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Abstract: A series of 30 non-covalent imidazo[1,2-a]quinoxaline-based inhibitors of epidermal growth
factor receptor (EGFR) were designed and synthesized. EGFR inhibitory assessment (against wild
type) data of compounds revealed 6b, 7h, 7j, 9a and 9c as potent EGFRWT inhibitors with IC50 values
of 211.22, 222.21, 193.18, 223.32 and 221.53 nM, respectively, which were comparable to erlotinib
(221.03 nM), a positive control. Furthermore, compounds exhibited excellent antiproliferative activity
when tested against cancer cell lines harboring EGFRWT; A549, a non-small cell lung cancer (NSCLC),
HCT-116 (colon), MDA-MB-231 (breast) and gefitinib-resistant NSCLC cell line H1975 harboring
EGFRL858R/T790M. In particular, compound 6b demonstrated significant inhibitory potential against
gefitinib-resistant H1975 cells (IC50 = 3.65 µM) as compared to gefitinib (IC50 > 20 µM). Moreover,
molecular docking disclosed the binding mode of the 6b to the domain of EGFR (wild type and
mutant type), indicating the basis of inhibition. Furthermore, its effects on redox modulation,
mitochondrial membrane potential, cell cycle analysis and cell death mode in A549 lung cancer cells
were also reported.

Keywords: imidazo[1,2-a]quinoxaline; non-covalent EGFR inhibitors; anticancer agents; mutant
EGFR inhibitors

1. Introduction

Epidermal growth factor receptor (EGFR) protein is a well-studied oncological drug
target as it is overexpressed in almost all types of cancers, including non-small cell lung
cancer (NSCLC), breast, colon, prostate, etc. [1,2]. Quinazoline-based erlotinib and gefitinib
were the first-generation EGFR inhibitors designed to competitively inhibit EGFR kinase
activity (Figure 1) [3,4]. Their use provides an effective treatment to the NSCLC patients
protecting the L858R activating mutation; however, their prolonged use imparts T790M
mutation (gatekeeper residue mutation) in the kinase domain of EGFR, leading to the devel-
opment of resistance in 60% of patients [4]. This led to the discovery of second-generation
EGFR inhibitors (afatinib, dacomitinib), which are irreversible and effective in cancer with
T790M mutation; however, they are associated with side effects. Consequently, third-
generation EGFR inhibitors (rociletinib, osimertinib) were developed, which irreversibly
target L858R/T790M mutated EGFR by making a covalent bond with Cys and sparing the
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wild type [5]. Unfortunately, the prolonged use of third-generation EGFR inhibitors led
to drug resistance due to C797S mutation and toxicity [6,7]. Recently, fourth-generation
EGFR inhibitor, an allosteric inhibitor EAI045 has been introduced, but its use is limited to
the L858R-activating mutation [8] and is under clinical trial. Therefore, the development of
novel non-covalent and reversible EGFR inhibitors with alternate scaffolds which do not
involve covalent reaction with Cys797 is warranted [9–11].
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Figure 1. Chemical structures of FDA-approved epidermal growth factor receptor (EGFR) inhibitors.

In the recent past, we were interested in developing the synthetic approaches and
assessing the biological activities of pyrazolo[1,5-c]quinazolines [12–15], which eventu-
ally emerged as active EGFR inhibitors [16,17]. It was observed that polar substitutions
(–CO2Me, –COAr, –CN and –NH2) on pyrazole (e.g., I and II of our previous studies) were
critical for binding with EGFR residual amino acids [16,17]. To search for better EGFR
inhibitors, we considered the ATP binding pocket of EGFR and pyrazolo[1,5-c]quinazoline
pharmacophore and designed the new series of compounds (5–10) by (a) replacing the
pyrazolo[1,5-c]quinazolines (I and II) with imidazo[1,2-a]quinoxaline template, (b) switch-
ing over the positions of –CN and –NH2 of II and/or making its imine formation and (c)
removing metabolically soft spot, e.g., replacing N-alkyl of I and II with an aryl moiety.
Furthermore, preliminary molecular docking studies of designed series (e.g., 6b a represen-
tative compound; Figure 2) at EGFR–ATP pocket (EGFRWT PDB ID: 3VJO) revealed that
representative compound occupied the ATP binding pocket similar to erlotinib (Figure 2A);
the –CN was found to make a hydrogen bond with a hydrogen of Met793, which is im-
portant for the inhibition of EGFR. The 3,4,5-trimethoxybenzylidene moiety of 6b was
oriented towards Thr790 (gatekeeper residue), Leu788, Glu762 and Lys745 (responsible
for interaction with AMNP phosphate) and interacted with them through weak hydrogen
bonds. Another C-2 substituted 3,4,5-trimethoxyphenyl was aligned in close proximity of
Pro794 (weak hydrogen bond) and Cys797 (Figure 2B). Overall, binding pattern and dock-
ing score of the designed compound was better than I and II (See Supplementary Materials,
Figure S1, Table S1). Furthermore, imidazole-fused [11,18] quinoxaline [19], in particular,
imidazo[1,2-a]quinoxalines have gained significant interest due to their broad-spectrum
activities [20,21], including IκB kinase (IKK) [22] and lymphocyte-specific protein tyrosine
kinase (LCK) [23] inhibitory activities.
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2. Results and Discussion
2.1. Chemistry

As per Scheme 1, 30 target compounds (5–11) were prepared via microwave-assisted
Pictet–Spengler (PS) reaction [24] of 4 with respective aryl aldehyde/ketone (1 or 2 equiv)
in the presence of p-TSA (p-toluene sulphonic acid) as per our previous reports [25,26].
Intermediate 4 was synthesized via three step reactions which are as follows.
2,3-Diaminomaleonitrile (1) was heated with triethyl orthoformate in 1,4-dioxane to yield
the compound 2, which upon substitution reaction with the o-phenylenediamine afforded
compound 3. Compound 3 under basic condition underwent an internal cyclization re-
action to produce intermediate 4. All the synthesized target molecules were purified by
column chromatography and characterized by NMR, HRMS, IR and melting point.

Molecules 2021, 26, 1490 4 of 14 
 

 

 
Scheme 1. Synthesis of target compounds (5–11). Reagents and conditions: (a) CH(OEt)3, 1,4-dioxane, reflux, 6 h, 81%; (b) 
o-phenylenediamine, aniline hydrochloride, EtOH, rt, 5 h, 83%; (c) KOH (1M), H2O, rt, 89%; (d) p-TSA.H2O, MeOH, 
MW*/80 °C, 0.5 h; (e) p-TSA.H2O, MeOH, MW**/80 °C, 25 min. * Reaction was carried out at 200 W in an open condenser; 
** Reaction was carried out at 200 W in a sealed tube. 

2.2. Biological Evaluation 
In Vitro EGFR Kinase Inhibitory Activity and Antiproliferative Assay 

All the target compounds were first assessed for their inhibitory potential of EGFRWT 
by inhibiting ATP-dependent phosphorylation of EGFR. To our delight, five compounds 
6b, 7h, 7j, 9a and 9c inhibited EGFRWT with IC50 values of 211.22, 222.21, 193.18, 223.32 and 
221.53 nM, respectively, which were comparable to erlotinib (221.03 nM). However, com-
pounds 5a, 5c, 5d, 6c, 6d, 7a–e, 7i, 7k, 8a–c, 10b–d and 11 were poorly active or possessed 
no activity at all (Table 1).  

Table 1. In vitro EGFR inhibitory activity of compounds 5–11. 

Compound 
EGFR Inhibition 

IC50 (nM) ± SEM a,b 
Compound 

EGFR Inhibition 
IC50 (nM) a ± SEM a,b 

5a >720 7i 613.37 ± 0.024 
5b 244.45 ± 0.032 7j 193.18 ± 0.021 
5c >720 7k >720 
5d >720 8a >720 
6a 429.81 ± 0.018 8b >720 
6b 211.22 ± 0.027 8c >720 
6c >720 9a 223.32 ± 0.031 
6d >720 9b 244.51 ± 0.021 

Scheme 1. Synthesis of target compounds (5–11). Reagents and conditions: (a) CH(OEt)3, 1,4-dioxane, reflux, 6 h, 81%;
(b) o-phenylenediamine, aniline hydrochloride, EtOH, rt, 5 h, 83%; (c) KOH (1M), H2O, rt, 89%; (d) p-TSA.H2O, MeOH,
MW*/80 ◦C, 0.5 h; (e) p-TSA.H2O, MeOH, MW**/80 ◦C, 25 min. * Reaction was carried out at 200 W in an open condenser;
** Reaction was carried out at 200 W in a sealed tube.
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2.2. Biological Evaluation
In Vitro EGFR Kinase Inhibitory Activity and Antiproliferative Assay

All the target compounds were first assessed for their inhibitory potential of EGFRWT

by inhibiting ATP-dependent phosphorylation of EGFR. To our delight, five compounds
6b, 7h, 7j, 9a and 9c inhibited EGFRWT with IC50 values of 211.22, 222.21, 193.18, 223.32
and 221.53 nM, respectively, which were comparable to erlotinib (221.03 nM). However,
compounds 5a, 5c, 5d, 6c, 6d, 7a–e, 7i, 7k, 8a–c, 10b–d and 11 were poorly active or
possessed no activity at all (Table 1).

Table 1. In vitro EGFR inhibitory activity of compounds 5–11.

Compound EGFR Inhibition
IC50 (nM) ± SEM a,b Compound EGFR Inhibition

IC50 (nM) a ± SEM a,b

5a >720 7i 613.37 ± 0.024
5b 244.45 ± 0.032 7j 193.18 ± 0.021
5c >720 7k >720
5d >720 8a >720
6a 429.81 ± 0.018 8b >720
6b 211.22 ± 0.027 8c >720
6c >720 9a 223.32 ± 0.031
6d >720 9b 244.51 ± 0.021
7a >720 9c 221.53 ± 0.028
7b >720 10a 247.32 ± 0.021
7c 620.17 ± 0.019 10b >720
7d 652.56 ± 0.024 10c 716.32 ± 0.026
7e 665.89 ± 0.029 10d 624.57 ± 0.024
7f 232.40 ± 0.031 11 669.39 ± 0.019
7g 476.87 ± 0.022 Erlotinib 221.03 ± 0.028
7h 222.21 ± 0.028

a Assay was performed in triplicate. b Data are presented as means ± standard error mean (S.E.M.) of three
independent experiments. One-way ANOVA was used for comparison of multiple groups. Statistical difference
was set at p < 0.05 between various treated groups.

From the EGFR inhibitory values, a limited structure–activity relationship was de-
picted as follows; a) in general, compounds having benzylidene amino functionality were
potent inhibitors of EGFR (e.g., 6a, 6b, 7f–h, 7j and 9a–c) except 5b and 10a. Furthermore,
dihydroimidazo[1,2-a]quinoxalines were less potent as compared to their corresponding
imidazo[1,2-a]quinoxalines (compare 8b, 7i and 7d with 5b, 6b and 6a, respectively) except
for the pair 6c and 7c. Heteroaryl groups such as thieno and furano were found to be tolera-
ble. Compounds with electron-donating groups possessed better activity than compounds
with electron-withdrawing groups (e.g., 8a–c). Furthermore, trimethoxy substitutions were
preferred over dimethoxy groups (compare 6b with 6a and 6c). Some of the observations
are depicted in Figure 3.

Next, we analyzed the antiproliferative potential of most potent EGFRWT inhibitors
6b, 7h, 7j, 9a and 9c on heterozygous cancer cell lines harboring EGFRWT; A549 (lung),
HCT-116 (colon) and MDA-MB-231 (breast) by performing MTT assay. A549 cells are
major EGFR expressing cells derived from human lung carcinoma and possess adherent
culture properties. HCT-116 cell lines are epithelial and are obtained from colon tissue of
Homo sapiens, human, in the condition of colorectal carcinoma. This cell line is a suitable
transfection host and has a mutation in codon 13 of the ras proto-oncogene, and can be
used as a positive control for PCR assays of mutation in this codon (ATCC®). Furthermore,
MDA-MB-231 cells are “basal” type and triple-negative (estrogen receptor, progesterone
receptor and HER2 negative) breast adenocarcinoma cancer cell line that is aggressive.
As expected, all EGFRWT inhibitors possessed higher antiproliferative potential than the
positive control (erlotinib) against at least two cancer cell lines (except 9a, to which A549
cells were sensitive only and 9c; Table 2) and were non-cytotoxic to normal cells (HBL-100
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and HPBMCs) at the highest concentration of 10 µM incubated for 24 h (see Supplementary
Materials, Figure S2).
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Table 2. Antiproliferative potential of 6b, 7h, 7j, 9a and 9c against human cancer cells.

Code A549
(Lung Cancer)

HCT-116 WT
(Colon Cancer)

MDA-MB-231
(Breast Cancer)

IC50 (µM) ± SEM a,b

6b 2.7 ± 0.032 5.1 ± 0.029 4.1 ± 0.031
7h 4.09 ± 0.024 <1 11.2 ± 0.022
7j 8.75 ± 0.028 <1 2.2 ± 0.026
9a 6.63 ± 0.031 >25 14.1 ± 0.021
9c 12.06 ± 0.021 7.90 ± 0.027 13.6 ± 0.028

Erlotinib 4.56 ± 0.019 2.98 ± 0.023 3.33 ± 0.018
a Assay was performed in triplicate, and data were compiled for 48 h incubation. b Data are presented as means
± standard error mean (S.E.M.) of three independent experiments.

All five compounds were subsequently investigated through antiproliferation assay
employing a gefitinib-resistant NSCLC cell line H1975 harboring EGFRL858R/T790M. To
our satisfaction, 6b, 7j and 9a exhibited significant growth inhibitory activity with IC50
values of 3.65, 8.53 and 5.0 µM, respectively (Figure 4). Surprisingly, 7h did not show
comparable activity (>20 µM). Thus, overall results indicated that compounds were much
more sensitive towards H1975 cells than gefitinib (>20 µM). Furthermore, 6b may serve as
a lead compound in the treatment of gefitinib-resistant EGFR mutant NSCLC.

2.3. Molecular Docking

To understand the possible binding modes of compounds at the active site, flexible
docking of the representative compound 6b into the active site of EGFRL858R/T790M (PDB:
5C8K; Figure 5A) was performed using Glide in Schrödinger. It was found that imidazo[1,2-
a]quinoxaline core was aligned to mutant gatekeeper residue Met790 at a distance of 4.40 Å
(Figure 5B). This was per the literature that aryl–methionine interactions are common and
methionine sulfur is often situated in the same plane as the aryl ring [27,28]. Furthermore,
the core was also observed to interact with the carbonyl oxygen of Gln791 via hydrogen
bonding with sp2C–H. The ether oxygen atoms of 3-methoxy and 4-methoxyl of 6b showed
weak hydrogen bonding although within the range of hydrogen-bonding distance with the
conserved catalytic Lys745 residue, at 1.8 Å and 2.39 Å distances (Figure 5A), respectively,
whereas the same 3-methoxy was found to be at 3.97 Å distance (Figure 2B) in case of wild
type EGFR, revealing more affinity of 6b towards mutant type EGFR. The imidazole ring
of 6b was sandwiched in the pocket formed by Val726, Leu844 and Cys797.
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Figure 4. (A) IC50 values of EGFR inhibitors against non-small cell lung cancer (NSCLC) cell
line H1975 carrying L858R + T790M double mutation (B). Dose–response curve for 6b, 7j and 9a
in comparison with gefitinib control. The percentage of viable cells is shown relative to that of
untreated control cells. For statistical analysis of the data, GraphPad Prism 8.0.2 software (San
Diego, CA, USA) was used. Data were presented as means ± standard error mean (S.E.M.) of three
independent experiments. Two-way ANOVA was used for the comparison of multiple groups.
Statistical significance was checked at * or # or @ p < 0.05, ** or ## p < 0.01, *** p < 0.001, **** p <
0.0001, where * represents difference vs. control group, # represents difference vs. compound 7j and
@ represents difference vs. 9a.
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Figure 5. (A) 3D docking pose of 6b at the active site of EGFRL858R/T790M (PDB code 5C8K) show-
ing binding and important interactions with some of the important amino acid residues. Some
residues are removed for clarity; (B) close-in image of 6b presenting the position of the imidazo[1,2-
a]quinoxaline core and the methionine gatekeeper sulfur.

2.4. Flow Cytometric Analysis of Reactive Oxygen Species (ROS), Mitochondrial Membrane
Potential and Apoptosis

Considering the better EGFR inhibition and antiproliferative activity against mutant
cells, we selected compound 6b to understand the secondary anticancer mechanism elicited
to induce cancer cell death at sub-IC50 in A549 cells. The results of flow cytometric analysis
are collected in Figure 6 and summarized as follows. 6b was found to reduce the oxidative
stress (112.43%) inside the cancer cell as indicated by H2DCFDA assay (Figure 5A). A
similar trend was observed in MCF-7 (breast) and MDA-MB-231 cells (Supplementary
Materials, Figure S3). However, the percentage decrease in ROS was marginal in these two
cell lines; the result still suggests that ROS level was kept under check by 6b and was not
elevated. This is important as most kinase inhibitors are reported to induce cardiotoxicity
by upsurging the ROS level [29,30]. Furthermore, 6b altered the mitochondria permeability



Molecules 2021, 26, 1490 7 of 13

by decreasing the membrane potential y (JC-1 assay; Figure 6B) and led to cancer cell death
via apoptosis (PI vs. Annexin V assay; Figure 6C). 6b induced cell cycle arrest at G1 phase
(34.51%) by inhibiting the S phase (Figure 6D).
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concentration for 48 h before analysis. Flow cytometry analysis (A) suggests alteration in ROS as indicated by H2DCFDA
assay; (B) shows mitochondrial membrane depolarization (low red/green) as conferred by JC-1 assay; (C) depicts an
apoptotic mode of cancer cell death as indicated by Annexin V vs. PI assay and (D) elaborates cell cycle arrest at G1 phase
as indicated by PI assay. (E) Table summarizes the quantification values for experiments (A–D).

3. Experimental
3.1. Synthesis of Intermediates (2–4)
3.1.1. N-(2-Amino-1, 2-dicyanovinyl)-formimydic acid ester (2)

A mixture of 2,3-diaminomaleonitrile (3.0 g, 27.7 mmol, 1 equiv) and triethyl or-
thoformate (4.0 g, 27.0 mmol, 0.98 equiv) in 1,4-dioxane (25 mL) was heated for 6 h
(TLC). The mixture was concentrated under reduced pressure, extracted with diethyl ether
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(40 mL × 3) and filtered. Yellow needle-shaped solid crystals of N-(2-amino-1, 2-dicyano-
vinyl)-formimydic acid ester (2) were obtained after filtrate concentration. Yield: 78%;
Color: Yellow; m.p.: 134–136 ◦C (135 ◦C Lit. [25]) 2 was used for the next step without
further purification.

3.1.2. N-(2-Amino-1,2-dicyanovinyl)-N’-(2-amino-phenyl)formimidine (3)

A mixture of 2 (3.0 g, 18.28 mmol, 1 equiv) and o-phenylenediamine (1.58 g, 14.63 mmol,
0.8 equiv) in EtOH (4 mL) was stirred for 12 h (TLC) at rt. Brown colored solid N-(2-amino-
1,2-dicyano-vinyl)-N’-(2-amino-phenyl)formimidine (3) was obtained after concentrating
the reaction mixture. Yield: 81%; Color: Brown; m.p.: 119–121 ◦C (118–120 ◦C Lit. [25]) 3
was used for the next step without further purification.

3.1.3. 5-Amino-1-(2-amino-phenyl)-1H-imidazole-4-carbonitrile (4)

A suspension of 3 (3.0 g, 18.28 mmol, 1 equiv) and 1 M aq. KOH (15 mL) in H2O (1 mL)
was stirred for 12 h (TLC) at rt. The mixture was extracted with EtOAc (20 mL × 3). The
organic layer was washed with brine (20 mL) and dried over anhydrous sodium sulphate
and concentrated under reduced pressure to afford crude 5-amino-1-(2-amino- phenyl)-
1H-imidazole-4-carbonitrile (4) which was purified by recrystallization from EtOAc. Yield:
89%; Color: Yellowish solid; m.p.: 197–199 ◦C (196–198 ◦C Lit. [25]). The physical data of
2–4 was found to be in accordance with the literature [25].

3.2. Synthesis of Target Compounds (5–10)
3.2.1. Representative Procedure for the Synthesis of
(E)-1-((3,4,5-Trimethoxybenzylidene)amino)-4-(3,4,5-trimethoxyphenyl)imidazo[1,2-
a]quinoxaline-2-carbonitrile (6b)

In a reaction vial, to a suspension of 4 (100 mg, 0.502 mmol) in MeOH (1 mL) was
added 3,4,5-trimthoxybenzaldehyde (199.9 mg, 1.004 mmol) and pTSA (1 mol %). The
mixture was heated at 200 W in an open condenser under mw irradiation (Discover System;
CEM, Matthews, NC, USA) at 80 ◦C for 0.5 h (TLC). MeOH was evaporated from mixture,
concentrated using rotary evaporator, extracted with EtOAc (10 mL × 3), dried and purified
by column chromatography to afford 6b. Yield: 95%; Color: yellow; m.p.: 143–145 ◦C
(142–144 ◦C Lit. [25]). IR (KBr, cm−1): 2227 (CN stretch), 1575 (C=N stretch), 1501 (C=C
stretch) and 1127 (C–O stretch). 1H-NMR (400 MHz, CDCl3, TMS = 0) δ (ppm): 8.97 (2H,
s), 8.12–8.09 (1H, m), 8.03 (2H, s), 7.64–7.55 (2H, m), 7.28 (2H, d, J = 8 Hz), 4.00 (15H, s),
3.93 (3H, s). 13C-NMR (100 MHz, CDCl3, TMS = 0) δ (ppm): 164.11, 153.74, 152.93, 149.02,
144.79, 143.14, 140.71, 136.87, 135.66, 130.31, 130.13, 130.07, 128.63, 127.50, 117.83, 115.56,
107.27, 106.93, 104.03, 61.19, 60.95, 56.36, 56.27. HRMS (TOF-ESI) Calcd for C30H27N5O6,
553.1961 [M]+; observed: 375.2598 [M − C10H12O3]+.

The synthesis of compounds 5a–d and 6a–d and 11 was followed as per the procedure
mentioned above, and their physical data were in agreement with reported values [25].
The data for unknown compounds are as follows:

3.2.2. 1-Amino-4-(4-(dimethylamino)phenyl)imidazo[1,2-a]quinoxaline-2-carbonitrile (5c)

Yield: 72%, Color: red solid, m.p.: 169–171 ◦C, 1H-NMR (400 MHz, d6-DMSO) δ (ppm):
8.58–8.55 (3H, m), 7.89 (1H, dd, J = 8, 4 Hz), 7.55–7.51 (2H, m), 6.82–6.80 (4H, m), 2.99 (6H,
s). Anal. calcd for C19H16N6: C, 69.50; H, 4.91; N, 25.59; Found: C, 69.41; H, 4.82; N, 25.40;
MS (EI) 328 [M]+.

3.2.3. 1-Amino-4-(4-isopropylphenyl)imidazo[1,2-a]quinoxaline-2-carbonitrile (5d)

Yield: 73%, Color: red solid, m.p.: 166–168 ◦C, 1H-NMR (400 MHz, d6-DMSO, TMS = 0) δ
(ppm): 8.19 (1H, s), 7.90 (2H, d, J = 8 Hz), 7.83 (2H, s), 7.30 (2H, d, J = 8 Hz), 2.93–2.86 (1H,
m), 1.18–1.17 (6H, d, J = 4 Hz). Anal. calcd for C20H17N5: C, 73.37; H, 5.23; N, 21.39; Found:
C, 72.97; H, 5.01; N, 20.99.
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3.2.4. (E)-1-((3,4-Dimethoxybenzylidene)amino)-4-(3,4-dimethoxy-phenyl)imidazo[1,2-
a]quinoxaline-2-carbonitrile (6c)

Yield: 72%, Color: red solid, m.p.: 170–172 ◦C, 1H-NMR (400 MHz, d6-DMSO, TMS = 0) δ
(ppm): 9.04 (1H, s), 8.89–8.87 (1H, d, J = 8 Hz), 8.48–8.45 (1H, m), 8.22 (1H, s), 8.11–8.08 (1H,
m), 7.73–7.72 (4H, m), 7.23–7.17 (2H, m), 3.90–3.85 (12H, m). HRMS (TOF-ESI) Calcd for
C28H23N5O4, 493.1750 [M]+; observed: 494.1822 [M + H]+.

3.2.5. Representative Procedure for the Synthesis of (E)-1-((4-Cyanobenzylidene)amino)-4-
(4-cyanophenyl)-4,5-dihydroimidazo[1,2-a]quinoxaline-2-carbonitrile (7k)

To a suspension of 4 (0.240 g, 1.204 mmol) in MeOH was added 4-cyanobenzaldehyde
(0.158 g, 1.204 mmol) and p-TsOH (1 mol %) as a catalyst. The mixture was heated in a
sealed vial at 80 ◦C at 200W for 25 min under microwave irradiation (Biotage® Initiator
microwave synthesizer). Organic layer was to afford crude product and purified via
column chromatography used to yield 7k. Yield: 71%, Color: red solid, m.p.: 173–175 ◦C,
1H-NMR (400 MHz, d6-DMSO, TMS = 0) δ (ppm): 9.10 (1H, s), 8.18 (2H, d, J = 8 Hz), 8.04
(2H, d, J = 8 Hz), 7.85–7.81 (3H, m), 7.54 (2H, d, J = 8 Hz), 7.34 (1H, s), 7.12 (1H, t, J = 8 Hz),
7.01 (1H, d, J = 8.0 Hz), 6.80 (1H, t, J = 8 Hz), 5.91 (1H, s). HRMS (TOF-ESI) Calcd for
C26H15N7, 425.1379 [M]+; observed: 426.1448 [M + H]+.

The synthesis of compounds 7a–k, 8a–b, 9a–c and 10a–d was followed as per the
above mentioned procedure, and their physical data were in agreement with reported
values [25]. The data for the unknown compound are as follows:

3.2.6. 1-Amino-4-(2-nitrophenyl)-4,5-dihydroimidazo[1,2-a]quinoxaline-2-carbonitrile (8c)

Yield: 80%, Color: red solid, m.p.: 165–167 ◦C, 1H-NMR (400 MHz, d6-DMSO) δ (ppm):
8.02–8.00 (1H, m), 7.83 (1H, d, J = 8 Hz), 7.68 (1H, m), 7.42–7.45 (m, 1H), 7.52–7.51 (1H, m),
7.08–7.04 (1H, m), 6.99–6.96 (1H, m), 6.85–6.79 (2H, m), 6.30 (2H, s), 5.99 (1H, m). Anal.
calcd for C17H12N6O2 C, 61.44; H, 3.64; N, 25.29; Found: C, 61.03; H, 3.54; N, 25.02.

3.3. Biology
3.3.1. EGFR Inhibitory Assay

The test compounds were analyzed for EGFR inhibitory potential using z-lyte kinase
assay kit–tyr 4 peptide assay kit (catalogue no. PV3193; Thermofisher, Mumbai, Maha-
rashtra, India). The assay biochemically is FRET-based, which involves coupled enzyme
format that relies on differential sensitivity of proteolytic cleavage of phosphorylated and
non-phosphorylated peptides. The reaction proceeds in two steps, first involving the
kinase reaction that is concerned with the transfer of phosphate group from ATP to single
tyrosine residue, followed by development reaction, which involves site-protease role and
cleaves non-phosphorylated peptide, allowing the disruption of FRET between donor and
acceptor end of phosphorylated peptide, which facilitates deducing the emission ratio. The
assay was performed per manufacturer protocol and per our published reports [16,31,32].
Briefly, the investigational compounds (including erlotinib as positive control) were tested
at four varying concentrations of 100, 250, 500 and 720 nM and were added to assay plate
in triplicate. Next, the assay master mix was prepared under ice-cold conditions by thaw-
ing and mixing kinase buffer (133 µL), kinase peptides (0.5 µL), phosphopeptide (0.5 µL)
along with ATP (0.5 µL) solution. The master mix was added to testing compounds and
further incubated for 1 h at room temperature and allowed the kinase reaction followed
by development reaction to occur. After the stipulated period, reaction was stopped by
addition of 5 µL stop solution to each reaction mixture. Furthermore, the emission ratio
was determined spectrophotometrically (microplate reader) by measuring kinase inhibition
at Ex/Em 400, 445 and 520 nm.

Calculations

Emission ratio: Emission ratio= Coumarin Emission (445 nm)/fluorescein emission
(520 nm).
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The extent of phosphorylation was calculated by the following formula (Equation (1)):

% phosphorylation = 1 − (Emission ratio × F100%)− C100%
(C0% − C100%) + [Emission ratio (F100% − F0%)]

(1)

where C0% = Average coumarin emission signal of the 100% Phos. Control; C100% =
Average coumarin emission signal of the 0% Phos. Control; F100% = Average Fluorescein
emission signal of the 100% Phos. Control; F0% = Average Fluorescein emission signal of
the 0% Phos. Control.

3.3.2. Cell Culture and Maintenance

Cells such as A549, HCT-116 WT, MDA-MB-231 for the experiment were purchased
from NCCS Pune, India and H1975 cell line was procured from American Type Cell
Culture (ATCC, Manassas, VA, USA) and were deployed as per our published methodolo-
gies [17,31]. Briefly, cells were grown under sterile conditions using T-25 flasks or 100 mm
dishes. The cells were supplemented with DMEM media, fetal bovine serum (FBS, 10%)
and antibiotic solution (1X penicillin–streptomycin antibiotic solution) and incubated in
a humidified atmosphere with a temperature of 37 ◦C enriched with 5% CO2 and 2%
O2. Once the cells attained 80% confluency, they were either subcultured or utilized for
experimental needs.

3.3.3. 3-(4,5-Dimethythiazol-2-yl)-2,5-diphenyl Tetrazolium Bromide-Based MTT Assay

To assess the drug sensitivity against the cancer cells (A549, HCT-116 WT, MDA-MB-
231 and H1975), cytotoxicity assay was performed using MTT reagent. Cells were seeded
into a 96-well microplate at a density of 1 × 104 cells per well and treated with various
concentrations (0.5–20 µM) of gefitinib/erlotinib and/or test compounds. After a treatment
period of 24–48 h, MTT reagent (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium
bromide) was added to individual wells at a concentration of 0.5 mg/mL. The plates were
wrapped in aluminum foil and incubated at 37 ◦C for 3 h. After this, the solution in each
well was removed by suction. DMSO, as a solubilizing agent, was added to each well. The
plates were then shaken and absorbance was measured at a dual-wavelength of 550 nm
and 630 nm using a multimode automated microplate reader (Flex station III, Molecular
Devices, Sunnyvale, CA, USA) and the results were expressed by percentage cell viability,
assuming the viability of control cells as 100%. All measurements were performed in
triplicate. The results were represented as mean ± SD, and dose–response curves were
fitted using a nonlinear regression model with a sigmoidal dose–response and displayed
graphically using GraphPad Prism version 5.00 for Windows (GraphPad Software, San
Diego, CA, USA).

3.3.4. Molecular Docking

Molecular docking studies were carried out using the Glide suite, Maestro 12.4 version
of Schrodinger. All the designed molecules were drawn in a 2D format using ChemDraw
Professional (Ver.15.0.0.106, PerkinElmer Inc., Waltham, MA, USA) and were imported
in the Maestro to convert in 3D format using Ligprep. The force field used to prepare
all the ligands was OPLS3 with ionization states at pH 7.0 ± 2.0, and tautomers were
generated. The specified chirality was retained in the computation by generating at most
10 per ligand. The protein structures of the EGFR were imported in 3D form from the RCSB
Protein Data Bank, PDB ID’s 3VJO (EGFRWT) and 5C8K (EGFRL858R/T790M). The proteins
were prepared using Protein Preparation Wizard in which the protein was preprocessed;
bond orders were assigned, explicit hydrogens were added, CCD database was used. In
addition, disulphide bonds and zero-order bonds between metals and nearby atoms were
created. After preprocessing, the workspace was analyzed and protonation was generated
of the active chain selected. The protein was further refined by assigning optimization
followed by restrained minimization. After preparing ligand and proteins, the grid was
generated using receptor grid generation around an active site. Finally, molecular docking
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was performed by selecting prepared ligands and generated grid file. The flexible docking
was carried out by selecting an extra precision mode, and RMSD was computed to input
ligand geometries.

3.3.5. Flow Cytometric-Based Analysis

BD C6 Accuri flow cytometer was employed to analyze critical anticancer assessment
parameters, viz., alteration in ROS, mitochondrial membrane permeability (∆ψm), mode of
cell death and progression of cell cycle upon treatment of 6b at the sub-IC50 concentration
for 48 h to A549 cancer cells. The assays were performed following our previous published
reports [16,32,33]. Briefly, A549 cells were cultured in 100 mm dishes and maintained
to attain at least 80% confluency. Once attained, dishes were treated with 6b and were
incubated for 48 h. After the stipulated period, the remaining media were collected along
with the cells (trypsinization) and were centrifuged (1200 rpm for 5 min) and washed
two times using 1X PBS. Furthermore, the cells were raised to the concentration of 400 µL
and were equally divided (5 × 104) in four aliquots. The first three aliquots were added
with H2DCFDA (10 µM/100 µL), JC-1 dye (1 mM/mL) and Annexin V and PI (as per
manufacturer protocol (Thermo Fisher: V13242, Maharashtra, India) to analyze detection
of alteration in ROS, ∆ψm and mode of cell death, respectively. The cancer cells were
incubated in the dark for 30 min at rt before analysis. Next, the fourth aliquot cells were
fixed using chilled ethanol (70%) and incubated at −20 ◦C for 4 h to allow fixing. After 4 h,
cells were centrifuged (2200 rpm for 10 min) and washed twice with 1X PBS. Furthermore,
the cells were treated with RNase and PI was added and they were further incubated
for 30 min in the dark before analysis. All the samples were analyzed using BD C6 flow
cytometer using various FL channels.

3.4. Statistical Treatment

All the data were represented as mean ± SD or mean ± SEM of three independent
experiments. One-way ANOVA was used for the comparison of multiple groups (Table 1).
Statistical difference was set at p < 0.05 between various treated groups. Two-way ANOVA
was used for the comparison of multiple groups for data of Figure 4B. For statistical analysis
of the data (Figure 4), GraphPad Prism 8.0.2 software (San Diego, CA, USA) was used.

4. Conclusions

In summary, we rationally designed and synthesized 30imidazoquinoxaline-based
non-covalent EGFR inhibitors. Among all the screened compounds, five compounds
exhibited comparable anti-EGFRWT activity regarding positive control and potent antipro-
liferative activity against cell lines including lung, colon and breast harboring EGFRWT.
Three compounds, 6b, 7j and 9a, presented excellent inhibitory activity against gefitinib-
resistant NSCLC cell line H1975 harboring EGFRL858R/T790M, indicating their potential
against EGFR mutant cancer. Molecular docking studies rationalized the basis of EGFR
inhibitory activity as compounds were able to interact with both Thr790 (wild type) and
Met790 (mutant type) gatekeeper residues and with conserved catalytic Lys745 residue at a
shorter distance (mutant type).

Furthermore, 6b emerged as the most promising anti-EGFR inhibitor with a great
effect on gefitinib-resistant H1975 lung cancer cells, decreased oxidative stress and altered
mitochondrial membrane potential leading to apoptosis and induced cell cycle arrest in
A549 lung cancer cells at G phase. In vivo studies using 6b are underway, and the results
will be published in due course.

Supplementary Materials: The following are available online: Figure S1: 3D docking pose of A. I
and B. II, at EGFR ATP kinase domain; Figure S2: Bar graphs representing percentage survival of
normal cells, A. HBL-100 (breast); B. HPBMCs (Human Peripheral Blood Mononuclear Cells), upon
treatment with investigational compounds 6b, 7h, 7j, 9a and 9c at 10 µM concentration previously
incubated for 24 h; Figure S3: Bar graphs representing alteration in ROS as indicated by H2DCFDA
assay in A. MCF-7; B. MDA-MB-231 cells. The assays were performed in cancer cells previously
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treated with investigational compound 6b at sub-IC50 concentration for 48 h before analysis; Figures
S4–S11: Spectra of the representative compounds; Table S1: Docking scores of I, II, erlotinib and
designed compound 6b.
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