops of piperidine was
refluxed for 2—4 h. After completion of the reaction, the solu-
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2D diagram (A) and 3D representation (B) of compound 12 showing its interaction with the HER2 kinase active site.
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tion mixture was cooled and triturated with ethanol, then fil-
tered, and crystallized from methanol to give the correspond-
ing chalcones 2a-2e.

4.1.2.1. (E)-1-(6-benzoyl-2-(3 4-dimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)-4-phenylbut-3-en-2-one  (2a).  Yellowish
white solid, yield: 65%, m.p. 212-215 °C. IR (KBr, v cm ™)
3051 (CH-aromatic), 1670, 1652 (2C = 0). 'H NMR
(DMSO ds, 400 MHz) §: 3.93, 3.95 (2 s, 6H, 20CH5;), 5.18
(s, 2H, N-CH,), 6.92 (d, 1H, =CH q, J = 9.6 Hz), 7.56—
777 (m, 17H, =CH P & ArH). '3C NMR (DMSO dj,
100 MHz) 6: 56.5 (20CH3), 64.1 (CH,), 111.2, 112.4, 112.5,
113.1, 113.5, 117.9, 122.0, 122.3, 122.6, 124.9, 126.2, 128.9,

(B)

2D diagram (A) and 3D representation (B) of compound 13 showing its interaction with the HER2 kinase active site.

129.5, 130.5, 131.0, 133.7, 136.7, 138.4, 146.5, 149.2, 150.9,
155.0, 156.0 (Ar-C), 196.2 (C = O). MS m/z (%): M*: 502
(84.5%), M + H)": 503 (1.1%); Anal. Calcd for
C3,H6N>04 (502.57): C, 76.48; H, 5.21; N, 5.57. Found C,
76.48; H, 5.20; N, 5.57.

4.1.2.2. (E)-1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)-4-( 3 ,4-dimethoxy phenyl)but-3-en-2-one
(2b). Yellowish white solid, yield: 65%, m.p. 140-142 °C. IR
(KBr, v em™"): 3049 (CH-aromatic), 1672, 1640 (2C = O).
'"H NMR (DMSO d,, 400 MHz): 6 3.81, 3.93, 3.95 (3 s, 12H,
40CH;), 5.28 (s, 2H, N-CH,), 7.00 (d, 1H, =CH a,
J = 9.6 Hz), 7.22-821 (m, 15H, =CH B & ArH). *C
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NMR (DMSO dg, 100 MHz) §: 56.1 (40CHj3), 64.1 (CH>),
111.2, 112.4, 112.5, 113.1, 113.5, 117.9, 122.0, 122.3, 122.6,
124.9, 126.2, 128.9, 129.5, 130.5, 131.0, 133.7, 136.7, 138.4,
146.5, 149.2, 150.9, 155.0, 156.0 (Ar-C), 196.2 (C = 0). MS
mjz (%): M¥: 562 (64.5%), M + H)*: 563 (1.1%); Anal.
Caled for C34H3oN,O4 (562.62): C, 72.58; H, 5.37; N, 4.98.
Found C, 72.58; H, 5.37; N, 4.98.

4.1.2.3. (E)-1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)-4-(4-(dimethylamino ) phenyl) but-3-en-2-one
(2c). Brownish white solid, yield: 65%, m.p. 197-199 °C. IR
(KBr, v em™Y): 3050 (CH-aromatic), 1670, 1650 (2C = O).
'"H NMR (DMSO dg, 400 MHz): & 2.41 (s, 6H, -N(CHs),),
3.93, 3.95 (2 s, 6H, 20CH3), 5.18 (s, 2H, N-CH,), 6.92 (d,
IH, =CH-a, J = 7.6 Hz), 7.22-8.59 (m, 16H, =CH-$ &
ArH). *C NMR (DMSO dg, 100 MHz) 6 45.1 (N-(CHj),),
56.1 (20CH3), 64.1 (CHy), 111.2, 112.2, 112.5, 113.0, 113.4,
118.9, 122.0, 122.1, 122.2, 124.9, 126.2, 128.9, 129.9, 130.5,
131.7, 133.7, 136.7, 138.4, 146.1, 149.2, 150.9, 154.0, 156.0
(Ar-C), 196.2 (C = 0). MS m/z (%): M ": 545 (44.5%); Anal.
Calcd for C34H31N3O04 (545.64): C, 74.84; H, 5.73; N, 7.70.
Found C, 74.84; H, 5.73; N, 7.70.

4.1.24. (E)-1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)-4-(4-nitrophenyl) but-3-en-2-one (2d). Yel-
low solid, yield: 63%, m.p. 195-197 °C. IR (KBr, v cm™'):
3049 (CH-aromatic), 1665, 1643 (2C = O), 1553, 1320
(NO,). 'H NMR (DMSO dg, 400 MHz): § 3.92, 3.95 (2 s,
6H, 20CH3;), 5.12 (s, 2H, N-CH,), 7.23 (d, 1H, =CHoa,
J = 7.6 Hz), 7.62-8.45 (m, 16H, =CH B & ArH). °C
NMR (DMSO dgs, 100 MHz) 6 56.1 (20CHj;), 64.1 (CH,),
111.2, 112.2, 112.5, 113.0, 113.4, 118.9, 122.0, 122.1, 122.2,
124.9, 126.2, 128.9, 129.9, 130.5, 131.7, 133.7, 136.7, 138.4,
146.1, 149.2, 150.9, 154.0, 156.0 (Ar-C), 196.2 (C = O). MS
m/z (%): M*: 547 (44.5%); Anal. Caled for Cs,H,5N304
(547.57): C, 70.19; H, 4.60; N, 7.67. Found C, 70.19; H,
4.60; N, 7.67.

(B)

2D diagram (A) and 3D representation (B) of Lapatinib showing its interaction with the HER2 kinase active site.

4.1.2.5. (E)-1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl)-4-(4-fluorophenyl) but-3-en-2-one (2e). Gray
white solid, yield: 65%, m.p. 132-134 °C. IR (KBr, v cm™):
3052 (CH-aromatic), 1670, 1645 (2C = 0). '"H NMR
(DMSO ds, 400 MHz): 6 3.75, 3.87 (2 s, 6H, 20CH3), 5.17
(s, 2H, N-CH,), 7.20 (d, 1H, =CHa, J = 7.6 Hz), 7.41-7.90
(m, 16H, =CH p & ArH). >*C NMR (DMSO d;, 100 MHz)
0 56.1 (20CHj3), 64.1 (CHp), 111.2, 112.2, 112.5, 113.0,
1134, 118.9, 122.0, 122.1, 122.2, 124.9, 126.2, 128.9, 129.9,
130.5, 131.7, 133.7, 136.7, 138.4, 146.1, 149.2, 150.9, 154.0,
156.0 (Ar-C), 1962 (C = 0O). MS mjz (%): M™: 520
(73.5%); Anal. Calcd for C3,H,5sFN,0O4 (520.56): C, 73.83;
H, 4.84; N, 5.38. Found C, 73.83; H, 4.84; N, 5.38.

4.1.3. General method for the synthesis of Schiff bases (3a-3f)

A mixture of compound 1 (4 g, 10 mmol) and various aromatic
amines such as 4-aminoacetophenone, ethyl 4-aminobenzoate,
4-nitoaniline, 4-bromoanline, 4-aminobenzenesulfonamide
and sulfathiazole (10 mmol) in ethanol (30 mL) containing
few drops of glacial acetic acid was heated at refluxing temper-
ature for 12 h. The mixture solution was left to cool and the
precipitated solid was filtered and crystallized from DMF/
EtOH to give the corresponding Schiff compounds 3a-3f.

4.1.3.1. (E)-1-(4-((1-(6-benzoyl-2-(3 4-dimethoxyphenyl)-1H-
benzo[d]imidazol-1-yl) propan-2-ylidene )amino )phenyl)ethan-
I-one (3a). Brownish white solid, yield: 70%, m.p. 125-
127 °C. IR (KBr, v em™"): 3050 (CH-aromatic), 1704, 1665
(2C = 0). '"H NMR (DMSO dy, 400 MHz): § 2.25 (s, 3H,
CHs), 2.41 (s, 3H, -COCHs;), 3.92, 3.95 (2 s, 6H, 20CHs;),
5.18 (s, 2H, N-CH,), 6.92-8.59 (m, 15H, ArH). °C NMR
(DMSO ds, 100 MHz) 6 14.1 (CH3), 27.2 (CO-CH3), 56.0
(20CHs;), 57.6 (CH,), 112.2, 112.6, 112.9, 113.4, 118.9, 122.0,
122.1, 122.2, 124.9, 128.9, 129.9, 130.1, 131.7, 132.7, 136.7,
138.4, 146.1, 149.2, 150.9, 154.0 (Ar-C), 156.0 (C = N),
196.1, 203.1 (2C = O). MS m/z (%): M ": 531 (44.5%); Anal.
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Calcd for C33H,9N304 (531.61): C, 74.56; H, 5.50; N, 7.90.
Found C, 74.56; H, 5.50; N, 7.90.

4.1.3.2. Ethyl (E)-4-((1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-
1H-benzo[d]imidazol-1-yl) propan-2-ylidene )amino )benzoate
(3b). Gray white solid, yield: 65%, m.p. 143-145 °C. IR
(KBr, v cm™'): 3072 (CH-aromatic), 1680, 1665 (2C = O).
'"H NMR (DMSO dg, 400 MHz): 6 1.52 (t, 3H, -CH,CHj,
J = 7.6 Hz), 2.04 (s, 3H, CH3), 3.92, 3.95 (2 s, 6H, 20CH3;),
4.25 (q, 4H, -CH,CH3, J = 7.6 Hz, N-CH,) 5.18 (s, 2H, N-
CH,), 6.92-8.59 (m, 15H, ArH). '3C NMR (DMSO d,,
100 MHz) ¢ 14.1 (CH3), 27.2 (CH,-CH3), 56.0 (20CH3),
57.6 (CH,), 60.9 (CHy), 112.2, 112.6, 112.9, 113.4, 118.9,
122.0, 122.1, 122.2, 124.9, 128.9, 129.9, 130.1, 131.7, 132.7,
136.7, 138.4, 146.1, 149.2, 1509, 154.0 (Ar-C), 156.0
(C = N), 196.1, 203.1 2C = 0). MS m/z (%): M*: 561
(66.5%); Anal. Calcd for C34H3N305 (561.64): C, 72.71; H,
5.56; N, 7.48. Found C, 72.71; H, 5.56; N, 7.48.

4.1.3.3. (E)-(2-(3,4-dimethoxyphenyl)-1-(2-( (4-nitrophenyl)
imino )propyl)-1H-benzo[d] imidazol-6-yl) (phenyl)methanone
(3c). Yellow solid, yield: 65%, m.p. 117-119 °C. IR (KBr, v
em™!): 3055 (CH-aromatic), 1669 (C = 0), 1550, 1325
(NO»). 'TH NMR (DMSO dg, 400 MHz): 6 2.01 (s, 3H, CH;),
3.92, 3.95 (2 s, 6H, 20CH3;), 5.18 (s, 2H, N-CH,), 6.92-8.59
(m, 15H, ArH). *C NMR (DMSO d,, 100 MHz) & 26.0
(CH3), 56.3 (20CH3), 57.5 (CHyp), 112.2, 112.2, 113.0, 113.4,
119.9, 122.0, 122.3, 123.2, 124.9, 128.8, 129.9, 130.2, 131.7,
132.7, 136.7, 139.4, 145.1, 149.3, 152.9, 154.0, 156.0 (Ar-C),
196.1 (C = 0). MS m/z (%): M": 534 (44.5%); Anal. Calcd
for C3;H,6N4O5 (534.57): C, 69.65; H, 4.90; N, 10.48. Found
C, 69.65; H, 4.90; N, 10.48.

4.1.34. (E)-(1-(2-( (4-bromophenyl)imino)propyl)-2-(3,4-
dimethoxyphenyl)-1H-benzo[d] imidazol-6-yl)(phenyl)metha-
none (3d). Orange solid, yield: 65%, m.p. 162-164 °C. IR
(KBr, v cm™!): 3155 (CH-aromatic), 1665 (C = 0O). 'H
NMR (DMSO dg, 400 MHz): 6 2.01 (s, 3H, CH3), 3.92, 3.95
(2 s, 6H, 20CH3;), 5.15 (s, 2H, N-CH,), 6.92-8.59 (m, 15H,
ArH). *C NMR (DMSO d, 100 MHz) 6 26.0 (CH3), 56.3
(20CHs;), 57.5 (CHy), 112.2, 112.2, 113.0, 113.4, 119.9, 122.0,
122.3, 123.2, 124.9, 128.8, 129.9, 130.2, 131.7, 132.7, 136.7,
139.4, 145.1, 149.3, 1529, 154.0, 156.0 (Ar-C), 196.1
(C = 0). MS mjz (%): M*: 568 (50%), (M + 2)*: 370
(49%); Anal. Calcd for C3;H,6BrN;O5 (568.47): C, 65.50; H,
4.61; N, 7.39. Found C, 65.50; H, 4.61; N, 7.39.

4.1.3.5. (E)-4-((1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-
benzo[d]imidazol-1-yl) propan-2-ylidene )amino ) benzenesulfon-
amide (3e). Gray white solid, yield: 66%, m.p. 103-105 °C. IR
(KBr, vecm™'): 3051 (CH-aromatic), 1663 (C = 0), 1357, 1134
(SO). '"H NMR (DMSO dg, 400 MHz): & 2.04 (s, 3H, CH3),
3.92, 3.95 (2 s, 6H, 20CH3), 5.15 (s, 2H, N-CH,), 6.92-8.59
(m, 15H, ArH), 9.25 (s, 2H, NH,, D,O exchangeable). '*C
NMR (DMSO ds, 100 MHz) 6 26.0 (CH3), 56.3 (20CH3),
57.5 (CHp), 112.2, 112.2, 113.0, 113.4, 119.9, 122.0, 122.3,
123.2, 124.9, 128.8, 129.9, 130.2, 131.7, 132.7, 136.7, 139.4,
145.1, 149.3, 152.9, 154.0, 156.0 (Ar-C), 196.1 (C = O). MS
m/z (%): M™: 568 (94%); Anal. Calcd for C3;H,sN4OsS
(568.65): C, 65.48; H, 4.96; N, 9.85. Found C, 65.48; H,
4.96; N, 9.85.

4.1.3.6. (E)-(2-(3,4-dimethoxyphenyl)-1-(2-( (4-(thiazol-2-
yisulfonyl) phenyl)imino )propyl) —1H-benzo[d]imidazol-6-yl)
(phenyl)methanone (3f). White solid, yield: 62%, m.p. 113—
115 °C. IR (KBr, v cm™'): 3435 (NH), 3065 (CH-aromatic),
1663 (C = 0), 1355, 1130 (SO,). 'H NMR (DMSO dj,
400 MHz): 6 1.94 (s, 3H, CHs3), 3.91, 3.95 (2 s, 6H, 20CH3),
5.16 (s, 2H, N-CH,), 6.92-8.63 (m, 17H, ArH), 11.31 (s, 1H,
NH, D,O exchangeable). MS m/z (%): M ": 651 (34%); Anal.
Caled for C34H9N505S, (651.74): C, 62.66; H, 4.49; N, 10.75.
Found C, 62.66; H, 4.49; N, 10.75.

4.1.4. General method for synthesis of the hydrazone derivatives
(4-6)

A mixture of compound 1 (4 g, 10 mmol) and nucleophilic
compounds such as hydrazine hydrate (98%), p-toluic hydra-
zide and 2-furoic acid hydrazide (10 mmol) in ethanol
(30 mL) was heated at refluxing temperature for 12 h. The
reaction mixture was left to cool. The obtained solid was fil-
tered and crystallized from methanol to give the corresponding
compounds 4-6, respectively.

4.14.1. (E)-(2-(34-dimethoxyphenyl)-1-(2-hydrazineylidene-
propyl)-1H-benzo[d] imidazol-6-yl)(phenyl)methanone (4).
White solid, yield: 67%, m.p. 103-105 °C. IR (KBr, v cm™'):
3423, 3252 (NH,), 3037 (CH-aromatic), 1650 (C = 0). 'H
NMR (DMSO dg, 400 MHz): § 1.91 (s, 3H, CH3), 3.94, 3.85
(2 s, 6H, 20CH3), 5.28 (s, 2H, N-CH,), 4.78 (s, 2H, NH,,
D,O exchangeable), 7.03-8.31 (m, 11H, ArH). *C NMR
(DMSO dg, 100 MHz) o: 18.3 (CH3), 56.5 (20CHj;), 65.4
(CHy), 111.2, 112.4, 114.9, 119.0, 122.1, 123.3, 128.9, 130.5,
130.7, 131.2, 132.7, 138.4, 146.5, 149.2, 152.9, 155.0, 194.2
(C = 0). MS m/z (%): M": 428 (29.5%); Anal. Caled for
CysH,4N4O3 (428.495): C, 70.08; H, 5.65; N, 13.08. Found
C, 70.08; H, 5.65; N, 13.07.

4.14.2.  (E)-N-(1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-
benzo[d]imidazol-1-yl)  propan-2-ylidene )-4-methylbenzohy-
drazide (5). Gray white solid, yield: 65%, m.p. 195-197 °C.
IR (KBr, v cm™'): 3423 (NH), 3037 (CH-aromatic), 1650,
1643 (2C = 0). '"H NMR (DMSO dg, 400 MHz): § 2.25 (s,
3H, CH;), 2.41 (s, 3H, CHs), 3.93, 3.95 (2 s, 6H, 20CHj;),
5.18 (s, 2H, N-CH,), 6.92-8.59 (m, 15H, ArH), 11.50 (s, IH,
NH, D,0 exchangeable). >*C NMR (DMSO d;, 100 MHz) §
21.4, 29.9 (2CHj3), 56.0 (20CHj;), 58.9 (CH,), 85.8, 111.9,
112.1, 112.2, 112.8, 122.2, 122.2, 122.3, 128.1, 128.9, 129.2,
129.4, 130.9, 131.3, 142.2, 149.0, 150.7 (Ar-C), 178.3, 198.5
(2C = 0). MS m/z (%): M™: 546 (44.5%); Anal. Calcd for
Ci33H;30N404 (546.63): C, 72.51; H, 5.53; N, 10.25. Found: C,
72.51; H, 5.53; N, 10.25.

4.14.3. (E)-N-(1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-
benzo[d]imidazol-1-yl)  propan-2-ylidene)  furan-2-carbohy-
drazide (6). Gray white solid, yield: 60%, m.p. 235-237 °C.
IR (KBr, v cm™'): 3440 (NH), 3050 (CH-aromatic), 1655,
1645 (2C = 0). '"H NMR (DMSO dg, 400 MHz): § 2.41 (s,
3H, CHs), 3.93, 3.95 (2 s, 6H, 20CH3), 5.18 (s, 2H, N-CH,),
7.21-7.95 (m, 14H, ArH), 10.42 (s, IH, NH, D,O exchange-
able). MS m/z (%): M": 522 (49%); Anal. Calcd for
C3oH26N4Os5 (522.56): C, 68.95; H, 5.02; N, 10.72. Found: C,
68.95; H, 5.02; N, 10.73.
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4.1.5. (E)-2-(1-(6-benzoyl-2-( 3 4-dimethoxyphenyl )-1H-benzo
[d]imidazol-1-yl) propan-2-ylidene ) hydrazine-1-carboxamide
(7)

A mixture of compound 1 (4.10 g, 10 mmol), semicarbazide
hydrochloride (1.11 g, 10 mmol) and sodium acetate (1.64 g,
20 mmol) in ethanol (20 mL) was stirred for 1 h at room tem-
perature, then refluxed for 3 h. The formed precipitate was fil-
tered, washed several times with water, dried, and
recrystallized from ethanol to give the compound 7 as white
solid.

Yield: 70%, m.p. 282-284 °C. IR (KBr, v cmfl): 3440,
3350, 3235 (NH,), 3050 (CH-aromatic), 1650, 1645
(2C = 0). '"H NMR (DMSO d;, 400 MHz):  1.91 (s, 3H,
CH;), 3.73, 3.84 (2 s, 6H, 20CH3), 5.45 (s, 2H, NH,, D,0O
exchangeable), 5.65 (s, 2H, N-CH,), 7.11-7.85 (m, 11H,
ArH), 9.52 (s, IH, NH, D,O exchangeable). MS m/z (%):
M*: 471 (60%); Anal. Calcd for CogH,sNsOy4 (471.52): C,
66.23; H, 5.34; N, 14.85. Found: C, 66.24; H, 5.34; N, 14.85.

4.1.6. (E)-2-(1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-benzo
[d]imidazol-1-yl) propan-2-ylidene) hydrazine-1-
carbothioamide (8)

A mixture of 1 (4.10 g, 10 mmol), thiosemicarbazide (1 g,
10 mmol) in absolute ethanol (15 mL) containing a few drops
of concentrated hydrochloric acid was refluxed for 3 h. The
formed precipitate was filtered, dried, and crystallized from
ethanol to give the compound 8 as yellowish white solid.

Yield: 73%, m.p. 233-235 °C. IR (KBr, v cm™'): 3440,
3360, 3240 (NH,, NH), 3050 (CH-aromatic), 1665 (C = O),
1110 (C = S). '"H NMR (DMSO de, 400 MHz): § 1.91 (s,
3H, CHj3), 3.91, 3.94 (2 s, 6H, 20CH3;), 5.45 (s, 2H, N-CH,),
5.75 (s, 2H, NH,, D>O exchangeable), 7.01-7.95 (m, 11H,
ArH), 1042 (s, IH, NH, D,O exchangeable). ’*C NMR
(DMSO dg, 100 MHz) ¢ 22.1 (CH;3), 56.0 (20CH3), 57.6
(CH,), 112.1, 112.6, 128.7, 128.8, 128.9, 129.0, 130.1, 130.3,
137.7, 143.1, 143.9, 149.2, 149.5, 150.9, 154.0, 156.0 (Ar-C),
185.1 (C = 0), 187.2 (C = S). MS m/z (%): M™: 487
(90%); Anal. Caled for CysH,5sNsO3S (487.58): C, 64.05; H,
5.17; N, 14.36. Found: 64.05; H, 5.18; N, 14.36.

4.1.7. General method for synthesis of 2,5-dioxopyrrolidine, 2,5-
dioxopyrroline and 1,3-dioxoisoindoline derivatives (9-11)

To a solution of compound 8 (4.8 g, 10 mmol) in glacial acetic
acid, succinic anhydride, maleic anhydride or phthalic anhy-
dride (10 mmol) was added. The mixture was refluxed for
8 h, then poured onto ice/H,O. The formed precipitate was fil-
tered, washed with water and recrystallized from dioxane to
give the corresponding derivatives 9-11.

4.1.7.1.  (E)-N-(1-(6-benzoyl-2-(3 4-dimethoxyphenyl)-1H-
benzo[d]imidazol-1-yl) propan-2-ylidene )-2,5-dioxopyrro-
lidine-1-carbothiohydrazide (9). White solid, yield: 73%, m.p.
113-115 °C. IR (KBr, v em™"): 3335 (NH), 3150 (CH-
aromatic), 1688, 1655 (3C = 0), 1125 (C = S). '"H NMR
(DMSO ds, 400 MHz): 6 1.92 (s, 3H, CH3), 2.75 (t, 4H,
pyrrolidine-(CH>»),), 3.85, 3.90 (2 s, 6H, 20CH3), 5.45 (s, 2H,
N-CH,), 7.11-7.75 (m, 11H, ArH), 12.12 (s, IH, NH, D,O
exchangeable). '*C NMR (DMSO d;, 100 MHz) & 26.7
(CHs3), 29.7 (pyrrolidine-(CH,),), 56.3 (20CHs;), 57.6 (CH,),
112.0, 112.5, 112.9, 117.9, 120.5, 122.1, 127.8, 128.7, 129.9,
130.1, 131.9, 132.7, 146.3, 149.2, 153.9, 156.0, 159.0 (Ar-C),

186.1 (C = S), 196.5, 203.3 (2C = O). MS m/z (%): M™":
569 (40%); Anal. Calcd for: C30H»7N505S (569.64): C, 63.26;
H, 4.78; N, 12.29. Found: C, 63.25; H, 4.78; N, 12.29.

4.1.7.2.  (E)-N-(1-(6-benzoyl-2-(3,4-dimethoxyphenyl)-1H-
benzo[d]imidazol-1-yl)  propan-2-ylidene )-2,5-dioxo-2,5-dihy-
dro-1H-pyrrole-1-carbothiohydrazide (10). White solid, yield:
73%, m.p. 190192 °C. IR (KBr, v cm™'): 3440 (NH), 3150
(CH-aromatic), 1670, 1655 (3C = 0), 1123 (C = S). 'H
NMR (DMSO dgs, 400 MHz): 6 1.81 (s, 3H, CH;), 3.92, 3.95
(2 s, 6H, 20CH3;), 5.41 (s, 2H, N-CH,), 7.01-7.70 (m, 13H,
ArH), 12.21 (s, IH, NH, D,O exchangeable). MS m/z (%):
M*: 567 (30%); Anal. Caled for: C3,H,5NsOsS (567.62): C,
63.48; H, 4.44; N, 12.34. Found: C, 63.48; H, 4.45; N, 12.34.

4.1.7.3.  (E)-N-(1-(6-benzoyl-2-(3 4-dimethoxyphenyl)-1H-
benzo[d]imidazol-1-yl) propan-2-ylidene)-1,3-dioxoisoindoline-
2-carbothiohydrazide (11). White solid, yield: 71%, m.p. 190—
192 °C. IR (KBr, v ecm™"): 3440 (NH), 3155 (CH-aromatic),
1672, 1650 3C = 0), 1125 (C = S). '"H NMR (DMSO d,,
400 MHz): 6 1.91 (s, 3H, CH3), 3.80, 3.92 (2 s, 6H, 20CH3),
5.65 (s, 2H, N-CH,), 7.01-7.70 (m, 15H, ArH), 12.21 (s, TH,
NH, D,0 exchangeable). MS m/z (%): M " : 617 (40%); Anal.
Calcd for: C34H,7N505S (617.68): C, 66.11; H, 4.41; N, 11.34.
Found: C, 66.11; H, 4.41; N, 11.35.

4.1.8. General procedure for synthesis of 4-methylthiazoline and
thiazolidin-4-one compounds (12, 13)

A mixture of compound 8 (4.8 g, 10 mmol) and chloroacetone
or ethyl bromoacetate (10 mmol) in absolute ethanol (20 mL)
containing sodium acetate anhydrous (1.64 g, 20 mmol) was
heated at the refluxing temperature for 10 h. The formed pre-
cipitate was filtered, washed with water, dried, and recrystal-
lized from the proper solvent to accomplish the target
derivatives 12, 13, respectively.

4.1.8.1. (2-(3,4-Dimethoxyphenyl)-1-( (E)-2-(((E)-4-
methylthiazol-2(3H )-ylidene)  hydrazineylidene)propyl)-1H-
benzo[d]imidazol-6-yl) (phenyl)methanone (12). Recrystal-
lized from chloroform. Yellowish white solid, yield: 70%, m.
p. 195-197 °C. IR (KBr, v cm™"): 3445 (NH), 3055 (CH-
aromatic), 1650 (C = 0). "H NMR (DMSO d,, 400 MHz): §
1.91 (s, 3H, CHj), 2.24 (s, 3H, thiazoline-CH3), 3.93, 3.95
(2 s, 6H, 20CH;), 5.18 (s, 2H, N-CH,), 6.93 (s, 1H,
thiazoline-Hs), 7.01-8.59 (m, 11H, ArH), 11.5 (s, IH, NH,
D,O exchangeable). '>*C NMR (DMSO dg, 100 MHz) & 27.7,
29.7 (2CHj3), 56.0 (20CHs3), 57.6 (CH,), 112.2, 112.6, 112.9,
118.9, 122.0, 122.1, 127.8, 128.9, 129.9, 130.1, 131.7, 132.7,
146.3, 149.2, 150.9, 156.0, 196.1 (Ar-C), 203.1 (C = O). MS
m/z (%) M': 525 (90%); Anal. Caled for: CooHyNsO5S
(525.63): C, 66.27;, H, 5.18; N, 13.32. Found: C, 66.27; H,
5.19; N, 13.32.

4.1.8.2. (E)-2-(((E)-1-(6-benzoyl-2-(3,4-dimethoxyphenyl )-
1H-benzo[d]imidazol-1-yl) propan-2-ylidene ) hydrazineyli-
dene)thiazolidin-4-one (13). Recrystallized from methanol.
Gray white solid, yield: 73%, m.p. 190-192 °C. IR (KBr, v
em™!): 3437 (NH), 3055 (CH-aromatic), 1655, 1675
(2C = 0). '"H NMR (DMSO d,, 400 MHz): & 3.81 (s, 3H,
CH3), 3.93, 3.95 (2 s, 6H, 20CH3), 4.76 (s, 2H, thiazolidine-
CH,), 5.28 (s, 2H, N-CH,), 7.00-7.76 (m, 11H, ArH), 11.53
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(s, IH, NH, D,O exchangeable). '3C NMR (DMSO dj,
100 MHz) & 26.7 (CHjs), 29.7 (thizolidine-CH,), 56.1
(20CH3;), 57.6 (CH,), 112.2, 112.6, 112.9, 118.9, 122.5, 122.1,
127.8, 128.9, 129.9, 130.1, 131.7, 132.7, 146.3, 149.2, 150.9,
156.0, 186.1 (Ar-C), 196.5, 203.1 2C = O). MS m/z (%):
M*: 527 (70%); Anal. Caled for: CosHsN5O4S (527.60): C,
63.74; H, 4.78; N, 13.27. Found: C, 63.74; H, 4.78; N, 13.27.

4.2. Biological evaluation

4.2.1. In vitro anticancer activity

MTT assay was used to evaluate the in vitro cytotoxicity of the
new compounds against Hela cell line (Thavamani et al., 2013;
Prasetyaningrum et al., 2018) and WI-38 normal fibroblast cell
line. MTT assay depends on the reduction of the soluble 3-(4
,5-methyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium  bromide
(MTT) into a blue purple formazan product, mainly by mito-
chondrial reductase activity inside the living cells. The cells
used in cytotoxicity assay were cultured in RPMI 1640 med-
ium supplemented with 10% fetal calf serum.

4.2.2. Kinase assays

The activities of the examined compounds against EGFR,
HER2, PDGFR-B and VEGFR2 were in vitro tested using
abcam’s Human In cell ELISA Kit (ab 126419) for EGFR,
ADP-Glo™ Kinase Assay for Her2, PDGFR- B, Active,
Recombinant protein expressed in Sf9 cells for VEGFR2
(KDR) Kinase Assay Kit Catalog # 40325, respectively. The
procedure of the used kits was done according to the manufac-
turer” s instructions.

4.2.3. Cell cycle analysis and apoptosis detection

Cell cycle analysis and apoptosis investigation were carried out
by flow cytometry (He et al., 2009; Cao et al., 2020; Yang
et al., 2020). Hela cells were seeded at 8 x 10* and incubated
at 37 °C, 5% CO, overnight. After treatment with the tested
compound, for 24 h, cell pellets were collected and centrifuged
(300g, 5 min).

4.2.4. Molecular docking study

The HER2 kinase domain complexed with a ligand was down-
loaded from the protein databank (PDB ID: 3RCD, http://
www.rcsb.org). Protein preparation wizard of Schrédinger
Suite (Sastry et al., 2013, Schrodinger, 2018) was used to cor-
rect the protein structural file by correcting bond orders, add-
ing any missing hydrogen atoms, and completing unresolved
side chains or loops. Water molecules which are beyond 5 A
of bound ligand and are not involved in at least two hydrogen
bonds with non-water residues, were removed from the protein
complex. The structure was then energetically minimized to
remove atomic clashes. The ligand coordinates were desig-
nated as the center for docking. Glide receptor grid prepara-
tion (Friesner et al., 2006; Halgren et al., 2004; Friesner
et al., 2004; Schrodinger, 2018) was used to define and con-
struct the receptor for the docking step. To decrease penalties
for close contacts between ligands and protein, 0.85 was used
to scale van der Waals radii of nonpolar atoms. The hydroxyl
groups of Ser, Thr, or Tyr residues in the active site were iden-
tified as rotatable groups to account for all possible hydrogen
bonds with incoming ligands. Ligand structures were prepared

by LigPrep (Schrodinger, 2018). Standard-precision (SP) dock-
ing option was chosen for the docking experiment, and Glide
was directed to generate ligand conformations through the
docking process.
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