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e-3-propanamides as VGFR-2
inhibitors and apoptosis inducers†

Magda M. F. Ismail, a Taghreed Z. Shawer,a Rabab S. Ibrahim,a Mostafa S. Abusaif,b

Mona M. Kamal,c Rasha M. Allamd and Yousry A. Ammarb

Vascular endothelial growth factor receptor-2 is a vital target for therapeutic mediation in various types of

cancer. This study was aimed at exploring the cytotoxic activity of seventeen novel quinoxaline-3-

propanamides against colon cancer (HCT-116) and breast cancer (MCF-7) using MTT assay. Results

revealed that compounds 8, 9, and 14 elicited higher cytotoxicity than the reference drugs, doxorubicin

(DOX) and sorafenib. Interestingly, they are more selective for HCT-116 (SI 11.98–19.97) and MCF-7 (SI

12.44–23.87) compared to DOX (SI HCT-116 0.72 and MCF-7 0.9). These compounds effectively

reduced vascular endothelial growth factor receptor-2; among them, compound 14 displayed similar

VEGFR-2 inhibitory activity to sorafenib (IC50 0.076 M). The ability of 14 to inhibit angiogenesis was

demonstrated by a reduction in VEGF-A level compared to control. Furthermore, it induced a significant

increase in the percentage of cells at pre-G1 phase by almost 1.38 folds (which could be indicative of

apoptosis) and an increase in G2/M by 3.59 folds compared to the control experiment. A flow cytometry

assay revealed that compound 14 triggered apoptosis via the programmed cell death and necrotic

pathways. Besides, it caused a remarkable increase in apoptotic markers, i.e., caspase-3 p53 and BAX.

When compared to the control, significant increase in the expression levels of caspase-3 from 47.88 to

423.10 and p53 from 22.19 to 345.83 pg per ml in MCF-7 cells. As well, it increased the proapoptotic

protein BAX by 4.3 times while lowering the antiapoptotic marker BCL2 by 0.45 fold. Docking studies

further supported the mechanism, where compound 14 showed good binding to the essential amino

acids in the active site of VEGFR-2. Pharmacokinetic properties showed the privilege of these hits over

sunitinib: they are not substrates of P-gp protein; this suggests that they have less chance to efflux out

of the cell, committing maximum effect; and in addition, they do not allow permeation to the BBB.
1. Introduction

One may argue that abnormal angiogenesis is a crucial condi-
tion for the growth and spread of tumors. The growth and
occurrence of numerous tumor types are strongly correlated
with the aberrant expression of VEGFR-2 in neovascular tumor
endothelial cells, according to mounting evidence.1,2 At the
moment, blocking VEGFRs to target tumor angiogenesis is
a successful oncotherapy method.3–5 All VEGFR-2 inhibitors,
despite the fact that the majority of them lack specicity,
provide differing degrees of therapeutic efficacy against various
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tumor types by inhibiting angiogenesis and lymphangio-
genesis.6 Currently, there are three types of VEGFR inhibitors:
type I inhibitors, type II inhibitors, and type III inhibitors.7

Sunitinib (SU11248), a type I inhibitor, is the rst small mole-
cule to contain the indolin-2-one template and is effective
against a number of kinases, including the stem cell factor
receptor (c-Kit), platelet-derived growth factor receptors A and B
(PDGFRA and PDGFRB), colony-stimulating factor 1 receptor
(CSF-1R), FMS-like tyrosine kinase 3. (FLT3)8 Type II inhibitors,
e.g., sorafenib, are characterized by binding to the inactive
“DFG-out” conformation of the kinase and occupying a hydro-
phobic pocket adjacent to the ATP-binding site.9,10 Structurally,
the extension into the less conservative allosteric hydrophobic
back pocket facilitates the affinity and selectivity of the type II
inhibitors.11 Type III, e.g., vatalanib, could exert their pharma-
cological functions by irreversibly binding to cysteine at specic
sites on the kinases.12

Quinoxaline derivatives are a widespread class of heterocycles
receiving the most attention, especially in the eld of
chemotherapy.13–16 Many drugs incorporating the quinoxaline
© 2023 The Author(s). Published by the Royal Society of Chemistry
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scaffold have achieved promising results and have been submitted
to clinical trials for anticancer therapeutic purposes.17,18

The therapeutic applicability of current VEGFR inhibitors,
however, is constrained to some extent by their low clinical
efficacy and probable toxicity. Based on the aforementioned
ndings (cf. Fig. 1) and as a continuation of our prior work in
the eld of the design and synthesis of new anticancer
medicines,19–26 a new series of 6-chloroquinoxaline-3-
propanamides have been designed as sunitinib's mimetic to
optimize pharmacodynamics properties and to overcome
certain pharmacokinetic problems demonstrated on sunitinib
clinical use such as, BBB permeation and being P-gp substrate.

Herein, the hetero-aromatic system was designed to be 6-
chloroquinoxalin-2-one as an isostere for 5-uoroindoline-2-
one, and the linker group was an aliphatic chain (–CH2CH2–)
as a chain contraction to replace 2,4-dimethyl-1H-pyrrole of
sunitinib. The pharmacophore moiety was kept in all the
designed compounds as an amide group. The terminal hydro-
phobic moiety was an aryl moiety with a variation of substitu-
ents instead of an aliphatic amino side chain of sunitinib.
These modications were followed to optimize both the phar-
macodynamics and pharmacokinetic criteria of sunitinib,
(Fig. 1).
2. Discussion
2.1. Chemistry

The starting material, 3,27 was readily produced in nearly
a quantitative yield (95%) by cyclocondensing 4-chloro-1,2-
phenylenediamine, 1, with ketoglutaric acid, 2, in acetic acid/
ethanol with stirring at room temperature. The acid derivative
3 was then treated with methanol and a few drops of concen-
trated H2SO4 in a reux environment for three hours (Scheme 1)
to produce the equivalent methyl ester 4.27

Additionally, aminolysis28 of ethyl propanoate ester 4 with
substituted anilines at positions 2, 3, or 4 was carried out to
yield the corresponding quinoxaline-3-propanamides 5–17. A
single molecule of methanol was eliminated through reux in
Fig. 1 Feauture similarities between ligand and target compounds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a catalytic amount of DMF in ethanol solvent over the course of
eight to sixteen hours, successfully completing the reaction
despite aniline's very weak nucleophilicity towards the carbonyl
carbon of the ester group, (Scheme 1).

The spectroscopic and micro-analytical data from all
quinoxaline-3-propanamides 5–17 were used to elucidate them.
All of our series are characterized by the presence of two triplets
in the 1H NMR spectra that indicate linker protons (–CH2–CH2–

CO) at d (ppm): 1.63–1.75 for CH2 and 2.25–2.38 for CH2CO
protons. Besides, deshielded signals for three quinox-Hs and
four aryl-Hs are appeared at their appropriate aromatic region.
It is important to note several distinctive signals in the 1H NMR
spectra of our series; for example, the 4-CH3 protons of
compound 11 appeared as a singlet at around d 2.40 ppm, while
the 4-OCH3 protons of compound 14 appeared at about
d 3.90 ppm. Compound 15's 1H NMR spectrum showed a singlet
signal at about d 2.67 ppm that was attributed to COCH3

protons. In the 1H NMR spectrum of the ethyl ester 17, a triplet–
quartet pattern was seen at d 1.34 and 4.36 ppm respectively.

Hydrazinolysis of the ester 4 with hydrazine hydrate using
absolute ethanol produced a good yield of the corresponding
acid hydrazide derivative, 18.29 Nucleophilic substitution reac-
tion of compound 18 with 2,4-dichlorobenzoyl chloride was
achieved by heating under reux condition in ethanol with DMF
drops30 to furnish the corresponding 2,4-dichlorobenzoyl
hydrazide, 19 (Scheme 2). Furthermore, synthesis of the target
compounds 20 and 21 was achieved by treatment of the inter-
mediate 18 with the appropriate acid anhydrides namely; suc-
cinic anhydride or phthalic anhydride respectively via ring
opening amidation reaction in ethanol with catalytic amount of
DMF.31 Compound 20 was veried based on spectral data; its IR
spectrum displayed extra bands at 3360 and 1706 cm−1

contributed to OH and C]O of carboxyl group respectively. 1H
NMR spectrum displayed extra two triplets at d 2.38 and
2.59 ppm contributed to CH2CH2 protons of succinic acid
moiety. As mentioned in literature,32 reaction of the starting
material 18 with phthalic anhydride is a solvent dependent.
Thus, when the reaction was carried out in ethanol; the product
was formulated as carboxylic acid derivative 21. While per-
forming the reaction in glacial acetic acid as a solvent, the
corresponding isoindoline derivative 22 was obtained via ring
closure due to condensation reaction. The isoindoline 22 was
further conrmed by reuxing compound 21 in glacial acetic for
2 h to afford one and the same product (22). The structures of
these compounds were consistent with spectral analysis. IR of
compound 21 showed stretching bands around 3339 and
1705 cm−1 pointing to hydroxyl and carbonyl of COOH respec-
tively. 1H NMR spectrum showed a characteristic singlet at
d 10.80 ppm attributed to carboxylic proton; also 4 extra signals
(4 Ar–H) at the range from d 7.44 to 8.74 ppm were observed.
Mass spectrum exhibited a peak at m/z 414 referred to molec-
ular ion peak (M+). Concerning IR spectrum of compound 22,
lack of broad band of OH and NH is observed due to removal of
water molecule. In addition, the frequency of carbonyl band is
increased due to ring closure, where 1H NMR spectrum dis-
played only two signals at 12.22 and 12.54 ppm for two NH
RSC Adv., 2023, 13, 31908–31924 | 31909
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Scheme 1 Reagents and conditions, (i) acetic acid/EtOH, stirr, r.t. 15 min (ii) CHsOH, dps conc. H2SO4, reflux, 3 h, (iii) aromatic amines, EtOH/
DMF, reflux, 8–16 h.
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protons with lack of COOH and one NH signals ensures the
cyclization (Scheme 2).

2.2. Biological evaluation

2.2.1 Cytotoxic activity of the new compounds against
human tumor cells. The potential antitumor activity of the
synthesized compounds was investigated against HCT-116 and
MCF-7 using the MTT assay.33 The IC50 values of the new
derivatives against the aforementioned cancer cell lines are
presented in Table 1. Clearly, results for all chemicals on both
cell lines are generally comparable, but MCF-7 was more
responsive to our hits than HCT-116. We can realize that the
anticancer activity is greatly affected by the lipophilicity and
capability for H bonding with the receptor. The IC50 of 8 (4-OH)
is 4.72 mM for HCT116 and 3.95 mM for MCF-7; these results are
comparable to those of sunitinib,34,35 and highly potent than
those of sorafenib,36 (c.f. Table 2). The slightly more lipophilic
compound 14 (4-OCH3, IC50 5.81, 4.61 mM) elicited enhanced
activity against HCT116 and MCF-7 cell lines, respectively. The
more lipophilic bioisostere 11, (4-CH3), however, showed low
IC50 values of 61.35 mM for the HCT116 cell line and 53.95 mM
31910 | RSC Adv., 2023, 13, 31908–31924
for the MCF-7 cell line. Notably, when examining the electronic
effect on the activity, the electron-withdrawing effect has
a negative impact on the activity prole, where the analogues 6
(4-Cl) and 7 (4-F) showed weak cytotoxicity compared to that of 8
bearing e-releasing functionality (OH).

In regard to positional isomers, the activity's order was 13 (2-
CH3) > 12 (3-CH3) > 11 (4-CH3). The high potency is correlated
with electron-releasing by +I of CH3 at p-2 (the preferred posi-
tion), thus the electron-releasing is a benecial criteria for cyto-
toxicity. Conversely, it appeared from the IC50s of compounds 8
(4-OH) and 9 (2-OH) that 8 was slightly more active; this may be
attributed to the fact that 4-OH affects the activity via both +I and
+M effects rather than 2-OH, which shows only +I effects.

Another polar but highly electron-withdrawing compound is
compound 10 (4-NO2), which displayed strong cytotoxicity (IC50

19.41, 11.93 mM), towards HCT116 and MCF-7, respectively.
Additionally, moderate activities appeared for compounds 5 (4-
H) and 17 (4-COOEt), while both the analogues 15 (4-COCH3)
and 16 (4-COOH) bearing strong electron-withdrawing groups
are weak cytotoxic agents. Regarding compound 19, very strong
cytotoxicity results (IC50 6.18, 5.11 mM) against HCT116 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Reagents and conditions, (i) hydrazine hydrate, EtOH, reflux, 5 h. (ii) 2,4-dichlorobenzoyi chloride, EtOH/DME, reflux, 3 h. (iii) sucdnic
anhydride, EtOH/DMF, reflux, 4 h, (iv) phthalic anhydride, EtOH/DME, reflux, 5 h, (v) phthalic anhydride, gl. CH3COOH, reflux, 4 h, (vi) gl.
CH3COOH, reflux, 2 h.

Table 1 Cytotoxic activity of the new compounds against human tumor cells (IC50 mM)a,b

Compd. no. HCT-116 MCF-7 Compd. no. HCT-116 MCF-7

DOX 9.27 � 0.3 7.43 � 0.2 12 28.35 � 2.2 24.56 � 1.9
Sorafenib 18.60 � 1.9 16.0 � 3.6 13 22.19 � 1.9 18.88 � 1.4
Sunitinib 3.42 � 0.5 4.77 � 0.2 14 5.81 � 0.5 4.61 � 1.1
5 45.52 � 2.7 39.03 � 2.4 15 84.46 � 3.9 76.73 � 3.8
6 62.21 � 3.3 54.73 � 3.2 16 75.06 � 3.6 67.23 � 3.5
7 93.14 � 4.6 80.39 � 4.1 17 36.02 � 2.4 31.17 � 2.2
8 4.72 � 0.8 3.95 � 0.2 19 6.18 � 2.1 5.11 � 0.8
9 7.19 � 0.7 6.92 � 0.5 20 26.41 � 3.8 10.17 � 3.3
10 19.41 � 1.5 11.93 � 0.9 21 48.17 � 2.7 41.47 � 2.5
11 61.35 � 3.4 53.95 � 3.1 22 37.2 � 2.3 25.92 � 1.9

a IC50 (mM): 1–10 (very strong). 11–20 (strong). 21–50 (moderate). 51–100 (weak) and above 100 (non-cytotoxic). b DOX: Doxorubicin.
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MCF-7, respectively was noticed. Finally, the cyclized phthali-
mide derivative 22 exhibited better antitumor activity than the
open-chain one, 21 (Table 1).

2.2.2 Cytotoxic evaluation on normal lung broblast (WI-
38) cell line. The safety prole of the promising compounds 8,
9, 14, 19 and 20 were further investigated via the determination
of their cytotoxicity's on a human normal cell line (W138) using
an MTT assay.33 The results conrmed the higher selectivity
indices of these compounds on HCT-116 (SI 3.52–19.97) and on
MCF-7 (SI 9.15–23.87) than those of DOX (SI 0.72–0.90) (Table
2).
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2.3 Mechanistic study
2.2.3.1 In vitro evaluation of VEGFR-2 inhibitory activity

(IC50).37 The most selective cytotoxic derivatives (8, 9, and 14)
exhibiting the greatest SIs were further investigated in vitro for
their inhibitory activities against VEGFR-2 as a possible mech-
anism of their antitumor activity. In the meantime, sorafenib
was used as a positive control. Half-maximal inhibitory
concentration (IC50) values as presented in Table 2 were calcu-
lated from the obtained concentration–inhibition response
curves. As can be seen from Table 2, the inhibitory effects of
VEGFR-2 by our hits (8, 9, and 14) are ranged from IC50s of
RSC Adv., 2023, 13, 31908–31924 | 31911
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Table 2 Cytotoxicity on WI-38, selectivity indices and VEGFR-2 inhibitory activity (IC50 mM)

Compd no. WI-38 HCT-116 SI MCE-7 SI VEGFR-2

8 94.27 � 3.5 4.72 � 0.8 19.97 3.95 � 0.2 23.87 0.109
9 86.11 � 4.1 7.19 � 0.7 11.98 6.92 � 0.5 12.44 0.131
14 88.72 � 3.9 5.81 � 0.5 15.27 4.61 � 1.1 19.25 0.076
19 71.60 � 2.8 6.18 � 2.1 11.58 5.11 � 0.8 14.01 —
20 93.04 � 2.2 26.41 � 3.8 3.52 10.17 � 3.3 9.15 —
DOX 6.72 � 0.5 9.27 � 0.3 0.72 7.43 � 0.2 0.90 —
Sunitinib — 3.42 � 0.5 — 4.77 � 0.2 — 0.139 (ref. 35)
Sorafenib — 18.60 � 1.9 — 16.0 � 3.6 — 0.076
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0.076–0.131 mM. It became evident that compound 14 had the
highest VEGFR-2 inhibitor potency (IC50 0.076 mM), making it
equivalent to the reference standard sorafenib. It was inter-
esting to see that it had 1.83 times the potency of sunitinib (IC50

0.139 mM) (Table 2 and Fig. 2).
2.2.3.2 Quantitative determination of VEGFR-2 in MCF-7 cell

line:.38 According to research, VEGF/VEGFR-2 activation is
essential for the angiogenesis process and has been identied
as a key factor in tumor vascularization.39 So, we measured the
VEGFR-2 concentrations in MCF-7 cell line. Our ndings
showed that compound 14 reduces VEGFR-2 production in
medium from MCF-7 cells (170.2 4 pg ml−1) in comparison to
untreated cells (330.8 4.1 pg ml−1) (Fig. 3). These outcomes
support the therapeutic targeting of compound 14 as a VEGFR2
inhibitor.

2.2.3.3 Effect of compound 14 on angiogenesis (VEFG-A)
level.40 It is known that angiogenesis plays a crucial role in the
progression and advancement of tumors in different cancer
types, including breast cancer. Among pro-angiogenic factors,
vascular endothelial growth factor (VEGF-A) is a prominent
Fig. 2 The inhibitory effect of quinoxaline derivatives 8, 9 and 14 agains

31912 | RSC Adv., 2023, 13, 31908–31924
target that encourages tumor growth and metastasis. Therefore,
we also evaluated the concentration of VEGF in culture media of
MCF-7 aer treatment with 14 (Fig. 4). ELISA analysis showed
that 14 suppressed VEGF-A secretion in media of MCF-7 when
compared to the control group. These ndings suggested that
14 could be valuable in vivo tumor suppression via inhibition of
angiogenesis.

2.2.4 Cell cycle analysis.41 Cell cycle analysis data, as shown
in Fig. 5a–c clearly showed that the target compound 14
signicantly increased the proportion of cells in the Pre-G1
phase compared to control by about 1.38 folds and the
percentage of cells in the G2/M phase by 3.59 folds in relation to
the control. The fraction of cells in the Go/G1 and S stages of the
cell cycle decreased along with this striking increase. According
to the Pre-G1 and G2/M phase data, compound 14 promotes
apoptosis at the Pre-G1 phase and stops the cell cycle at the G2/
M phase.

2.2.5 Annexin V-FITC apoptosis assay. By using a ow
cytometer, experiments on the binding of Annexin V were con-
ducted to verify the induction of apoptosis by compound 14.42
t VEGFR-2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Secretion of VEGFR2 in cell culture media of MCF-7 cells
treated with IC50 of compound 14 for 24 h, was measured by ELISA
kits. Results were expressed as means ± SD of samples performed in
triplicates.

Fig. 4 VEGF-A concentrations in cell culture media of MCF-7 breast
cancer cell line using ELISA assay following treatment with 14. Results
were expressed as means ± SD of samples performed in triplicates.
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In comparison to the control experiment, the administration of
compound 14 to MCF-7 cells increased the early apoptosis ratio
(lower right quadrant of the cytogram) from 0.15 to 2.05 and the
late apoptosis ratio (upper right quadrant of the cytogram) from
0.73 to 6.25. The target chemical 14, displayed high apoptotic
effect and was 10.15 times more potent than the control
experiment, as shown from a comparative investigation of total
apoptosis. The results imply that 14 induced apoptosis through
the programmed cell death and necrotic pathways (Table 3,
Fig. 6a and b).

The quadrants in the cytograms represent the following:
Necrotic cells (higher le quadrant of the cytogram); late
apoptotic cells (higher right quadrant of the cytogram); non-
apoptotic and non-necrotic cells (living cells) (lower le quad-
rant of the cytogram); early apoptotic cells (lower right quadrant
of the cytogram).

2.2.6 Effect of compound 14 on active caspase-3. Apoptosis
is characterized by activation of the caspase-3 pathway, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
can be utilized in cellular assays to measure the activators and
inhibitors of the “death cascade”.43 The impact on caspase-3 of
the most potent quinoxaline derivative (14) was assessed.
According to the results, 14 increased the level of caspase-3 by
roughly 8.84 and 1.1 folds in comparison to the control and
sunitinib, respectively. Accordingly, the data showed that the
quinoxaline derivative 14 has the ability to induce apoptosis
(Table 4 and Fig. 7a).

2.2.7 Effect on active p53 level.44 The tumor suppressor
gene p53, which has undergone mutation in more than 50% of
human malignancies, is the chief gatekeeper of the genome. Its
action prevents the growth of tumors. The p53 gene, which
functions as a transcriptional regulator and inuences many
biological processes, including apoptosis and growth arrest,
produces the p53 protein. It is thought that p53's ability to
control the expression of a variety of target promoters, including
p21, Bax, bcl-2, CDK2, and PUMA, may be the reason for its
capacity to cause apoptosis and growth arrest. Data collected
showed that 14 substantially raised the expression of p53 on
MCF-7 cells by around 15.59 folds (d) in comparison to the
control and 1.24 folds in comparison to sunitinib. Thus, it
strongly shied MCF-7 cancer cells towards apoptosis (Table 4
and Fig. 7b).

2.2.8 Effect on mitochondrial apoptosis pathway proteins
BAX and BCL2. The apoptotic process in mitochondria is
regulated by the BCL2 protein family. These include the
proteins BCL2 and BAX,45 which precisely regulate this planned
process since BCL2 inhibits apoptosis (is antiapoptotic) and
BAX speeds it up (is proapoptotic). As a result, the precise
balance between these two unique proteins serves as a measure
of a cell's capacity to undergo apoptosis.46 A variety of direct BAX
activators have been shown to have promise for cancer therapy
due to the advantages of specicity and the potential to over-
come chemo- and radio-resistance. The level of the proapoptotic
protein BAX was signicantly increased (4.3 fold change) by the
most effective quinoxaline-3-propanamide 14, while the level of
the antiapoptotic protein Bcl-2 was signicantly decreased by it
(0.448 fold change) compared to the control and the reference
drug staurosporine (Bax 7.55 and BCL2 0.33 fold change) c.f.
Table 4 and Fig. 7c.
2.3. Molecular modeling study

2.3.1 In silico evaluation of physicochemical and ADME
properties. For the anticipated biologic events to take place,
a powerful molecule needs to reach its target in the body in
sufficient concentration and remain there for an adequate
amount of time in a bioactive form. It is understood that
a drug's ideal qualities should contain both adequate pharma-
cokinetic features and its efficacy. A drug's toxicity depends on
its absorption, distribution, metabolism, and excretion (ADME)
parameters in addition to its inherent pharmacological char-
acteristics. High drug attrition rates in the last stages of drug
development have been associated with poor ADME features,
such as the generation of hazardous metabolites.

Here, using the online version of SwissADME, a computa-
tional assessment of the synthesized compounds was carried
RSC Adv., 2023, 13, 31908–31924 | 31913
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Fig. 5 (a) Cell cycle analysis of control and compound 14 inMCF-7 cell line. (b) Cell cycle analysis of MCF-7 cells treatedwith DMSO, (c) cell cycle
analysis of MCF-7 cells treated with compound 14.

Table 3 Effect of compound 14 on apoptosis of MCF-7 cells

Sample Total Early apoptosis Late apoptosis Necrosis

14/MCF-7 22.03 2.05 6.25 12.73
Control/MCF-7 2.17 0.15 0.73 1.29
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out to assess the physicochemical and ADME properties.47

Regarding Lipinski's rule for oral medications, which indicates
that a molecule is more likely to be absorbed or permeated if its
Fig. 6 (a) Effect of control on apoptosis of MCF-7 cells. (b) Effect of 14

31914 | RSC Adv., 2023, 13, 31908–31924
molecular weight is less than 500 g mol−1, its M log P value is
lower than 5, and it has at least 5 H-donor and 10 H-acceptor
atoms.48 While Veber's rule49 species polar surface area (PSA)
140 and rotatable bond count 10 as drug-likeness restrictions,
respectively.50 It was discovered that all of the synthesized
compounds have Lipinski zero violations in their physico-
chemical parameters and every chemical has rotatable bonds
between 5 and 8 that indicate molecular exibility for its bio
on apoptosis of MCF-7 cells.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The effect of compound 14 on the level of caspase-3, p53, BAX and BCL2

Sample Caspase 3 (pg ml−1) Fld p53 (pg ml−1) Fld
BAX fold
change BCL2 fold change

14 423.10 � 11.24 8.836 345.83 � 7.44 15.585 4.336 0.448
Sunitinib 384.53 � 8.40 8.031 278.34 � 5.27 12.543 — —
Staurosporine — — — — 7.5517 0.3248
Control 47.88 � 13.15 1 22.19 � 8.39 1 1 1

Fig. 7 The effect of 14 on (a), caspase-3. (b) p53, (c) BAX and BCL2.

Table 5 Physicochemical properties based on Lipinski's rule of five and number of rotatable bonds

Cpd. no. HBD HBA M log P MWt No. of Rot. bonds Lipinski's violations Veber's violations

5 2 3 2.39 327.76 5 0 0
6 2 3 2.89 362.21 5 0 0
7 2 4 2.78 345.76 5 0 0
8 3 4 1.85 343.76 5 0 0
9 3 4 1.85 343.76 5 0 0
10 2 5 1.40 372.76 6 0 0
11 2 3 2.63 341.79 5 0 0
12 2 3 2.63 341.79 5 0 0
13 2 3 2.63 341.79 5 0 0
14 2 4 2.08 357.79 6 0 0
15 2 4 1.97 369.80 6 0 0
16 3 5 2.02 371.77 6 0 0
17 2 5 2.47 399.83 8 0 0
19 3 4 3.15 439.68 7 0 0
20 4 6 0.57 366.76 9 0 1
21 4 6 1.83 414.80 8 0 1
22 2 5 1.93 396.78 5 0 0
Sorafenib 3 7 2.91 464.82 9 0 0
Sunitinib 3 4 2.06 398.47 8 0 0
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target (Table 5). In addition, all hits pass muster under the
Veber guidelines used for screening.

The topological polar surface area (TPSA) is known to be
a reliable indication of drug penetration through the blood–
brain barrier (TPSA less than 60 Å2) and intestinal drug
absorption (TPSA less than 140 Å2). All compounds exhibit
computational TPSA values in the appropriate range for
permeating cell membranes so they obey Veber's rule except
compounds 20 and 21 (TPSA 141 Å2). Moreover, absorption (%
ABS) was calculated using the formula% ABS = 109 − (0.345 ×

TPSA), and it was discovered that the calculated % ABS of all
these hits ranged between 60.26% and 83.17%, indicating that
these synthetic derivatives may have the necessary cell
membrane permeability and bioavailability (Table 6).
© 2023 The Author(s). Published by the Royal Society of Chemistry
The synthesized compounds' pharmacokinetic and medic-
inal chemistry parameters (Table 7) made it clear that all of the
derivatives had high gastrointestinal absorption and that the
majority of them did not cross the blood–brain barrier,
guaranteeing that these systemically targeted molecules would
have few to no CNS side effects. Analyzing the P-glycoprotein (P-
gp) non-substrate candidature during preclinical analysis trials
was another crucial factor. P-gp performs the function of an
efflux transporter, expelling medicines, other substances, and
its substrate from the cell. This sounds like an explanation for
why anticancer chemotherapeutic drugs like Imatinib, Lona-
farnib, and Taxanes are ineffective. The fact that not all hits are
P-gp protein substrates (Table 7) suggests that these hits have
RSC Adv., 2023, 13, 31908–31924 | 31915
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Table 6 The topological polar surface area (TPSA), and ABS%

Comp. no. TPSA ABS%

5 74.85 83.17
6 74.85 83.17
7 74.85 83.17
8 95.08 76.19
9 95.08 76.19
10 120.67 67.36
11 74.85 83.17
12 74.85 83.17
13 74.85 83.17
14 84.08 79.99
15 91.92 77.28
16 112.15 70.30
17 101.15 74.10
19 103.95 73.13
20 141.25 60.26
21 141.25 60.26
22 112.23 70.28
Sorafenib 92.35 77.13
Sunitinib 77.23 108.92
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a reduced likelihood of effluxing out of the cell and committing
maximal effect.

The amount of drug present in the plasma is measured by
bioavailability, which is regarded as the most important factor
inuencing absorption. It's interesting to note that all of the
synthetic compounds have high bioavailability ratings on par
with sorafenib and sunitinib.

Chemical substances known as pan-assay interference
chemicals (PAINS) frequently produce false-positive ndings in
high-throughput screening. Instead of directly affecting one
intended target, PAINS typically respond non-specically with
many biological targets. Checking any PAINS alert of the
recently created derivatives is crucial. SwissADME did a PAIN
Table 7 Pharmacokinetic properties and medicinal chemistry paramete

Compd no. GI absorption BBB permeation P-gp substr

5 High Yes No
6 High Yes No
7 High Yes No
8 High No No
9 High No No
10 High No No
11 High Yes No
12 High Yes No
13 High Yes No
14 High No No
15 High No No
16 High No No
17 High No No
19 High No No
20 High No Yes
21 High No Yes
22 High No No
Sorafenib Low No No
Sunitinib High Yes Yes

31916 | RSC Adv., 2023, 13, 31908–31924
that showed no alarms for any of the hits. The SwissADME
Synthetic Accessibility (SA) Score is based mainly on the
supposition that the frequency of molecular fragments in
‘really’ attainable molecules correlates with the ease of
synthesis; the score is normalized to range from 1 (very easy) to
10 (very difficult). SA scores of all the analogues were found to
be between 2.57 and 2.85, indicating that they can be easily
synthesized on a large scale.

The in silico ADME prediction analysis results showed that
the synthesized compounds exhibit the computational assess-
ment and are therefore viewed as a pharmacologically active
framework that should be taken into consideration when
moving forward with potential hits.

2.3.2 Molecular docking study. Type I and Type II VEGFR-2
inhibitors can be distinguished based on their binding proles.
Type I inhibitors connect with the ATP binding site and have
low selectivity, but type II inhibitors have great selectivity and
bind to both the ATP site and the allosteric hydrophobic site.
The front and rear pockets make up the VEGFR-2 active site's
straightforward structure. Glu917 and Cys919 are two crucial
residues connected to the ATP-binding front pocket. Glu885
and Asp1046 are located in the rear hydrophobic pocket.51

Inhibitors of VEGFR-2 interact with the receptor's ATP-binding
site in the catalytic domain to stop the processes of dimeriza-
tion and autophosphorylation. This nally stops the signaling
cascade from starting, reduces cell vascular permeability, and
inhibits angiogenesis.

Using MOE 2014 soware, it is possible to investigate the
binding interaction of the target compounds using the known
crystal structure of VEGFR-2 (PDB ID: 4ASD).52 Reference
molecules were the co-crystallized ligands sorafenib and suni-
tinib. The results of the docking studies demonstrated that our
hit 14 had a high affinity for VEGFR-2 in comparison to the
reference molecules. Sorafenib, a co-crystallized ligand, was re-
rs

ate
Bioavailability
score PAINS alerts Synthetic accessibility

0.55 0 2.58
0.55 0 2.60
0.55 0 2.59
0.55 0 2.57
0.55 0 2.61
0.55 0 2.68
0.55 0 2.63
0.55 0 2.65
0.55 0 2.66
0.55 0 2.66
0.55 0 2.69
0.56 0 2.60
0.55 0 2.85
0.55 0 2.96
0.56 0 2.91
0.56 0 2.98
0.55 0 2.83
0.55 0 2.87
0.55 0 3.58

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The proposed 2D (left) and 3D (right) binding interaction of co-crystalized sorafenib with 4ASD.

Fig. 9 The proposed 2D (left) and 3D (right) binding interaction of the parent sunitinib with 4ASD.
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docked against VEGFR-2 to verify the docking techniques. The
applied docking methodology was validated by the resulting
RMSD of 0.88 (Fig. 8).

Sorafenib's docking score was −10.74 kcal mol−1, and the
urea moiety's three hydrogen bonds with the critical amino
acids Glu885, Asp1046, and Cys1045 allowed it to bind to the
receptor. The hinge region, where the pyridine moiety estab-
lished a hydrogen link with Cys919 and an arene–H bond with
Leu840, was also occupied by the N-methylpicolinamidemoiety.
Additionally, Leu840, Val916, Leu889, Phe1047, and Leu1035 all
showed ve hydrophobic contacts (Fig. 8).

Sunitinib inhibits the ATP pocket by an H-bond acceptor/
donor interaction between two HB of the indolin-2-one core
© 2023 The Author(s). Published by the Royal Society of Chemistry
and Cys919 and Glu917 in the hinge region, together with the
pyrrole group as a linker connected to Gly922 via arene-H.
Docking experiments showed that sunitinib had a binding
energy of −5.76 kcal mol−1. Leu840, Phe1047, Leu1035, Gly922,
Val916, and Phe918 were among the hydrophobic interactions
that the sunitinib tail was involved in (Fig. 9).

Our hit 14 had an incredibly low free binding energy of
−11.58 kcal mol−1 when compared to sorafenib and sunitinib.
It showed 2HBA between the quinox-CO, Phe918, and Cys919 in
the hinge region. Quinox-NH was also shared by 1HBD with
Glu917. On the other hand, 1HBD also provided CH2 of the
linker to the critical amino acid Cys919. Unexpectedly, the gate
area's Asp1046 bound to the chloro functionality by HBD,
RSC Adv., 2023, 13, 31908–31924 | 31917
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Fig. 10 The proposed 2D (left) and 3D (right) binding interaction of compound 14.

Fig. 11 Overlay docking alignment of sorafenib (yellow), sunitinib
(blue), and 14 (green) in the active site of VEGFR-2.
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therefore it is supposed that 14 may act as type II inhibitor of
VEGFR-2. Additionally, several hydrophobic interactions
involving the methoxyl group, terminal phenyl, and aliphatic
linker helped the compound attach to VEGFR-2 (Fig. 10). These
interactions included Gly922, Asn923, Val916, Phe1047, Le840,
and Leu1035. Overlay docking alignment was also carried out
between sorafenib (yellow), sunitinib (blue), and 14 (green) in
the active site of VEGFR-2 to verify the target chemical 14's
mode of action as a VEGFR-2 inhibitor (Fig. 11).
3. Conclusion

Thirteen novel quinoxaline-3-propamide derivatives were
created using various substitutions, and their SARs as potential
anticancer agents that target the VEGFR-2 enzyme were exam-
ined. Eight substances had cytotoxic effects on HCT-116 and
31918 | RSC Adv., 2023, 13, 31908–31924
MCF-7 that ranged from extremely strong to mild. The top three
substances (8, 9 and 14) were then further examined as poten-
tial VEGFR-2 inhibitors. Intriguingly, 14 was equivalent to sor-
afenib (IC50 0.076 M) and 1.83 folds more potent (IC50 0.076 M)
than the reference medication, sunitinib (IC50 0.139 M). It
reduces VEGFR-2 production in MCF-7 cells when compared to
untreated cells. What's more, it lowers VEGF-A level more than
control in MCF-7 cells which suggested that 14 could be valu-
able in vivo tumor suppression via inhibition of angiogenesis.
Cell cycle analysis was used to conduct a more detailed
assessment of the most active compound, 14, utilizing the MCF-
7 cell line. In comparison to the control, it markedly boosted the
pre-G phase while halting the G2/M phase of the cell cycle.
Additionally, a ow cytometry assay utilizing Annexin V was
performed on it, and the outcomes demonstrated an increase in
the overall apoptosis percentage compared to the control. Once
more, it increased the expression of caspase-3, p53, and BAX;
while reduced the BCL2 level than the control experiment; both
of which are apoptosis inducers. Docking studies supported our
proposed mode of action for 14 as a VEGFR-2 inhibitor and
demonstrated nearly identical binding characteristics to the co-
crystallized inhibitor (TSA). Because it is not a P-gp substrate
and does not permeate the BBB, our hit 14 had more favorable
pharmacokinetic characteristics than sunitinib.
4. Experimental section
4.1. Chemistry

Reagents and solvents were ordered from regular commercial
suppliers and used without further purication. The reported
yields apply to distilled products. All reactions were routinely
checked with thin-layer chromatography (TLC) of Merck Silica
Gel 60 F254 (0.25 mm thick) and visualization with a UV lamp.
Themelting points were measured in open capillary tubes using
the Stuart SMP3 apparatus. IR spectra (KBr) were measured on
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a Shimadzu FT/IR 1650 (PerkinElmer) spectrometer. 1H and 13C
NMR spectra were recorded on a Brüker Advance-400 instru-
ment (400 MHz for 1H and 100 MHz for 13C) in DMSO-d6
Chemical shis (d) are reported in ppm relative to TMS as an
internal standard, or to the solvent in which the spectrum was
recorded. Mass spectra were performed on a Shimadzu GS/MS-
QP 2010 plus spectrometer at 70 eV.

4.2 General procedure

Equimolar amounts of ethyl propanoate ester 4 and different
substituted anilines were reuxed in ethanol/DMF (15/5) for 8–
16 h. The reaction medium was cooled and poured into ice
water. The precipitate was ltered, dried and crystalized from
ethanol to afford the corresponding anilides 5–17.

4.2.1 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-phe-
nylpropanamide (5). Dark brown powder; yield (68%); mp. 94–
96 °C; IR (KBr, cm−1): 3271, 3222 (2NH), 1693, 1658 (2C]O); 1H
NMR (400 MHz, DMSO-d6) d (ppm): 1.68 (t, 2H, CH2x, J = 7.6
Hz), 2.34 (t, 2H, CH2y, J= 7.6 Hz), 6.87 (t, 1H, Ar–H4), 7.07 (t, 2H,
Ar–H3,5, J = 8 Hz), 7.41 (d, 2H, Ar–H2,6, J = 8 Hz), 7.60 (d, 1H,
quinoxaline-H7, J = 8 Hz), 8.23 (s, 1H, quinoxaline-H5), 8.33 (d,
1H, quinoxaline-H8, J = 8 Hz), 10.31, 12.59 (2s, 2NH, D2O
exchangeable). 13C NMR (DMSO-d6) d (ppm): 29.34 (CH2), 31.50
(CH2), 119.12, 120.34, 120.50, 120.57, 125.45, 125.75, 126.12,
126.19, 126.45, 128.34, 129.50, 130.57, 131.12 (13 Ar–C), 167.12,
170.34 (2C]O). MS m/z: 327.12 (21.53%, M+), 329.14 (7.16%,
M+2), 76.09 (100). Anal. calcd for: C17H14ClN3O2 (327.76): C,
62.30; H, 4.31; N, 12.82%, found: C, 62.73; H, 4.67; N, 12.40%.

4.2.2 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-(4-
chlorophenyl) propanamide (6). Black powder; yield (79%); mp.
180–182 °C; IR (KBr, cm−1): 3394, 3225 (2NH), 1692, 1670 (2C]
O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 1.66 (t, 2H, CH2x, J =
8 Hz), 2.33 (t, 2H, CH2y, J = 8 Hz), 7.14 (d, 1H, quinoxaline-H7, J
= 7.6 Hz), 7.64 (d, 2H, Ar–H3,5, J= 8 Hz), 7.83 (d, 2H, Ar–H2,6, J=
8 Hz), 7.96 (s, 1H, quinoxaline-H5), 8.02 (d, 1H, quinoxaline-H8,
J = 7.6 Hz), 11.51, 11.64 (2s, 2NH, D2O exchangeable). 13C NMR
(DMSO-d6) d (ppm): 29.03 (CH2), 30.81 (CH2), 121.68, 128.62,
128.69, 129.29, 129.34, 134.35, 134.36, 135.62, 136.28, 137.69,
145.29, 147.27, 148.21 (13 Ar–C), 164.09, 165.69 (2C]O). MS m/
z: 361.53 (62.18%, M+), 363.20 (20.46%, M+2), 365.14 (8.06%,
M+4), 74.03 (100). Anal. calcd for: C17H13Cl2N3O2 (362.21): C,
56.37; H, 3.62; N, 11.60%, found: C, 56.81; H, 3.93; N, 11.15%.

4.2.3 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-(4-
uorophenyl) propanamide (7). Pale brown powder; yield
(82%); mp. 128–130 °C; IR (KBr, cm−1): 3448, 3371 (2NH), 1685,
1623 (2C]O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 1.72 (t,
© 2023 The Author(s). Published by the Royal Society of Chemistry
2H, CH2x, J = 8 Hz), 2.32 (t, 2H, CH2y, J = 8 Hz), 6.85 (d, 1H,
quinoxaline-H7, J = 8.4 Hz), 6.99 (d, 2H, Ar–H2,6, J = 8 Hz), 7.40
(t, 2H, Ar–H3,5, J = 8 Hz), 7.60 (s, 1H, quinoxaline-H5), 7.80 (d,
1H, quinoxaline-H8, J = 8.4 Hz), 11.17, 11.32 (2 s, 2NH, D2O
exchangeable). 13C NMR (DMSO-d6) d (ppm): 29.46 (CH2), 31.28
(CH2), 151.57, 115.68, 116.70, 116.78, 118.78, 121.02, 121.78,
122.02, 122.25, 123.27, 131.18, 136.21, 143.32 (13 Ar–C), 166.10,
170.13 (2C]O). MS m/z: 345.04 (18.43%, M+), 347.11 (5.96%,
M+2), 77.14 (100). Anal. calcd for: C17H13ClFN3O2 (345.46): C,
59.05; H, 3.79; N, 12.15%, found: C, 59.55; H, 3.23; N, 12.62%.

4.2.4 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-(4-
hydroxyphenyl) propanamide (8). Brown powder; yield (74%);
mp. 140–142 °C; IR (KBr, cm−1): 3410 (OH), 3324, 3249 (2NH),
1693, 1624 (2C]O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 1.69
(t, 2H, CH2x, J = 7.2 Hz), 2.34 (t, 2H, CH2y, J = 7.2 Hz), 6.74 (d,
2H, Ar–H3,5, J = 8 Hz), 7.00 (d, 1H, quinoxaline-H7, J = 7.6 Hz),
7.37 (s, 1H, quinoxaline-H5), 7.50 (d, 2H, Ar–H2,6, J = 8 Hz), 7.78
(d, 1H, quinoxaline-H8, J = 7.6 Hz), 9.83, 12.37 and 12.48 (3s,
OH, 2NH, D2O exchangeable). 13C NMR (DMSO-d6) d (ppm):
29.87 (CH2), 30.69 (CH2), 126.52, 127.33, 128.42, 129.87, 130.34,
132.37, 133.50, 134.24, 137.28, 137.29, 137.30, 140.71, 150.37
(13 Ar–C), 164.32, 168.33 (2C]O). MS m/z: 343.19 (27.20%, M+),
345.09 (9.56%, M+2), 71.93 (100). Anal. calcd for: C17H14ClN3O3

(343.76): C, 59.40; H, 4.10; N, 12.22%, found: C, 59.82; H,
4.43; N, 12.63%.

4.2.5 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-(2-
hydroxy phenyl)propanamide (9). Brown powder; yield (81%);
mp. 235–237 °C; IR (KBr, cm−1): 3455 (OH), 3322, 3227 (2NH),
1684, 1622 (2C]O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 1.66
(t, 2H, CH2x, J = 7.6 Hz), 2.35 (t, 2H, CH2y, J = 7.6 Hz), 6.93 (t,
1H, Ar–H5, J = 8 Hz), 7.05 (d, 1H, Ar–H3, J = 8 Hz), 7.14 (t, 1H,
Ar–H4, J = 8 Hz), 7.43 (d, 1H, quinoxaline-H7, J = 8 Hz), 7.63 (s,
1H, quinoxaline-H5), 7.64 (d, 1H, Ar–H6, J = 8 Hz), 7.83 (d, 1H,
quinoxaline-H8, J = 8 Hz), 9.85, 11.09 and 11.12 (3 s, OH, 2NH
D2O exchangeable). 13C NMR (DMSO-d6) d (ppm): 29.48 (CH2),
30.32 (CH2), 120.12, 126.32, 128.20, 129.40, 130.47, 134.60,
134.77, 135.47, 135.60, 135.78, 137.37, 137.38, 138.90 (13 Ar–C),
165.47, 170.50 (2C]O). MS m/z: 343.23 (31.89%, M+), 345.14
(10.03%, M+2), 89.1 (100). Anal. calcd for: C17H14ClN3O3

(343.76): C, 59.40; H, 4.10; N, 12.22%, found: C, 59.67; H,
4.38; N, 12.42%.

4.2.6 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-(4-
nitrophenyl) propanamide (10). Shiny black powder; yield
(63%); mp. 238–240 °C; IR (KBr, cm−1): 3367, 3166 (2NH), 1693,
1654 (2C]O), 1508, 1369 (NO2);

1H NMR (400 MHz, DMSO-d6)
d (ppm): 1.75 (t, 2H, CH2x, J = 6.4 Hz), 2.35 (t, 2H, CH2y, J = 6.4
Hz), 7.39 (d, 1H, quinoxaline-H7, J = 8 Hz), 7.46 (s, 1H, qui-
noxaline-H5), 7.78 (d, 2H, Ar–H2,6, J= 8 Hz), 8.15 (d, 2H, Ar–H3,5,
J = 8 Hz), 8.31 (d, 1H, quinoxaline-H8, J = 8 Hz), 11.46, 11.57
(2 s, 2NH, D2O exchangeable). 13C NMR (DMSO-d6) d (ppm):
29.11 (CH2), 31.28 (CH2), 122.75, 122.83, 126.37, 127.32, 127.67,
128.11, 131.28, 131.75, 133.14, 134.95, 142.36, 143.04, 144.11
(13 Ar–C), 163.04, 164.11 (2C]O). MS m/z: 372.11 (37.12%, M+),
374.03 (12.53%, M+2), 89.07 (100). Anal. calcd for: C17H13ClN4O4

(372.76): C, 54.78; H, 3.52; N, 15.03%, found: C, 54.33; H,
3.83; N, 15.43%.
RSC Adv., 2023, 13, 31908–31924 | 31919

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05066a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 3
:5

2:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4.2.7 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-p-tol-
ylpropanamide (11). Black powder; yield (65%); mp. 128–130 °C;
IR (KBr, cm−1): 3367, 3178 (2NH), 1689, 1666 (2C]O); 1H NMR
(400 MHz, DMSO-d6) d (ppm): 1.74 (t, 2H, CH2x, J= 6.4 Hz), 2.32
(t, 2H, CH2y, J = 6.4 Hz), 2.40 (s, 3H, CH3), 7.02 (d, 2H, Ar–H3,5, J
= 8.4 Hz), 7.22 (s, 1H, quinoxaline-H5), 7.49 (d, 1H, quinoxaline-
H7, J = 8.4 Hz), 7.68 (d, 2H, Ar–H2,6, J = 8.4 Hz), 8.03 (d, 1H,
quinoxaline-H8, J = 8.4 Hz), 11.74, 11.86 (2 s, 2NH, D2O
exchangeable). 13C NMR (DMSO-d6) d (ppm): 24.55 (CH3), 29.75
(CH2), 31.19 (CH2), 123.52, 126.25, 126.44, 127.59, 130.55,
130.63, 130.67, 131.83, 132.23, 133.26, 134.26, 151.10, 151.15
(13 Ar–C), 164.44, 172.17 (2C]O). MS m/z: 341.25 (8.04%, M+),
343.09 (2.66%, M+2), 87.24 (100). Anal. calcd for: C18H16ClN3O2

(341.79): C, 63.25; H, 4.72; N, 12.29%, found: C, 63.66; H,
4.31; N, 12.53%.

4.2.8 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-m-
tolylpropanamide (12). Pale brown powder; yield (70%); mp.
150–152 °C; IR (KBr, cm−1): 3340, 3184 (2NH), 1690, 1630 (2C]
O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 1.72 (t, 2H, CH2x, J =
8 Hz), 2.32 (t, 2H, CH2y, J = 8 Hz), 2.41 (s, 3H, CH3), 6.65 (d, 1H,
Ar–H4, J = 8 Hz), 7.21 (t, 1H, Ar–H5, J = 7.6 Hz), 7.49 (d, 1H,
quinoxaline-H7, J = 8.4 Hz), 7.71 (s, 1H, Ar–H2), 7.82 (d, 1H, Ar–
H6, J = 8 Hz), 7.96 (s, 1H, quinoxaline-H5), 8.09 (d, 1H, qui-
noxaline-H8, J = 8.4 Hz), 11.20, 11.21 (2 s, 2NH, D2O
exchangeable). 13C NMR (DMSO-d6) d (ppm): 24.17 (CH3), 29.30
(CH2), 31.26 (CH2), 123.52, 126.23, 126.43, 127.59, 130.43,
130.54, 130.97, 131.51, 132.10, 132.15, 134.31, 151.29, 151.31
(13 Ar–C), 164.15, 172.24 (2C]O). MS m/z: 341.12 (9.03%, M+),
343.40 (2.98%, M+2), 87.15 (100). Anal. calcd for: C18H16ClN3O2

(341.79): C, 63.25; H, 4.72; N, 12.29%, found: C, 63.71; H,
4.45; N, 12.66%.

4.2.9 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-o-tol-
ylpropanamide (13). Dark brown powder; yield (69%); mp. 138–
140 °C; IR (KBr, cm−1): 3360, 3250 (2NH), 1693, 1633 (2C]O);
1H NMR (400 MHz, DMSO-d6) d (ppm): 1.73 (t, 2H, CH2x, J = 8
Hz), 2.32 (t, 2H, CH2y, J = 8 Hz), 2.40 (s, 3H, CH3), 6.77 (t, 1H,
Ar–H4, J = 8 Hz), 7.83 (d, 1H, Ar–H3, J = 8.4 Hz), 7.07 (t, 1H, Ar–
H5, J = 8.4 Hz), 7.13 (d, 1H, quinoxaline-H7, J = 8.4 Hz), 7.50 (d,
1H, Ar–H 6, J= 8.4 Hz), 7.53 (s, 1H, quinoxaline-H5), 8.26 (d, 1H,
quinoxaline-H8, J = 8.4 Hz), 11.67, 11.77 (2s, 2NH, D2O
exchangeable). 13C NMR (DMSO-d6) d (ppm): 24.90 (CH3), 29.37
(CH2), 31.46 (CH2), 123.24, 124.35, 128.03, 129.40, 129.47,
129.60, 134.20, 134.40, 135.47, 135.60, 135.78, 137.40, 137.49
(13 Ar–C), 164.60, 168.78 (2C]O). MS m/z: 341.28 (17.51%, M+),
343.20 (5.88%, M+2), 87.04 (100). Anal. calcd for: C18H16ClN3O2

(341.79): C, 63.25; H, 4.72; N, 12.29%, found: C, 63.55; H,
4.31; N, 12.44%.

4.2.10 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-(4-
methoxyphenyl) propanamide (14). Light brown powder; yield
(76%); mp. 242–245 °C; IR (KBr, cm−1): 3345, 3167 (2NH), 1679,
1638 (2C]O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 1.77 (t,
2H, CH2x, J = 8 Hz), 2.38 (t, 2H, CH2y, J = 8 Hz), 3.90 (s, 3H,
OCH3), 7.22 (d, 2H, Ar–H3,5, J = 8.4 Hz), 7.70 (d, 1H, quinoxa-
line-H7, J= 8.4 Hz), 7.82 (s, 1H, quinoxaline-H5), 7.97 (d, 2H, Ar–
H2,6, J = 8.4 Hz), 8.46 (d, 1H, quinoxaline-H8, J = 8.4 Hz), 11.77,
11.87 (2s, 2NH, D2O exchangeable). 13C NMR (DMSO-d6)
31920 | RSC Adv., 2023, 13, 31908–31924
d (ppm): 29.10 (CH2), 31.15 (CH2), 55.39 (OCH3), 118.22, 119.67,
120.10, 120.46, 128.22, 128.82, 130.35, 131.15, 131.68, 132.01,
134.26, 145.03, 145.05 (13 Ar–C), 168.93, 170.68 (2C]O). MS m/
z: 357.01 (12.03%, M+), 359.40 (4.11%, M+2), 82.17 (100). Anal.
calcd for: C18H16ClN3O3 (357.79): C, 60.42; H, 4.51; N, 11.74%,
found: C, 60.71; H, 4.82; N, 11.52%.

4.2.11 N-(4-Acetylphenyl)-3-(6-chloro-1,2-dihydro-2-
oxoquinoxalin-3-yl) propanamide (15). Black powder; yield
(62%); mp. 180–182 °C; IR (KBr, cm−1): 3373, 3260 (2NH), 1716,
1673, 1642 (3C]O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 1.65
(t, 2H, CH2x, J = 8 Hz), 2.35 (t, 2H, CH2y, J = 8 Hz), 2.67 (s, 3H,
COCH3), 7.21 (d, 1H, quinoxaline-H7, J = 8 Hz), 7.42 (d, 1H,
quinoxaline-H8, J = 8 Hz), 7.47 (s, 1H, quinoxaline-H5), 7.76 (d,
2H, Ar–H 2,6, J = 8 Hz), 8.00 (d, 2H, Ar–H3,5, J = 8 Hz), 12.23,
12.37 (2 s, 2NH, D2O exchangeable). 13C NMR (DMSO-d6)
d (ppm): 28.22 (CO CH3), 29.82 (CH2), 31.15 (CH2), 118.03,
119.05, 120.19, 120.20, 128.39, 128.67, 130.10, 131.01, 131.26,
132.18, 134.22, 145.46, 145.55, (13 Ar–C), 167.35, 171.15 and
188.93 (3C]O). MS m/z: 369.13 (39.02%, M+), 371.17 (12.98%,
M+2), 82.29 (100). Anal. calcd for: C19H16ClN3O3 (369): C, 61.71;
H, 4.36; N, 11.36%, found: C, 61.35; H, 4.62; N, 11.68%.

4.2.12 4-(3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)
propanamido)benzoic acid (16). Brown powder; yield (75%);
mp. 133–135 °C; IR (KBr, cm−1): 3406–2620 (br, OH), 3221, 3137
(2NH), 1700, 1688, 1654 (3C]O); 1H NMR (400 MHz, DMSO-d6)
d (ppm): 1.62 (t, 2H, CH2x, J = 7.6 Hz), 2.24 (t, 2H, CH2y, J = 7.6
Hz), 7.27 (d, 1H, quinoxaline-H7, J = 8 Hz), 7.43 (d, 1H, qui-
noxaline-H8, J = 8 Hz), 7.47 (s, 1H, quinoxaline-H5), 7.97 (d, 2H,
Ar–H2,6, J = 8 Hz), 8.46 (d, 2H, Ar–H 3,5, J = 8 Hz), 10.83 (s, 1H,
COOH), 12.75, 12.82 (br, 2NH, D2O exchangeable). 13C NMR
(DMSO-d6) d (ppm): 29.95 (CH2), 31.61 (CH2), 123.21, 125.24,
126.92, 127.30, 127.31, 127.50, 128.23, 129.66, 130.05, 130.80,
131.26, 131.27, 132.56 (13 Ar–C), 166.21, 169.31, 171.93 (3C]O).
MS m/z: 371.37 (45.11%, M+), 373.17 (15.07%, M+2), 84.19 (100).
Anal. calcd for: C18 H14ClN3O4 (371.77): C, 58.15; H, 3.80; N,
11.30%, found: C, 58.46; H, 3.43; N, 11.63%.

4.2.13 Ethyl 4-(3-(6-chloro-1,2-dihydro-2-oxoquinoxalin-3-
yl) propanamido) benzoate (17). Pale brown powder; yield
(61%); mp. 120–122 °C; IR (KBr, cm−1): 3367, 3230 (2NH), 1745,
1693, 1654 (3C]O); 1 H NMR (400 MHz, DMSO-d6) d (ppm):
1.34 (t, 3H, OCH2CH3, J = 7.2 Hz),1.73 (t, 2H, CH2x, J = 7.2 Hz),
2.34 (t, 2H, CH2y, J= 7.2 Hz), 4.36 (q, 2H, OCH2CH3, J= 7.2 Hz),
6.47 (d, 1H, quinoxaline-H7, J = 8.4 Hz), 7.41 (d, 1H, quinoxa-
line-H8, J = 8.4 Hz), 7.49 (d, 2H, Ar–H2,6, J = 8.4 Hz), 7.94 (s, 1H,
quinoxaline-H5), 8.09 (d, 2H, Ar–H 3,5, J = 8.4 Hz), 11.89, 11.92
(2s, 2NH, D2O exchangeable). 13C NMR (DMSO-d6) d (ppm):
14.11 (CH3), 29.40 (CH2), 31.49 (CH2), 60.03 (OCH2CH3), 117.91,
118.03, 128.24, 129.40, 129.47, 129.60, 134.11, 134.12, 135.13,
135.38, 135.39, 137.78, 137.90 (13 Ar–C), 164.07, 168.16 (2C]O
of amide), 172.39 (C]O of ester). MS m/z: 399.06 (62.14%, M+),
401.19 (20.94%, M+2), 88.13 (100). Anal. calcd for: C20H18ClN3O4

(399.83): C, 60.08; H, 4.54; N, 10.51%, found: C, 60.41; H,
4.71; N, 10.77%.

4.2.14 2,4-Dichloro-N′-(3-(6-chloro-3-oxo-3,4-
dihydroquinoxalin-2-yl)-propanoyl) benzohydrazide (19). A
solution of acid hydrazide, 18 (2.66 g, 0.01 mol) was treated with
2,4-dichlorobenzoyl chloride (2.09 g, 0.01 mol) in 20 ml ethanol
© 2023 The Author(s). Published by the Royal Society of Chemistry
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with a little amount of DMF. The reaction mixture was heated
under reux for 4 h, and then allowed to cool down. The nal
compound 19 was obtained aer ltration and crystallization
from ethanol. Brown powder; yield (51%); mp. 188–190 °C; IR
(KBr, cm−1): 3274, 3211 and 3107 (3NH), 1700, 1688, 1617 (3C]
O); 1H NMR (400 MHz, DMSO-d6) d (ppm): 2.74 (t, 2H, CH2, J= 4
Hz), 3.09 (t, 2H, CH2, J= 4 Hz), 6.86 (s, 1H, quinoxaline-H5), 6.98
(d, 1H, quinoxaline-H7, J = 4 Hz), 7.28 (d, 1H, Ar–H5, J = 8 Hz),
7.43 (s, 1H, Ar–H3), 7.62 (d, 1H, quinoxaline-H8, J = 8 Hz), 7.80
(d, 1H, Ar–H6, J = 8 Hz), 12.42, 12.43 and 12.60 (s, 3NH, D2O
exchangeable). 13C NMR (DMSO-d6) d (ppm): 29.75 (CH2), 31.02
(CH2), 119.12, 120.19, 120.67, 120.92, 125.45, 125.75, 126.12,
126.19, 126.67, 128.34, 129.50, 130.57, 131.02, 162.70, 167.67,
170.34 (3C]O). MS m/z (%): 438 (20.41, M+), 440.86 (6.5, M+2),
185.91 (100). Anal. calcd for: C18H13N4O3Cl3 (438): C, 49.17; H,
2.98; N, 12.74; Cl, 24.19%, found: C, 49.52; H, 2.48; N, 12.43; Cl,
24.55%.

4.2.15 4-(3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)
propaneamido)-4-oxobutanoic acid (20). Compound 18 (2.66 g,
0.01 mol) was heated under reux in 20 ml ethanol in presence
of catalytic quantity of DMF with an equivalent amount of
succinic anhydride (1.00 g, 0.01 mol). The reaction was cooled
aer 3 h of reuxing. Aer that, compound 20 was produced by
collecting the raw powder and recrystallizing it from ethanol.
Black powder; yield (72%); mp. 320–322 °C; IR (KBr, cm−1): 3360
(br., OH), 3337, 3293 and 3131 (3NH), 1706, 1689, 1665 and 1617
(4C]O); 1H NMR (400 MHz, DMSO- d6) d (ppm): 2.38 (t, 2H,
CH2CH2COOH), 2.59 (t, 2H, CH2CH2COOH, J = 4 Hz), 2.64 (t,
2H, CH2, J = 4 Hz), 3.04 (t, 2H, CH2, J = 4 Hz), 7.30 (d, 1H,
quinoxaline-H7, J = 8 Hz), 7.33 (s, 1H, quinoxaline-H5), 7.75 (d,
1H, quinoxaline-H8, J = 8 Hz), 10.85 (s, OH, D2O exchangeable),
12.38, 12.40 and 12.41 (s, 3NH, D2O exchangeable). 13C NMR
(DMSO-d6) d (ppm): 29.40 (CH2), 31.14 (CH2), 32.47 (CH2), 32.68
(CH2), 120.74, 121.01, 121.27, 124.13, 124.46, 131.20, 131.96,
161.13, 166.65, 167.04, 167.31 (4C]O). MS m/z (%): 366 (14.41,
M+), 368 (4.56, M+2), 185.02 (100). Anal. calcd for: C15H15N4O5Cl
(366): C, 49.12; H, 4.12; N, 15.28; Cl, 9.67%, found: C, 49.53; H,
4.37; N, 15.71; Cl, 9.32%.

4.2.16 2-(2-(3-(6-Chloro-3-oxo-3,4-dihydroquinoxalin-2-yl)
propanoyl)hydrazine-1-carbonyl) benzoic acid (21). An equi-
molar quantities of acid hydrazide, 18 (2.66 g, 0.01 mol) and
phthalic anhydride (1.48 g, 0.01 mol) were heated under reux
in 20 ml ethanol with a catalytic quantity of DMF. The reaction
was continued for 4 h and allowed to cool. The target compound
21 was attained by ltration and crystallization from ethanol.
Light brown powder; yield (81%); mp. 218–220 °C; IR
(KBr, cm−1): 3339 (br., OH), 3267, 3206 and 3142 (3NH), 1705,
1689, 1662, 1624 (4C]O); 1H NMR (400 MHz, DMSO-d6)
d (ppm): 2.85 (t, 2H, CH2, J = 4 Hz), 3.09 (t, 2H, CH2, J = 4 Hz),
6.84 (s, 1H, quinoxaline-H5), 6.94 (d, 1H, quinoxaline-H7, J = 8
Hz), 7.28 (d, 1H, quinoxaline-H8, J = 8 Hz), 7.44 (t, 1H, Ar–H4, J
= 12 Hz), 7.57 (t, 1H, Ar–H5, J = 12 Hz), 8.20 (d, 1H, Ar–H6, J = 8
Hz), 8.74 (d, 1H, Ar–H3, J = 8 Hz), 10.80 (s, OH, D2O
exchangeable), 12.43, 12.44 and 12.83 (s, 3NH, D2O exchange-
able). 13C NMR (DMSO-d6) d (ppm): 29.66 (CH2), 31.95 (CH2),
110.45, 112.32, 117.36, 119.70, 120.73, 121.26, 124.45, 131.95,
139.66, 140.57, 142.43, 142.87, 151.11, 161.11, 168.88, 170.26
© 2023 The Author(s). Published by the Royal Society of Chemistry
and 173.45 (4C]O). MS m/z (%): 414 (20.41, M+), 416.06 (6.5,
M+2), 184.91 (100). Anal. calcd for: C19H15N4O5Cl (414): C, 55.02;
H, 3.64; N, 13.51; Cl, 8.55%, found: C, 55.41; H, 3.22; N, 13.82;
Cl, 8.16%.

4.2.17 3-(6-Chloro-1,2-dihydro-2-oxoquinoxalin-3-yl)-N-
(1,3-dioxoisoindolin-2-yl) propanamide (22). The intermediate
18 (2.66 g, 0.01 mol) was mixed with an equivalent amount of
phthalic anhydride (1.48 g, 0.01 mol) in 20 ml of glacial acetic
acid with a catalytic amount of DMF. The reaction was heated
under reux for 4 h, and the resulting product was ltered
before being recrystallized from the ethanol to afford
compound 22.

4.3 Another procedure

Compound 21 (0.01 mol) was reuxed in 15 ml of glacial acetic
acid for 2 h, and the resulting product was ltered and recrys-
tallized from the ethanol to afford compound 22. Light brown
powder; yield (78%); mp. 264–266 °C; IR (KBr, cm−1): 3327 and
3189 (2 NH), 1751, 1669, 1635 and 1623 (4C]O); 1H NMR (400
Mz, DMSO-d6) d (ppm): 2.82 (t, 2H, CH2, J= 4), 3.03 (t, 2H, CH2, J
= 4 Hz), 6.89 (s, 1H, quinoxaline-H5), 6.97 (d, 1H, quinoxaline-
H7, J = 8 Hz), 7.32 (d, 1H, quinoxaline-H8, J = 8 Hz), 7.48 (t, 1H,
Ar–H4, J= 8 Hz), 7.60 (t, 1H, Ar–H5, J= 8 Hz), 8.28 (d, 1H, Ar–H6,
J = 8 Hz), 8.78 (d, 1H, Ar–H3, J = 8 Hz), 12.22 and 12.54 (s, 2NH,
D2O exchangeable). 13C NMR (DMSO-d6) d (ppm): 29.33 (CH2),
31.54 (CH2), 115.66, 115.72, 115.85, 115.94, 117.59, 119.53,
120.41, 121.23, 121.31, 124.07, 131.38, 135.81, 135.84 (13 Ar–C),
159.68, 165.73, 166.70 and 169.74 (4C]O). MS m/z (%): 396
(9.05, M+), 398.52 (2.98, M+2), 102.34 (100). Anal. calcd for:
C19H13N4O4Cl (396): C, 57.51; H, 3.30; N, 14.12; Cl, 8.94%,
found: C, 57.04; H, 3.72; N, 14.43; Cl, 8.56%.

4.4. Biological evaluation

Antiproliferative assay: the prepared compounds were esti-
mated for their antiproliferative activity against two human
breast cancer cell lines, MCF-7 and HCT-116 in comparison
with doxorubicin as a reference standard at concentrations 100,
50, 25, 12.5, 6.25, 3.125, and 1.56 mMutilizing MTT assay guided
by the reported procedure.33

VEGFR-2 inhibition estimation: VEGFR-2 inhibition estima-
tion was executed utilizing VEGFR-2 (KDR) Kinase Assay Kit of
Biosciences and the IC50 values were detected according to the
manufacturer's instructions and the reported method.37

Quantitative determination of VEGFR2 in MCF-7 cell line:
ELISA analysis to determine VEGFR2 quantitatively in MCF-7
cell line is following the reported procedure38

Effect of 14 on angiogenesis (VEFG-A) level: ELISA analysis to
determine VEGF-A secretion is following the reported
procedure.40

Cell cycle analysis: FACS Caliber ow cytometer was utilized
to determine the effect of 14 on the cell cycle of breast tumor
NCF-7 guided by the previously reported method.39

Annexin-V-FITC apoptosis assay: the apoptosis of 14 was
detected through Annexin V-FITC/PI apoptosis detection kit
utilizing FACS Caliber ow cytometer following the reported
procedure.40
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Effect of 14 on active caspase-3 level
Caspase-3 is evaluated by using the reported method.41

Evaluation of apoptosis regulator p53
P53 expression is measured in MCF-7 by the reported

method.42

Evaluation of BAX and BCL2 levels43,44
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