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Background: Cancer is still a major world health threat, causing a high rate of mortality. VEGFR-2 inhibitor anticancer agents are of
great significance. However, they showed some serious side effects.
Purpose: To discover new effective and safer anticancer agents, a new series of piperazinylquinoxaline-based derivatives was
designed and synthesized on the basis of the pharmacophoric features of VEGFR-2 inhibitor drugs.
Methods: The new candidates were evaluated against A549 lung cancer cells, HepG-2 hepatoma cells, Caco-2 colon cancer cells,
MDA breast cancer cells, and VEGFR-2 kinase. Moreover, cell cycle kinetics and apoptosis rates were studied in HepG-2 cells treated
with compound 11, which was the most promising candidate.
Results: The new derivatives revealed better antitumor results (IC50 from 6.48 to 38.58 µM) against the aforementioned cancer cell lines
than sorafenib. Also, the new candidates showed VEGFR-2 inhibition with IC50 values ranging from 0.19 to 0.60 µM compared to 0.08
µM for sorafenib. Compound 11, meanwhile, showed IC50 values equal to 10.61, 9.52, 12.45, 11.52, and 0.19 µM against the cancer cell
lines and VEGFR-2, respectively. Moreover, compound 11 raised the apoptosis rate in HepG-2 cells from 5% to 44% and caused 4, 2.3,
and 3-fold increases in BAX/Bcl-2 ratio, caspase-3 level, and P53 expression, respectively, compared to control untreated cells. Finally, the
new derivatives displayed the correct binding mode into VEGFR-2 kinase pocket, giving interactions with the essential residues.
Conclusion: This work suggests that compound 11 is a very significant anticancer candidate, and piperazinylquinoxaline is an
important scaffold in the development of new potential effective and safer VEGFR-2 inhibitor agents.
Keywords: anticancer, apoptosis, molecular modeling, piperazinylquinoxaline, VEGFR-2 kinase, Western blot

Introduction
Cancer is still a significant health issue.1 It is a primary cause of death all over the world.2,3 Globally, huge efforts have
been done to control cancer. However, the incidence and mortality of cancer are growing at a high rate.2 Worldwide, it is
estimated that approximately 19.3 million new cancer cases emerged and about 10 million cancer deaths occurred in
2020.4 Lung cancer, colorectal cancer, liver cancer, and breast cancer are considered the main causes of cancer death.4

These facts clearly reveal that anti-cancer drug discovery is a rich field of research.
It was found that cancer cells express vascular endothelial growth factor-2 (VEGFR-2) at higher levels than normal

cells. Relatively high levels of VEGFR-2 were detected in different cancer types, such as breast,5 non-small cell lung,6

colorectal,7 hepatocellular,8 and urothelial9 carcinomas. VEGFR-2 is crucial for angiogenesis10–12 in order to supply
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cancer cells with oxygen and nutrients, which are required for growth.13,14 Accordingly, VEGFR-2 is a significant target
in order to develop selective and effective anticancer agents.15–19 Many VEGFR-2 inhibitors, such as sorafenib 1,20

regorafenib 2,21 sunitinib 3,22 pazopanib 4,23 vatalanib 5,24 and tivozanib 6,25 are currently FDA approved for treatment
of different types of cancers.

According to binding properties, VEGFR-2 inhibitor drugs can be differentiated into two major categories.26 Type-I
inhibitor drugs such as sunitinib were reported to bind effectively to the active conformation of the receptor. They interact
with the region that is normally occupied by the adenine moiety of ATP.25,27 In contrast, type-II kinase inhibitor drugs, such
as sorafenib, regorafenib, and tivozanib,25 were found to bind to a hydrophobic allosteric pocket which is specific to the
inactive conformation (DFG-out) of VEGFR-2.28 Generally, type-II kinase inhibitors were reported to be more significant
than type-I. This is because type-II kinase inhibitors show more specific kinase selectivity and slower off-rates.29

On the other hand, VEGFR-2 inhibitor drugs caused some side effects during clinical use.30 Hypertension was
reported as a major side effect of sorafenib, regorafenib, and tivozanib.31–34 Meanwhile, quinoxaline-based compounds
have been shown to inhibit VEGFR-2.35 Also, the piperazine moiety was incorporated into some potent anticancer
compounds,36–38 some of which showed VEGFR-2 inhibiting effects.39 Moreover, both quinoxaline and piperazine
derivatives have been shown to reduce hypertension,40–43 and substituted piperazinylquinoxalines have recently been
proven to have an antihypertensive effect.44

In this study, in line with the reported four pharmacophoric features of type-II VEGFR-2 inhibitor agents25,45–48

(Figure 1), and depending on molecular hybridization technique,49,50 piperazinylquinoxaline scaffold was used to
develop new VEGFR-2 inhibitor candidates as shown in Figure 1. The illustration shows that quinoxaline, which is
a hetero aromatic moiety, was designed to occupy the ATP binding domain and show interactions with the key residues
Cys919 and/or Glu917. At the same time, a piperazine moiety was incorporated to fill the space between the ATP binding
region and the DFG domain. Thirdly, we constructed an amide group to interact by forming hydrogen bonds with the
effective residues Glu885 and Asp1046. The amide group played such a role effectively in many potent VEGFR-2
inhibitors,47 eg AZD-2932 (see Figure 1). Finally, the terminal hydrophobic moiety was suggested to be substituted
phenyl, unsubstituted phenyl, and benzyl. The substituents at the terminal phenyl were selected to be of different steric
and electronic properties as well as of different polarity.

Materials and Methods
Chemistry
General Method for Synthesis of Final Compounds (10a-g) and 11
Equimolar amounts of 2-chloro-3-(piperazin-1-yl)quinoxaline (9), an appropriate intermediate (3a-g and 5) and
NaHCO3 were refluxed in acetonitrile for 2h. The reaction mixture was cooled and then poured onto water with
stirring. The obtained precipitate was collected by filtration, dried, washed with n-hexane and crystallized from
ethanol.

4.1.1.1. 2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)-N-phenylacetamide (10a); white solid (yield 83.25%); m.p. =
208 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.78 (t, J = 4.4 Hz, 4H, 2CH2 piperazine), 3.25 (s, 2H, CH2CO), 3.58
(t, J = 4.4 Hz, 4H, 2CH2 piperazine), 7.07 (t, J = 7.4 Hz, 1H, Ar-H), 7.32 (dd, J = 8.1, 8.1 Hz, 2H, Ar-H), 7.65 (m, 3H,
Ar-H), 7.75 (ddd, J = 8.3, 8.3, 1.3 Hz, 1H, Ar-H), 7.83 (dd, J = 8.3, 0.8 Hz, 1H, Ar-H), 7.89 (dd, J = 8.3, 0.9 Hz, 1H, Ar-
H), 9.79 (s, 1H, NH) (Figure S5 in The supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 49.11,
52.69, 61.99, 120.01, 123.94, 127.16, 127.48, 128.02, 129.13, 131.05, 138.00, 139.02, 139.94, 141.69, 152.76, 168.66
(Figure S6 in The supplementary materials).

4.1.1.2. 2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)-N-(4-methoxyphenyl)acetamide (10b); white solid (yield
84.32%); m.p. = 202 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.76 (t, J = 4.6 Hz, 4H, 2CH2 piperazine),
3.21 (s, 2H, CH2CO), 3.58 (t, J = 4.4 Hz, 4H, 2CH2 piperazine), 3.73 (s, 3H, CH3), 6.88 (d, J = 9.0 Hz, 2H, Ar-H),
7.55 (d, J = 9.0 Hz, 2H, Ar-H), 7.63 (ddd, J = 8.3, 8.3, 1.3 Hz, 1H, Ar-H), 7.75 (ddd, J = 8.3, 8.3, 1.3 Hz, 1H, Ar-H),
7.83 (dd, J = 8.2, 0.7 Hz, 1H, Ar-H), 7.89 (dd, J = 8.2, 0.8 Hz, 1H, Ar-H), 9.65 (s, 1H, NH) (Figure S7 in The
supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 49.11, 52.73, 55.64, 61.97, 114.23, 121.62,
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127.17, 127.85, 128.02, 131.05, 132.21, 138.01, 139.96, 141.71, 152.79, 155.83, 168.13 (Figure S8 in The supple
mentary materials).

4.1.1.3. N-(4-chlorophenyl)-2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)acetamide (10c); White solid (yield
81.75%); m.p. = 232 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.77 (t, J = 4.5 Hz, 4H, 2CH2 piperazine), 3.25 (s, 2H,
CH2CO), 3.58 (t, J = 4.5 Hz, 4H, 2CH2 piperazine), 7.36 (d, J = 8.9 Hz, 2H, Ar-H), 7.63 (ddd, J = 8.3, 7.0, 1.3 Hz, 1H,
Ar-H), 7.70 (d, J = 8.9 Hz, 2H, Ar-H), 7.75 (ddd, J = 8.2, 8.2, 1.3 Hz, 1H, Ar-H), 7.83 (dd, J = 8.2, 0.7 Hz, 1H, Ar-H),
7.89 (dd, J = 8.2, 0.8 Hz, 1H, Ar-H), 9.94 (s, 1H, NH) (Figure S9 in The supplementary materials); 13C NMR (DMSO-d6,
100 MHz) δ (ppm): 49.05, 52.66, 61.92, 121.65, 127.15, 127.54, 127.82, 128.04, 129.01, 131.07, 137.98, 139.93, 141.68,
152.75, 168.94 (Figure S10 in The supplementary materials).

4.1.1.4. 2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)-N-(4-fluorophenyl)acetamide (10d); gray solid (yield
80.65%); m.p. = 195 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.76 (t, J = 4.4 Hz, 4H, 2CH2 piperazine), 3.24 (s, 2H,
CH2CO), 3.58 (t, J = 4.3 Hz, 4H, 2CH2 piperazine), 7.16 (dd, J = 8.9 Hz, 2H, Ar-H), 7.64 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H,

Figure 1 VEGFR-2 inhibitors (type II) pharmacophoric features as presented in sorafenib, AZD-2932, and the new derivatives and their corresponding binding regions as
well.
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Ar-H), 7.68 (dd, J = 9.0, 5.0 Hz, 2H, Ar-H), 7.75 (ddd, J = 8.3, 8.3, 1.3 Hz, 1H, Ar-H), 7.83 (dd, J = 8.2, 0.6 Hz, 1H, Ar-
H), 7.89 (dd, J = 8.2, 0.8 Hz, 1H, Ar-H), 9.86 (s, 1H, NH) (Figure S11 in The supplementary materials); 13C NMR
(DMSO-d6, 100 MHz) δ (ppm): 49.07, 52.69, 61.92, 115.55, 115.77, 121.88, 127.16, 127.84, 128.04, 131.07, 135.42,
137.99, 139.94, 141.70, 152.77, 168.65 (Figure S12 in The supplementary materials).

4.1.1.5. 2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)-N-(p-tolyl)acetamide (10e); white solid (yield 84.35%); m.p. =
215 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.26 (s, 3H, CH3), 2.76 (t, J = 4.5 Hz, 4H, 2CH2 piperazine), 3.22 (s,
2H, CH2CO), 3.58 (t, J = 4.3 Hz, 4H, 2CH2 piperazine), 7.11 (d, J = 8.3 Hz, 2H, Ar-H), 7.53 (d, J = 8.3 Hz, 2H, Ar-H),
7.64 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, Ar-H), 7.75 (ddd, J = 8.2, 8.2, 1.2 Hz, 1H, Ar-H), 7.83 (d, J = 7.7 Hz, 1H, Ar-H), 7.89
(d, J = 7.6 Hz, 1H, Ar-H), 9.70 (s, 1H, NH) (Figure S13 in The supplementary materials); 13C NMR (DMSO-d6, 100
MHz) δ (ppm): 20.89, 49.08, 52.68, 61.94, 120.05, 127.14, 127.82, 128.04, 129.51, 131.07, 132.93, 136.45, 137.97,
139.92, 141.69, 152.75, 168.47 (Figure S14 in The supplementary materials).

4.1.1.6. N-(4-acetylphenyl)-2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)acetamide (10f); white solid (yield
77.45%); m.p. = 210 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.54 (s, 3H, CH3), 2.78 (t, J = 4.4 Hz, 4H, 2CH2

piperazine), 3.30 (s, 2H, CH2CO), 3.58 (t, J = 4.4 Hz, 4H, 2CH2 piperazine), 7.63 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, Ar-H),
7.75 (ddd, J = 8.3, 8.3, 1.2 Hz, 1H, Ar-H), 7.83 (3, 3H, Ar-H), 7.89 (dd, J = 8.2, 0.7 Hz, 1H, Ar-H), 7.93 (d, J = 8.7 Hz,
2H, Ar-H), 10.15 (s, 1H, NH) (Figure S15 in The supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm):
26.90, 49.08, 52.64, 61.96, 119.20, 127.15, 127.83, 128.02, 129.85, 131.04, 132.35, 137.99, 139.93, 141.68, 143.39,
152.75, 169.37, 197.09 (Figure S16 in The supplementary materials).

4.1.1.7. 2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)-N-(4-nitrophenyl)acetamide (10g); yellowish solid (yield
75.35%); m.p. = 228 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.78 (t, J = 4.5 Hz, 4H, 2CH2 piperazine), 3.27 (s, 2H,
CH2CO), 3.58 (t, J = 4.5 Hz, 4H, 2CH2 piperazine), 7.64 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H, Ar-H), 7.75 (ddd, J = 8.3, 8.3, 1.3
Hz, 1H, Ar-H), 7.83 (dd, J = 8.3, 0.8 Hz, 1H, Ar-H), 7.89 (dd, J = 8.2. 0.8 Hz, 1H, Ar-H), 7.93 (d, J = 9.2 Hz, 2H, Ar-H),
8.23 (d, J = 9.2 Hz, 2H, Ar-H), 10.42 (s, 1H, NH) (Figure S17 and Figure S18 in The supplementary materials);
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 49.04, 52.60, 61.92, 119.65, 125.30, 127.14, 127.81, 128.02, 131.04, 137.97,
139.91, 141.66, 142.80, 145.23, 152.71, 169.83 (Figure S19 in The supplementary materials).

4.1.1.8. N-benzyl-2-(4-(3-chloroquinoxalin-2-yl)piperazin-1-yl)acetamide (11); white solid (yield 81.15%); m.p. =
205 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.69 (t, J = 4.6 Hz, 4H, 2CH2 piperazine), 3.10 (s, 2H, CH2CO), 3.54
(t, J = 4.5 Hz, 4H, 2CH2 piperazine), 4.33 (d, J = 6.2 Hz, 2H, CH2NH), 7.22–7.35 (m, 5H, Ar-H), 7.63 (ddd, J = 8.2, 7.0,
1.2 Hz, 1H, Ar-H), 7.75 (ddd, J = 8.3, 8.3, 1.3 Hz, 1H, Ar-H), 7.82 (dd, J = 8.2, 0.8 Hz, 1H, Ar-H), 7.88 (dd, J = 8.2, 0.9
Hz, 1H, Ar-H), 8.39 (t, J = 6.2 Hz, 1H, NH) (Figure S20 in The supplementary materials); 13C NMR (DMSO-d6, 100
MHz) δ (ppm): 42.36, 49.07, 52.85, 61.48, 127.15, 127.19, 127.63, 127.82, 128.04, 128.74, 131.05, 137.98, 139.93,
140.12, 141.69, 152.76, 169.82 (Figure S21 in The supplementary materials); Mass (m/z): 397.59 (M++2, 13.64%),
395.56 (M+, 34.12%), 388.96, 387.93, 386.12, 344.32, 314.20, 308.45, 398.22, 379.17, 377.97, 373.08, 365.60, 349.06,
286.33, 283.27, 274.38, 273.60, 265.28, 260.63, 246.46, 207.83, 201.13, 144.25, 105.18, 75.45, 69.43 (100%, base peak)
(Figure S22 in The supplementary materials); Anal. Calcd. for C21H22ClN5O: C, 63.71; H, 5.60; N, 17.69. Found: C,
63.98; H, 5.72; N, 17.85%.

4.1.2. General method for synthesis of final compounds (13a-g) and 14: Equimolar amounts of 3-(piperazin-1-yl)
quinoxalin-2(1H)-one (12), an appropriate intermediate (3a-g and 5) and NaHCO3 were heated under reflux in acetonitrile
for 2h. The reaction mixture was then cooled, poured onto cold water and stirred for half an hour. The obtained
precipitate was collected by filtration, dried, washed with n-hexane and crystallized from ethanol.

4.1.2.1. 2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)-N-phenylacetamide (13a); white solid (yield
74.65%); m.p. = 243 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.66 (t, J = 4.8 Hz, 4H, 2CH2 piperazine), 3.19 (s, 2H,
CH2CO), 3.96 (t, J = 4.8 Hz, 4H, 2CH2 piperazine), 7.06 (t, J = 7.4 Hz, 1H, Ar-H), 7.11–7.18 (m, 3H, Ar-H), 7.31 (dd,
J = 8.2, 8.2 Hz, 2H, Ar-H), 7.38 (d, J = 7.4 Hz, 1H, Ar-H), 7.64 (d, J = 7.7 Hz, 2H, Ar-H), 9.80 (s, 1H, NHCO), 12.21 (s,
1H, NH quinoxaline) (Figure S23 in The supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 46.52,
53.10, 62.05, 114.89, 120.03, 123.65, 123.96, 125.18, 125.56, 129.14, 129.79, 132.71, 138.99, 151.61, 152.53, 168.72
(Figure S24 in The supplementary materials).
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4.1.2.2. N-(4-methoxyphenyl)-2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)acetamide (13b); white solid
(yield 73.23%); m.p. = 235 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.66 (s, 4H, 2CH2 piperazine), 3.12 (s, 2H,
CH2CO), 3.72 (s, 3H, OCH3), 3.96 (s, 4H, 2CH2 piperazine), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 7.14–7.17 (m, 3H, Ar-H),
7.39 (d, J = 7.3 Hz, 1H, Ar-H), 7.54 (d, J = 8.6 Hz, 2H, Ar-H), 9.63 (s, 1H, NHCO), 12.13 (s, 1H, NH quinoxaline)
(Figure S25 in The supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 46.50, 53.11, 55.63, 61.97,
114.24, 114.84, 121.76, 123.72, 125.21, 125.56, 129.66, 132.03, 132.69, 151.58, 152.50, 155.89, 168.30 (Figure S26 in
The supplementary materials).

4.1.2.3. N-(4-chlorophenyl)-2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)acetamide (13c); white solid
(yield 71.84%); m.p. = 264 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.65 (s, 4H, 2CH2 piperazine), 3.19 (s, 2H,
CH2CO), 3.96 (s, 4H, 2CH2 piperazine), 7.12–7.17 (m, 3H, Ar-H), 7.36–740 (m, 3H, Ar-H), 7.68 (d, J = 8.8 Hz, 2H, Ar-
H), 9.92 (s, 1H, NHCO), 12.12 (s, 1H, NH quinoxaline) (Figure S27 in The supplementary materials); 13C NMR
(DMSO-d6, 100 MHz) δ (ppm): 46.48, 53.10, 62.03, 114.83, 121.61, 123.64, 125.17, 125.57, 127.48, 129.00, 129.74,
132.70, 138.01, 151.59, 152.49, 168.88 (Figure S28 in The supplementary materials).

4.1.2.4. N-(4-fluorophenyl)-2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)acetamide (13d); brown solid
(yield 72.49%); m.p. = 227 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.66 (s, 4H, 2CH2 piperazine), 3.18 (s, 2H,
CH2CO), 3.96 (s, 4H, 2CH2 piperazine), 7.13–7.17 (m, 5H, Ar-H), 7.39 (d, J = 7.4 Hz, 1H, Ar-H), 7.67 (dd, J = 8.8, 5.0
Hz, 2H, Ar-H), 9.84 (s, 1H, NHCO), 12.12 (s, 1H, NH quinoxaline) (Figure S29 in The supplementary materials);
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 46.48, 53.12, 62.00, 114.83, 115.54, 115.76, 121.93, 123.63, 125.16, 125.57,
129.47, 132.71, 135.42, 151.59, 152.49, 168.59 (Figure S30 in The supplementary materials).

4.1.2.5. 2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)-N-(p-tolyl)acetamide (13e); white solid (yield
73.56%); m.p. = 248 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.26 (s, 3H, CH3), 2.66 (s, 4H, 2CH2 piperazine),
3.17 (s, 2H, CH2CO), 3.96 (s, 4H, 2CH2 piperazine), 7.11–7.17 (m, 5H, Ar-H), 7.39 (d, J = 7.4 Hz, 1H, Ar-H), 7.52 (d,
J = 8.4 Hz, 2H, Ar-H), 9.68 (s, 1H, NHCO), 12.13 (s, 1H, NH quinoxaline) (Figure S31 in The supplementary materials);
13C NMR (DMSO-d6, 100 MHz) δ (ppm): 20.91, 46.49, 53.13, 62.02, 114.83, 120.00, 123.61, 125.16, 125.57, 129.49,
129.77, 132.71, 132.82, 136.54, 151.59, 152.49, 168.31 (Figure S32 in The supplementary materials).

4.1.2.6. N-(4-acetylphenyl)-2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)acetamide (13f); brownish solid
(yield 68.50%); m.p. = 239 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.53 (s, 3H, CH3), 2.67 (s, 4H, 2CH2

piperazine), 3.24 (s, 2H, CH2CO), 3.96 (s, 4H, 2CH2 piperazine), 7.13–7.17 (m, 3H, Ar-H quinoxaline), 7.39 (d, J = 7.4
Hz, 1H, Ar-H), 7.80 (d, J = 8.7 Hz, 2H, Ar-H), 7.93 (d, J = 8.7 Hz, 2H, Ar-H), 10.12 (s, 1H, NHCO), 12.13 (s, 1H, NH
quinoxaline) (Figure S33 in The supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 26.89, 46.50,
53.05, 62.03, 114.84, 119.22, 123.69, 125.21, 125.57, 129.71, 129.86, 132.35, 132.69, 143.37, 151.59, 152.49, 169.40,
197.18 (Figure S34 in The supplementary materials).

4.1.2.7. N-(4-nitrophenyl)-2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)acetamide (13g); yellowish solid
(yield 65.30%); m.p. = 256 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.67 (s, 4H, 2CH2 piperazine), 3.27 (s, 2H,
CH2CO), 3.96 (s, 4H, 2CH2 piperazine), 7.12–7.17 (m, 3H, Ar-H quinoxaline), 7.38 (d, J = 7.4 Hz, 1H, Ar-H), 7.92 (d,
J = 9.1 Hz, 2H, Ar-H), 8.22 (d, J = 9.1 Hz, 2H, Ar-H), 10.42 (s, 1H, NHCO), 12.12 (s, 1H, NH quinoxaline) (Figure S35
in The supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 44.37, 50.93, 59.95, 112.75, 117.52, 121.49,
123.04, 123.20, 123.45, 127.68, 130.60, 140.66, 143.18, 149.47, 150.40, 167.70 (Figure S36 in The supplementary
materials).

4.1.2.8. N-benzyl-2-(4-(3-oxo-3,4-dihydroquinoxalin-2-yl)piperazin-1-yl)acetamide (14); white solid (yield
74.60%); m.p. = 230 °C; 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 2.59 (t, J = 4.5 Hz, 4H, 2CH2 piperazine), 3.04 (s, 2H,
CH2CO), 3.93 (s, 4H, 2CH2 piperazine), 4.32 (d, J = 6.2 Hz, 2H, CH2NH), 7.12–7.17 (m, 3H, Ar-H quinoxaline), 7.22–
7.35 (m, 5H, Ar-H), 7.38 (d, J = 7.3 Hz, 1H, Ar-H), 8.36 (s, 1H, NHCO), 12.12 (s, 1H, NH quinoxaline) (Figure S37 in
The supplementary materials); 13C NMR (DMSO-d6, 100 MHz) δ (ppm): 42.35, 46.47, 53.24, 61.51, 114.83, 123.69,
125.20, 125.56, 127.20, 127.62, 128.74, 129.68, 132.69, 140.07, 151.56, 152.49, 169.88 (Figure S38 in The supplemen
tary materials).
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Biological Testing
In vitro Antitumor Assay
This assay was performed against four human cancer cell lines, namely, A549, HepG-2, Caco-2, and MDA. In line with
the MTT protocol60 we carried out this colorimetric assay with quantitative measurement of the antitumor activity. The
assay is primarily based on a biochemical reaction in which mitochondrial succinate dehydrogenase in viable cells
converts the yellow tetrazolium bromide (MTT) to a purple formazan derivative. In general, the cells were cultured in
RPMI-1640 medium with 10% fetal bovine serum. Penicillin (100 units/mL) and streptomycin (100µg/mL) were added
in a 5% CO2 incubator at 37 °C. Seeding of the cells was in a 96-well plate at 37 C for 48 h under 5% CO2 and it was at
a density of 1.0×104 cells/well. After the initial incubation, the cells were treated with the new derivatives at different
concentrations and incubated for 24 h. Then we add 20 µL of MTT in a solution of 5mg/mL concentration and incubate
for 4 h. To dissolve the obtained purple formazan, 100 µL of DMSO was added into each well. Measuring and recording
the colorimetric assay were carried out by a plate reader (EXL 800, USA) at an absorbance of 570 nm. The percentage of
relative cell viability was calculated.

VEGFR-2 (KDR) Kinase Assay
According to the manufacturer’s instructions, the VEGFR-2 Kinase Assay Kit (BPS-Bioscience, USA) was used for
testing the VEGFR tyrosine kinase activity according to. In brief, the diluted VEGFR-2 enzyme or tested compound (at
different dilution of 1000, 300, 100, 30, 10, 3, 1, and 0.30 nM) was added to the wells of a 96-well plate, and the reaction
mixture was incubated at 30 °C for 30 min, then 25 mL of ADP-GloTM Reagent was added. The reaction plate was
incubated at RT for 45 min, and the kinase detection reagent (Kinase-Glo MAX (Promega)) was added. A luminescence
signal was detected and quantified by a BioTek Synergy 2 microplate reader for determination of IC50 of the tested
compounds. A blank control was set up to which an equal volume of kinase assay buffer was added instead of the tested
compounds. The activity for each protein kinase target was corrected by subtracting the blank control value.

Cell Cycle Analysis
This assay was conducted according to the reported method.61 In short, HepG-2 cells were seeded into six-well plates (2
× 105 cells per each well) and incubated for 24 h at 37 °C and 5% CO2. After that, they were treated with 9.52 µM of
compound 11 dissolved in DMSO (1% v/v) for 48 h. After the cells were washed several times with cold phosphate
buffered saline (PBS), fixed with ethyl alcohol (70%) and rinsed again with PBS, they were stained with the DNA
fluorochrome propidium iodide and kept at 37 °C for 15 min in the dark. The cell distribution was analyzed using Epics
XL-MCL™ Flow Cytometer (Beckman Coulter), and the data were analyzed using Flowing software (version 2.5.1,
Turku Centre for Biotechnology, Turku, Finland).

Apoptosis Assay
Apoptosis detection was carried out using Annexin V fluorescein isothiocyanate (V-FITC)/PI kit according to the
reported procedure.62 HepG-2 cells were seeded and incubated for 24 h, then treated with (9.52 µM) of compound 11
for 28 h. The cells were then collected, washed 3 times with PBS, fixed with ice-cold absolute ethanol (70%) and stained
with Annexin-V-FITC/propidium iodide (PI) using a double staining kit for 20 min in the dark. Epics XL-MCL™ Flow
Cytometer was used to evaluate the apoptosis.

Western Blot Analysis
In line with the manufacturer’s instructions,63 Western blot analysis was carried out for evaluation of the apoptotic effect of
compound 11 (at its IC50) on the proteins; BAX, Bcl-2, caspase-3 and p53 in HepG-2 cells. The cells were treated with
compound 11 or DMSO (as control), lysed in cold lysis buffer (250 µL) containing Tris-Base [10 mM], ethylenediaminete-
traacetic acid [25 mM], ethylene glycol bis (2-aminoethyl) 1% [v/v] NP-40, tetraacetic acid [EGTA, 25 mM], NaCl [100
mM], 1% [v/v] Triton X-100, and directly supplemented with 1:400 protease and phosphatase inhibitors mixture (Sigma)
while pH was kept at 7.4. Additional lysis of the cancer cells was achieved by freezing for 1.5 hours at −80°C. The cells were
then thawed, collected, sonicated, and centrifuged. The total protein concentration was measured using the Pierce 660 nm
Protein Assay Reagent (Thermo Fisher Scientific, Rockford, IL), using bovine serum albumin (BSA) as a standard. An equal
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amount of protein (30 µg) was loaded into SDS-polyacrylamide gel and separated by an electrophoresis unit (Cleaver
Scientific Ltd, UK). After separation, the proteins were transferred onto polyvinylidene fluoride membranes (Bio-Rad) for 35
min, blocked in 5% BSA in Tris-buffered saline containing 0.05% Tween, TBST. The membranes were then incubated with
the primary antibody diluted in BSA (1:1000) at 4 °C overnight and washed 4 times with 1× TBST buffer. The secondary
antibody (coupled to horseradish peroxidase) diluted in TBST buffer (1:2000) was added for 60 min at RT. The band signals
were detected by Western Lightning enhanced chemiluminescence (ECL) reagents (Perkin Elmer, Waltham, MA), and
captured by Chemi-Doc imager (Bio-Rad). The band intensities were calculated with normalization to the β-actin.63–65

Molecular Docking
Molecular operating environment (MOE) 2014 software was used to execute the molecular docking study. The crystal
structure of VEGFR-2 (ID: 3VHE) was downloaded from PDB software. The downloaded protein is composed of one
peptide chain, the co-crystallized ligand, and water molecules. The water molecules were eliminated, then protonation
of 3D was done. The energy of the protein was minimized according to the default option (Forcefiled: MMFF94X,
eps=r, cutoff] 8–10[). The pocket was obtained by isolating the receptor surface within 4.5 Å around the ligand
atoms. Validation of the docking protocol was detected by redocking the ligand (pyrrolopyrimidine inhibitor). It was
found that the RMSD of the redocked ligand was of 0.42 Å from the co-crystallized ligand. It was reported that
RMSD of 1.5 Å or less is an indicator for validation of the docking procedure. The new derivatives were constructed
at MOE, 3D protonation was done, and the energy of the new derivative was minimized based on the default option.
The prepared 3D structures were added to a created database. Docking of the prepared database into the pocket was
done according to the default protocol. MOE produced database results containing the scores of the best conformers
in kcal/mol. 2D and 3D interactions between the conformers and the binding site of the enzyme were obtained.66–68

Statistical Analysis
The biological parts were investigated in triplicates (n = 3) and all data were expressed as Mean ± SEM. The significance
of statistical analysis was assessed by the unpaired t-test to compare the mean of two independent groups using graph Pad
Prism software 8, and differences were considered statistically significant at p-values <0.05.

Results and Discussion
Chemistry
Preparation of the intermediates, 3a-g and 5, was achieved by treatment of an appropriate amine with chloroacetyl
chloride as illustrated in Scheme 1.

Synthesis of 2-chloro-3-(piperazin-1-yl)quinoxaline (9) was carried out according to the procedure which involves
reaction of oxalic acid with o-phenylenediamine in 4N HCl to afford quinoxaline-2,3-dione which was then treated with
POCl3 in presence of DMF to give 2,3-dichloroquinoxaline (8). Treatment of compound 8 with piperazine in absolute
ethanol and in the presence of triethylamine gave compound 9 (Scheme 2).

Stirring of 2-chloro-3-(piperazin-1-yl)quinoxaline (9) in aqueous NaOH solution for 24 h at 50 °C resulted in
3-(piperazin-1-yl)quinoxalin-2(1H)-one (12) as presented in Scheme 3.

Finally, compounds 10a-g and 11 were obtained by treatment of compound 9 with 3a-g and 5, as shown in Scheme 2.
While treatment of compound 12 with 3a-g and 5 afforded the final compounds: 13a-g and 14, respectively (Scheme 3).

1H NMR charts of the new derivatives revealed that the 8 protons of the piperazine moiety appeared in two peaks;
each was of 4 protons integration; the first peak was at δ value about 2.7 ppm, and the second one extended from 3.6
to 3.9 ppm. The peak of aromatic NH of acetanilide appeared at δ value ranging from 9.6 to 10.4 ppm. Its chemical
shift was affected by the substituent at the benzene ring; it appeared shielded at 9.6 ppm by the electron donating
effect of the methoxy group, but it was deshielded to appear at 10.4 ppm by the negative mesomeric effect of the
nitro group. The aliphatic NH of compounds 11 and 14 were observed triplet at 8.4 ppm. Oxoquinoxaline derivatives
showed a characteristic peak at about 12.12, ppm which is attributed to the NH of the quinoxalin-2-one nucleus.
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13C NMR charts of the new derivatives showed peaks at about 169 ppm due to quinoxaline carbon attached to the
piperazine moiety. They also demonstrated peaks at about 152 ppm due to CO of acetanilide. While the CO of quinoxalin-
2-one nucleus appeared at about 151 ppm. The ketone CO of compounds 10f and 13f showed a characteristic peak at 197
ppm. The aromatic carbon attached to the methoxy group revealed a characteristic peak at about 155 ppm.

Biological Testing
In vitro Antitumor Assay
All the new molecules have been evaluated against 4 cancer cell lines: A549 lung cancer cells, HepG-2 hepatoma cells,
Caco-2 colon cancer cells, and MDA breast cancer cells, which were obtained from American Type Culture Collection
(ATCC, USA). Sorafenib was used as a standard anticancer agent.

The data presented in Table 1 indicate that the most sensitive cell line to the new candidates was A549. We can notice
that all the new derivatives, except compound 14, were more potent than sorafenib, which showed an IC50 of 14.10 µM.
The most potent candidate was 10b, with an IC50 of 6.48 µM; it demonstrated about twice the potency of sorafenib.
Additionally, compounds 10g, 10a, 10c, 10f, 11, 10d, and 13b were far better than sorafenib, and they showed IC50 = 8.36,
9.03, 9.57, 10.31, 10.61, 10.90, and 10.97 µM, respectively. In general, 3-chloroquinoxaline derivatives displayed more
potent results against A549 cells than 3-oxoquinoxaline compounds.

HepG-2 cell line came second in terms of sensitivity to the synthesized compounds. But in contrast to A549 cells,
HepG-2 was more sensitive to 3-oxoquinoxaline derivatives than 3-chloroquinoxaline derivatives. Compounds 13e, 10e,
13b, 13d, and 13f were found to be the most promising candidates with IC50 = 7.82, 8.08, 8.35, 8.40, and 8.85 µM,
respectively (Table 1). The results of these derivatives were weaker but close to sorafenib, which showed an IC50 of 7.31
µM. With the exception of compound 10b, the results of new compounds were considerable; IC50 ranged from 9.52 to
14.62 µM.

Regarding Caco-2 cells, we can notice that compounds 13f and 13c were more potent than sorafenib; they showed
IC50 = 9.01 and 9.05 µM, respectively, compared to 9.25 µM for sorafenib. Compound 10c demonstrated an IC50 = 9.42

Scheme 1 General procedures for preparation of intermediates 3a-g and 5; conditions: (i) DMF, NaHCO3, ice bath, stirring, 1h.
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µM, which was comparable to that of sorafenib. Moreover, the data of compounds 13b, 11, 13d, and 13a were significant,
exhibiting IC50 = 10.46, 12.45, 12.98, and 13.17 µM, respectively. Caco-2 was similar to HepG-2 in that 3-oxoquinoxa-
line derivatives showed better results than those of 3-chloroquinoxaline derivatives.

Finally, MDA sensitivity was higher to the effect of 3-chloroquinoxaline derivatives than 3-oxoquinoxaline deriva-
tives. Compound 10g was found to be the most promising candidate, with an IC50 = 10.52 µM. Compared to sorafenib,
which revealed an IC50 = 10.75 µM, 10g was slightly better. Furthermore, compounds 10c, 11, 10b, and 13c showed
activities close to that of sorafenib; they demonstrated IC50 = 11.27, 11.52, 11.60, and 12.09 µM, respectively.

Initially, the cytotoxic effect of all the new derivatives was examined against the WISH normal cell line. The results
given in Table 1 reveal good degrees of selectivity. It can be noticed that the results of compound 11 are of particular
significance. It exhibited selectivity indices = 12.18, 13.57, 10.38, and 11.22 to A549, HepG-2, Caco-2, and MDA cell
lines, respectively. The second most selective compound was 13b; its selectivity indices were 9.94, 12.35, 10.42, and 7.40
to the four cell lines, respectively. Compound 10e came in third place, with selectivity indices = 9.18, 13.17, 6.51, and
7.43 to the four cell lines, respectively. Furthermore, compounds 13a, 10g, 13f, 13d, 10f, 10c, 10d, 13e, and 10b showed
good selectivity to one or more cancer cell lines.

Compounds 11, 13b, 10e, 13a, 10g, 13f, and 13d, which showed the most valuable results in cytotoxicity testing, have
been selected for further evaluation against VEGFR-2 kinase.

Scheme 2 General procedures for preparation of final compounds 10a-g and 11; Reagents and conditions: (i) oxalic acid, HCl, H2O, reflux. (ii) POCl3, DMF, reflux, 3h. (iii)
piperazine, Et3N, absolute ethanol, ice bath. (iv) acetonitrile, NaHCO3, reflux, 2h.
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VEGFR-2 (KDR) Kinase Assay
The most prominent seven candidates (11, 13b, 10e, 13a, 10g, 13f, and 13d) were evaluated in vitro against VEGFR-2
kinase. The results presented in Table 2 show that the new derivatives managed to inhibit VEGFR-2 kinase at sub-
micromolar concentrations. The IC50 values of the new derivatives ranged from 0.192 to 0.602 µM. It is apparent
from the data supplied that the most significant derivative was compound 11; it exhibited an IC50 of 0.192 µM
compared to 0.082 µM for sorafenib (the positive control). Concentration-dependent kinase inhibition plots of
compound 11 and sorafenib are presented in Figure 2 and Figure 3, respectively. The second most potent derivative
was compound 10e, with an IC50 = 0.241 µM. Activity of the other candidates can be arranged in a descending order
as follows: 13a (IC50 = 0.258 µM), 10g (IC50 = 0.332 µM), 13f (IC50 = 0.465 µM), 13b (IC50 = 0.471 µM), and 13d
(IC50 = 0.602 µM).

VEGFR-2 inhibitors have been shown to induce apoptosis.51 So, we evaluated cell cycle kinetics and apoptosis rates
in HepG-2 treated with compound 11, which was the most potent VEGFR-2 inhibitor candidate. We aimed to examine
reasons other than VEGFR-2 inhibition behind the significant antitumor results of the new derivatives.

Scheme 3 General procedures for synthesis of final compounds 13a-g and 14; Reagents and conditions: (i) NaOH, H2O, stirring, 50 °C. (ii) acetonitrile, NaHCO3, reflux, 2h.
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Table 1 IC50 Values of the New Derivatives and the Reference Sorafenib Against Four Cancer Cell Lines, A549, HepG-2, Caco-2 and
MDA as Well as One Normal Cell Line (WISH)

Serial Comp. ID IC50(µM)a

A549 HepG-2 Caco-2 MDA WISH

1 10a 9.03 14.62 14.17 14.38 30.50

2 10b 6.48 469.00 14.64 11.60 45.66

3 10c 9.57 22.64 9.42 11.27 47.96

4 10d 10.90 38.58 32.83 16.60 82.18

5 10e 11.59 8.08 16.34 14.32 106.44

6 10f 10.31 12.45 28.44 16.08 65.52

7 10g 8.36 11.38 15.92 10.52 85.05

8 11 10.61 9.52 12.45 11.52 129.27

9 13a 11.24 11.54 13.17 17.91 105.56

10 13b 10.97 8.83 10.46 14.71 109.06

11 13c 12.79 10.43 9.05 12.09 42.09

12 13d 13.43 8.35 12.98 14.37 60.45

13 13e 12.60 7.82 14.35 18.47 39.65

14 13f 11.33 8.40 9.01 16.45 54.83

15 13g 10.49 12.60 19.41 24.63 38.60

16 14 14.66 12.72 16.64 20.03 35.69

17 Sorafenib 14.10 7.31 9.25 10.75 NTb

Notes: aIC50 values are the mean ± S.D. of three separate experiments. bNot tested.

Table 2 VEGFR-2 IC50 of the Tested Derivatives
Compared to Sorafenib

Comp. ID VEGFR-2, IC50 (µM)

10e 0.241 ± 0.021

10g 0.332 ± 0.028

11 0.192 ± 0.016

13a 0.258 ± 0.023

13b 0.471 ± 0.034

13d 0.602 ± 0.048

13f 0.465 ± 0.046

Sorafenib 0.082 ± 0.023
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Effect on Cell Cycle Kinetic
It is clear from Figure 4 that 9.52 μM of compound 11 displayed a strong impact on the different cell cycle phases of
HepG-2 cells compared to control cells. We can notice that the most significant increase in cell accumulation rate was at
S phase, from 20.14% to 46.10%. Also, cell accumulation in the G2/M phase was increased from 15.16% to 25.22%. On
the other hand, there was a sharp decrease in cell accumulation percentage in phase G1 from 63.18% to 27.37%.

Annexin V-FITC Apoptosis Assay
It is apparent from the results illustrated in Table 3 and Figure 5 that there was a sharp increase in HepG-2 cells
apoptosis due to the effect of 9.52 μM (IC50 value) of compound 11. As can be seen, the early apoptosis rate was
increased exponentially by about 9-fold, from 4.75% to 43.60%. At the same time, late apoptosis was increased by

Figure 2 Concentration dependent kinase inhibition plot of compound 11. The percent VEGFR-2 inhibition was determined for compound 11 relative to control, and the
data were fitted to the dose-response curve to obtain IC50 values. Error bars represent SEM of three replicates.

Figure 3 Concentration dependent kinase inhibition plot of sorafenib. The percent VEGFR-2 inhibition was determined for sorafenib relative to control, and the data were
fitted to the dose-response curve to obtain IC50 values. Error bars represent SEM of three replicates.
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3-fold compared to control. On the other hand, the given information revealed a weak effect of compound 11 on
HepG-2 necrosis. Additionally, there was a dramatic decrease in HepG-2 viable cells from 95.54% to 55.95% due to
the effect of compound 11. Further evaluation was carried out to explore the mechanism of apoptosis induced by
compound 11.

Figure 4 Flow cytometric analysis of HepG-2 cell cycle phases after 48 h treatment with 9.52 µM (IC50 value) of compound 11. After treatment with 11, HepG-2 cells were
harvested, stained and then cell cycle phases were analyzed using Flowing software. (A) Illustrating histograms show the cell cycle distribution of both HepG-2 test cells and
control. (B) Column diagram represents percentage of cells accumulation in the different phases of cell cycle. Results have been calculated as mean ± SEM of 3 experiments.
*p < 0.05, ***p < 0.001 statistically indicate the significance of the obtained results compared to control (HepG-2).

Table 3 Apoptosis and Necrosis Rates of HepG-2 Cells Treated with Compound 11 Compared to Control HepG-2
Cells

Cell Type Viable a Apoptosis a Necrosis a

Early Late

HepG-2 95.54 ± 1.94 4.75 ± 0.48 0.13 ± 0.01 0.11 ± 0.01

11 /HepG-2 55.95 ± 4.19 43.60 ± 4.16*** 0.38 ± 0.09 0.17 ± 0.01

Notes: a Values have been supplied as mean ± SEM of 3 experiments. ***p < 0.001 statistically indicate the significance of the obtained values compared
to control (HepG-2).
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Effect on Levels of BAX and Bcl-2 Protein Expression
Western blot analysis provided data concerning the effect of 9.52 µM (IC50 value) of compound 11 on the expression of
certain proteins in HepG-2 cells treated for 48h, as shown in Table 4 and Figure 6. It is clear from the results given that
there was a double increase in BAX protein expression level compared to control HepG-2 cells. Meanwhile, Bcl-2
expression level decreased to half compared to control cells. Accordingly, a 4-fold rise in the BAX/Bcl-2 ratio was
obtained. BAX was reported as a proapoptotic member of the Bcl-2 family. On the other hand, Bcl-2 is an antiapoptotic
protein.52,53

Effect on Caspase-3 Level
Caspase-3 is known as the primary executioner caspase in apoptosis.54,55 Caspase-3 level was increased by 2.3-fold in
HepG-2 cells treated with compound 11 (9.52 µM) compared to untreated cells, as presented in Figure 6 and Table 4.

Effect on P53 Level
Further evaluation of compound 11 (IC50 value) at HepG-2 showed an effective rise in the expression level of the tumor
suppressor protein p53. A 3-fold increase in the expression level of p53 can be seen in Figure 6 and Table 4. P53 protein

Figure 5 Apoptosis rate in HepG-2 cells treated with (9.52 µM) of compound 11 for 48 h in comparison to control HepG-2 cells. (A) The obtained flow cytometric figures
for both test and control HepG-2 cells. (B) Data from quantification of apoptosis are presented as mean ± SEM of 3 experiments. ***p < 0.001 statistically indicate the
significance of the obtained results in comparison to control (HepG-2).
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was reported to have many biological activities, such as apoptosis, DNA repair, and cell cycle arrest.56–59 It was also
proven to inhibit tumor angiogenesis.59

The data obtained from Western blot analysis reveals that the apoptosis inducing effect of compound 11 is more likely
to be attributed to its ability to increase the BAX/Bcl-2 ratio and levels of caspase-3 and p53 proteins.

Molecular Docking
We carried out docking studies for the new derivatives and sorafenib (reference of biology) in order to get insights into
their binding and affinity to VEGFR-2. The protein (ID: 3VHE) was downloaded with its co-crystallized ligand
(pyrrolopyrimidine inhibitor) from protein data bank (PDB) web site. The redocked ligand showed a root mean square
deviation (RMSD) of 0.42 Å which means that the executed docking protocol was valid. Figure S1 in The supplementary
data.pdf shows the overlay of the redocked and the co crystallized ligand. The supplied figure shows that the ligand
displayed two hydrogen bonds with Glu885 and another one with Asp1046 via its urea moiety. One more hydrogen bond
was formed between NH of the pyrrolopyrimidine nucleus and Cys919. Additionally, the planar aromatic moiety
demonstrated a π cation interaction with Leu1035.

Sorafenib binding mode was found to be similar to that of the ligand as shown Figure S2 in The supplementary
data.pdf; the urea moiety showed two hydrogen bonds (length: 1.87 Å and 1.97 Å) with Glu885 and another one

Table 4 The Impact of Compound 11 on Expression of the Tested Proteins in HepG-2 Cells Treated For 48 h

Cell type Protein Level (Normalized to β-Actin) a

BAX Bcl-2 BAX/Bcl-2 Ratio Caspases-3 P53

HepG-2 1.00 ± 0.03 1.00 ± 0.09 1.00 ± 0.11 1.00 ± 0.10 1.00 ± 0.03

11/HepG-2 2.16 ± 0.22** 0.50 ± 0.03* 4.25 ± 0.47** 2.32 ± 0.11*** 3.07 ± 0.24**

Notes: a Results are supplied as mean ± SEM of 3 experiments. *p < 0.05, **p < 0.01, ***p < 0.001 indicate the significance of the obtained values statistically.

Figure 6 The immunoblotting of the expression of BAX, Bcl-2, Caspase-3, and p53 (Normalized to β-actin). (A) A given Western blot illustrations display the impact of 9.52
µM (IC50 value) of compound 11 on the tested proteins expression in HepG-2 cells treated for 48h. (B) The evaluated proteins quantity in the cell lysates. The reference
HepG-2 cells were set to “1”, and all results from 3 experiments are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 indicate the importance of the obtained
results statistically.
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(length: 1.77 Å) with Asp1046. Moreover, the phenoxy group showed a π cation interaction with the alkyl side chain
of Val899.

With respect to the new derivatives, it was found that all compounds showed a good fit to the pocket with binding
modes similar to that of the ligand. Figure 7 represents the binding mode of compound 11; as can be seen the amide
group demonstrated two hydrogen bonds (length: 1.75 Å and 1.85 Å) with the essential amino acids Glu885 and
Asp1046. Meanwhile, the quinoxaline moiety was oriented to occupy the ATP binding domain, showing a π cation
interaction with the alkyl side chain of Val848. It was also found that the terminal benzylic group was directed to form
hydrophobic interactions with the alkyl side chains of Ile888, Leu889, and Ile892 in the allosteric pocket. Figure 8
reveals that the binding patterns of compound 11 and the co-crystallized ligand are almost the same. These data clearly
suggest that compound 11 is proposed to bind correctly and efficiently with VEGFR-2 kinase.

The binding pattern of compound 10e was also found to be similar to the ligand (Figure S3 in supplementary
materials); we can see in the figure that the amide group showed a hydrogen bond with Glu885 and Asp1046. The
methylene group of acetanilide demonstrated a π cation interaction with Glu885. The quinoxaline moiety revealed a π
cation interaction with Val848. The terminal aromatic moiety demonstrated a π cation interaction with the alkyl side
chain of Asp1046.

The binding mode of compound 13a is presented in Figure S4 in the supplementary materials. The amide group
showed a hydrogen bond with Glu885 and another one with Asp1046. Moreover, the quinoxaline moiety displayed an
essential hydrogen bond with Glu917 and a π cation interaction with Cys919. This π cation interaction improved the
binding affinity of compound 13a.

Structure Activity Relationship
According to biological results obtained, relationships can be established between the structures and activities of the new
derivatives as follows:

Figure 7 Binding mode of compound 11.
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1. Chloroquinoxaline derivatives are more potent antiproliferative agents against A549 and MDA than their corre-
sponding oxoquinoxaline derivatives.

2. Regarding HepG-2 and Caco-2, oxoquinoxaline derivatives showed better activity than chloroquinoxaline
derivatives.

3. The methoxy group at position 4 of the terminal phenyl ring revealed higher activity against A549 than other
substituents at the same position.

4. 4-methylphenyl as a terminal hydrophobic moiety was the most potent against HepG-2.
5. 4-chlorophenyl as a terminal hydrophobic moiety was found to be the best against both Caco-2 and MDA.
6. With regard to VEGFR-2 inhibition, the chlorine atom at position 2 of quinoxaline was superior to the oxygen at

the same position.
7. Non polar substituents at position-4 of the terminal phenyl showed better activity than polar substituents in terms

of VEGFR-2 inhibition.

Conclusion
In accordance with the reported pharmacophoric features of VEGFR-2 inhibitor agents and on the basis of the
antihypertensive property of the piperazinylquinoxaline moiety, we designed and synthesized new sixteen piperazinyl-
quinoxaline derivatives as potential safer antitumor candidates. The obtained data showed that the new derivatives
revealed considerable antitumor activities against four cancer cell lines: A549, HepG-2, Caco-2, and MDA, with
considerable degrees of selectivity to cancer cells. Meanwhile, the studied candidates managed to inhibit VEGFR-2
kinase at sub-micromolar concentrations. Accordingly, we suggest that future work on the new derivatives by modifica-
tion and further evaluation would be more likely to develop potent anticancer agents targeting VEGFR-2 kinase.

The most significant candidate to be considered for further work was compound 11, which displayed an encouraging
profile of biological results and in silico data. It showed IC50 = 10.61, 9.52, 12.45, and 11.52 µM against A549, HepG-2,

Figure 8 Overlay of compound 11 (gray colored) and the ligand (green colored).
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Caco-2, and MDA cell lines, respectively. While it showed IC50 of 129.27 µM against the WISH normal cell.
Additionally, it demonstrated an IC50 = 0.192 µM against VEGFR-2 kinase. Moreover, HepG-2 treated with 9.52 µM
of 11 revealed noticeable increases in BAX/Bcl-2 ratio, caspase-3 level, and P53 expression; these factors collectively
account for the dramatic increase in apoptosis rate from 5% to about 44%.
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