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ioxoisoindoline conjugates as
dual VEGFR-2 and FGFR-1 inhibitors: design,
synthesis, biological investigation, molecular
docking studies and ADME predictions†

Heba T. Abdel-Mohsen *a and Amira M. Nageebb

In this investigation, a new series of benzimidazole–dioxo(benzo)isoindoline hybrids 8a–o were rationally

designed and synthesized. All the synthesized hits 8a–o were investigated for their VEGFR-2 inhibitory

activity at 10 mM. The conjugates 8l and 8m demonstrated potent inhibitory activity of 87.61 and 80.69%,

respectively. Further evaluation of 8l and 8m on FGFR-1 at 10 mM demonstrated % inhibition = 84.20 and

76.83%, respectively. Investigation of the growth inhibitory activity of the synthesized hits on NCI cancer

cell lines showed that the benzimidazole–dioxobenzoisoindoline hybrid 8m exhibits the highest

antiproliferative activity. It displayed growth inhibitory activity reaching 89.75%. Examination of the effect

of 8m on the cell cycle of MCF7 cell line revealed its ability to induce arrest of the cell cycle at the G2/M

phase and its potential to induce the apoptosis of the same cell line. Additionally, the benzimidazole–

dioxobenzoisoindoline hybrid 8m had potent anti-migratory properties as evidenced by the delay in the

wound closure in reference to untreated control cells. Molecular docking of 8m in the binding pockets

of the VEGFR-2 and FGFR-1 proved its ability to occupy the binding pockets of both targets in type II

inhibitor binding mode and to perform the essential interactions with the crucial amino acids in the

binding pockets of both targets. Moreover, ADME prediction studies demonstrated the drug like

properties of the synthesized benzimidazole–dioxoisoindolines 8a–o.
1. Introduction

Each year, more and more people are diagnosed with cancer,1

which presents a problem for world health.1,2 Genetic changes
and/or overexpression of certain protein kinases (PKs) are
linked to many cancer forms.3,4 As a result, PKs have therefore
received a lot of interest recently as potential biological targets
for the discovery of new tailored medications for the prevention
and control of cancer progression.3–8

Numerous studies have reported a link between the patho-
physiology of cancer and the development of new blood vessels
(angiogenesis)6,9 which is necessary for the growth and
dissemination of cancer by supplying it with nutrients and
removing waste. Thus, a popular strategy for treating cancer is
to target the protein kinases that start and maintain the
angiogenic process.10 A tyrosine kinase system called vascular
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endothelial growth factor (VEGF) and its receptors (VEGFRs)
play a critical role in angiogenesis in both healthy and patho-
logical circumstances.10–12 In contrast to healthy tissues, VEGFR-
2 is overexpressed in a number of cancer types.13,14 Additionally,
the FGFR family is a group of four isoforms, FGFR-1 to FGFR-4,
that are expressed on the cell membrane and take part in
a number of critical physiological and pathological processes,
including angiogenesis, cell migration and survival.15 Different
forms of solid tumors have been shown to overexpress FGFRs.16

Therefore, it is thought that inhibiting FGFRs using small
molecules is an appealing strategy for the development of
innovative anticancer agent.17–20

As time went on, researchers became interested in benz-
imidazoles as a scaffolding core that could be customized for
the creation of new chemotherapeutic agents.19–24 For example,
the protein data bank shows the crystal structure of the benz-
imidazole derivative I (PDB ID: 2QU5) (Fig. 1 and 2) in the active
pocket of VEGFR-2. It demonstrated a Ki of 8.7 nM against
VEGFR-2.25 Masaichi Hasegawa et al. revealed a novel series of
benzimidazole–ureas as inhibitors of VEGFR-2. The derivative II
showed IC50 = 3.5 nM and its crystal structure in the active site
of VEGFR-2 is depicted in the PDB under the ID: 2OH4.26

Dovitinib (III), a multi-kinase inhibitor that inhibits VEGFR1-3,
FGFR1-3, and PDGFR, has also been used to treat a number of
RSC Adv., 2024, 14, 28889–28903 | 28889

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra05462h&domain=pdf&date_stamp=2024-09-10
http://orcid.org/0000-0002-7610-8312
https://doi.org/10.1039/d4ra05462h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05462h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014039


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 9
:2

0:
53

 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
tumor types, including renal cell carcinoma, gastrointestinal
stromal tumors, colorectal cancer, and ovarian cancer.27,28 The
X-ray crystal structure of Dovintib with the FGFR-1 active site
was reported by Bunney, T. et al. (PDB ID: 5AM6).29 Additionally,
melanoma and colorectal cancer were found to be sensitive to
the dual BRAF/VEGFR-2 inhibitor RAF265 (IV) (PDB ID: 5CT7)30

(Fig. 1).
Recently, our research group have identied the essential

pharmacophoric features of type II VEGFR-2, FGFR-1 and BRAF
inhibitors.19 Taking the crystal structure of the benzimidazole
derivative I in the binding site of VEGFR-2 (PDB ID: 2QU5) as an
example,25 the derivative binds to the inactive form of VEGFR-2
in type II inhibitors binding mode. The pyridine moiety
occupies the hinge region where it is involved in hydrogen
bonding, through the nitrogen of the pyridine and the carbox-
amide NH, with Cys919, while fused benzene ring of the benz-
imidazole system acts as a spacer enabling the 2-amino-
imidazole moiety to be involved through one of the two N–H
groups and C]N group in hydrogen bonding with Glu885 and
Asp1046, respectively, while the phenyl group at the two posi-
tion is settled in hydrophobic back pocket forming hydrophobic
interactions with the amino acids lining this pocket (Fig. 2).

In reference to the identied essential fragments on one
hand19 and the binding mode of the benzimidazole derivative I
in the VEGFR-2's active site on the other hand,25 we have re-
ported a new series of 2,5-diaryl benzimidazoles of potent
activity on diverse kinases. Compound V is a representative
example from the series and it showed IC50 values of 0.93, 3.74,
0.25 mM, against VEGFR-2, FGFR-1 and BRAF, respectively.
Additionally, potential activity on NCI cancer cell lines was
detected with GI50 up to 0.66 mM.19

As a continuation of our previous work, the present approach
aims at replacement of the benzylidene moiety of compound V
with dioxo(benzo)isoindoline moiety for the design of a new
class of benzimidazole–dioxo(benzo)isoindoline conjugates of
the general structure VI (Fig. 2) as type II VEGFR-2 and FGFR-1
Fig. 1 Benzimidazole-based multi-kinase inhibitors.

28890 | RSC Adv., 2024, 14, 28889–28903
inhibitors. The design approach considers that the benzimid-
azole nucleus's NH group will remain free such that the benz-
imidazole would be settled in target kinases' gate area and are
expected to be stabilized by the engagement of the NH and
C]N groups through hydrogen bonding with Glu885 and
Asp1046 of VEGFR-2's, and Glu531 and Asp641 of FGFR-1's
binding pockets, respectively. Additionally, the 5-position
would be functionalized by the inclusion of a dioxo(benzo)iso-
indoline moieties to t in the hinge region of the target kinases
where the carbonyl group would participate in hydrogen
bonding with the key amino acids Cys919 (VEGFR-2) and Ala564
(FGFR-1) in the hinge region. In the meantime, the two position
of the benzimidazole scaffold would be decorated with hydro-
phobic aryl moieties to be directed toward the hydrophobic
back pocket of the target kinases (Fig. 2).

Aer the proposed compounds are synthesized, their
inhibitory activity on VEGFR-2 will be evaluated. Next, the
inhibitory potency of the most potent candidate on FGFR-1
would be evaluated. In parallel, each of the synthesized candi-
dates would be evaluated for its ability to inhibit the growth of
various cancer cell lines. The most effective derivative would
next be examined for its effects on the cell cycle and apoptosis of
a selected cancer cell line. Additionally, a wound healing assay
would be employed to further demonstrate the antiangiogenic
ability of the most potent candidate. Moreover, molecular
docking of the most effective candidate on the target kinases
would be carried out to prove the design strategy.31 Ultimately,
the submission of the synthesized derivatives to the SwissADME
webtool would forecast their physicochemical features.32
2. Results and discussion
2.1. Chemistry

The initial 2-substituted-benzimidzole-5-carboxylic acids 4a–e
were prepared by reacting the benzoic acid derivative 3 with
different aryl aldehyde sodium bisulte adducts 2a–e. Then,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Suggested strategy for the design of benzimidazole–dioxo(benzo)isoindoline conjugates VI.
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through a reaction with ethanol in the presence of sulfuric acid,
the benzimidazole derivatives 4a–e were transformed into the
ester congeners 5a–e. The reaction of 5a–e with hydrazine
hydrate produced the hydrazide derivatives 6a–e. Finally, the
hydrazides 6a–e and acid anhydrides 7a–c were allowed to react
in acetic acid to produce the target hybrids 8a–o (Scheme 1).
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2. Biology

2.2.1. Biochemical assay
2.2.1.1 VEGFR-2 inhibitory activity. The capacity to inhibit

VEGFR-2 at a concentration of 10 mM was tested for the
designed and synthesized 2-(substituted)-N-(1,3-
RSC Adv., 2024, 14, 28889–28903 | 28891
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Scheme 1 Pathway for the synthesis of the benzimidazole–dioxo(benzo)isoindolines 8a–o.
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dioxoisoindolin-2-yl)-1H-benzo[d]imidazole-5-carboxamide 8a–
o, sorafenib and the ndings are shown in Table 1.

The nature of the substituents on the 2-aryl moiety of the
benzimidazole core as well as on the dioxoisoindole moiety has
a considerable impact on the degree of VEGFR-2 inhibition. In
series 8a–e, the 4-methoxyphenyl-benzimidazole derivative 8c
displayed the most potent inhibitory activity with % inhibition
= 71.11% (Table 1 and Fig. 3).

Moderate inhibitory activity on VEGFR-2 was observed when
the 4-methoxyphenyl group was replaced with 3-
28892 | RSC Adv., 2024, 14, 28889–28903
methoxyphenyl, 2,5-dimethoxyphenyl or 3,4,5-trimethox-
yphenyl moiety in 8b, 8d and 8e, respectively (% inhibition =

37.94–48.90%). On the other hand, the inhibitory action was
drastically reduced when the 4-methoxyphenyl group in 8c was
replaced with the 4-chlorophenyl group in 8a (71.11% inhibi-
tion in 8c versus 5.23% inhibition in 8a, respectively) (Table 1
and Fig. 3).

Introduction of a carboxylic group at the 5-position of the
dioxoisoindoline moiety to yield series 8f–j resulted in
increasing the potency for 8f (% inhibition= 53.54%) and 8g (%
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Percentage inhibition of VEGFR-2 after treatment with 10 mM of 8a–o in comparison to sorafenib

Compound ID R R1 % Inhibition

8a 4-Cl H 5.23 � 0.37
8b 3-OMe H 37.94 � 2.92
8c 4-OMe H 71.11 � 5.63
8d 2,5-(OMe)2 H 43.48 � 3.38
8e 3,4,5-(OMe)3 H 48.90 � 4.14
8f 4-Cl COOH 53.54 � 5.04
8g 3-OMe COOH 60.37 � 5.57
8h 4-OMe COOH 34.54 � 2.36
8i 2,5-(OMe)2 COOH 24.87 � 2.19
8j 3,4,5-(OMe)3 COOH 38.56 � 2.25
8k 4-Cl — 21.16 � 1.96
8l 3-OMe — 87.61 � 5.68
8m 4-OMe — 80.69 � 6.43
8n 2,5-(OMe)2 — 47.19 � 3.56
8o 3,4,5-(OMe)3 — 9.87 � 0.85
Sorafenib 99.63 � 7.89

Fig. 3 Structure–activity relationship of the benzimidazoles–dioxo(benzo)isoindoline conjugates 8a–o on the inhibition percentage of VEGFR-
2.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 28889–28903 | 28893
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Table 2 % Inhibition of VEGFR-2 and FGFR-1 after treatment with 10 mM of 8l, 8m and sorafenib

Compound ID R % Inhibition of VEGFR-2 % Inhibition of FGFR-1

8l 3-OMe 87.61 � 5.18 84.20 � 7.43
8m 4-OMe 80.69 � 6.41 76.83 � 5.06
Sorafenib — 99.63 � 7.89 92.37 � 3.84
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inhibition = 60.36%) in reference to 8a (% inhibition = 5.23%)
and 8b (% inhibition= 37.94%), while a decrease in the potency
was observed for 8h–j (% inhibition = 24.87–38.56%) in
comparison to 8c–e (% inhibition= 43.48–71.11%). In series 8f–
j, compound 8g incorporating 3-methoxyphenyl moiety dis-
played the most potent inhibitory activity (% inhibition =

60.37%). Meanwhile, the 4-chlorophenyl derivative 8f, the 4-
methoxyphenyl derivative 8h, 2,5-dimethoxyphenyl 8i and 3,4,5-
trimethoxyphenyl derivative 8j showed reduction in potency (%
inhibition = 24.87–53.54%) (Table 1 and Fig. 3).

Replacement of 1,3-dioxoisoindolin-2-yl in series 8a–e with
1,3-dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl in series 8k–o
resulted mainly in increasing the % inhibition. The derivative
8o is the only exception where a decrease in the potency was
found relative to 8e (% inhibition = 9.87% in 8o versus 48.90%
in 8e). Compound 8l displayed the most potent activity on
VEGFR-2 with % inhibition= 87.61%. Shiing of the 3-methoxy
group to the 4-position to give 8m revealed a slight decrease in
the inhibitory activity (inhibition % = 80.69%), while the 2,5-
dimethoxyphenyl derivative 8n displayed moderate activity of
47.19% and the 3,4,5-trimethoxyphenyl derivative 8o revealed
weak % inhibition of 9.87% (Table 1 and Fig. 3).

2.2.1.2 Determination of inhibitory activity of 8l and 8m on
FGFR-1. Compounds 8l, 8m and sorafenib where further ana-
lysed for their inhibitory activity on FGFR-1 at 10 mM and the %
inhibition where depicted in Table 2.

The benzimidazole–dioxobenzoisoindolines 8l and 8m
demonstrated promising inhibitory activity on FGFR-1 with %
inhibition = 84.20 and 76.83%, respectively. It is obvious that
compound 8l demonstrated slight better inhibitory activity on
VEGFR-2 and FGFR-1 over 8m.

2.2.2. Cellular assays
2.2.2.1 Antiproliferative activity. The capacity of each target

benzo[d]imidazole-1,3-dioxoisoindoline hybrids 8a–o to
suppress the growth of NCI 60 cancer cell lines at 10 mM
concentration was tested at NCI, and the ndings are shown in
Table 3.

The synthesized hybrids 8a–o demonstrated mild to strong
inhibitory effects on a variety of cancer types. According to Table
3, compound 8m exhibits mainly a moderate to strong GI%
against the examined cell lines. It has GI% greater than 50%
28894 | RSC Adv., 2024, 14, 28889–28903
against the leukemia cell lines HL-60(TB), K-562, MOL-4, and
SR. NCI-H460 cell line from non-small cell lung cancer and SF-
539 from CNS cancer are additionally sensitive to 8m. Further-
more, 8m showed moderate to strong activity on the melanoma
cell lines LOX IMVIL, MDA-MB-435, and SK-MEL-5 with GI% =

51.38, 89.75 and 58.49%, respectively. Furthermore, it had
strong action (GI% > 60%) against OVCAR-3 and RXF 393 from
ovarian and renal carcinoma, respectively. On MCF7 and MDA-
MB-468 breast cancer cell lines, 8m also showed strong inhib-
itory action with GI% = 72.06 and 69.10%, respectively (Table
3). Based on the results presented in Table 3, we can conclude
that cell lines derived from leukemia, melanoma and breast
cancer are the most sensitive to 8m.

2.2.2.2 Evaluation of the cytotoxic activity of 8m on MCF-7 cell
line. Encouraged by the potent activity of 8m on diverse NCI
cancer cell lines, 8m was further assayed for its growth inhibi-
tory activity on MCF-7 cell line using SRB assay33 and the IC50

was depicted in Table 4. It was found that 8m showed potent
IC50 of 5.03 mM in reference to sorafenib which showed IC50 =

3.24 mM.
2.2.2.3 Cell cycle analysis. The MCF-7 cell line's cell cycle

progression was tested using the representative benzimidazole–
dioxobenzoisoindoline derivative 8m at 5.0 mM concentration.
Fig. 4 and Table 5 shows the ndings of breast cancer MCF-7
cells before and aer treatment with 8m. Aer treatment, the
proportion of MCF-7 cells that had accumulated in the G1 phase
dropped from 57.89 to 51.04%. Contrarily, the total proportion
of cells in the G2/M phase rose from 18.23% to 25.26%. These
ndings show that 8m causes the division of MCF-7 cell line to
stop at the G2/M phase. Additionally, due to cell death, there
was a slight elevation in the percentage of cells that accumu-
lated in the sub-G1 phase, going from 1.63% in the control cells
to 2.08% in the 8m treated cells.

2.2.2.4 Apoptosis assay. The potential of 8m to stimulate the
apoptosis of MCF-7 cell line at 5 and 10 mM (Fig. 5) was inves-
tigated. According to the ndings, at 5 mM, 8m showed a slight
elevation of the percentage of cells in the early and late
apoptosis stages (0.28 and 0.99%, respectively) as well as in the
necrosis stage (2.00%) in reference to untreated cells. At 10 mM,
8m potentiate the early and late apoptosis as the percentage of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 NCI 60 cancer cell line panel's in vitro growth inhibition percentage (GI%) following treatment with 10 mM of the benzimidazole–
dioxoisoindoline hybrids 8a–o

Cell line

GI%

8a 8b 8c 8d 8e 8f 8g 8h 8i 8j 8k 8l 8m 8n 8o

Leukaemia
CCRF-CEM 8.31 4.56 —a 5.49 — — — 16.52 4.00 — 34.48 21.28 45.83 23.52 5.97
HL-60(TB) — 11.16 — 4.67 14.40 — 6.30 14.05 0.13 11.13 7.15 17.62 54.16 — 7.12
K-562 11.40 9.03 3.99 5.26 3.22 — 3.90 3.13 — — 7.72 10.61 55.96 5.51 4.09
MOLT-4 0.17 4.97 7.00 — 6.94 — — 0.82 5.04 4.70 27.46 27.04 75.51 5.04 10.84
RPMI-8226 6.77 5.32 1.28 6.77 — 2.62 1.15 9.54 8.29 — 45.06 41.00 32.35 7.78 13.64
SR 18.06 22.26 ndb 8.63 26.01 nd 11.56 16.30 6.50 23.39 nd nd 61.77 nd nd

Non-small cell lung cancer
A549/ATCC 5.59 1.51 — 9.11 5.20 — — 3.13 5.73 11.81 21.23 — 40.46 — 3.02
EKVX 13.33 4.13 — 10.43 — 4.11 1.71 0.72 6.38 6.40 0.60 0.21 13.77 — 2.63
HOP-62 6.21 4.22 — 0.18 0.17 — — — 1.63 4.66 — — 25.04 7.00 1.40
HOP-92 — — — 2.01 — — — 17.03 1.51 0.40 — — — 3.75 —
NCI-H226 10.20 — — 3.78 — — — 16.02 4.32 — 7.71 1.96 21.07 — —
NCI-H23 10.05 0.67 1.28 3.23 — 1.71 — 0.49 — — 1.64 4.46 20.56 1.15 2.27
NCI-H322M 0.39 2.08 — 3.29 5.92 — — — — 1.10 — 3.95 nd — —
NCI-H460 8.80 — — — — — — — — — 12.76 2.16 52.04 — —
NCI-H522 12.03 7.22 5.00 11.56 3.79 0.83 6.58 7.54 9.35 5.68 5.96 6.63 25.52 7.41 —

Colon cancer
COLO 205 — — — — — — — — — — — — 11.29 1.62 —
HCC-2998 — — — — — — — — — — — 1.26 — — —
HCT-116 12.07 — — — — — — 0.17 — — 5.85 — 30.91 3.56 —
HCT-15 9.99 5.11 1.92 1.06 5.00 — — — 3.67 0.04 7.15 10.36 44.24 — 1.86
HT29 5.42 — — 7.25 — — — 0.49 0.57 3.24 4.90 0.12 39.62 1.29 —
KM12 — — — — — — — — — — — 7.80 16.31 3.35 —
SW-620 5.76 — — 4.35 nd — — — 3.04 nd — — 19.15 — —

CNS cancer
SF-268 1.96 — — 1.79 — — — — 0.28 — — 1.55 24.65 — —
SF-295 16.71 8.43 — 4.43 — 1.00 — 0.34 7.93 8.17 19.28 21.59 37.80 0.56 —
SF-539 12.81 5.54 — 1.70 — — — 1.83 0.27 2.75 34.04 31.92 55.89 13.55 6.46
SNB-19 nd 9.50 — nd 1.58 — 0.20 nd nd 4.55 18.95 14.83 25.73 3.45 —
SNB-75 23.91 0.40 1.87 12.75 15.04 0.54 — 11.30 15.67 16.96 24.10 9.07 nd 11.24 1.41
U251 — — — 0.78 5.21 — — — 5.29 3.11 27.61 23.51 23.39 5.12 4.94

Melanoma
LOX IMVIL 13.08 6.16 2.80 6.09 nd 1.01 — 8.81 — nd 19.88 2.64 51.38 1.03 6.44
MALME-3M 3.60 4.11 — 6.47 — 0.52 — 6.43 1.19 4.28 9.94 15.60 nd 2.51 —
M14 6.96 — — 1.40 — — — 5.31 — — — 6.20 39.09 1.20 —
MDA-MB-435 5.47 — — 1.21 — — — — — — 8.04 1.69 89.75 9.40 2.65
SK-MEL-2 — — — 4.74 — — — — 0.22 — — 0.66 21.17 — —
SK-MEL-28 3.13 3.73 6.94 — — — — — — — 8.53 6.26 19.54 — —
SK-MEL-5 12.63 4.51 4.22 1.58 — 2.10 — 6.39 5.73 0.36 23.53 14.42 58.49 7.56 3.64
UACC-257 10.51 — 6.70 4.44 11.51 0.88 — 10.88 — 9.84 6.74 1.17 13.91 2.77 —
UACC-62 24.94 16.32 nd 11.89 4.96 nd 4.25 6.82 5.82 3.64 nd 12.21 40.93 nd nd

Ovarian cancer
IGROV1 — 2.59 — — — — — — — — — — nd — —
OVCAR-3 — — — — — — — — — — 2.26 — 61.37 1.40 —
OVCAR-4 3.78 — — — — — 5.64 — — 0.93 0.90 4.52 18.02 — —
OVCAR-5 — — — 0.02 — — — — — 3.24 6.42 — — 4.29 —
OVCAR-8 1.22 — — 0.27 — — — 0.54 1.76 1.10 10.05 9.38 20.59 — —
NCI/ADR-RES 3.78 — — — — — — 3.20 — — — 6.74 15.77 — —
SK-OV-3 13.01 5.76 — — 5.23 — — 17.39 — 6.07 — — 19.85 — —

Renal cancer
786-0 2.21 15.91 — — — — — — — — 33.50 23.26 28.18 0.15 4.55
A498 — 23.81 — — 5.65 — — — — 9.02 — — — — —
ACHN 3.57 0.66 — 0.08 — — — — — — 5.56 — 14.44 0.56 —

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 28889–28903 | 28895
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Table 3 (Contd. )

Cell line

GI%

8a 8b 8c 8d 8e 8f 8g 8h 8i 8j 8k 8l 8m 8n 8o

CAKI-1 14.61 7.21 1.61 11.95 12.53 — — 8.60 16.73 10.33 2.24 — 46.89 4.01 —
RXF 393 2.39 35.48 3.30 — — — — 11.61 — — 56.78 20.04 60.70 — 8.94
SN12C nd 4.88 — nd — — — nd nd 11.01 3.15 3.47 2.96 0.98 —
TK-10 — — — — — — — — — 4.82 — — — — —
UO-31 12.64 17.10 — 6.47 11.83 0.65 7.75 6.90 8.39 14.38 — 4.31 nd 11.97 —

Prostate cancer
PC-3 6.14 — 5.34 3.02 — 4.74 — 6.70 — — 7.42 1.90 32.87 7.50 1.89
DU-145 — — — — — — — — — — 6.11 6.23 3.98 — —

Breast cancer
MCF7 29.97 12.29 10.13 13.97 3.73 18.37 6.70 10.92 13.11 4.45 17.44 13.20 72.06 11.26 20.18
MDA-MB-231/ATCC 16.75 2.75 — 7.21 nd — — 6.65 9.78 nd — — — — —
HS 578T 11.91 8.98 — — nd — 0.37 — 1.76 nd 38.46 6.10 42.19 12.33 3.82
BT-549 10.35 — — — — — — — — — 41.45 15.93 39.33 1.30 —
T-47D 12.15 15.55 nd — — nd 1.54 2.11 5.26 8.11 nd 17.60 28.76 nd nd
MDA-MB-468 1.73 — — — 5.40 — — 4.23 — 2.65 — — 69.10 — —
Mean GI% 6.25 1.04 — 0.81 — — — 1.91 — 1.78 8.39 6.72 31.21 1.42 —

a Showed no GI%. b Not detected.

Table 4 Cytotoxic activity of 8m on MCF-7 cell line

Compound ID aIC50 (mM)

8m 5.03 � 0.43
Sorafenib 3.24 � 0.21

a IC50 are mean of 3 independent experiments ± SD.

Table 5 Effect of 8m on the different phases MCF7 cell line

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

Control 57.89 23.88 18.23 1.63
8m 51.04 23.70 25.26 2.08
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cells rose from 0.09% and 0.42% in control cells to 5.24% and
31.23%, respectively, following treatment with 8m (Fig. 5).

2.2.2.5 Wound healing assay. Compound 8m's impact on the
migration of MCF-7 cells at 5 mM (IC50 concentration) was tested
Fig. 4 Compound 8m's effect on MCF-7 cells' cell cycle stages.

28896 | RSC Adv., 2024, 14, 28889–28903
by the employment of wound healing assay. In this experiment,
untreated cells and 8m-treated cells were both examined regu-
larly aer making horizontal scratches into the conuent
monolayer. Fig. 6 was used to display the results. A delay in the
scratch closer following treatment with 8m was observed as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of 8m on the percentage of annexin V-FITC-positive staining in MCF-7 cell line, the four quadrants are:Q2-1 (necrotic),Q2-2 (late
apoptotic), Q2-3 (viable); Q2-4 (early apoptotic).
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evidenced by a distance of 0.71, 0.57 and 0.46 mm in 8m treated
cells in comparison to 0.56, 0.39 and 0.22 mm in control cells
aer 24 h, 48 h and 72 h, respectively. This result highlights how
treatment with 8m altered the migration of MCF-7 cells in
comparison to control cells which supports the anti-migratory
properties of 8m.
2.3. Molecular docking simulation

Employing Autodock Vina,31 the benzimidazole–dioxo(benzo)
isoindoline conjugates 8c and 8m were docked in the binding
sites' of VEGFR-2 (PDB ID: 4ASD)34 and FGFR-1 (PDB ID: 4V01).35

In order to visualise the ndings of the docking experiments,
Fig. 6 Daily measurement of the wound distances of MCF-7 cell line be

© 2024 The Author(s). Published by the Royal Society of Chemistry
a free BIOVIA Discovery Studio Visualizer was utilised (https://
discover.3ds.com/discovery-studio-visualizer-download). The
co-crystallized ligand was self-docked to verify the validation
of the docking methods.36

The validation experiment displayed that the docked poses
are superimposed on the co-crystalized ligands and have the
ability to reproduce all the binding interactions with the key
amino acids with docking energy scores of −12.20 and
−13.40 kcal mol−1 in VEGFR-2 and FGFR-1, respectively (For
further details see ESI†). Docking of 8c and 8m demonstrated
binding energy scores of −10.10 and −10.70 kcal mol−1,
respectively on VEGFR-2 binding energy scores of −9.2 and
−9.51 kcal mol−1, respectively on FGFR-1.
fore and after treatment with 8m.

RSC Adv., 2024, 14, 28889–28903 | 28897
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Fig. 7 3D presentation of 8m in the binding site of VEGFR-2.
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As can be seen in Fig. 7 and 8, the dioxobenzoisoindoline
moiety is positioned in the ATP binding site where one CO
group establish hydrogen bonding with the essential amino
Fig. 8 3D presentation of 8m in the binding site of FGFR-1.

28898 | RSC Adv., 2024, 14, 28889–28903
acids Cys919 and Ala564 in the VEGFR-2's and FGFR-1's binding
sites, respectively. Additionally, the dioxobenzoisoindoline
moiety is involved in hydrophobic interactions with Leu840,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Physicochemical and AMDE properties prediction of 8a–o using SwissADME

Compound
ID MW

#Rotatable
bonds

#H-bond
acceptors

#H-
bond
donors MR TPSA iLOGP

GI
absorption

BBB
permeant

Pgp
substrate

Lipinski
#violations

Bioavailability
score

Synthetic
accessibility

8a 416.82 4 4 2 114.53 95.16 2.16 High No No 0 0.55 2.62
8b 412.4 5 5 2 116.01 104.39 2.27 High No No 0 0.55 2.72
8c 412.4 5 5 2 116.01 104.39 2.14 High No No 0 0.55 2.7
8d 442.42 6 6 2 122.5 113.62 2.75 High No Yes 0 0.55 2.92
8e 472.45 7 7 2 128.99 122.85 2.62 High No Yes 0 0.55 3.1
8f 460.83 5 6 3 121.49 132.46 1.46 High No No 0 0.55 2.82
8g 456.41 6 7 3 122.97 141.69 1.75 Low No No 0 0.55 2.94
8h 456.41 6 7 3 122.97 141.69 1.65 Low No No 0 0.55 2.91
8i 486.43 7 8 3 129.46 150.92 1.7 Low No No 1 0.55 3.13
8j 516.46 8 9 3 135.95 160.15 2.1 Low No Yes 2 0.17 3.31
8k 466.88 4 4 2 132.03 95.16 2.6 High No No 0 0.55 2.85
8l 462.46 5 5 2 133.52 104.39 2.62 High No No 0 0.55 2.95
8m 462.46 5 5 2 133.52 104.39 2.46 High No No 0 0.55 2.93
8n 492.48 6 6 2 140.01 113.62 3.02 High No Yes 0 0.55 3.15
8o 522.51 7 7 2 146.5 122.85 3.01 High No Yes 1 0.55 3.34
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Val848, Ala866, Phe918, Cys919 and Leu1035 in VEGFR-2 and
Leu484, Val492, Ala512 and Leu630 in FGFR-1.

The benzimidazole moiety is positioned at the interface
between the gate area and hydrophobic pocket forming through
the NH group of the benzimidazole moiety hydrogen bonding
with Glu885 and Glu531 residues in VEGFR-2 and FGFR-1,
respectively. Simultaneously, the C]N group forms hydrogen
bonding with Asp1046 and Asp641 residues of VEGFR-2 and
FGFR-1, respectively. Moreover, the benzimidazole core creates
hydrophobic interactions with the amino acids Lys868, Leu889,
Val899, Val916 and Cys1045 in the gate area of VEGFR-2 as well
as with the amino acids Lys514, Met535, Ile545, Val561, Leu614
and Ala640 in FGFR-1.

The 4-methoxyphenyl group at the 2-position of the benz-
imidazole scaffold is settled in the hydrophobic pocket creating
hydrophobic interactions with the amino acids Ile888, Leu889
and Ile892 in VEGFR-2 and Cys619 and His621 in FEGR-1 (Fig. 7
and 8).
Fig. 9 Bioavailability radar chart from SwissADME free web tool of 8l an

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4. ADME properties prediction

In order to analyze the drug-likeness of the designed and
synthesized benzimidazole-dioxo(benzo)isoindoline conjugates
8a–o, they were submitted to free SwissADME webtool and
certain ndings were chosen to be displayed in Table 6.32 The
information received showed that the majority of the hybrids
presented meet Lipinski's rule of 5.37 The conjugates 8i, 8j and
8o are the only exceptions. The conjugates 8a–f and 8k–o are
anticipated to be well absorbed from GIT.38 At the meantime,
none of the candidates 8a–o are expected to cross the blood–
brain barrier, demonstrating that the central nervous system
won't be affected. The synthesized candidates show reasonable
bioavailability scores and synthetic viability.39 In addition, the
bioavailability radar chart of the synthesized candidate (see
ESI,† and Fig. 9) proved that 8a–o exhibit ideal size, lip-
ophilicity, polarity, exibility and solubility for oral bioavail-
ability. The only characteristic that deviates slightly from its
ideal value is the degree of saturation.
d 8m.
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3. Conclusion

In this study, a new series of benzimidazole–dioxo(benzo)iso-
indoline hybrids 8a–o were rationally constructed and synthe-
sized. We examined the VEGFR-2 inhibitory activity of each
synthesized hit at a dose of 10 mM. Potent inhibitory activity was
observed by the conjugates 8l and 8m with % inhibition =

87.61% and 80.69%, respectively. Additionally, 8l and 8m
revealed potent FGFR-1 inhibition % of 84.20% and 76.83%.
Examining the target hits' growth inhibitory effectiveness on
NCI cancer cell lines revealed that the most effective hybrid is
8m. It demonstrated growth inhibition % up to 89.75%. Further
studies proved that 8m caused G2/M phase cell cycle arrest and
potentiated the apoptosis of MCF7 cell line. Furthermore, 8m
demonstrated strong antimigratory properties, as evidenced by
the delayed wound closure compared to untreated cells.
Furthermore, the ability of benzimidazole–dioxobenzoisoindo-
line hybrid 8m to occupy the binding sites of VEGFR-2 and
FGFR-1 and perform the necessary interactions with the crucial
amino acids in those binding pockets was demonstrated by
molecular docking simulations. Additionally, ADME prediction
studies showed that the target benzimidazole–dioxoisoindoline
hybrids 8a–o may had desired drug-like properties.

4. Experimental
4.1. Chemistry

4.1.1. General remarks. Chemical companies provided the
solvents and chemicals that were used, without further puri-
cations in chemical synthesis of target benzimidazole–dioxoi-
soindolines 8a–o. Precoated silica gel 60 F245 aluminium plates
(Merck) were used to track the reaction's development. Target
products 8a–o were puried by crystallization from methanol.
The melting points were recorded using a Stuart SMP30 melting
point device. The 1H NMR and 13C NMR (DMSO-d6) spectra were
acquired using Bruker AM500 at 500/125 MHz and using Bruker
AM400 at 400/100 MHz. Chemical shis are reported in d (parts
per million: ppm) using TMS as internal standard. Solvent peak
was referenced to (2.50 ppm for 1H NMR and 39.500 ppm for 13C
NMR). Splitting of signals in 1H NMR was described as follows:
br. (broad), s (singlet), d (doublet), t (triplet), dd (doublet of
doublets), m (multiplet), Coupling constants (J) were recorded
directly from the spectra and represented in Hertz (Hz). High
resolution mass spectra were recorded on Agilent 6200 Series
TOF and 6500 Series Q-TOF instrument.

4.1.2. Synthesis of starting benzimidazoles 4a–e, 5a–e and
6a–e. Following previously published procedures,19,20 the 2-
substituted benzimidazole-5-carboxylic acids 4a–e, 5-ethyl
esters 5a–e, and 5-carbohydrazides 6a–e were prepared.

4.1.3. Synthesis of benzimidazole–dioxoisoindoles 8a–o.
Benzimidazole-5-carbohydrazides 6a–e and acid anhydrides 7a–
c were interacted in glacial acetic acid under reux for 3 h. The
precipitate was collected and puried by recrystallized from
methanol to provide the desired benzimidazole–dioxoisoindo-
lines 8a–o.

4.1.3.1 2-(4-Chlorophenyl)-N-(1,3-dioxoisoindolin-2-yl)-1H-
benzo[d]imidazole-5-carboxamide (8a). Yield = 51%; mp > 300 °
28900 | RSC Adv., 2024, 14, 28889–28903
C; 1H NMR (400 MHz; DMSO-d6) dH 7.68 (d, 3J = 8.4 Hz, 2H),
7.88 (d like, 3J = 8.4 Hz, 1H) 7.97–8.05 (m, 4H), 8.19 (br., 1H),
8.24 (d, 3J = 8.4 Hz, 2H), 8.37 (br., 1H), 11.30 (s, 1H), 13.38 ppm
(br., 1H); 13C NMR (100 MHz; DMSO-d6) dC 112.18, 119.51,
124.34, 128.87, 128.99, 129.68, 129.98, 135.67, 135.91, 166.06,
166.23 ppm; anal. calcd for C22H13ClN4O3: C, 63.39; H, 3.14; N,
13.44; found: C, 63.56; H, 3.27; N, 13.76.

4.1.3.2 N-(1,3-dioxoisoindolin-2-yl)-2-(3-methoxyphenyl)-1H-
benzo[d]imidazole-5-carboxamide (8b). Yield = 58%; mp > 300 °
C; 1H NMR (400 MHz; DMSO-d6) dH 3.88 (s, 3H), 7.12 (dd, 3J =
8.0 Hz, 4J = 2.0 Hz, 1H), 7.51 (t, 3J = 8.0 Hz, 1H), 7.75–7.83 (m,
3H), 7.88 (d, 3J = 8.0 Hz, 1H), 7.97–8.00 (m, 2H), 8.02–8.05 (m,
2H), 8.24–8.32 (m, 1H), 11.31 (s, 1H), 13.30 ppm (br., 1H); 13C
NMR (100 MHz; DMSO-d6) dC 55.37, 111.79, 116.49, 119.14,
122.47, 123.89, 124.60, 129.56, 130.28, 130.86, 135.44, 153.68,
159.71, 165.63, 165.80 ppm; anal. calcd for C23H16N4O4: C,
66.99; H, 3.91; N, 13.59; found: C, 66.71; H, 4.23; N, 13.32.

4.1.3.3 N-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)-1H-
benzo[d]imidazole-5-carboxamide (8c). Yield= 51%; mp > 300 °C;
1H NMR (400 MHz; DMSO-d6) dH 3.86 (s, 3H), 7.15 (d, 3J =

8.8 Hz, 2H), 7.71 (d, 3J = 8.8 Hz, 1H), 7.85 (dd, 3J = 8.4 Hz, 4J =
1.6 Hz, 1H), 7.97–8.00 (m, 2H), 8.01–8.05 (m, 2H), 8.17 (d, 3J =
8.8 Hz, 2H), 8.24 (br., 1H), 11.28 (s, 1H), 13.13 ppm (br., 1H); 13C
NMR (100 MHz; DMSO-d6) dC 55.43, 114.55, 121.89, 122.00,
123.89, 124.30, 128.46, 128.53, 129.58, 130.79, 132.90, 135.44,
153.90, 161.18, 165.66, 165.83, 168.72 ppm; anal. calcd for
C23H16N4O4: C, 66.99; H, 3.91; N, 13.59; found: C, 66.70; H,
3.78; N, 13.82; HRMS (+) ESIm/z calculated for C23H17N4O4 [M +
H]+: 413.1250, found: 413.1236.

4.1.3.4 2-(2,5-Dimethoxyphenyl)-N-(1,3-dioxoisoindolin-2-yl)-
1H-benzo[d]imidazole-5-carboxamide (8d). Yield = 49%; mp >
300 °C; 1H NMR (400 MHz; DMSO-d6) dH 3.82 (s, 3H), 4.00 (s,
3H), 7.11 (dd, 3J = 8.8 Hz, 4J = 3.2 Hz, 1H), 7.22 (d, 3J = 9.2 Hz,
1H), 7.79 (d, 3J = 8.4 Hz, 1H), 7.87 (dd, 3J = 8.4 Hz, 4J = 1.2 Hz,
1H), 7.90 (d, 4J = 3.2 Hz, 1H), 7.97–7.99 (m, 2H), 8.02–8.04 (m,
2H), 8.33 (s, 1H), 11.28 (s, 1H), 12.74 ppm (br., 1H); 13C NMR
(100 MHz; DMSO-d6) dC 55.60, 56.24, 113.58, 113.87, 117.78,
117.92, 121.84, 123.88, 124.50, 128.53, 129.58, 130.78, 132.94,
135.43, 151.28, 151.37, 153.25, 165.63, 166.00, 168.71 ppm;
anal. calcd for C24H18N4O5: C, 65.15; H, 4.10; N, 12.66; found: C,
65.38; H, 3.85; N, 12.89.

4.1.3.5 N-(1,3-dioxoisoindolin-2-yl)-2-(3,4,5-trimethox-
yphenyl)-1H-benzo[d]imidazole-5-carboxamide (8e). Yield = 52%;
mp > 300 °C; 1H NMR (400 MHz; DMSO-d6) dH 3.76 (s, 3H), 3.93
(s, 6H), 7.57 (s, 2H), 7.76 (d, 3J = 8.4 Hz, 1H), 7.88 (dd, 3J =
8.4 Hz, 4J = 1.6 Hz, 1H), 7.97–8.00 (m, 2H), 8.02–8.05 (m, 2H),
8.26 (br., 1H), 11.32 (s, 1H), 12.06 ppm (br., 1H); 13C NMR (100
MHz; DMSO-d6) dC 56.18, 60.27, 104.33, 115.32, 122.20, 123.94,
124.58, 124.78, 129.61, 135.50, 139.53, 153.37, 153.84, 165.71,
165.86 ppm; anal. calcd for C25H20N4O6: C, 63.56; H, 4.27; N,
11.86; found: C, 63.78; H, 4.50; N, 11.53.

4.1.3.6 2-(2-(4-Chlorophenyl)-1H-benzo[d]imidazole-5-
carboxamido)-1,3-dioxoisoindoline-5-carboxylic acid (8f). Yield =

55%; mp = 291–293 °C; 1H NMR (400 MHz; DMSO-d6) dH 7.68
(d, 3J = 8.4 Hz, 2H), 7.76 (d like, 3J = 6.4 Hz, 1H), 7.88 (dd, 3J =
8.4 Hz, 4J = 0.8 Hz, 1H), 8.16 (d, 3J = 7.6 Hz, 1H), 8.24 (d, 3J =
8.8 Hz, 2H), 8.29 (br., 1H), 8.37 (s, 1H), 8.48 (dd, 3J= 8.0 Hz, 4J=
© 2024 The Author(s). Published by the Royal Society of Chemistry
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1.2 Hz, 1H), 11.41 (s, 1H), 13.41 ppm (br., 2H); 13C NMR (100
MHz; DMSO-d6) dC 123.89, 124.39, 124.60, 128.44, 128.54,
129.21, 129.95, 132.72, 135.19, 136.14, 137.13, 164.82, 164.86,
165.64, 165.71 ppm; anal. calcd for C23H13ClN4O5: C, 59.95; H,
2.84; N, 12.16; found: C, 59.71; H, 3.12; N, 12.00.

4.1.3.7 2-(2-(3-Methoxyphenyl)-1H-benzo[d]imidazole-5-
carboxamido)-1,3-dioxoisoindoline-5-carboxylic acid (8g). Yield =

63%; mp > 300 °C; 1H NMR (400 MHz; DMSO-d6) dH 3.88 (s, 3H),
7.12 (dd, 3J = 8.0 Hz, 4J = 2.0 Hz, 1H), 7.50 (t, 3J = 8.0 Hz, 1H),
7.77–7.82 (m, 3H), 7.89 (d, 3J = 8.4 Hz, 1H), 8.15 (d, 3J = 7.6 Hz,
1H), 8.30 (br., 1H), 8.38 (s, 1H), 8.48 (dd, 3J= 8.0 Hz, 4J= 1.2 Hz,
1H), 11.41 (s, 1H), 13.33 ppm (br., 2H); 13C NMR (100 MHz;
DMSO-d6) dC 55.39, 111.80, 116.51, 119.16, 122.21, 123.92,
124.41, 124.51, 129.98, 130.29, 130.85, 132.73, 136.17, 137.22,
153.64, 159.72, 164.87, 164.92, 165.70, 165.81 ppm; anal. calcd
for C24H16N4O6: C, 63.16; H, 3.53; N, 12.28; found: C, 63.35; H,
3.39; N, 12.44.

4.1.3.8 2-(2-(4-Methoxyphenyl)-1H-benzo[d]imidazole-5-
carboxamido)-1,3-dioxoisoindoline-5-carboxylic acid (8h). Yield =

69%; mp > 300 °C; 1H NMR (400 MHz; DMSO-d6) dH 3.86 (s, 3H),
7.15 (d, 3J = 8.8 Hz, 2H), 7.71 (d, 3J = 8.4 Hz, 1H), 7.85 (dd, 3J =
8.4 Hz, 4J= 1.2 Hz, 1H), 8.15–8.18 (m, 3H), 8.24 (br., 1H), 8.37 (s,
1H), 8.48 (dd, 3J = 8.0 Hz, 4J = 1.2 Hz, 1H), 11.37 (s, 1H),
13.07 ppm (br., 2H); 13C NMR (100 MHz; DMSO-d6) dC 55.44,
114.55, 121.98, 123.93, 124.17, 124.41, 128.52, 129.99, 132.75,
136.18, 137.18, 153.97, 161.16, 164.89, 164.94, 165.70,
165.88 ppm; anal. calcd for C24H16N4O6: C, 63.16; H, 3.53; N,
12.28; found: C, 63.46; H, 3.81; N, 11.96.

4.1.3.9 2-(2-(2,5-Dimethoxyphenyl)-1H-benzo[d]imidazole-5-
carboxamido)-1,3-dioxoisoindoline-5-carboxylic acid (8i). Yield =

65%; mp > 300 °C; 1H NMR (400 MHz; DMSO-d6) dH 3.82 (s, 3H),
4.00 (s, 3H), 7.11 (dd, 3J = 8.8 Hz, 4J = 3.2 Hz, 1H), 7.22 (d, 3J =
9.2 Hz, 1H), 7.78 (d, 3J = 8.4 Hz, 1H), 7.87 (dd, 3J = 8.4 Hz, 4J =
1.2 Hz, 1H), 7.90 (d, 4J = 3.2 Hz, 1H), 8.15 (d, 3J = 7.6 Hz, 1H),
8.33 (s, 1H), 8.37 (s, 1H), 8.48 (dd, 3J = 8.0 Hz, 4J = 1.2 Hz, 1H),
11.36 (s, 1H), 12.48 (br., 1H), 13.84 ppm (br., 1H); 13C NMR (100
MHz; DMSO-d6) dC 55.73, 56.35, 113.71, 113.96, 117.81, 118.11,
122.00, 124.03, 124.52, 130.08, 132.84, 136.32, 137.29, 151.50,
153.36, 164.98, 165.02, 165.85, 166.22 ppm; anal. calcd for
C25H18N4O7: C, 61.73; H, 3.73; N, 11.52; found: C, 61.52; H,
3.98; N, 11.76.

4.1.3.10 1,3-Dioxo-2-(2-(3,4,5-trimethoxyphenyl)-1H-benzo[d]
imidazole-5-carboxamido)-isoindoline-5-carboxylic acid (8j). Yield
= 68%; mp > 300 °C; 1H NMR (400 MHz; DMSO-d6) dH 3.76 (s,
3H), 3.93 (s, 6H), 7.57 (s, 2H), 7.75 (d, 3J = 8.4 Hz, 1H), 7.88 (dd,
3J = 8.8 Hz, 4J = 1.6 Hz, 1H), 8.16 (d, 3J = 7.5 Hz, 1H), 8.26 (br.,
1H), 8.38 (s, 1H), 8.49 (dd, 3J = 7.8 Hz, 4J = 1.2 Hz, 1H), 11.38 (s,
1H), 12.70 ppm (br., 1H); 13C NMR (100 MHz; DMSO-d6) dC

56.13, 60.22, 104.28, 120.36, 122.10, 123.91, 124.37, 124.39,
124.81, 129.98, 132.73, 136.14, 137.18, 139.46, 153.31, 164.89,
164.93, 165.67, 165.80 ppm; anal. calcd for C26H20N4O8: C,
60.47; H, 3.90; N, 10.85; found: C, 60.22; H, 3.59; N, 10.98.

4.1.3.11 2-(4-Chlorophenyl)-N-(1,3-dioxo-1,3-dihydro-2H-
benzo[f]isoindol-2-yl)-1H-benzo[d]imidazole-5-carboxamide (8k).
Yield = 54%; mp 220-222 °C; 1H NMR (400 MHz; DMSO-d6) dH
7.68 (d, 3J= 8.4 Hz, 2H), 7.78 (d like, 3J= 6.4 Hz, 1H), 7.93 (dd, 3J
= 7.6 Hz, 4J = 1.6 Hz, 1H), 7.95 (t, 3J = 7.6 Hz, 2H), 8.25 (d, 3J =
© 2024 The Author(s). Published by the Royal Society of Chemistry
8.8 Hz, 2H), 8.34 (br., 1H), 8.57 (d, 3J = 8.4 Hz, 2H), 8.60 (d, 3J =
7.2 Hz, 2H), 11.33 (s, 1H), 13.37 ppm (br., 1H); 13C NMR (100
MHz; DMSO-d6) dC 121.74, 125.77, 127.30, 127.57, 128.54,
128.56, 129.26, 131.62, 131.69, 135.20, 135.34, 152.61, 162.01,
165.69 ppm; anal. calcd for C26H15ClN4O3: C, 66.89; H, 3.24; N,
12.00; found: C, 66.64; H, 3.38; N, 12.26.

4.1.3.12 N-(1,3-dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl)-2-
(3-methoxyphenyl)-1H-benzo[d]imidazole-5-carboxamide (8l).
Yield = 55%; mp 215–217 °C; 1H NMR (400 MHz; DMSO-d6) dH
3.89 (s, 3H), 7.12 (dd, 3J = 8.0 Hz, 4J = 2.0 Hz, 1H), 7.51 (t, 3J =
8.0 Hz, 1H), 7.77–7.83 (m, 3H), 7.92–7.96 (m, 3H), 8.33 (br.,1H),
8.55 (d, 3J = 8.0 Hz, 2H), 8.59 (d, 3J = 7.2 Hz, 2H), 11.32 (s, 1H),
13.40 ppm (br., 1H); 13C NMR (100 MHz; DMSO-d6) dC 55.43,
111.81, 116.52, 119.17, 121.76, 125.66, 127.32, 127.60, 130.35,
130.93, 131.65, 131.72, 135.37, 135.48, 159.77, 162.04,
165.75 ppm; anal. calcd for C27H18N4O4: C, 70.12; H, 3.92; N,
12.12; found: C, 70.42; H, 3.75; N, 12.35.

4.1.3.13 N-(1,3-dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl)-2-
(4-methoxyphenyl)-1H-benzo[d]imidazole-5-carboxamide (8m).
Yield = 58%; mp 208–210 °C; 1H NMR (400 MHz; DMSO-d6) dH
3.86 (s, 3H), 7.15 (d, 3J = 8.8 Hz, 2H), 7.73 (br., 1H), 7.90 (t, 3J =
7.6 Hz, 1H), 7.96 (t, 3J = 7.6 Hz, 2H), 8.18 (d, 3J = 8.8 Hz, 2H),
8.52–8.61 (m, 5H), 11.28 (s, 1H), 13.12 ppm (br., 1H); 13C NMR
(100 MHz; DMSO-d6) dC 55.40, 114.49, 118.98, 121.71, 122.11,
125.19, 127.25, 127.51, 127.54, 128.42, 129.70, 131.36, 131.58,
131.62, 132.47, 135.27, 135.39, 160.71, 161.05, 161.97,
165.70 ppm; anal. calcd for C27H18N4O4: C, 70.12; H, 3.92; N,
12.12; found: C, 69.95; H, 4.20; N, 11.83; HRMS (+) ESI m/z
calculated for C27H19N4O4 [M + H]+: 463.1406, found: 463.1400.

4.1.3.14 2-(2,5-Dimethoxyphenyl)-N-(1,3-dioxo-1,3-dihydro-
2H-benzo[f]isoindol-2-yl)-1H-benzo[d]imidazole-5-carboxamide
(8n). Yield = 50%; mp 205–207 °C; 1H NMR (400 MHz; DMSO-
d6) dH 3.83 (s, 3H), 4.01 (s, 3H), 7.11 (dd, 3J = 8.8 Hz, 4J = 2.8 Hz,
1H), 7.22 (d, 3J = 9.2 Hz, 1H) 7.76–7.83 (m, 1H), 7.90–7.92 (m,
2H), 7.95 (t, 3J = 8.0 Hz, 2H), 8.52 (d, 3J = 6.8 Hz, 1H), 8.57 (d, 3J
= 8.0 Hz, 2H), 8.60 (d, 3J = 8.0 Hz, 2H), 11.27 (d, J = 15.6 Hz,
1H), 12.46 ppm (d, J = 14.4 Hz, 1H); 13C NMR (100 MHz; DMSO-
d6) dC 55.57, 56.20, 113.53, 118.96, 121.71, 127.23, 127.49,
127.52, 129.68, 131.34, 131.56, 131.60, 132.45, 134.56, 135.25,
135.38, 137.69, 142.22, 145.50, 153.21, 160.70, 161.95 ppm;
anal. calcd for C28H20N4O5: C, 68.29; H, 4.09; N, 11.38; found: C,
68.56; H, 4.27; N, 11.66.

4.1.3.15 N-(1,3-dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl)-2-
(3,4,5-trimethoxyphenyl)-1H-benzo[d]imidazole-5-carboxamide
(8o). Yield = 57%; mp 252–254 °C; 1H NMR (400 MHz; DMSO-
d6) dH 3.76 (s, 3H), 3.93 (s, 6H), 7.58 (s, 2H), 7.77 (d, 3J = 8.4 Hz,
1H), 7.90–7.94 (m, 3H), 8.29 (br., 1H), 8.52–8.56 (m, 4H), 11.31
(s, 1H), 13.20 ppm (br., 1H); 13C NMR (100 MHz; DMSO-d6) dC
56.12, 60.19, 104.24, 119.01, 121.70, 124.70, 125.52, 127.26,
127.54, 129.71, 131.36, 131.65, 132.45, 135.38, 139.43, 153.28,
160.70, 161.96, 165.56 ppm; anal. calcd for C29H22N4O6: C,
66.66; H, 4.24; N, 10.72; found: C, 66.39; H, 4.56; N, 11.00.
4.2. Biological activity

4.2.1. Screening of the inhibitory activity of synthesized
benzimidazole–dioxoisoindoline conjugates 8a–o on VEGFR-2.
RSC Adv., 2024, 14, 28889–28903 | 28901
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The synthesized 2-(substituted)-N-(1,3-dioxoisoindolin-2-yl)-1H-
benzo[d]imidazole-5-carboxamide 8a–o were examined for their
inhibitory activity on VEGFR-2 and FGFR-1 employing assay kits
purchased from BPS Biosciences – San Diego – CA – US
according to the protocol provided by the manufacturer (For
further details check the ESI†).36

4.2.2. Cell cycle analysis, apoptosis and wound healing
assays. Following treatment with the benzimidazole–dioxo-
benzoisoindoline conjugate 8m, the MCF7 cell line was sub-
jected to the previously described protocol, allowing for the
identication of cell distribution at each step of the cell cycle40

(see ESI† for further information). In the meantime, pop-
ulations of necrotic and apoptotic cells were identied using
a two-uorescence channel ow cytometer and the Annexin V-
FITC apoptosis detection kit (Abcam Inc., Cambridge, UK)
(see ESI† for further information).41 Procedure followed for the
effect of 8m on the wound healing was depicted in the ESI.†
4.3. Molecular modeling

Molecular docking simulations were achieved utilizing Auto-
dock Vina31 (For further information see ESI†). A free BIOVIA
Discovery Studio Visualizer was utilised (https://
discover.3ds.com/discovery-studio-visualizer-download) to
visualize the ndings.
4.4. ADME prediction studies

The SMILES notations of the target benzimidazole–dioxoi-
soindoline conjugates 8a–o were submitted to SwissADME web
tool to predict their physicochemical and drug likeness
properties.32
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