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Abstract

Inhibition of angiogenesis through inhibition ofseallar endothelial growth factor receptor 2
(VEGFR-2) has been applied in cancer therapy becaftists important role in promoting cancer
growth and metastasis. In the presented studyri@ssef benzimidazol-furan hybrids was designed
and synthesized through facile synthetic pathwiyaluation of the synthesized compounds for their
in vitro cytotoxic activity against breast (MCF-7) and hepellular (HepG2) carcinoma cell lines
was performed. Two of the synthesized conjugatéb, and 15, showed potent antiproliferative
properties against MCF7 cell line @& 21.25, 21.35 uM, respectively) in comparisomatmoxifen
(ICs50 = 21.57 uM). Additionally, compound$®a, 10b, 15 and17 showed promising potency @6&=
25.95, 22.58, 26.94 and 31.06 uM, respectively)ragjdiver carcinoma cell line HepG2 in contrast
to cisplatin (IGo = 31.16 uM). Moreovelin vitro evaluation of the synthesized compounds for their
effect on the level of VEGFR-2 in MCF-7 cell linbeawed their potent inhibitory activity relative to
control untreated cells. Four compourifia, 10b, 14 and15 showed 92-96% reduction in VEGFR-2
level, compared with tamoxifen and sorafenib whgfowed inhibition percentage of 98% and
95.75%, respectively. Compourifla was found to have promising VEGFR-2 inhibitory ity
(ICs0 = 0.64 M) in comparison to sorafenib £4G 0.1 uM). Molecular docking was performed to
study the binding pattern of the newly synthesieeshpounds with VEGFR-2 active site. Molecular
docking attributed their good VEGFR-2 inhibitorytiaity to their hydrogen bonding interaction with
the key amino acids in VEGFR-2 active site, Glu@88 Asp1046, and their hydrophobic interaction
by their 2-furylbenzimidazole moiety with the allesc hydrophobic back pocket in a type Il
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inhibitors-like binding mode. The binding interawtiis augmented by a ring substituent with long
chain extension at position 1 of the benzimidazdle to its hydrophobic interaction with the
hydrophobic side chains of the amino acids at therfiace between the ATP binding site and the
allosteric back pocket. Structure-activity relasbip (SAR) was inferred for future optimization

based on the performed biological and docking studi

Key words: Angiogenesis; VEGFR-2; 2-Furylbenzimidazole; MCH-EpG-2
1. Introduction

Cancer is becoming one of the most serious heatthigms in the world. Moreover, adverse effects
of classical non-selective chemotherapies and teesie development for the existing anticancer
drugs make the search for more selective new antizaagents an urgent research point. However,
designing a molecule that can selectively inhibé proliferation of abnormal cells only with littte

no effect on normal cells is a difficult task [1].

Angiogenesis, the formation of new blood vessaisfipre-existing ones, is a normal physiological
process taking place during embryogenesis, inflanomaand wound healing. On the other hand,
pathological angiogenesis is associated with masgade conditions such as cancer, where new
blood vessels infiltrate tumor masses supplyingntivéth oxygen and nutrients to enhance tumor
growth and metastasis [2-4]. Hence, blocking angiegis could be a strategy to hinder tumor
growth. Unlike classical chemotherapy, which causesere adverse effects and leads to drug
resistance with long-term treatment, angiogenasigition could be more effective in preventing

tumor progression and well-tolerated [2-5].

Numerous growth factors are involved in angiogené3ne of the most known angiogenic molecules
is the vascular endothelial growth factor (VEGFnifig members which are pivotal stimuli of
physiological as well as pathological angiogeng$jsVascular endothelial growth factor (VEGF)
regulates blood and lymphatic vessel developmedtremeostasis [5,6]. VEGF ligands bind in an
overlapping pattern to three different, but strually related, VEGF-receptor tyrosine kinases
(VEGFR-TK) which are VEGFR-1 (FLT1), VEGFR-2 (KDR/K1) and VEGFR-3 (FLT4) [7].



VEGFR-2, a type lll transmembrane receptor tyrosimase, is vital for angiogenesis [8]. Several
complex mechanisms are involved in the regulatibWVEBGFR-2 levels [9]. Hence, blocking of
VEGFR-2 or down regulation of its signaling becaamenain approach for the discovery of new
drugs for many human angiogenesis-dependent malkiggsg To date, a humanized anti-VEGF
monoclonal antibody (bevacizumab) and several smadlecule VEGFR-2 kinase inhibitors
(sorafenib, regorafenib, sunitinib, vandetanib, qmanib, axitinib and cabozantinib) have been
approved as anti-angiogenic drugs [10-13]. Howegeme adverse effects have been observed
during their clinical use, such as bleeding congtians, indicating that development of safer

VEGFR-2 inhibitors is still an active field of regeh.

As a member of the protein tyrosine kinase familgGFR-2 intracellular domain (catalytic domain)
has the conservative bi-lobed structure observedllirprotein kinases (C-terminal lobe and N-
terminal lobe). The catalytic cleft is formed beémethese two lobes and consists of residues
contributed by both lobes [14]. The kinase domais An ATP binding cleft located between these
two lobes. The C-terminal lobe contains an actoratioop (A-loop) marked by a conserved triad
aspartate-phenylalanine-glycine (DFG) motif locasgdits beginning [15]. The A-loop can adopt
numerous conformations and according to the 3Dntat®n of the DFG motif, the protein kinase
structure can be found in the active or inactivefeonation [16,17]. In the active state (DFG-irjet
A-loop is positioned away from the catalytic cenfepen conformation) exposing the residues
responsible for the protein substrate binding, #immeously, it directs the catalytic aspartic aoiw

the ATP binding pocket. Upon DFG maoitif flipping cnan inactive (DFG-out) conformation, the A-
loop adapts a closed conformation leaving behindy@ophobic back pocket nearby the ATP-
binding cleft [16]. This hydrophobic pocket is impant for the binding of a group of the tyrosine

kinase inhibitors [16].

Generally, VEGFR-2 inhibitors are classified acoogdto whether they competitively bind to the
ATP binding pocket in the active “DFG-in” confornat (type 1) or the inactive “DFG-out”
conformation (type Il), or noncompetitively via ding outside the ATP binding pocket in the
allosteric hydrophobic back pocket (type Il) [18}1Type I inhibitors act on the active “DFG-in”
conformation via hydrogen bonding with the hinggioa amino acid Cys919 and hydrophobic
interactions in and around the adenine region [I¥pe Il inhibitors such as sorafenib occupy the

ATP binding site and extend over the gatekeepeBMalinto the adjacent allosteric hydrophobic
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back pocket in the inactive “DFG-out’conformatidati7§20] Type Il inhibitors bind to the inactive
“DFG-out”conformation beyond the gatekeeper Valg@k6lusively to the less conservative allosteric
hydrophobic back pocket outside the ATP bindingkebdocking VEGFR-2 in the inactive “DFG-
out”conformation. Therefore, they are expected awehsuperior selectivity profiles and offer new

opportunities for scaffold development [17,20].

Over the last few years, a wide range of VEGFRi#bitors have been designed and synthesized
[21-23]. For example, 2-furylbenzimidazoles wer@amed as promising anti-angiogenic agents
through VEGFR-2 inhibition. 2-(5-Methylfuran-2-yI}--benzimidazole (NP-184) was reported as a
potent anti-angiogenic agent. It was discoveredethuce the angiogenesis vivo in material plug
assay model [24,25]. PJ-6 was also found to inleibdothelial cells proliferation and migration when
evaluated for its anti-angiogenic activity. Also,J-8 5-benzoyl-2-(5-methyl-2-furyl)H-
benzimidazole significantly inhibited VEGFR-2 angppressed tumor-induced angiogen@sisivo
(Figure 1) [26].

The present work is a continuation of our effort tesign novel anti-angiogenic 2-
furylbenzimidazoles [27,28]. This pursue is insg@irby our development of the effective 2-
furylbenzimidazole derivatived andB (Figure 1) which have structural resemblance to188-
[24,25], Pj-6 and Pj-8 [26]. CompoundsandB showed more potent antitumor properties against
breast carcinoma cell line MCF-7 than tamoxifenn&ll as potent anti-angiogenic activity against
VEGFR-2 [27,28].
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Figure 1. Anti-angiogenicbenzimidazole based-compounds

The VEGFR-2 inhibitory activity of this series issamed to be mediated through accommodation of
the benzimidazole ring into the allosteric hydropicdback pocket of the VEGFR-2 in the inactive
“DFG-out” conformation [27] as was inferred fromray crystallography and molecular docking
studies [27,29]. Increasing the hydrophobicity leé benzimidazole ring for instance by addition of
trifluoromethyl substitution leads to increase e tVEGFR-2 inhibitory activity as it increases the
hydrophobic interaction with the hydrophobic pock&]. Further interactions may also take place
with the side chain carboxylate of Glu885 of tit& helix and/or with Asp1046 in the conserved DFG
motif through hydrogen bonding with the appropristeieties in the inhibitors [27,29].

In the current work, starting from the reportediloior NP184 in figure 1, new analogues were
designed (Figure 2), such that modification on lle@zimidazole ring was carried out through the
introduction of various hydrophobic groups sucha#lsyl, phenyl and heterocyclic ring systems
through a spacer or without a spacer in positioAll4o, substitution at position 5 of the furyl mtie
was carried out with a methylene morpholino grolipe aim of this suggested modification was to
increase the hydrophobic nature of the newly ssitieel derivatives in order to increase their
binding affinity to VEGFR-2 through increasing tliydrophobic interaction with its allosteric
hydrophobic back pocket.
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Figure 2. Schematic representation showing the designiagesty of 2-(2-furyl)-H-benzimidazoles

The designed novel 2-furylbenzimidazole derivativese synthesized and their antitumor activity
against MCF7 (breast) and HepG2 (hepatocellulagimama cell lines was evaluated. Moreover,
vitro evaluation of the synthesized compounds for thiégceon the level of VEGFR-2 in MCF-7

cell line was carried out.

Molecular docking studies were performed to find the possible binding mode of the newly
synthesized compounds with VEGFR-2, and to stuayr timteraction with the receptor hot spots
(key amino acids) with the aim of explaining théEEGFR-2 inhibitory activity.

2. Resultsand Discussion

2.1. Chemistry
2-Furylbenzimidazoleda,b were synthesized by the reaction of furfural biselddduct2a,b with
1,2-phenylenediamine) under reflux [28,30,31]. Treatment of the bendazoles4a,b with either
ethyl or methyl bromoacetate afforded tNealkylated productsba,b or 6a,b, respectively [27].
Hydrolysis of the formed methyl estedg,b to the corresponding carboxylic aciéisb was achieved
by refluxing in methanol under basic conditionsa&®n of the esterSa,b with hydrazine hydrate
afforded the H-benzofllimidazol-1-yl-acetohydrazide®a,b. Cyclization of the acid hydrazid&a,b
to the corresponding oxadiazol®ab was achieved by their reaction with formic acid or

trichloroacetic acid in the presence of PgQkspectively. The acid hydrazid8a,b were also



condensed with 2-chlorobenzaldehyde under basiditons to afford the Schiff baseR0a,b,
respectively (Scheme 1).
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Reagents and conditions: (i) Na,S,0s, H,O, methanol, stirring, r.t., 15 min; (ii) 1,2-phenylenediae, DMF,
reflux, 4 h; (iii) BrCH,COOMe, anhydrous §COs, acetone, reflux, 8 h; (iv) BrC,COOEt, anhydrous §COs;,
acetone, reflux, 8 h; (v) methanol, anhydroy€®,, reflux, 4 h; (vi) NBNH,.H,0, methanol, reflux, 4 h; (vii)
R?COOH, POC}, reflux, 20 h; (viii) 2-Chlorobenzaldehyde, 10% N#&Cethanol, stirring, r.t., 4 h.

Scheme 1.Synthesis of benzimidazole-furan hybrid40

Cyanomethylation ofta by chloroacetonitrile in the presence of anhydrpagassium carbonate in
dry acetone gave the benzimidazole derivatite Subsequentlyll was reacted with hydrazine
hydrate to give the acetimidohydrazide derivafi2eThe thiadiazole derivativi3 was obtained by a
cyclization reaction 012 with carbon disulphide in the presence of potasdiydroxide. Alkylation

of 13 with ethyl bromoacetate, in acetone containingydnbus potassium carbonate, gave ethyl-2-
((5-((2-(furan-2-yl)-H-benzofl]imidazol-1-yl)methyl)-1,3,4-thiadiazol-2-ylthio)atate {4) which



was converted to the corresponding hydradifidy refluxing with hydrazine hydrate in methanol

(Scheme 2).

Iz

N : N . N
N\ / | (i) @E N/ | (ii) @E N\ / | (iii)
-2 -0 ()¢ -0
) H
NC N

H,N NH
12

N . N N
N4 | (iv) @E N/ | L@E N |
. VAP
\ Y
N

S
S/A/N'N EtO\”/\S/QN/\N H2NHN\"/\S
H o) o}
13 14 15

&

11

Reagents and conditions: (i) CICH,CN, anhydrous KCO;, acetone, reflux, 8 h; (ii)
NH,NH,.H,O, methanol, reflux, 4 h; (iii) C§ KOH, ethanol, reflux, 10 h; (iv)
BrCH,COOEt, anhydrous $}COs, acetone, reflux, 4 h; (v) NiMH,.H,O, methanol, reflux,
4 h.

Scheme 2. Synthesis of benzimidazole-furan hybrids15

2-(2-(Furan-2-yl)-H-benzoflJimidazol-1-yl)-2-(4-oxo-3-phenylthiazolidin-2-ylghe)acetonitrile
(16) was obtained through reaction of the cyanometlgyivdtive 11 with phenylisothiocyanate
followed by cyclization using ethyl bromoacetaterrRation of the thiazolidine-4 one derivati{é
was performed by the reaction bf with thioglycolic acid. Hydrolysis ol1 to the corresponding
amide was achieved by refluxing with piperidineethanol. Knoevenagel condensation18fwith

benzaldehyde or 2-chlorobenzaldehyde under basiditton yielded the corresponding ylidenes

19a,b, respectively (Scheme 3).
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Reagents and conditions: (i) Phenyl isothiocyanate, KOH, DMF, r.t., 30 m{i)
BrCH,COOEt, stirring, 2 h; (iii) SHCHCOOH, glacial acetic acid, ethanol,
reflux, 8 h; (iv) Ethanol, piperidine, reflux, 8 h; (v) RCHQ@D % KOH solution,

ethanol, stirring, r.t., 4 h.
Scheme 3. Synthesis of benzimidazole-furan hybrids19

Aminoalkylation of the furan ring ofla using morpholine and paraformaldehyde was achieved
giving 20. 2-Chloro-1-(2-(furan-2-yl)-H-benzofllimidazol-1-yl)ethan-1-one2Q) was synthesized
by substitution reaction of the imidazolyl NH 4& with chloroacetyl chloride. Compourfi was

reacted with thiosemicarbazide or guanidine hydayafe to afford the corresponding cyclized

products?22 and23, respectively (Scheme 4).
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Reagents and conditions: (i) Morpholine, paraformaldehyde, HCI, methanol, refl@h; (ii) Chloroacetyl
chloride, anhydrous §CO;, acetone, stirring, r.t., 8 h; (ii) Thiosemicarluez anhydrous ¥COs, acetone,
stirring, r.t., 8 h; (iv) Guanidine.HCI, JCO; anhydrous, acetone, stirring, r.t., 8 h.

Scheme 4. Synthesis of benzimidazole-furan hybrizs23

Dimerization of 5-methyl-2-furyl-benzimidazoledlf) was achieved by its reaction with 0.5
equivalent diethyl carbonate or diethyl oxalate emdacidic conditions to give the bis-

benzimidazole® and25, respectively (Scheme 5).
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Reagents and conditions: (i) Diethyl carbonate, ethanol, conc. HCI, stigj r.t., 5 h;
(ii) Diethyl oxalate, ethanol, conc. HCI, stirringt., 5 h.
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Scheme 5. Synthesis of bisbenzimidazol24, 25

2.2. Biological Studies
2.2.1. Invitroanti-proliferative activity
The synthesized benzimidazoles were evaluatedhfar in vitro cytotoxic activity against human
breast cancer cell line MCF-7 and liver carcinorall ine HepG-2 using SRB assay [32,33]. The

ICsp values of the tested compounds as well as théiy@msontrols are summarized in Table 1.
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From the data obtained (Table 1), it is obvious #@npoundslOb and 15 exhibited promising
activities (IGo = 21.25 and 21.35uM, respectively) against breastinoma cell line MCF7 with in
comparison to tamoxifen (ko= 21.57uM). Additionally, compounda, 14 and17 (ICso = 26.05,
28.50 and 29.13 uM, respectively) showed mild #et against MCF-7. CompoundS®a, 10b, 15
and 17 showed higher potency (&= 25.95, 22.58, 26.94 and 31.06 uM, respectividgh that of
cisplatin (IGo = 31.16 uM) against liver carcinoma cell line H&G

2.2.2. Invitro effect of the synthesized compounds on thelevel of VEGFR-2in MCF-7 cell line
Vascular endothelial growth factor (VEGF) and vdacendothelial growth factor receptor (VEGFR-
2) stimulate angiogenesis in tumor tissues thumptimg their nourishment and progression [34,35].
Recent studies demonstrated that VEGFR-2 is uplaggliin MCF-7 cell line [36]. The effect of the
newly synthesized molecules as well as tamoxifehickv was previously reported to have anti-
angiogenic effect through inhibition of VEGFR-2 [38], on the level of human vascular endothelial
growth factor receptor (VEGFR-2) was determinedlzitig breast cancer cell line MCF-7 obtained
from the American Type Culture Collection (RockejllMD, USA) This biological study was
undertaken utilizing double-antibody sandwich eneylimked immunosorbent assay (ELISA) to
assay the level of human VEGFR-2 in treated humaadt cancer cell line MCF-7 samples as
compared to the level in the untreated cells. The=oved results were depicted in Table 1. Most of
the tested compounds showed considerable inhibdotiyity. Four compound&0a,b, 14, and 15
showed 92-96% reduction in VEGFR-2 level in corittastamoxifen and sorafenib which showed

inhibition percentage of 98% and 95.75%, respelstive

Table 1. In vitro cytotoxic activity of the synthesized benzimidasohgainst human hepatocellular
HepG2 and breast cancer MCF7cell lines as welhas effect on VEGFR-2 level in MCF-7 cell

line.
Compd. HepG-2, I1Cs” M CF-7, VEGFR-2 VEGFR-2
(ng/ml, pM) | Cso,2(ng/ml, pM) level (ng/ml) inhibition“(%)
4a 18.913, 102.5 19.458,105.6 2761.6. 43
4b 20.300, 102.5 14.000, 55.5 2980.7- 39
ba >5(C,>185.1¢ 15.200, 57.2 2210.1. 57
5b >5(C,>176.0¢ 17.800, 63.5 3520.4( 25
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6a
6b

7a

7b
8a
8b

9a

%
10a
10b
11

12

13

14

15

16

17

18
19a
19b
20

21

22

23
24
25

tamoxifen
Sor afenib
cisplatin
DM SO

®The concentration required to produce 50% inhihitid cell growth compared to control experiments;
Data were expressed as mean of four independeetiments;® Percentage changes as compared with

21.087, 67.2
>5(C, >185.19
35.963, 1484
>5(C, >195.3.
>50, >195.3.
>5(C, >185.19
37.000, 132.1
32.610, 85.5°
9.680, 25.5
8.93, 22.5
19.524, 88.1
19.022, 74.5
15.000, 47.5
24.458, 62.0
10.400, 26.9
15.611, 39.6
9.230, 31.0
37.568, 157.3
20.611, 63.0
16.304, 44.8
36.200, 127.
19.633, 60.8
18.153, 62.0
16.630, 63.5
>50, >118.4¢
>50, >111.1:

9.348, 31.1

control untreated cells.

20.653, 80.6
23.510, 87.0
18.913, 63.0
35.610, 139.C
20.200, 79.2
22.400, 68.2
>50>177.3:
>50,>130.8¢
9.860, 26.0
8.330, 21.2
19.524, 88.1
17.391, 5213
21.304, 52.6
11.413, 285
8.293, 21.3
21.848, 55.8
9.390, 29.1
28.355, 117.6
12.568, 38.6
14.575, 40.0
15.435, 55.4
19.633, 60.8
22.510, 60.5
24.524,93.0
24.200, 58.3
29.510, 65.5
8.000, 21.5
4.33+0.60

1926.3:
3010.5:
4200.6:
3896.3(
3942.1:
3530.5!

290.2(
190.8(
2987.1:
3540.2:
4195.4
362.8(
210.6(
1480.3:
535.9(
1926.3:
961.8¢
1358.4.
1329.6.
2910.1¢
2910.6:
3790.3¢
4420.6!
4002.0(
121.5:

206.33+22.10

4855.0(

95.75

0
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2.2.3. Invitro effect of the synthesized compounds on VEGFR-2
2-Furylbenzimidazoled0a, 10b, 15, which showed high % of inhibition on the level of
VEGFR-2 in MCF-7 cell line, were further measuremt their ability to inhibit human
VEGFR-2 in vitro using Enzyme-Linked Immunosorbent Assay.sol®f the tested
compounds were depicted in table 2. The resultseofested compounds were compared with
sorafenib as a positive control. From the obseme=ullts, it was found th&tOa showed
promising 1Go against VEGFR-2 (1§ = 0.64uM) in comparison to sorafenib (4= 0.1
uM). Compounds10b and 15 showed moderate activity, 4= 1.26 and 1.41uM,
respectively.

Table 2. ICs, (uM) of selected compounds on VEGFR-2

Compound ICs (uM)? against VEGFR-2
10a 0.64

10b 1.2¢

15 1.41

Sor afenib 01

®The concentration required to produce 50% inhibitiof cell growth
compared to control experiments.

2.3. Molecular docking study and structur e activity relationship (SAR)
Molecular docking was carried out with the aim a@plaining the promising VEGFR-2 inhibitory
activity of the newly synthesized compounds throug¥estigating their binding mode and their

interaction with the key amino acids (hot spotsihia active site of the VEGFR-2.

Several crystal structures are available in theegnadata bank for VEGFR-2 [16], for this work we
selected (PDB ID: 4ASD) [39] which has VEGFR-2 hetinactive “DFG-out” conformation co-
crystallized with sorafenib as type Il inhibitoirgt, validation of the molecular docking protoeas
performed by re-docking of the co-crystallized hidgsorafenib) in the VEGFR-2 active site. The re-
docking validation step reproduced the experimehtatiing pattern of the co-crystallized ligand
efficiently indicating the suitability of the usegrotocol for the planned docking study as
demonstrated by the small RMSD of 0.47A betweendibeked pose and the co-crystallized ligand
(energy score (S) = —15.19 kcal/mol) and by theabdjy of the docking pose to reproduce all the

13



key interactions accomplished by the co-crystalliigand with the key amino acids (hot spots) in
the active site (Glu885, Cys919 and Asp1046) (Eg)r

N\

Leul019

lle1044 .
Phe
' . 918

(g Cys919

lle892

lle888

lle
1044
Leu
sss sss

lle
888

(A) (B)

Figure 3. (A) Superimposition of the docking pose (red) dahd co-crystallized (blue)of sorafenib in the
VEGFR-2 active site with RMSD of 0.47A. (B) 2D imgetion diagram showing sorafenib docking pose
interactions with the key amino acids (hot spatghe VEGFR-2 active site.(Distances in A)

Table 3. Docking energy scoresS)(in kcal/mol for the newly synthesized compoundsl ahe
reference compounds in VEGFR-2 active site.

Compound Enerkgcilf:;f S
da -9.0zZ
4b -9.17
5a -10.1¢
5b -9.9¢
6a -9.42
6b -9.9(C
7a -9.67
7b -10.3i
8a -9.17
8b -9.4:
9a -10.3(
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9% -11.8¢

10a -12.3¢
10b -13.4¢
11 -10.6:
12 -9.8¢
13 -10.3¢
14 -12.38
15 -12.54
16 -13.79
17 -10.94
18 -9.15
19a -12.29
19b -13.25
20 -11.22
21 -9.80
22 -11.2¢
23 -10.3¢
24 -13.6(
25 -14.07
Tamoxifen -12.0¢
Sor afenib -15.1¢

For compounddga, 4b, 11 and20, the molecular docking study showed a predictedibg pattern
involving the fitting of the 2-furylbenzimidazole aiety in the middle of the active site at the
interface between the ATP binding site and thes&dioc hydrophobic back pocket. Interaction takes
place through hydrogen bonding with the side cleaifboxylate of Glu885 of theC helix and with
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Aspl1046 in the conserved DFG motif (Figure 4). Aseaception, compoundil interacts only with
Aspl046 as it has substituted nitrogen at posttiand not NH as the rest of these compounds.

............. X - I/\AI
- | / Njij  llego2
Leu) e o\
889 ) e - S A
(A) ®)

Figure 4. 2D diagram (A) and 3D representation (B) of commbdb showing its interaction with the
VEGFR-2 receptor active site (Distances in A).

Apart from compoundsia, 4b, 11 and 20, the general predicted binding pattern of the gewl
synthesized compounds according to the performeting study involves the accommodation of
the 2-furylbenzimidazole moiety in the allosterigdiophobic back pocket in line with the reported
binding mode (Figures 5-7) [27,28]. This bindingtpen accomplishes a hydrophobic interaction
between the hydrophobic 2-furylbenzimidazole moiatyl the hydrophobic back pocket which is
lined with the hydrophobic side chains of 11e88&uB89, 11892, Val898, Val899, Leul019 and

lle1044 amino acids achieving the promising VEGFR{#bitory activity of the newly synthesized
compounds.

In addition to the 2-furylbenzimidazole hydropholbiteraction, most of the compounds performed
further interactions with the VEGFR-2 binding siteough hydrogen bonding with the side chain
carboxylate of Glu885 of theC helix and/or with Asp1046 in the conserved DFQifr{&igures 5-

7). This type of binding resembles VEGFR-2 typdariHibitors binding mode. (For further details see
supporting information).
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CompoundslOa and 10b showed both the 2-furylbenzimidazole hydrophobiteraction and the
hydrogen bonding interactions with the side chaimboxylate of Glu885 and with DFT motif
Aspl046 in the active site (figures 5 and 6). Moo this binding pattern allowia and10b to
accommodate theo-chlorophenyl moiety in the vicinity of the hydragbic side chains of Val848,
Lys868, Leu889, Val916 and Phel047 amino acidstmbolved in a hydrophobic interaction with
these hydrophobic side chains maximizing the bigdimeraction of both compounds with the
VEGFR-2 active site. This binding pattern of compadsil0a and10b ensures that they have the best
VEGFR-2 inhibitory activity among the newly syntizesl compounds (Table 3).

In compoundLOb, the presence of a 5-methyl substitution on tharfumg increases the hydrophobic
interaction with the allosteric hydrophobic backcket and so increases the binding interaction as
can be noticed in its docking score (-13.44 kcalfras compared to that of its analodifa (-12.34
kcal/mol) (Table 3). This superiority is reflectedthe effect on VEGFR-2 level as shown in table 1
(VEGFR-2 inhibition % of 98% ii0b vs. 96% in10a).

P
/xar\ Phe
&) (=) & @)

@ 1025 / 1044/ {/
‘°“5‘ ......... (ma)

e fep Y,

lle892

\82/ \sss ) (va\

\\\914//.4

lle888

(A) (B)

Figure 5. 2D diagram (A) and 3D representation (B) of commbdOa showing its interaction with the
VEGFR-2 receptor active site. (Distances in A)
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Figure 6. 2D diagram (A) and 3D representation (B) of commbdOb showing its interaction with the
VEGFR-2 receptor active site. (Distances in A)

Increasing the size and the hydrophobic naturd@fsubstituent at position 1 of the benzimidazole
ring increases the binding interaction with VEGFRive site as indicated by the better docking
score of the compounds with cyclic ring substituastcompared to those without ring substituent
(e.g. compound? vs. 18 with docking score —10.94 vs.—9.15 kcal/mol, respety and VEGFR-2
inhibition% of 86% vs. 13%, respectively. Also, thieding gets stronger when the ring substituent is
extended with a long chain, for example, compoub#isaind 15 with ring substitution (thiadiazole
moiety) at position 1 of the benzimidazole ringtesxed with ethyl propionate moiety in compound
14 or with acid hydrazide moiety in compouff, showed better binding interaction with the active
site as indicated in their docking scores (Table@ppared to that of compoud@ which has no
chain extension (-12.38 anti2.54,respectively vs. =10.39 kcal/mol). This higherding affinity is
reflected in their VEGFR-2 inhibitory activity (VEER-2 inhibition% = 92% and 96% vs.14% (table
1). Figure 7 shows the binding pattern of compoifmd
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Figure 7. 2D diagram (A) and 3D representation (B) of comubd5 showing its interaction with the
VEGFR-2 receptor active site. (Distances in A)

In summary, for the 2-furyl-bezimidazoles to acleidugh binding affinity (a) 5-Methyl substituent
on the furan ring is advantageous to increase ydrophobic interaction with the allosteric
hydrophobic back pocket of VEGFR-2 active site. $bjtable hydrogen bond donor and acceptor to
interact with Glu885 and Aspl1046, respectively. Ri)ig substituent with long chain extension at
position 1 of the benzimidazole for hydrophobicding interaction with the hydrophobic side chains
of Val848, Lys868, Leu889, Valol6 and Phel047 anaomls at the interface between the ATP

binding site and the allosteric back pocket.

3. Conclusion

2-Furylbenzimidazoles are promising VEGFR-2 inlalst from the synthesized series, compounds
10a, 10b, 14 and15 showed potent reductions in VEGFR-2 level in MCEell line in comparison to
tamoxifen and sorafenib. Compouf@a was found to have promising VEGFR-2 inhibitoryiaty
(IC50 = 0.64 uM) in comparison to sorafenib £4G 0.1 uM). Molecular docking attributed their high
potency to their type Il inhibitors-like bindingade. They bind to the VEGFR-2 active site through
hydrogen bonding interaction with the key aminodaciin VEGFR-2 active site, GIlu885
andAspl1046, and their hydrophobic interaction bgirt2-furyl-benzimidazole moiety with the
allosteric hydrophobic back pocket which is linedhwthe hydrophobic side chains of 11888,
Leu889, 1le892, Val898, Val899, Leul019 and llelG#ino acids. The binding interaction is
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augmented by the presence of a ring substituert leitg chain extension at position 1 of the
benzimidazole due to its hydrophobic interactiorthwihe hydrophobic side chains of Val848,
Lys868, Leu889, Val916 and Phel047 amino acidseairterface between the ATP binding site and

the allosteric back pocket.

4. Experimental

All chemicals were purchased from commercial sugwpli Analytical thin layer chromatography
(TLC) was performed on precoated silica gel 6@sgfuminium plates (Merck) with visualization
under UV light. Melting points were determined orSaart SMP30 melting point apparatus with
open capillary tubes and are uncorrected. Elemantlysis and spectral data of the compounds were
performed in the Micro analytical labs, NationalsRarch Centre and Micro Analytical Laboratory
Center, Faculty of Science, Cairo University, CaEgypt. IR spectra (4000—-400¢jnwere recorded
using KBr pellets in a Jasco FT/IR 300E Fouriengfarm infrared spectrophotometer on a Perkin
Elmer FT-IR 1650(spectrophotometdgNMR and **CNMR spectra were recorded at 500 (125)
MHz, 400 (100) MHz and 300 (75) MHz on Jeol EX-uBer and Murcury instruments, respectively
using DMSO¢s as a solvent. Coupling constants are reportedeirizHHz).Low resolution electron
impact mass spectra (EI-LRMS) were recorded atV@re a Finnigan SSQ 7000 instrument. The
intensities are reported as percentages relativieetbase peak (I = 100%).Chemical shifts are given

in parts per million (ppm) relative to TMS as imtal standards
4.1. Chemistry
4.1.1. General procedure for the synthesis of 4a,b [28,31]

A solution of furfural {a) (4.51 g, 47 mmol) or 5-methylfurfurallf) (5.17 g, 47 mmol) in methanol
(75 ml) was stirred for 10 min followed by additioh saturated solution of N&Os (10 ml). The
mixture was stirred at r.t. for 15 min followed logoling in deep fridge overnight. Precipitated
furfural bisulfite adduc®a,b was filtered and dried. A solution of 1,2-phengdramine 8) (4.10 g,
38 mmol), and the furfural bisulfite adduct (7.60 $ mmol) or 5-methylfurfural bisulfite
adduct(8.13 g, 38 mmol) in DMF (40 ml) and the met was stirred under reflux for 4 h. The
reaction mixture was poured onto ice / water (200tongive the corresponding crude product which

was collected by filtration and further purified crystalization from methanol.
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4.1.1.1 2-(Furan-2-yl)-1H-benzo[d]imidazole (4a)[28,31]

Buff microcrystals; yield 80% (5.59 g); mp 285-282 (lit.mp:285-287 °C)R: = 0.57 (petroleum
ether /[EtOAc = 2:1); IR (KBr)i 3442, 3059, 1628, 1528H-NMR (DMSO-ds, 500 MHz)5 6.73
(dd,J = 3.3, 1.8 Hz, 1H), 7.18-7.23 (m, 3H), 7.53-7.58 @H), 7.93 (ddl = 2.7 Hz, 1.8 Hz, 1H),
12.88 (br s, 1) *C-NMR (DMSOds, 125 MHz): 6c 111.1, 112.9, 115.7, 115.8, 122.7, 123.4,
123.5, 144.2, 145.4, 145.6, 146.1; Anal. CalcdGaHsN.O: C, 71.73; H, 4.38; N, 15.21. Found: C,
71.69; H, 4.11; N, 15.45.

4.1.1.2. 2-(5-Methylfuran-2-yl)-1H-benzo[d]imidazol e (4b) [28]

Buff microcrystals; yield 85% (6.35 g); mp 272-272 (lit.mp: 275-277 °C)R = 0.71 (petroleum
ether /EtOAc = 2:1); IR (KBr)#i3423, 3050, 2950, 1631, 1583:NMR (DMSO-ds, 300 MHz): 61
2.39 (s, 3H), 6.32 (dl = 2.7 Hz, 1H), 7.08 (d] = 3.0 Hz, 1H), 7.15-7.19 (m, 2H), 7.54-7.56 (m,)2H
13.14 (br s, 1H)**C-NMR (DMSO-dg, 75 MHz):6c 13.5, 108.6, 111.6, 122.1, 143.9, 144.1, 153.8;
Anal. Calcd for GoHi10N2O: C, 72.71; H, 5.08; N, 14.13. Found: C, 72.554187; N, 14.48.

4.1.2. General procedurefor the synthesis of 5a,b [28]

Ethyl bromoacetate (1.08 g, 6.5 mmol) was addegwlise to a suspension 4& (1.19 g, 6.5 mmol)

or 4b (1.29 g, 6.5 mmol) and anhydrousGQO; (0.90 g, 6.5 mmol) in dry acetone (20 ml). The
mixture was stirred under reflux for 8 h. The mietwvas then poured onto ice / water (100 ml), and
the resulting precipitate was collected by filtoatiand recrystallized from ethanol to give the

corresponding derivativea or 5b.

4.1.2.1. Ethyl 2-(2-(furan-2-yl)-1H-benzo[d]imidazol-1-yl)acetate (5a) [28]

Gray microcrystals; yield 82% (1.43 g); mp151-18&3 (fit.mp: 150-152 °C)R = 0.62 (petroleum
ether /EtOAc = 1:1)*H-NMR (DMSO-dg, 400 MHz):6y 1.19 (t,J = 7.0 Hz, 3H), 4.17 (g1 = 7.0
Hz, 2H), 5.45 (s, 2H, C}), 6.74 (t,J = 2.8 Hz, 1H), 7.21-7.29 (m, 3H), 7.67-7.69 (1H)27.80-7.94
(m, 1H); 13C-NMR (DMSO4ds, 100 MHz):6c 14.5, 44.6, 61.7, 110.8, 112.6, 112.8, 119.4,Q,23.
123.3, 136.3, 142.8, 144.3, 145.6, 169.6; Analc€dbr GsH14N,O3: C, 66.66; H, 5.22; N, 10.36.
Found: C, 66.35; H, 5.50; N, 10.12.

4.1.2.2. Ethyl 2-(2-(5-methylfuran-2-yl)-1H-benzo[d]imidazol-1-yl)acetate (5b)[28]
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Gray microcrystals; yield 78% (1.44 g); mp 90-92 (f€mp 88-90 °C);R = 0.50 (petroleum ether
/EtOAC l:l);lH-NMR (DMSO-ds, 300 MHz):6y 1.19 (t,J = 7.0 Hz, 3H), 2.35 (s, 3H), 4.18 (@=

7.0 Hz, 2H), 5.41 (s, 2H), 6.35 (t= 2.8 Hz, 1H), 7.21 (] = 2.6 Hz, 1H), 7.27-7.29 (m, 2H), 7.67-
7.69 (m, 2H)*C-NMR (DMSOds, 75 MHz):6c 13.2, 14.0, 46.0, 52.3, 108.4, 110.1, 113.4, 118.7
122.4, 135.8, 142.3, 143.3, 154.0, 169.0; Analc€dbr GeH16N2O3: C, 67.59; H, 5.67; N, 9.85.
Found: C, 67.81; H, 6.01; N, 10.10.

4.1.3. General procedure for the synthesis of 6a,b

Methyl bromoacetate (0.99 g, 6.5 mmol) was addexpwlise to a suspension da (1.19 g, 6.5
mmol) or4b (1.29 g, 6.5 mmol) and anhydrousGQO; (0.90 g, 6.5 mmol) in dry acetone (20 ml).
The mixture was stirred under reflux for 8 h. Thixtore was then poured onto ice / water (100 ml),
and the resulting precipitate was collected bydilon and recrystallized from ethanol to gibee or

6b.

4.1.3.1. Methyl 2-(2-(furan-2-yl)-1H-benzo[d]imidazol-1-yl)acetate (6a)

Buff microcrystals; yield 79% (1.30 g); mp 90-92;°k; = 0.65 (petroleum ether /EtOAc 1:1); IR
(KBr): ¥ 3046, 2954, 1745, 1612, 15094-NMR (DMSO-ds, 300 MHz):6y 3.71 (s, 3H), 5.45 (s,
2H), 6.74 (t,J = 2.4 Hz, 1H), 7.19 (dd] = 3.3, 1.8 Hz, 1H), 7.26-7.28 (m, 2H), 7.64-7(68 2H),
7.91-7.94 (m, 1H)**C-NMR (DMSOds, 75 MHz):6c 46.4, 53.0, 110.9, 112.7, 113.0, 119.5, 123.1,
123.4, 136.4, 142.9, 144.4, 145.6, 169.5;Anal. €a&bc: C4H1:N-05: C, 65.62; H, 4.72; N, 10.93.
Found: C, 65.38; H, 4.56; N, 11.28.

4.1.3.2. Methyl 2-(2-(5-methylfuran-2-yl)-1H-benzo[ d]imidazol-1-yl)acetate (6b)

Buff microcrystals; yield 75% (1.32 g); mp 110-112; R = 0.65 (petroleum ether /EtOAc 1:1); IR
(KBr) v 3041, 2953, 1752, 1611, 155%-NMR (DMSO-ds, 300 MHz): 6y 2.37 (s, 3H), 3.73 (s,
3H), 5.41 (s, 2H)6.35 (d,J = 4.2 Hz, 1H), 7.19 (d] = 3.3 Hz, 1H), 7.24-7.27 (m, 2H), 7.63-7.66 (m,
2H); **C-NMR (DMSO<ds, 75 MHz): dc 13.2, 45.9, 52.3, 108.4, 110.1, 113.4, 118.7,4,2P35.7,
142.4, 143.9, 154.1, 169.0;Anal. Calcd forstisN,Os: C, 66.66; H, 5.22; N, 10.36. Found: C,
66.42; H, 4.99; N, 10.11.

4.1.4. General procedurefor the synthesis of 7a,b
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A suspension ofa (0.51 g, 2 mmol) 06b (0.54 g, 2 mmol) and anhydrous®0O;(0.28 g, 2 mmol)

in methanol (30 ml) was refluxed for 4 h. The mnetwas filtered, the filterate was collected and
evaporated under vacuum and the precipitated ptodas collected, washed and recrysallized from
ethanol to give’a and7b, respectively.

4.1.4.1. 2-(2-(Furan-2-yl)-1H-benzo[d]imidazol-1-yl)acetic acid (7a)

Colorless microcrystals; yield 75% (0.36 g); mp 289 °C; R = 0.58 (petroleum ether / EtOAc
1:1); IR (KBr) ¥ 3430, 3010, 2923,1704, 1621, 1538-NMR (DMSO-ds, 400 MHz): 6 5.34 (s,
2H), 6.75 (t,J = 2.6 Hz, 1H), 7.20-7.30 (m, 3H), 7.65-7.96 (m,)2A95-7.96 (m, 1H), 13.29 (br s,
1H);®C-NMR (DMSO-ds, 100 MHz):dc 46.0, 110.3, 112.1, 112.3, 118.9, 122.4, 122.8,9,342.3,
143.9, 144.9, 145.2, 169.6; Anal. Calcd forskioN.Os: C, 64.46; H, 4.16; N, 11.56. Found: C,
64.25; H, 4.40; N, 11.15.

4.1.4.2. 2-(2-(5-Methylfuran-2-yl)-1H-benzo[ d]imidazol - 1-yl)acetic acid (7b)

Buff microcrystals; yield 78% (0.39 g); mp 258-28D; R: = 0.71 (petroleum ether / EtOAc = 1:1);
IR (KBr) #3424, 3009, 2956,1706, 1616, 1564:NMR (DMSO-ds, 300 MHz)8y, 2.36 (s, 3H), 5.26
(s, 2H), 6.34 (dJ = 2.1 Hz, 1H), 7.06 (d] = 3 Hz, 1H), 7.23-7.26 (m, 2H), 7.59-7.66 (m, 2£0-
NMR (DMSO-ds, 75 MHz): oc 13.3, 46.2, 108.3, 110.1, 113.3, 118.6, 122.2,412P35.9, 142.3,
143.4, 144.1, 153.8, 169.7; Anal. Calcd foiHioN2Os: C, 65.62; H, 4.72; N, 10.93. Found: C,
65.45; H, 4.48; N, 10.68.

4.1.5. General procedure for the synthesis of 8a, b [28]

Hydrazine hydrate (1.00 g, 20 mmol) was added diep¥o a solution dba (2.70 g, 10 mmol) osb
(2.85 g, 10 mmol) in methanol (15 ml). The reactmixture was refluxed for 4 h. After cooling to
r.t., the reaction mixture was concentrated by evatpon under reduced pressure. The crude product
was filtered, washed with small portions of coldhatol and cold water repeatedly. Further

crystallization from ethanol afforde8h and8b, respectively.

4.1.5.1. 2-(2-(Furan-2-yl)-1H-benzo[ d]imidazol-1-yl)acetohydrazide (8a) [28]
Buff microcrystals; yield 88% (2.25 g); mp 239-24Q (lit.mp 240-242 °C)R = 0.70 (petroleum
ether /EtOAc = 1:1); IR (KBr)5 3325, 3254, 3131, 1650, 1611, 15184-NMR (DMSO-ds, 300
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MHz): 6 4.32 (br s, 2H),5.12 (s, 2H), 6.72Jt= 3.0 Hz, 1H), 7.16 (dd] = 3.6, 1.8 Hz,1H), 7.2-7.23
(m, 2H), 7.49-7.62 (m, 2H), 7.91-7.92 (m, 1H), 9®® s, 1H; *C-NMR (DMSOds, 75 MHz): 5c
46.11, 110.7, 112.9, 119.3, 122.5, 123.1, 136.8,91444.7, 145.2, 145.8, 166.7, 170.8; Anal. Calcd
for C13H12N4Oy: C, 60.93; H, 4.72; N, 21.86. Found: C, 60.675H; N, 21.55.

4.1.5.2. 2-(2-(5-Methylfuran-2-yl)-1H-benzo[ d]imidazol-1-yl)acetohydrazide (8b) [28]

Buff microcrystals; yield 90% (2.43 g); mp 244-246 (lit.mp 246-248 °C)R: = 0.57 (petroleum
ether / EtOAc = 1:1); IR (KBry 3348, 3252, 3131, 1660, 1612, 15184-NMR (DMSO-ds, 300
MHz):64 2.35 (s, 3H), 4.30 (br s, 2H),5.00 (s, 2H), 6.80)(= 3.0 Hz, 1H), 7.00 (d] = 3.0 Hz,1H),
7.20-7.25 (m, 2H), 7.57-7.60 (m, 2H); Anal. Calad ;4,H1.N4O2: C, 62.21; H, 5.22; N, 20.73.
Found: C, 62.45; H, 5.47; N, 21.00.

4.1.6. 1-((5-(Trichloromethyl)-1,3,4-oxadiazol-2-yl)methyl)-2-(furan-2-yl)-1H-benzo[d]imid-azole
(9a)

A solution of 8a (2.50 g, 10 mmol) and trichloroacetic acid (1.601§ mmol) in phosphorus
oxychloride (15 ml) was refluxed for 20 h, followeg cooling to r.t. The mixture was poured onto
ice / water (50 ml) to give the precipitated crymteduct which was collected by filtration. Further
purification by crystallization from methanol afftted9a as buff microcrystals; yield 65% (2.47 g);
mp 270-272 °CR; = 0.67 (petroleum ether / EtOAc = 2:1); IR (KB¥#)3081, 2930, 1632, 152H-
NMR (DMSO-ds, 400 MHz):64 5.42 (s, 2H), 6.81 (] = 3.2 Hz, 1H), 7.34-7.39 (m, 3H), 7.69-7.79
(m, 2H), 8.06 (dd)) = 3.3, 1.8 Hz, 1H)**C-NMR (DMSO<ds, 100 MHz):5c47.0, 91.5, 112.4, 113.6,
116.4, 117.9, 125.5, 125.7, 134.6, 135.2, 140.72.214148.3, 161.5, 165.6; Anal. Calcd for
C1sHoCI3N4O2: C, 64.96; H, 2.36; N, 14.60. Found: C, 64.692H0; N, 14.29.

4.1.7. 1-((1,3,4-Oxadiazol-2-yl ) methyl)-2-(5-methyl furan-2-yl)-1H-benzo[ d]imidazol e (9b)

A solution of8b (2.70 g, 10 mmol) and formic acid (0.50 g, 10 mmolphosphorus oxychloride (15
ml) was refluxed for 20 h, followed by cooling td. IThe mixture was poured onto ice / water (50
ml) to give the precipitated crude product whichsveallected by filtration and further purified by
recrystalization from methanol to affo as buff microcrystals; yield 70% (1.96 g); mp 2ZB8R
°C; R = 0.54 (petroleum ether /EtOAc = 2:1); IR (KBB060, 2930, 1618, 151#-NMR (DMSO-

ds, 300 MHz):64 2.39 (s, 3H), 5.12 (s, 2H), 6.33 (= 2.4 Hz, 1H), 7.04 (d] = 3.3 Hz, 1H), 7.21-
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7.26 (m, 3H), 7.56-7.63 (m, 2H)*C-NMR (DMSO-ds, 75 MHz):c 12.4,45.6, 108.2, 110.3, 113.4,
118.6, 122.1, 122.3, 136.1, 134.6, 142.4, 143.4,31453.9, 166.3; Anal. Calcd fordEl1,N4O: C,
64.28: H, 4.32; N, 19.99; Cl, 27.73. Found: C, 8418, 4.01; N, 19.65; Cl, 27.55.

4.1.8. General procedure for the synthesis of 10a,b

A solution of8a (2.56 g, 10 mmol) oB8b (2.70 g, 10 mmol), 2-chlorobenzaldehyde (1.40 @, 1
mmol) and 10% NaOH (1 ml) in ethanol (20 ml) wasreat at r.t. for 4 h. The mixture was kept at
r.t. overnight and the formed crude product wadectdd by filtration and further purified by

recrystalization from methanol to gilt@a and10b, respectively.

4.1.8.1.1-(1-(2-Chlorophenyl)-3-(2-(furan-2-yl)-1H-benzo[ d]imidazol - 1-yl ) pr op-1-en-2-

yhhydrazine (10a)

Brown microcrystals; yield 80% (3.02 g); mp 220-222 R; = 0.50 (petroleum ether / EtOAc = 2:1);
IR (KBr): v 3407, 2995, 1650, 1610, 150%4-NMR (DMSO-ds, 300 MHz):d 5.83 (s, 2H), 6.80 (t,

J = 2.5 Hz, 1H), 7.33-7.39 (m, 1H), 7.45-7.49 (m,)3AH53-7.59 (m, 2H), 7.74-7.80 (m, 3H), 8.00-
8.01 (m,1H), 8.46 (dJ = 7.8, 1H), 8.98 (s, 1H), 9.81 (br s, 1HIC-NMR (DMSO-ds, 75 MHz): i¢
44.4,110.9, 113.0, 113.9, 119.3, 123.8, 124.1,012828.8, 130.2, 130.5, 131.2, 133.7, 134.8, 136.5
144.4, 144.6, 146.2, 150.2, 161.7; Anal. CalcdGeH,sCIN,O,: C, 63.41; H, 3.99; N, 14.79; CI,
9.36. Found: C, 63.23; H, 4.25; N, 15.01; CI, 9.16.

4.1.82. 1-(1-(2-Chlorophenyl)-3-(2-(5-methylfuran-2-yl)-1H-benzo[ d]i midazol-1-yl)prop-1-en-2-
yl)hydrazine (10b)

Buff microcrystals; yield 85% (3.33 g); mp 230-232; R; = 0.70 (petroleum ether / EtOAc = 2:1);
IR (KBr): v 3396, 3029, 2900, 1694, 1630, 15H3NMR (DMSO-ds, 300 MHZz): 5 2.4 (s, 3H),
5.98 (s, 2H), 6.50 (d} = 2.7 Hz, 1H), 7.33-7.39 (m, 3H), 7.45-7.49 (m)3H53-7.59 (m, 2H), 8.12-
8.15 (m,1H), 8.60 (s, 1H), 12.3 (br s, 1HJC-NMR (DMSOds, 75 MHz): 6c 13.3, 45.8, 108.5,
110.5, 113.7, 118.2, 122.5, 127.1, 127.6, 129.9,43133.0, 136.1, 140.2, 143.2, 141.4, 143.8,
154.2, 168.7; Anal. Calcd for,@H17/CIN4O2: C, 64.21; H, 4.36; N, 14.26; Cl, 9.36. Found6G3,95;

H, 4.19; N, 14.56; Cl, 9.19.

4.1.9. 2-(2-(Furan-2-yl)-1H-benzo[d]imidazol-1-yl)acetonitrile (11)
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Chloroacetonitrile (4.20 g, 56 mmol) was added diep to a suspension d& (10.30 g, 56 mmol)
and anhydrous ¥COs; (7.73 g, 56 mmol) in acetone (30 ml). The mixtwas refluxed for 8 h,
followed by addition of ice / water (200 ml). Theepipitated crude product was filtered and further
purified by recrystallization from methanol to gité as gray microcrystals; yield 87% (10.81 g);
mp140-142 °CR: = (methylene chloride / petroleum ether = 2:1);(KBr) v 3052, 2917, 2194,
1611, 1511*H-NMR (DMSO-ds, 500 MHz):645.80 (s, 2H), 6.79 (] = 3.3 Hz, 1H), 7.29-7.35 (m,
3H), 7.52 (dJ = 7.6 Hz, 1H), 7.77 (d] = 7.6 Hz, 1H), 8.04 (dd] = 3.3,J = 1.5 Hz, 1H)*C-NMR
(DMSO-dg, 125 MHz):6c34.0, 110.8, 113.0, 113.9, 116.7, 120.0, 123.9,12435.3, 142.9, 143.6,
144.6, 146.2; Anal. Calcd fori€H9N3O: C, 69.95; H, 4.06; N, 18.82. Found C, 69.743HJ5; N,
19.13.

4.1.10. 2-(2-(Furan-2-yl)-1H-benzo[ d]imidazol - 1-yl )acetimidohydrazide (12)

Hydrazine hydrate (1.00 g, 20 mmol) was added diggpwo a solution oll (2.23 g, 10 mmol) in
methanol (15 ml). The reaction mixture was refluXed 4 h. After cooling to r.t., the reaction
mixture was concentrated to one third by evapomatib the solvent under reduced pressure. The
crude product was collected by filtration, washathwmall portions of cold ethanol and cold water
repeatedly then left to dry. The crude product fuather purified by recrystallization from ethartol
give 12 as buff microcrystals; yield 88% (2.24 g); mp 242 °C;R; = 0.65 (petroleum ether /
EtOAc 1:1);IR (KBr)v 3325, 3254, 3131, 2930, 1611, 151B:NMR (DMSO-ds, 300 MHz): 5
4.59 (br s, 2H), 5.04 (s, 2H, GK15.44 (br s, 1H), 6.69 (= 1.8 Hz, 1H), 7.16-7.27 (m, 3H), 7.46-
7.4 8 (m, 2H), 7.90 (dd] = 2.1, 1.2 Hz, 1H)**C-NMR (DMSO-«ds, 75 MHz):5¢c 46.2, 111.4, 112.6,
113.0, 119.4, 122.6, 123.0, 136.7, 143.0, 143.8,814145.5; Anal. Calcd for &H13NsO: C, 61.17;

H, 5.13; N, 27.43. Found: C, 61.45; H, 5.52; N1%/.

4.1.11. 5-((-2-(Furan-2-yl)-1H-benzo[d]imidazol-1-yl )methyl)-1,3,4-thiadiazole-2(3H)-thione (13)
Carbon disulfide (0.75 ml, 10 mmol) was added drgpvio an ice/cooled solution of acid hydrazide
12 (1.28 g, 5 mmol) and KOH (0.66 g, 5 mmol) in ethafi® ml). The reaction mixture was stirred
at r.t. for 2 h. After dilution with ethanol, thermed precipitate was filtered and washed twicéd wit
ether. A solution of the formed intermediate (144 mmol) in 10% KOH (10 ml) was refluxed for
10 h, followed by cooling to r.t. and acidificatiavith conc. HCI (2 ml). The crude product was

filtered, washed with water, dried and crystalliZzesim DMF to afford13 as buff microcrystals; yield
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74% (1.16 g); mp 260-262 °®; = 0.68 (petroleum ether /EtOAc = 1:1); IR (KBr)3434, 3010,
2944, 1610, 1510, 1260, 6484-NMR (DMSO-ds, 300 MHZz):64 5.97 (s, 2H, CH), 6.75 (dd,J =
2.1, 1.8 Hz, 1H), 7.28-7.34 (m, 3H), 7.68-7.70 @hl), 7.99-8.00 (m, 1H), 14.20 (br s, 1Hg-
NMR (DMSO-ds, 75 MHz):6c 42.4, 111.2, 113.0, 114.0, 119.5, 123.8, 124.0,6.3642.2, 143.7,
1445, 146.1, 159.2, 189.1; Anal. Calcd foiiioN4,OSy: C, 53.49; H, 3.21; N, 17.82; S, 20.40.
Found: C, 53.83; H, 3.52; N, 17.53; S, 20.18.

4.1.12.Ethyl-2-((5-((2-(furan-2-yl)-1H-benzo[ d]imidazol - 1-yl )methyl)-1,3,4-thiadiazol -2-
yhthio)acetate (14)

A suspension 013 (0.63 g, 2 mmol) and anhydrous®O; (0.28 g, 2 mmol) in dry acetone (30 ml)
was stirred at r.t. for 0.5 h, followed by additiohethyl bromoacetate (0.33 g, 2 mmol). The reacti
mixture was refluxed for 4 h. After cooling to rite / water (100 ml) was added and the precgztat
product was filtered and recrysallized from ethawogive 14 as buff microcrystals; yield 74% (0.59
g); mp 279-281 °CR; = 0.58 (petroleum ether / EtOAc = 1:3); IR (KBrB114, 2973, 1735, 1613,
1510;*H-NMR (DMSO-ds, 300 MHz):dy 1.07 (t,J = 7.0 Hz, 3H), 4.06 (q] = 7.0 Hz, 2H), 4.18 (s,
2H), 6.21 (s, 2H), 6.75 (dd,= 3.3, 1.5 Hz, 1H), 7.26-7.33 (m, 3H), 7.68-7.69 @H), 7.96 (dd,) =
3.3, 1.8 Hz, 1H)*C-NMR (DMSOds, 75 MHz): 5c 13.8, 35.1, 42.9, 61.3, 110.5, 112.3, 113.0,
119.2, 123.0, 123.2, 135.1, 1425, 143.3, 144.4.214165.7, 165.9, 167.7; Anal. Calcd for
CisH16N4OsS,: C, 53.98; H, 4.03; N, 13.99; S, 16.01. Found5&64; H, 4.24; N, 13.65; S, 16.35.

4.1.13.2-((5-((2-(Furan-2-yl)-1H-benzo[ d]imidazol - 1-yl )methyl)-1,3,4-thi adiazol - 2-
yl)thio)acetohydrazide (15)

A solution of14 (4.00 g, 10 mmol) and hydrazine hydrate (1.00 gn2@ol) in methanol (15 ml) was
refluxed for 4 h, followed by cooling to r.t. Exsesolvent was evaporated under vacuum and the
crude product was separated by filtration. The pcbavas purified by recrystallization from ethanol
to give 15 as buff microcrystals; yield 85% (3.30 g); mp 2Z&R2 °C; R = 0.65 (petroleum ether /
EtOAc = 1:1); IR (KBr)v 3481, 3268, 3051, 2951, 1751, 1629, 1565, éaayMR (DMSO-ds, 400
MHz): 54 4.34 (s, 2H), 4.69 (br s, 2H), 5.14 (s, 2H), 6.4 € 2.5 Hz, 1H), 7.18 (dd] = 3.3, 1.7
Hz,1H), 7.24-7.29 (m, 2H), 7.52 (d,= 8.5 Hz, 1H), 7.54 (d) = 8.6 Hz, 1H), 7.93-7.95 (m, 1H),
9.53 (br s, 1H)*C-NMR (DMSO-ds, 100 MHz):6c 43.3, 43.6, 111.2, 112.8, 113.5, 119.7, 123.3,
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135.6, 143.0, 143.8, 144.9, 145.7, 153.6, 155.4,116169.9; Anal. Calcd for 16H14N6O2S;: C,
49.73; H, 3.65; N, 21.75; S, 16.59. Found: C, 49t553.86; N, 21.93; S, 16.71.

4.1.14. 2-(2-(Furan-2-yl)-1H-benzo[ d]imidazol - 1-y1)-2-(4-oxo-3-phenylthiazolidin-2-
ylidene)acetonitrile (16)

A solution of compound1 (0.89 g, 4 mmol) and KOH (0.22 g, 4 mmol) in DMID(mI) was stirred
for 10 min, followed by addition of phenyl isothymmate (0.54 ml, 4 mmol) and the mixture was
stirred for additional 30 min. Ethyl bromoaceta®66 g, 4 mmol) was added and stirring was
continued for 2 h. The mixture was poured onto /icgater (200 ml) and the precipitated crude
product was collected by filtration. Further puwétion by recrystallization from methanol afforded
16 as buff microcrystals; yield 82% (1.30 g); mp Z4R °C;R; = 0.47 (petroleum ether / EtOAc =
2:1); IR (KBr) v 3049, 2930, 2197, 1664, 1636, 15i#:NMR (DMSO-ds, 300 MHz)5,4.16 (s,
2H), 6.86-6.89 (m, 2H), 7.08-7.13 (m, 2H), 7.316/(8, 3H), 7.39-7.40 (m, 2H), 7.40-7.52 (m, 2H),
7.53-7.55 (m, 1H)*C-NMR (DMSOds, 75 MHz):6c32.8, 120.6, 124.2, 128.4, 128.9, 129.2, 135.3,
148.1, 155.8, 171.6; Anal. Calcd fopH14N4O.S: C, 66.32; H, 3.54; N, 14.06; S, 8.05. Found: C,
66.02; H, 3.81; N, 13.76;S, 8.33.

4.1.15. 2-((2-(Furan-2-yl)-1H-benzo[d]imidazol-1-yl)methylene)thiazolidin-4-one (17)

Thioglycolic acid (2.73 g, 30 mmol) was added drig@to a solution ofll (6.69 g, 30 mmol) in
ethanol (30 ml). The mixture was stirred underweflor 8 h. The reaction mixture was poured onto
ice / water and the precipitated crude product we@kected by filtration. Further purification by
recrystallization from ethanol afforddd as gray microcrystals; yield 74% (6.62 g); mp192-1C;

R = 0.62 (petroleum ether / EtOAc = 1:2); IR (KBrB289, 3096, 2922, 1705, 1644, 1588:NMR
(DMSO-ds, 400 MHz):64 3.58 (s, 1H),5.50 (d, 2H), 6.75 (ddi= 3.3, 1.5 Hz, 1H), 7.20-7.32 (m,
3H), 7.66-7.70 (m, 2H), 7.63 (s, 1H), 8.00 (m,1HE-NMR (DMSOds, 75MHz): dc 46.0, 71.5,
110.3, 112.1, 112.5, 118.9, 122.7, 131.2, 135.9.314144.3, 145.2, 169.6; Anal. Calcd for
Ci1sH11N30,S: C, 60.59; H, 3.73; N, 14.13; S, 10.78. Foundb@19; H, 3.43; N, 14.43; S, 10.65.

4.1.16. 2-(2-(Furan-2-yl)-1H-benzo[d]imidazol-1-yl)acetamide (18)
Piperidine (2.55 g, 30 mmol) was added dropwisa &olution ofll (6.69 g, 30 mmol) in ethanol

(30 ml). The mixture was stirred under reflux foh8the reaction mixture was poured onto ice /
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water (100 ml) and the precipitated crude produas wollected by filtration. Further purification by
recrystallization from ethanol affordd@® as gray microcrystals; yield 70% (5.06 g); mp183-1C;

R = 0.54 (petroleum ether / EtOAc = 2:1); IR (KBr3354, 3052, 2938, 1681, 1611, 151H:NMR
(DMSO-dg, 300 MHZz):615.14 (s, 2H), 6.71 (] = 2.4 Hz, 1H), 7.14 (dd] = 3.3, 1.5 Hz 1H), 7.25-
7.28 (m, 2H), 7.47 (d) = 7.2 Hz, 1H), 7.63 (d] = 7.2 Hz, 1H), 7.75 (s, 2H), 7.85 (dii= 3.3, 1.5
Hz, 1H); *C-NMR (DMSOds, 75MHz): 6c 47.5, 110.9, 112.6, 112.8, 123.2, 136.8, 143.@,714
145.4, 145.76, 169.2; Anal. Calcd fors811N30,: C, 64.72; H, 4.60; N, 17.42. Found: C, 64.39; H,
4.83; N, 17.13.

4.1.17. General procedure for the synthesis of 19a, b

Benzaldehyde (1.06 g, 10 mmol) or 2-chlorobenzajdeh{1.40 g, 10 mmol) was added to a solution
of 18 (2.40 g, 10 mmol) and 10% NaOH solution (10 mlethanol (20 ml). The mixture was stirred
at r.t. for 4h, then was kept overnight at r.t. necipitated crude product was collected by fiitna

and further purified by recrystalization from metbato givel9a and19b, respectively.

4.1.17.1. 2-(-2-(Furan-2-yl)-1H-benzo[d]imidazol-1-yl)-3-phenylacrylamide (19a)

Brown microcrystals; yield 87% (2.85 g); mp 225/2Z; R = 0.49 (petroleum ether /EtOAc = 2:1);
IR (KBr) # 3320, 3066, 1688, 1617, 1514:NMR (DMSO-ds, 300 MHz):Jy; 6.64 (m, 1H), 6.82-
6.85 (m, 1H), 7.02-7.07 (m, 2H), 7.16-7.25 (m, S5HX9 (br s, 2H), 7.71-7.74 (m, 2H), 7.85-7.86 (m,
1H), 7.99 (s, 1H)}3C-NMR (DMSO4s, 75 MHZz):6¢ 109.8, 112.0, 119.3, 122.8, 123.3, 127.2, 128.1,
128.6, 129.5, 130.5, 130.9, 131.0, 131.1, 133.2,8,342.7, 143.6, 144.4, 145.2, 164.4; Anal. Calcd
for CooH1sN3O.: C, 72.94; H, 4.59; N, 12.76. Found: C, 72.654127; N, 12.39.

4.1.17.2. 3-(2-Chlorophenyl)-2-(-2-(furan-2-yl)-1H-benzo[d]imidazol - 1-yl)acrylamide (19b)

Brown microcrystals; yield 83% (3.00 g); mp 210-2C2 R; = 0.47 (petroleum ether / EtOAc = 2:1);
IR (KBr) v 3316, 3050, 1688, 1618, 150%1-NMR (DMSO-ds, 300 MHz):4 6.43 (ddJ = 3.3, 1.5
Hz, 1H), 6.68-6.91 (m, 1H), 6.91-7.06 (m, 3H), 792 (m, 3H), 7.44-7.47 (dl = 8.1 Hz, 1H),
7.64-7.67 (dJ = 7.2 Hz, 1H), 7.89-7.91 (m, 1H), 8.01 (br s, 28106 (s, 1H)*C-NMR (DMSO-ds,
75 MHz): 6c 109.8, 112.0, 119.3, 122.7, 123.3, 127.2, 1282B.6, 129.5, 130.5, 130.9, 131.1,
133.2, 134.8, 142.7, 143.6, 144.4, 145.2, 164.4|Abalcd for GoH14CIN3O,: C, 66.03; H, 3.88; N,
11.55; CI, 9.75. Found: C, 66.33; H, 3.62; N, 110K 9.51.
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4.1.18. 2-(5-(Morpholinomethyl)furan-2-yl)-1H-benzo[d]imidazole (20)

A solution of4a (1.84 g, 10 mmol) and paraformaldehyde (1 g) iraetl (20 ml) was stirred at r.t.
for 5 min, followed by the addition of conc. HCI (dl) and morpholine (1.04 g, 12 mmol). Stirring
was continued at r.t. for 1 h followed by stirringder reflux for additional 2 h. The reaction mnetu
was then filtered, and the filtrate was concentrdte one third its original volume and kept in
refrigerator overnight. The precipitated crude pr@dvas collected by filtration and dried. The arud
product was purified by recrystallization from etbhto give20 as red microcrystals; yield 80%
(2.26); mp> 300 °CR; = 0.39 (petroleum ether /EtOAc = 2:1); IR (KB¥)3423, 3069, 2855, 1633,
1568; 'H-NMR (DMSO-ds, 500 MHz):dy 2.56-2.58 (m, 4H), 3.31 (s, 2H), 3.68-3.70 (m, 4656
(d, J = 2.4 Hz, 1H), 7.13 (dJ = 2.4 Hz, 1H), 7.24-7.25 (m, 2H), 7.57-7.58 (m,)2KC-NMR
(DMSO-ds 125 MHz):0¢c 53.3, 54.9, 66.6, 111.7, 111.9, 122.6, 144.3,7448:3.7; Anal. Calcd for
Ci6H17N30,: C, 67.83; H, 6.05; N, 14.83. Found: C, 67.516t89; N, 14.53.

4.1.19. 2-Chloro-1-(2-(furan-2-yl)-1H-benzo[d]imidazol - 1-yl)ethan-1-one (21)

Chloroacetyl chloride (4.5 ml, 56.5 mmol) was addedpwise to a suspension 44 (10.00 g, 56.5
mmol) and anhydrous &£O; (7.70 g, 56.5 mmol) in dry acetone (30 ml). Thetonie was stirred at
r.t. for 8 h. The mixture was filtered, the filtezavas collected and evaporated under vacuum & giv
21) as gray powder; highly hygroscopic so used diyentthe next reaction step without any further
purification.

4.1.20. 6-(2-(Furan-2-yl)-1H-benzo[d]imidazol-1-y1)-1,6-dihydro-1,2,4-triazine-3-thiol (22)
Thiosemicarbazide (0.51 g, 5.65 mmol) was added soispension of freshly prepargd (1.50 g,
5.65 mmol), and anhydrous,8O; (0.78 g, 5.65 mmol) in dry acetone (30 ml). Thetonie was
stirred at r.t. for 8 h, followed by filtration. €ffiltrate was evaporated under reduced pressuge¢o
the crude product which was crystallized from ettda give22 as brown microcrystals, yield 70%
(2.20 g); mp> 300 °CRr = 0.63 (petroleum ether / EtOAc = 1:1); IR (KB#)3424, 3058, 2923,
1627, 1523; *H-NMR (DMSO-ds, 300 MHz)8,1.17 (s, 1H), 2.50 (s, 2H), 6.71 & 2.7 Hz, 1H),
7.18-7.21 (m, 3H), 7.54-7.58 (m, 2H), 7.92-7.93 (tHl), 8.60 (br s, 1H), 13.00 (s,1FC-NMR
(DMSO-de, 75 MHz): ¢ 45.3, 113.0, 114.3, 115.4, 124.4, 134.2, 141.0,3,4147.1, 157.7, 162.9;
Anal. Calcd for G4H1iNsOS: C, 56.55; H, 3.73; N, 23.55; S, 10.78. Found5€&€17; H, 3.45; N,
23.18; S, 10.53.

30



4.1.21. 4-[2-(Furan-2-yl)-1H-benzo[d]imidazol-1-yl]-1,5-dihydro-1H-imidazol -2-imine (23)

Guanidine hydrochloride (0.54 g, 5.65 mmol) wadegtlito a suspension of freshly prepa2éd1.50

g, 5.65 mmol), and anhydrous®0O; (0.78 g, 5.65 mmol) in dry acetone (30 ml). Thetome was
stirred at r.t. for 8 h, followed by filteration @rthe filtrate was evaporated under reduced pressur
The crude product was crystallized from ethandajite 23 as brown microcrystals; yield 73% (1.12
g); mp> 300 °CjR; = 0.60 (petroleum ether / EtOAc = 1:1); IR (KB$)3413, 3058, 2864, 1625,
1520;*H-NMR (DMSO-ds, 300 MHz):6 2.50 (s, 2H), 3.31 (br s, 1H), 6.71Jt= 2.6 Hz, 1H), 7.18-
7.19 (m, 3H), 7.30-7.58 (m, 2H), 7.93 (m, 1H), I2(8r s, 1H)**C-NMR (DMSOds, 75 MHZz): 5c
45.6, 110.5, 112.0, 112.5, 118.7, 120.5, 122.2,71235.9, 142.2, 144.2, 144.6, 144.9, 166.0; Anal
Calcd for G4H11Ns0: C, 63.39; H, 4.18; N, 26.40. Found: C, 63.034H3; N, 26.12.

4.1.22. Bis(2-(5-methylfuran-2-yl)-1H-benzo[d]imidazol - 1-yl ) methanone (24)

A solution of4b (3.94 g, 20 mmol) and diethyl carbonate (1.18 @nimol) in ethanol (5 ml) was
stirred at r.t. for 4 h followed by addition of acorHCI (2 ml). Stirring was continued for additidria
h. The formed crude product was collected bydiitm and further purified by recrystalization from
methanol to give4 as green microcrystals, yield 87% (7.36 g); mp-2202 °C;R; = 0.57 (petroleum
ether /EtOAc = 2:1); IR (KBr)§ 3046, 2951, 1682, 1617, 1584:NMR (DMSO-ds, 300 MHz): 5
2.40 (s, 6H), 6.33 (dl = 3.3 Hz, 2H), 7.09 (d] = 3.3 Hz, 2H), 7.18-7.19 (m, 4H), 7.52-7.53 (m,)4H
BC-NMR (DMSO4ds, 75 MH2z): 6c 13.8, 110.4, 113.6, 119.9, 125.8, 130.9, 136.8,.3,3158.7,
160.8; Anal. Calcd for &H1gN4Os: C, 71.08; H, 4.29; N, 13.26. Found: C, 71.434133; N, 12.92.

4.1.23. 1,2-Big 2-(5-methylfuran-2-yl)-1H-benzo[d]imidazol - 1-yl]ethane-1,2-dione (25)

A solution of4b (3.94 g, 20 mmol) and diethyl oxalate (1.46 g,mol) in ethanol (5 ml) was
stirred at r.t. for 4 h, followed by the additiom @onc. HCI (2 ml). Stirring was continued for
additional 1 h. The formed crude product was ctdleé by filtration and further purified by
recrystalization from methanol to gi¥éas green microcrystals; yield 80% (7.20 g); mp-243 °C;

R = 0.57 (petroleum ether /EtOAc = 2:1); IR (KB§):3042, 2920, 1694, 1646, 150%-NMR
(DMSO-ds, 300 MHZz):04 2.34 (s, 6H), 6.32 (dl = 3.3 Hz, 2H), 7.10 (d] = 3.3 Hz, 2H), 7.16-7.21
(m, 4H), 7.53-7.57 (m, 4H)**C-NMR (DMSOds, 75 MHz): dc 13.4, 108.9, 113.1, 114.6, 122.8,
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131.6, 137.3, 142.4, 143.0, 154.7, 166.8; Analc@dbr GeH1s8N4O4: C, 69.33; H, 4.03; N, 12.44.
Found: C, 69.57; H, 3.75; N, 12.78.

4.2 Biological studies

4.2.1. Cytotoxicity against human breast cancer (MCF-7) and hepatocellular carcinoma
(HepG2) cell lines

The cytotoxicity of the synthesized compounds agjaiiCF-7 and HepG2 cancer cell lines were
performed in the National Cancer Institute, Can&wology Department, Cairo University,
Egyptutilizing SRB assay [32,33]. Cells were plated®6 multi-well plate (96 cells/well) for 24 h
before treatment with the compounds to allow attastt of cell to wall of the plate. Different
concentrations of the compound under test (0.0,12®, 25.0 and 50 mg/ml) were added to the cell
monolayer. Monolayer cells were incubated with¢bepounds for 48 h at 37 °C and in atmosphere
of 5% CQ. After 48 h, cells were fixed, washed and staingith sulforhodamine B stain. Excess
stain was washed with acetic acid and attached stas recovered with Tris EDTA buffer. Color
intensity was measured in an ELISA reader. Thetioglabetween surviving fraction and drug

concentration was plotted to get the survival cuafveimor cell line after the specified compound.

4.2.2. Studying the effect of synthesized compounds on thelevel of VEGFR-2in MCF-7cell line

The effect of the synthesized compounds on thd l@vBuman vascular endothelial growth
factor receptor-2 (VEGFR-2) was determined utilighuman breast cancer MCF7 cell line obtained
from the American Type Culture Collection (RockejlIMD, USA). The cells in culture medium
were treated with 20 pl of the cytotoxicsHvalues of the compounds or the standard referénags
dissolved in DMSO, then incubated for 24 h at 37ihGa humidified 5% C@atmosphere. The cells
were harvested and homogenates were preparediire saing a tight pestle homogenizer until
complete cell disruption. The kit uses a doublebaaly sandwich enzyme-linked immunosorbent
assay (ELISA) to assay the level of human VEGFRy2samples. A monoclonal antibody for
VEGFR-2 has been pre-coated onto 96-well platesdatrd and test samples are added to the wells.
Abiotinylated detection polyclonal antibody fromajcspecific for VEGFR-2 is added subsequently
and then followed by washing with PBS buffer. AwvidBiotin-Peroxidase complex was added and

unbound conjugates were washed away with PBS buHfleP substrate TMB was used to visualize
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HRP enzymatic reaction. TMB was catalyzed by HRPBrtmuce a blue color product that changed
into yellow after adding acidic stop solution. Ttkensity of the yellow color is proportional to the
human VEGFR-2 amount of sample captured in the=plBlie chroma of the yellow color and the
concentration of the human VEGFR-2 of the sampleewgositively correlated and the optical
density was determined at 451 nm. The level of uMBGFR-2 in samples was calculated (ng/ml)
as duplicate determinations from the standard cuRexcent inhibition was calculated by the
comparison of the tested compounds treated to@azancer cells. The obtained data were compared
with Sorafenib as standard inhibitor for VEGFR-2.

4.2.3. Invitro effect of the synthesized compounds on VEGFR-2

Compoundd0a, 10b, 15 were evaluated for thein vitro inhibitory activity against Human VEGFR-

2 using ELISA (Enzyme-Linked Immunosorbent Assaiy)akcording to manufacturer's instructions
(Ray Biotech). This assay employs an antibody $ipeidr human VEGFR-2 coated on a 96-well

plate. Standards and samples are pipetted intavétle and incubated over night at 4°C with gentle
shaking. The wells are washed and biotinylatedbadij is added followed by incubation for one
hour at room temperature. After washing away undobiotinylated antibody, HRP-conjugated

streptavidin is pipetted to the wells. The wells again washed, a TMB substrate solution is adaled t
the wells and color develops in proportion to theant of VEGFR-2 bound. The Stop Solution is
added and the intensity of the color is measuretb@tnm.Percent inhibition was calculated by the
comparison of compounds treated to control incobati The concentration of the test compound
causing 50% inhibition (I§5) was calculated from the concentration inhibitr@sponse curve and

the data were compared with sorafenib as standB@RR-2 inhibitor

4.3. Molecular Docking study

Molecular docking simulation study was carried agtng Molecular Operating Environment
(MOE, 10.2008) software. All minimizations were foemed with MOE until an RMSD gradient of
0.05 kcaimol™A™ with MMFF94x force field and the partial chargesres automatically calculated.
The X-ray crystallographic structure of VEGFR-2 aystallized with sorafenib as inhibitor (PDB

ID: 4ASD) was downloaded from the protein data battk://www.rcsb.org/ [40].Water molecules

were removed, then the receptor was prepared fokimgp study usingProtonate 3D protocol in
MOE with default options. The co-crystalized ligawds used to define the active site for docking.

Triangle Matcher placement method and London dGimsgofunction were used for docking.

33



Docking protocol was first validated by re-dockiofjthe co-crystallized ligand (Sorafenib) in the
vicinity of the active site of the receptor witheegy score (S) = —15.19 kcal/mol and RMSD of
0.470A. The validated docking protocol was therdusestudy the ligand-receptor interactions in the

active site for the newly synthesized compoundsréalict their binding mode and binding affinity.
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Highlights
Design, Synthesis, M olecular Docking and Cytotoxic Evaluation of
Novel 2-Furybenzimidazoles as VEGFR-2 Inhibitors

Mona A. Abdullaziz, Heba T. Abdel-Mohsen,*® Ahmed M. El Kerdawy,” Fatma A. F. Ragab,”
Mamdouh M. Ali,? SherifaM. Abu-bakr,? Adel S. Girgis®Hoda |. El Diwani?

e In the present study, a novel series of benzimidazol-furan hybrids was designed and
synthesized through facile synthetic pathways.

 Mos of the synthesized compounds showed interesting cytotoxic activity against two cancer
cell lines (MCF-7 & HepG2) in comparison to tamoxifen or cisplatin.

* Invitro evaluation of the synthesized compounds for their effect on the level of VEGFR-2 in
MCF-7 cell line showed their potent inhibitory activity relative to control untreated cells.

» Molecular docking was performed to study the binding pattern of the newly synthesized
compounds with VEGFR-2 active site. Structure-activity relationship (SAR) was inferred for
future optimization based on the performed biological and docking studies.



