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ABSTRACT: We developed and synthesized tetrahydropyrimi-
dine derivatives as possible cytotoxic agents to inhibit EGFR and
VEGFR-2 in the present study. Our study completely assesses the
cytotoxic efficiency of pyrimidine-based derivatives 4−15 against
various cancer cell lines, revealing derivatives 12 and 15 for their
remarkable activity with GI50 values of 37 and 35 nM, respectively,
when compared to the reference erlotinib (33 nM). In vitro
enzyme assays showed that target compounds, particularly 12, 14,
and 15, effectively inhibited EGFR and VEGFR-2. In vitro enzyme
testing revealed that compound 15 was the most promising, with
IC50 values of 84 and 3.50 nM for EGFR and VEGFR-2,
respectively. Additionally, an in vitro assessment of the novel
targets’ apoptotic potential revealed that both pro-apoptotic and
antiapoptotic behaviors were promising, indicating that the apoptotic induction pathway is a strongly proposed action method for
the newly developed targets. Finally, molecular docking experiments are elaborately discussed to corroborate the exact binding
interactions of the most active hybrids 12 and 15 with the EGFR and VEGFR-2 active sites.

1. INTRODUCTION
Cancer ranks among the leading causes of mortality globally,
affecting both developed and developing nations. As
populations age and lifestyles evolve, the prevalence and
fatality rates of cancer continue to rise each year. Projections
indicate that by 2025, there will be over 20 million new
cases.1,2 While surgical removal remains a viable treatment for
some initial malignancies, its efficacy diminishes in advanced
stages. Fortunately, chemotherapy and targeted therapeutic
medications offer renewed optimism for cancer patients.3,4

Receptor tyrosine kinases (RTKs) are key in several
physiological processes and signaling networks.5 RTKs are
powerful oncoproteins that can induce angiogenesis, meta-
stasis, and dysregulated cell proliferation when mutated or
overexpressed;4,6 this makes them important targets for small
molecule inhibitors in cancer treatment. Several RTK
inhibitors have been discovered to have effective cytotoxic
activity; some are in clinical studies or have been approved.7−10

EGFR, also known as epidermal growth factor receptor, is a
specific type of membrane RTK that is found at higher levels
than normal in several types of cancer. Because cancer
progression is closely linked to EGFR tyrosine kinase signal
transmission, inhibiting receptor activation can effectively halt
tumor growth.11−13 VEGFR-2, also known as vascular
endothelial growth factor receptor, is a RTK that has the
ability to induce angiogenesis.14 VEGFR-2, a member of the

VEGFR family, plays a crucial role in regulating the growth of
blood vessels in tumors and is necessary for the formation of
solid tumors. Blocking VEGFR-2 has been suggested as a
viable strategy to prevent angiogenesis.15,16

It has been established that EGFR and VEGFR-2 are
potential therapeutic targets in the fight against cancer. They
play critical roles in signaling networks that control tumor cell
angiogenesis, motility, differentiation, and proliferation.17−20

EGFR and VEGFR-2 commonly have overlapping downstream
signaling pathways within a complex network of intercon-
nected circuits. Suppressing EGFR can reduce VEGF
production and inhibit the formation of new blood vessels.
While also increasing VEGFR-2 expression, this can eventually
lead to resistance to EGFR inhibitors.21,22 Consequently, the
simultaneous inhibition of both EGFR and VEGFR-2 has
emerged as a potent cancer treatment approach, yielding a
synergistic effect.23−25

Multicomponent reactions (MCRs) have received much
interest in the drug discovery process, particularly in
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developing tailored libraries with structural diversity.26 The
current interest is developing innovative therapeutic candidates
by MCRs for preclinical investigations. The cyclocondensation
reaction was first reported by Pietro Biginelli in 1893. It
involved using an acid catalyst and little heating to combine β-
keto ester, aldehyde, and urea/thiourea dissolved in solvent
ethanol. After cooling the reaction mixture, the resultant
product precipitated and was identified as new 1,4-
dihydropyrimidin-2-one.27 This one-pot MCR’s emphasis
was expanded by altering the building elements to synthesize
effective compounds for various medicinal uses. 1,4-Dihy-
dropyrimidines are known to have various pharmacological
actions, including anticancer activity.28 Because of the vast
spectrum of medicinal characteristics, the pharmaceutical
sector is interested in developing innovative dihydropyrimi-
dines29−31

Naishima et al.28 recently published a study on 33 new
Biginelli 1,4-dihydropyrimidines with anticancer activity as
RTK inhibitors against breast cancer (MCF-7) cell line.
Compound I (Figure 1) was the most potent derivative,

significantly inhibiting the tyrosine kinases EGFR and human
epidermal growth factor receptor 2 (HER2). In another study
from our group,32 we describe the design, synthesis, and
biological evaluation of a new class of dihydropyrimidine
derivatives as apoptotic cytotoxic agents. Compound II (Figure
1) had the strongest cytotoxic effect when exposed to most
cancer cells. The studied compound combined with 5-FU had
significantly higher anticancer activity than 5-FU alone.
Compound II enhanced pro-apoptotic markers (caspase 3, 8,
9, p53, cytochrome C, and BAX) while downregulating the
antiapoptotic BCL-2. Furthermore, compound II caused cell
cycle arrest at the PreG1 and G2/M phases in the HepG2 cell
line.
Recently, Ahmed et al.33 identified 18 new indolyl-

dihydropyrimidine-based compounds as EGFR inhibitors
with potential anticancer action. Compound III (Figure 1)

had the most inhibitory profile against the cancer cell lines
evaluated. Compound III has a lower IC50 value against EGFR
(0.25 ± 0.01 μM) than erlotinib (0.30 ± 0.01 μM). When
compared to the reference erlotinib, molecular docking
analysis demonstrated that the dihydropyrimidine nucleus
improves the binding within the active sites of EGFR by
interacting with additional amino acids in these active sites.
In another study, Mostafa and Selim.34 developed a series of

Biginelli hybrids with various heterocyclic moieties and tested
12 compounds against the NCI-60 cancer cell line panel.
Compound IV (Figure 1), the most effective in the series, was
tested as a potential inhibitor of the tyrosine kinases VEGFR-2
and mTOR. It showed strong inhibitory activity, with IC50
values of 1.97 and 0.64 μM, respectively. Additionally,
compound IV boosted caspase-3 levels by 10-fold, whereas
caspase-9 levels increased by around 100 fold. It also raised the
percentage of A549 cells undergoing early apoptosis by 3.27%
and late apoptosis by 3.31%.
Based on prior studies highlighting the tyrosine kinase

inhibitory effects of dihydropyrimidine-based derivatives and
our ongoing efforts to develop dual or multitargeted cytotoxic
agents,35−42 the strategy of this work was centered on the
design and synthesis of new cytotoxic compounds (4−15)
based on dihydropyrimidine scaffold (Figure 2). Each of the

newly synthesized analogues’ cytotoxic efficacy was assessed
against four human cancer cell lines and one normal human
cell line. In addition, the compounds with the highest cytotoxic
activity were tested in vitro as apoptosis inducers and dual-
EGFR and VEGFR-2 inhibitors. Finally, molecular docking
against their respective molecular targets tested the most active
variants.

2. RESULTS AND DISCUSSION
2.1. Chemistry. The synthetic process for targets 4−15 is

shown in Scheme 1. Commercially available isopropyl
acetoacetate (2) was treated to the Biginelli reaction with
various substituted benzaldehydes (1a−l) in the presence of
urea or thiourea (3a or 3b) to produce pyrimidine-5-
carboxylates 4−15. The best yields were obtained by refluxing
in ethanol for 8 h with glacial acetic acid as a catalyst.
The final compounds 4−15 were characterized using

spectroscopic techniques such as 1H and 13C NMR and
elemental analysis. The 1H NMR of the desired compounds
showed two characteristic peaks appearing as two doublets at δ
0.99−1.07 and δ 1.15−1.19 ppm in addition to a multiplet
peak at δ 4.80−4.88 ppm, which correspond to the isopropyl
group. The ring closure was confirmed by the appearance of a

Figure 1. Structures of some dihydropyrimidine-based cytotoxic RTK
inhibitors.

Figure 2. Structures of new targets 4−15.
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doublet peak at δ 5.00−5.13 ppm, which resonated to the
proton at the C4 position of the ring. The methyl group at C6
appeared as a singlet at δ 2.22−2.28 ppm. The two NH groups
of the cyclic thiourea moiety in compounds 4−8 appeared as
two weak singlets at δ 9.52−9.61 and δ 10.20−10.31 ppm,
respectively, while they appeared at δ 7.57−7.69 and δ 9.06−
9.14 ppm in compounds 9−15 containing a cyclic urea moiety.
Methoxy groups on the C4 phenyl ring in compounds 4−6, 9−
11, 14, and 15 appeared as intense singlet peaks at δ 3.63−3.74
ppm. Compound 15 showed a singlet peak at δ 5.05 ppm,
which indicates the presence of the benzylic CH2 group. 13C
NMR DEPTQ-135 spectra showed a peak at δ 17.05−18.18
ppm, corresponding to CH3 at C6 of the ring. The isopropyl
group appeared as two adjacent peaks at δ 21.43−22.28 ppm
and a peak at δ 66.19−67.35 ppm. The peak of C4 was found
in the range of δ 53.54−54.51 ppm. The peaks of aromatic
carbons of the C4 phenyl ring as well as C5 and C6 carbons
were observed in the range of δ 99.50−157.85 ppm, while the

carbonyl group of the ester moiety appeared at δ 164.68−
165.40 ppm. Compounds 4−8 showed characteristic C2
thiocarbonyl peak at δ 173.83−174.62 ppm, while the C2
carbonyl group of compounds 9−15 displayed a signal at δ
152.11−152.66 ppm. Compound 15 peaked at δ 70.43 ppm,
corresponding to the benzylic methylene group.
2.2. Biology. 2.2.1. Assay of Cell Viability Effect. The

human mammary gland epithelial (MCF-10A) normal cell line
was employed to assess the impact of new targets 4−15 on
viability.43,44 The MTT assay was employed to assess the cell
viability of 4−15 following a four-day incubation period on
MCF-10A cells. Table 1 indicates that none of the compounds
analyzed exhibited cytotoxicity since all compounds showed
over 87% cell viability at a concentration of 50 μM.

2.2.2. Cytotoxicity Assay. The cytotoxic effect of targets 4−
15 on four human cancer cell lines (HT-29 for colon cancer,
Panc-1 for pancreatic cancer, A-549 for lung cancer, and MCF-

Scheme 1. Synthesis of Pyrimidine-5-Carboxylates 4−15

Table 1. Median Inhibitory Concentration (IC50) and Average IC50 (GI50) of Each Compound against the Four Cancer Cell
Lines

comp cell viability % cytotoxic activity IC50 ± SEM (nM)

A-549 MCF-7 Panc-1 HT-29 average (GI50)

4 91 47 ± 4 50 ± 5 48 ± 4 49 ± 4 49
5 89 67 ± 6 71 ± 6 68 ± 6 70 ± 6 68
6 90 42 ± 4 46 ± 4 44 ± 4 47 ± 4 45
7 93 70 ± 7 74 ± 7 72 ± 7 73 ± 7 71
8 92 64 ± 6 68 ± 6 67 ± 6 68 ± 6 67
9 90 74 ± 7 79 ± 7 75 ± 7 77 ± 7 76
10 89 52 ± 5 55 ± 5 52 ± 5 54 ± 5 53
11 92 56 ± 5 58 ± 5 56 ± 5 59 ± 5 57
12 87 36 ± 3 38 ± 3 36 ± 3 38 ± 3 37
13 90 62 ± 6 64 ± 6 61 ± 6 64 ± 6 62
14 89 40 ± 4 44 ± 4 42 ± 4 43 ± 4 41
15 91 33 ± 3 36 ± 3 34 ± 3 36 ± 3 35
erlotinib ND 30 ± 3 40 ± 3 30 ± 3 30 ± 3 33
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7 for breast cancer) was assessed using the MTT assay.45,46

Erlotinib was utilized as a reference.
Generally, targets 4−12 had significant cytotoxic efficacy,

with GI50 values ranging from 35 to 76 nM when compared to
the reference erlotinib (GI50 = 33 nM), and all tested
compounds were more sensitive to the lung cancer (A-549)
cell line than the other cell lines used. Additionally, 2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylates (9−15) are more
reactive than 2-thioxo-congeners, 4−8.
Compounds 4, 6, 12, 14, and 15 had the highest cytotoxic

activity, with GI50 values of 49, 45, 37, 41, and 35 nM,
respectively, making compounds 12 and 15 equivalent to
erlotinib. However, derivatives 12 and 15 outperformed
erlotinib against the MCF-7 cancer cell line, with IC50 values
of 38 and 36 nM, respectively, compared to erlotinib’s IC50
value of 40 nM.
Compound 15 (R = 4-O-benzyl-3-OMe, X = O) was the

most effective derivative of all synthesized compounds, with a
GI50 value of 35 nM, equaling erlotinib (GI50 = 33 nM) against
the four cancer cell lines tested. The phenyl group substitution
pattern at position four, as well as the type of substitution at
position two, has a significant impact on the cytotoxic activity
of compounds 4−12. For example, compound 9 (R = 4-OH-3-
OMe, X = O), a debenzylated derivative, was found to have
decreased cytotoxic efficacy. Compound 9 had a GI50 of 76
nM, 2.2 times lower than 15, indicating that the benzyl group
at position 4 of the phenyl moiety is more tolerated for
cytotoxic activity than the free hydroxyl group. Compound 14
(R = 3-OH-4-OMe, X = O) showed a GI50 value of 41 nM,
making it 1.9 times more effective than compound 9,
suggesting that the hydroxyl group was tolerated for cytotoxic
activity at position 3 rather than 4.
Compound 12 (R = 3-OH, X = O) ranked second in activity

with a GI50 value of 37 nM, comparable to compound 15.
Replacing 3-OH in compound 12 with 4-OH as in compound
13 (R = 4-OH, X = O) resulted in a marketed decrease in
cytotoxic action with a GI50 value of 62 nM, adding to the
evidence that the hydroxyl group was more tolerated at
position 3 rather than 4. Replacing the oxygen atom at position
2 with a sulfur atom resulted in a reported decrease in
cytotoxic activity. Compound 7 (R = 3-OH, X = S), the sulfur
derivative of compound 12, revealed a GI50 value of 71 nM,
being 2-folds less potent than compound 12, showing that the
oxygen atom at position 2 is more favored than the sulfur atom
for the cytotoxic action.
Finally, compounds 10 (R = 3,4-di-OMe, X = O) and 11 (R

= 3,4,5-tri-OMe, X = O) showed GI50 values of 53 and 57 nM,
respectively, suggesting that the number of methoxy groups did
not significantly affect the cytotoxic action. However, this rule
does not apply to the sulfur derivatives 5 (R = 3,4-di-OMe, X =
S) and 6 (R = 3,4,5-tri-OMe, X = S), where the trimethoxy
derivative, compound 6, is approximately 1.5 times more
potent than the dimethoxy derivative, compound 5.

2.2.3. EGFR Inhibitory Assay. The most potent cytotoxic
derivatives, 6, 12, 14, and 15, were tested for their ability to
inhibit EGFR using the EGFR-TK test.47,48 The results are
shown in Table 2. The outcomes of this assay align with the
findings of the cytotoxic assay, which demonstrated that
compounds 12 (R = 3-OH, X = O) and 15 (R = 4-O-benzyl-3-
OMe, X = O) were the most potent derivatives of EGFR
inhibitors, with IC50 values of 87 ± 5 and 84 ± 5, respectively,
which are equivalent to the reference drug erlotinib (IC50 = 80
± 5). Compounds 12 and 15 were also the most potent

derivatives with cytotoxic properties. Compounds 6 (R = 3,4,5-
tri-OMe, X = S) and 14 (R = 3-OH-4-OMe, X = O) both
showed notable anti-EGFR activity, with IC50 values of 98 ± 6
and 92 ± 5 nM. These findings suggest compounds 12 and 15
have promising EGFR inhibitory action and could be used as
cytotoxic agents.

2.2.4. Assay for Inhibiting VEGFR-2. The inhibitory effects
of compounds 6, 12, 14, and 15 on VEGFR-2 were evaluated
using the kinase-glo-luminescent kinase assay,49 with sorafenib
as the control drug. The results are shown as IC50 values in
Table 2. The findings indicated that the compounds under
investigation effectively inhibited VEGFR-2, with IC50 values
ranging from 3.50 to 5.30 nM. In comparison, sorafenib had a
lower IC50 value of 0.17 nM. Compounds 12 and 15 exhibited
the highest potency, with IC50 values of 4.20 and 3.50 nM,
respectively. The results indicate that compounds 12 and 15
exhibit potent cytotoxic activity and have the potential to
function as dual inhibitors of EGFR and VEGFR-2.

2.2.5. Apoptosis Assays. Apoptosis is a programmed cell
death via two primary processes.50 The intrinsic pathway is
launched by internal events such as mitochondrial oxidative
stress, while the extrinsic pathway is triggered by external
influences such as tumor necrosis factor-α.51 Some anti-
apoptotic proteins, including BCL-2 and CK-18, regulate
apoptosis. They inhibit apoptosis by deactivating pro-apoptotic
proteins such as BAX, p53, caspase 3, and caspase 6.52 This age
has piqued researchers’ interest in discovering new potent
candidates capable of promoting apoptosis in malignant cells
while having little effect on normal cells.
To assess their apoptotic inhibitory potential against A-549,

three candidates (12, 14, and 15) were chosen. In vitro,
quantitative assessments of pro-apoptotic proteins (p53, BAX,
caspase 3, and caspase 6) and antiapoptotic proteins (BCL-2
and CK-18) were performed using a sandwiched immunoassay,
as shown in Figure 3.
Results revealed that all tested candidates (12, 14, and 15)

significantly raised protein expression levels for pro-apoptotic
indicators. In comparison to the control untreated cells, p53,
BAX, caspase 3, and caspase 6 were elevated by (4.75, 13.95,
8.20, and 9.65), (3.10, 11.50, 7.40, and 8.50), and (5.90, 14.50,
8.70, and 9.80)-fold for 12, 14, and 15, respectively (Figure
3A−D). As a result, all the investigated compounds had very
significant and comparable pro-apoptotic potentials, partic-
ularly 15, followed by 12 and 14.
In contrast, the treatment with tested compounds (12, 14,

and 15) significantly reduced BCL-2 and CK-18 expression.
BCL-2 and CK 18 protein expression levels were (0.60 and
0.55), (0.55 and 0.40), and (0.70 and 0.60)-folds in 12, 14,
and 15 compared to the control untreated cells (Figure 3E,F).
As a result, the pro-apoptotic and antiapoptotic behaviors were
promising, showing that the apoptotic induction pathway is a

Table 2. IC50 Values of Compounds 6, 12, 14, and 15
against EGFR and VEGFR-2

compound
EGFR inhibition
IC50 ± SEM (nM)

VEGFR-2 inhibition
IC50 ± SEM (nM)

6 98 ± 6 5.30 ± 0.050
12 87 ± 5 4.20 ± 0.040
14 92 ± 5 4.70 ± 0.040
15 84 ± 5 3.50 ± 0.030
erlotinib 80 ± 5
sorafenib 0.17 ± 0.001
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highly proposed mode of action for the newly identified
targets.
2.3. Molecular Docking Studies. Employing computa-

tional methodologies, we conducted molecular docking
simulations of the most potent compounds, 12 and 15, against
EGFR (PDB ID: 1M17)13 and VEGFR-2 (PDB ID: 4ASD).53

By focusing on these specific protein structures as docking
targets, we aimed to elucidate the intricate interactions and
binding affinities between these compounds and their
respective receptor binding sites. Regarding EGFR, to verify
the accuracy of our docking methodology, we performed a
redocking experiment with the cocrystallized erlotinib in the
EGFR binding site. Our results demonstrated that the
redocked ligand exhibited a notable binding affinity of −8.18
kcal/mol, suggesting a strong interaction with the receptor.
Furthermore, the root-mean-square deviation (RMSD) value
of 1.12 Å between the experimental and redocked ligands
indicates a close alignment, reinforcing the reliability of our
docking approach. Superimposition of both redocked and
cocrystallized erlotinib is depicted in Figure 4.
Furthermore, the most potent inhibitors, 12 and 15, were

docked into the binding site of EGFR. Results showed that
both compounds interacted strongly with the binding pocket
with affinities of −5.6495 and −7.0684 kcal/mol, respectively.
Analysis of the docking results of both compounds revealed
intriguing insights. Specifically, the dihydropyrimidine ring in

both compounds exhibited a critical hydrogen bonding
interaction with the amino acid Met769, similar to that
observed with the cocrystallized erlotinib. This shared
interaction provides a rationale for the comparable potencies
of compounds 12 and 15 with erlotinib toward EGFR.
Compound 15 displayed an additional hydrogen bonding
interaction with THR830, further enhancing its binding
affinity. Moreover, the incorporation of the benzyl moiety in
compound 15 facilitated numerous hydrophobic interactions
with amino acids LYS721, THR766, and LEU764, effectively
increasing binding and stabilizing the compound within the
EGFR binding site (as depicted in Figures 5 and 6).
Similarly, the cocrystallized sorafenib was docked into the

binding site of VEGFR-2 to assess the reliability of our docking
protocol. The redocked sorafenib demonstrated an outstanding
binding affinity of −10.1476 kcal/mol, underscoring a robust
interaction within the VEGFR-2 binding site with an RMSD
value of 0.1542 Å. Superimposition of both redocked and co-
crystallized sorafenib is illustrated in Figure 7.
Moreover, docking the most potent inhibitors, compounds

12 and 15, into the VEGFR-2 binding site was conducted. The
results revealed strong interactions of both compounds within
the binding pocket, showcasing binding affinities of approx-
imately −5.8777 and −8.2422 kcal/mol, respectively. Com-
pound 15, with its cyclic urea moiety, not only established
critical hydrogen bonding with Glu885 analogous to sorafenib
but also anchored itself to the binding pocket by establishing
hydrophobic interactions with various amino acids such as
Val899, Leu889, Val916, Val848, and Leu1035, thereby
reinforcing its affinity for the receptor pocket. Additionally, it
engaged in pi−pi T-shaped interactions with Phe1047 akin to
sorafenib. Compound 12 exhibited a similar interaction pattern
to sorafenib and compound 15, except for engaging in a salt
bridge with Glu885 through its urea moiety instead of a
hydrogen bond, as seen in 15 and sorafenib (Figures 8 and 9).
2.4. Structure−Activity Relationship. Figure 10 illus-

trates the structure−activity relationship of compounds 4−15.

3. CONCLUSIONS
In the current study, we aim to achieve progress in cancer
treatment by designing and synthesizing novel dihydropyr-
imidine-based compounds (4−15) as dual EGFR/VEGFR-2
inhibitors. Compounds 12 and 15 were discovered to be the
most effective cytotoxic compounds, with significant EGFR
and VEGFR-2 inhibition, revealing IC50 values of 84 and 3.5

Figure 3. Protein expression levels after treatment with 12, 14, and
15; (A) p53, (B) BAX, (C) caspase 3, (D) caspase 6, (E) BCL-2, and
(F) CK 18. Values are represented as mean ± SD for three
independent experiments.

Figure 4. Comparison between the docked pose (green) and the X-
ray cocrystallized structure (magenta) of erlotinib.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01361
ACS Omega 2024, 9, 34358−34369

34362

https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01361?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nM, respectively. At 50 μM doses, 12 and 15 had no effect on
nontumor cells MCF-10A, showing tumor-cell selectivity of
these compounds. Apoptotic experiments show that com-
pounds 12 and 15 can increase the levels of proapoptotic
markers (p53, caspase 3, caspase 6, and BAX) while
suppressing the antiapoptotic BCL-2 and CK-18. Molecular
docking experiments have successfully revealed that com-
pounds 12 and 15 have precise binding affinities with the
EGFR and VEGFR-2 active sites. According to the data, 12
and 15 are promising dual EGFR and VEGFR-2 inhibitor
candidates for the development of novel cancer therapies.

4. EXPERIMENTAL SECTION
General details: see Appendix A.
4.1. Chemistry. 4.1.1. General Procedure for Synthesis of

Isopropyl 6-Methyl-2-oxo/thioxo-4-phenyl-1,2,3,4-tetrahy-
dropyrimidine-5-carboxylates (4−15). To a stirred solution
of the appropriate aldehydes (1a−l) (2 mmol) and isopropyl
acetoacetate (2) (2 mmol, 290 μL) in ethanol was added

glacial acetic acid (0.5 mmol, 29 μL) and the mixture was
stirred at room temperature for 1 h. Then, urea or thiourea (3a
or 3b) (3 mmol) was added, and the obtained suspension was
heated under reflux for 8 h. The reaction mixture was then
poured on crushed ice and neutralized with sodium
bicarbonate. The formed precipitate was filtered off and
washed with distilled water, and the crude product was
recrystallized from the suitable solvent.

4.1.2. Isopropyl 4-(4-Hydroxy-3-methoxyphenyl)-6-meth-
yl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (4).
Yellow crystals (methanol) in (0.425 g, 63% yield), mp
190−195 °C; 1H NMR (400 MHz, DMSO-d6, δ): (ppm)
10.22 (s, 1H, N3-H), 9.53 (s, 1H, N1-H), 8.98 (s, 1H, OH),
6.77 (s, 1H, Ar-H), 6.72 (d, J = 8.0 Hz, 1H, Ar-H), 6.60 (d, J =
8.0 Hz, 1H, Ar-H), 5.06 (br s, 1H, C4-H), 4.89−4.80 (m, 1H,
isopropyl-CH), 3.72 (s, 3H, OCH3), 2.27 (s, 3H, C6-CH3),
1.17 (d, J = 6.4 Hz, 3H, isopropyl-CH3), 1.03 (d, J = 6.4 Hz,
3H, isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ):
(ppm): 174.56, 165.23, 147.81, 146.65, 144.76, 135.20, 119.17,

Figure 5. Two-dimensional interactions of erlotinib and compounds 12 and 15 inside the EGFR binding pocket.
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115.90, 111.62, 101.85, 67.23, 56.15, 54.25, 22.19, 21.95,
17.52; MS (ESI+) m/z 336.78 [M]+. Anal. Calcd for
C16H20N2O4S (336.41): C, 57.31; H, 5.99; N, 8.33. Found:
C, 57.41; H, 6.21; N, 8.44.

4.1.3. Isopropyl 4-(3,4-Dimethoxyphenyl)-6-methyl-2-thi-
oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (5). Yellow
crystals (acetonitrile) in (0.295 g, 42% yield), mp 178−180
°C; 1H NMR (400 MHz, DMSO-d6, δ): (ppm): 10.26 (s, 1H,

N3-H), 9.57 (s, 1H, N1-H), 6.92 (d, J = 8.4 Hz, 1H, Ar-H),
6.81 (s, 1H, Ar-H), 6.71 (d, J = 8.4 Hz, 1H, Ar-H), 5.11 (br s,
1H, C4-H), 4.90−4.80 (m, 1H, isopropyl-CH), 3.72 (s, 6H,
2× OCH3), 2.28 (s, 3H, C6-CH3), 1.17 (d, J = 6.4 Hz, 3H,
isopropyl-CH3), 1.04 (d, J = 6.4 Hz, 3H, isopropyl-CH3); 13C
NMR (100 MHz, DMSO-d6, δ): (ppm): 174.62, 165.19,
148.94, 148.78, 145.06, 136.57, 118.71, 112.30, 110.98, 101.63,
67.31, 56.01, 55.92, 54.10, 22.20, 21.97, 17.56; MS (ESI+) m/z
350.47 [M]+. Anal. Calcd for C17H22N2O4S (350.43): C,
58.27; H, 6.33; N, 7.99. Found: C, 58.39; H, 6.43; N, 8.14.

4.1.4. Isopropyl 6-Methyl-2-thioxo-4-(3,4,5-trimethoxy-
phenyl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (6).
White crystals (ethanol) in (0.573 g, 75% yield), mp 203−
204 °C; 1H NMR (400 MHz, DMSO-d6, δ): (ppm): 10.31 (s,
1H, N3-H), 9.61 (s, 1H, N1-H), 6.51 (s, 2H, Ar-H), 5.13 (br s,
1H, C4-H), 4.93−4.84 (m, 1H, isopropyl-CH), 3.72 (s, 6H,
2× OCH3), 3.63 (s, 3H, OCH3), 2.28 (s, 3H, C6-CH3), 1.19
(d, J = 6.4 Hz, 3H, isopropyl-CH3), 1.07 (d, J = 6.4 Hz, 3H,
isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ): (ppm):
174.50, 164.73, 152.82, 144.88, 139.19, 137.03, 103.52, 100.93,
66.93, 60.02, 55.82, 53.87, 21.73, 21.52, 17.13; MS (ESI+) m/z
380.93 [M]+. Anal. Calcd for C18H24N2O5S (380.46): C,
56.83; H, 6.36; N, 7.36. Found: C, 56.64; H, 6.54; N, 7.45.

4.1.5. Isopropyl 4-(3-Hydroxyphenyl)-6-methyl-2-thioxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (7). Brown crys-
tals (acetonitrile) in (0.355 g, 58% yield), mp 210−211 °C; 1H

Figure 6. Three-dimensional interactions of erlotinib and compounds 12 and 15 inside the EGFR binding pocket.

Figure 7. Comparison between the docked pose (green) and the X-
ray cocrystallized structure (magenta) of sorafenib.
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NMR (400 MHz, DMSO-d6, δ): (ppm): 10.25 (s, 1H, N3-H),
9.57 (s, 1H, N1-H), 9.42 (s, 1H, OH), 7.11 (t, J = 8.4 Hz, 1H,
Ar-H), 6.64 (d, J = 8.4 Hz, 3H, Ar-H), 5.06 (br s, 1H, C4-H),
4.88−4.79 (m, 1H, isopropyl-CH), 2.27 (s, 3H, C6-CH3), 1.17
(d, J = 6.4 Hz, 3H, isopropyl-CH3), 1.03 (d, J = 6.4 Hz, 3H,
isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ): (ppm):
174.59, 165.14, 157.85, 145.42, 144.98, 129.87, 117.53, 115.03,
113.78, 101.57, 67.35, 54.51, 22.19, 21.89, 17.55; MS (ESI+)
m/z 306.16 [M]+. Anal. Calcd for C15H18N2O3S (306.38): C,
58.80; H, 5.92; N, 9.14. Found: C, 58.91; H, 6.00; N, 9.28.

4.1.6. Isopropyl 4-(4-Hydroxyphenyl)-6-methyl-2-thioxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (8). Brown crys-
tals (acetonitrile) in (0.369 g, 60% yield), mp 189−193 °C; 1H
NMR (400 MHz, DMSO-d6, δ): (ppm): 10.20 (s, 1H, N3-H),
9.52 (s, 1H, N1-H), 9.39 (s, 1H, OH), 7.00 (d, J = 8.4 Hz, 2H,
Ar-H), 6.70 (d, J = 8.4 Hz, 2H, Ar-H), 5.04 (br s, 1H, C4-H),
4.86−4.77 (m, 1H, isopropyl-CH), 2.27 (s, 3H, C6-CH3), 1.16
(d, J = 6.4 Hz, 3H, isopropyl-CH3), 1.00 (d, J = 6.4 Hz, 3H,

isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ): (ppm):
173.83, 164.68, 156.87, 144.24, 134.25, 127.70, 115.07, 101.41,
66.72, 53.67, 21.72, 21.43, 17.05; MS (ESI+) m/z 306.20 [M]+.
Anal. Calcd for C15H18N2O3S (306.38): C, 58.80; H, 5.92; N,
9.14. Found: C, 58.92; H, 6.12; N, 9.38.

4.1.7. Isopropyl 4-(4-Hydroxy-3-methoxyphenyl)-6-meth-
yl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (9).
White powder (ethanol) in (0.463 g, 60% yield), mp 197−
198 °C; 1H NMR (400 MHz, DMSO-d6, δ): (ppm): 9.07 (s,
1H, N3-H), 8.88 (s, 1H, OH), 7.60 (s, 1H, N1-H), 6.78 (s,
1H, Ar-H), 6.70 (d, J = 8.0 Hz, 1H, Ar-H), 6.62 (d, J = 8.0 Hz,
1H, Ar-H), 5.04 (br s, 1H, C4-H), 4.87−4.77 (m, 1H,
isopropyl-CH), 3.72 (s, 3H, OCH3), 2.23 (s, 3H, C6-CH3),
1.16 (d, J = 6.4 Hz, 3H, isopropyl-CH3), 1.02 (d, J = 6.4 Hz,
3H, isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ):
(ppm): 164.97, 152.21, 147.62, 147.18, 145.75, 136.07, 118.40,
115.26, 110.93, 99.87, 66.24, 55.58, 53.64, 21.81, 21.56, 17.68;
MS (ESI+) m/z 320.24 [M]+. Anal. Calcd for C16H20N2O5

Figure 8. Two-dimensional interactions of sorafenib and compounds 12 and 15 inside the VEGFR-2 binding pocket.
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(320.35): C, 59.99; H, 6.29; N, 8.74. Found: C, 60.16; H, 6.38;
N, 8.92.

4.1.8. Isopropyl 4-(3,4-Dimethoxyphenyl)-6-methyl-2-
oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (10). White
powder (acetonitrile) in (0.557 g, 83% yield), mp 215−218
°C; 1H NMR (400 MHz, DMSO-d6, δ): (ppm): 9.10 (s, 1H,
N3-H), 7.64 (s, 1H, N1-H), 6.89 (d, J = 8.0 Hz, 1H, Ar-H),
6.83 (s, 1H, Ar-H), 6.73 (d, J = 8.0 Hz, 1H, Ar-H), 5.08 (br s,
1H, C4-H), 4.87−4.78 (m, 1H, isopropyl-CH), 3.71 (s, 6H,
2× OCH3), 2.23 (s, 3H, C6-CH3), 1.17 (d, J = 6.4 Hz, 3H,
isopropyl-CH3), 1.02 (d, J = 6.4 Hz, 3H, isopropyl-CH3); 13C
NMR (100 MHz, DMSO-d6, δ): (ppm): 165.06, 152.33,
148.48, 148.11, 147.93, 137.55, 118.10, 111.82, 110.59, 99.84,
66.45, 55.63, 55.52, 53.63, 21.89, 21.65, 17.78; MS (ESI+) m/z
334.95 [M]+. Anal. Calcd for C17H22N2O5 (334.37): C, 61.07;
H, 6.63; N, 8.38. Found: C, 61.16; H, 6.75; N, 8.53.

4.1.9. Isopropyl 6-Methyl-2-oxo-4-(3,4,5-trimethoxyphen-
yl)-1,2,3,4-tetrahydropyrimidine-5-carboxylate (11). White
powder (ethanol) in (0.591 g, 81% yield), mp 165−170 °C;
1H NMR (400 MHz, DMSO-d6, δ): (ppm): 9.14 (s, 1H, N3-
H), 7.69 (s, 1H, N1-H), 6.52 (s, 2H, Ar-H), 5.10 (br s, 1H,
C4-H), 4.90−4.80 (m, 1H, isopropyl-CH), 3.72 (s, 6H, 2×
OCH3), 3.63 (s, 3H, OCH3), 2.24 (s, 3H, C6-CH3), 1.17 (d, J
= 6.4 Hz, 3H, isopropyl-CH3), 1.04 (d, J = 6.4 Hz, 3H,
isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ): (ppm):
165.06, 152.80, 152.33, 148.27, 140.66, 136.86, 103.58, 99.50,
66.53, 60.12, 55.89, 54.01, 21.88, 21.64, 17.81; MS (ESI+) m/z
364.27 [M]+. Anal. Calcd for C18H24N2O6 (364.40): C, 59.33;
H, 6.64; N, 7.69. Found: C, 59.51; H, 6.41; N, 7.91.

Figure 9. Three-dimensional interactions of sorafenib and compounds 12 and 15 inside the VEGFR-2 binding pocket.

Figure 10. Structure−activity relationship of compounds 4−15 as
dual EGFR/VEGFR-2 inhibitors.
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4.1.10. Isopropyl 4-(3-Hydroxyphenyl)-6-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (12). Brown
powder (ethanol) in (0.406 g, 70% yield), mp 193−195 °C;
1H NMR (400 MHz, DMSO-d6, δ): (ppm): 9.34 (s, 1H, OH),
9.11 (s, 1H, N3-H), 7.66 (s, 1H, N1-H), 7.10 (t, J = 8.4 Hz,
1H, Ar-H), 6.69−6.61 (m, 3H, Ar-H), 5.05 (br s, 1H, C4-H),
4.87−4.78 (m, 1H, isopropyl-CH), 2.24 (s, 3H, C6-CH3), 1.18
(d, J = 6.4 Hz, 3H, isopropyl-CH3), 1.03 (d, J = 6.4 Hz, 3H,
isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ): (ppm):
164.88, 157.30, 152.18, 147.79, 146.38, 129.19, 116.95, 114.12,
113.16, 99.68, 66.33, 53.95, 21.81, 21.49, 17.71; MS (ESI+) m/
z 290.74 [M]+. Anal. Calcd for C15H18N2O4 (290.32): C,
62.06; H, 6.25; N, 9.65. Found: C, 62.31; H, 6.34; N, 9.91.

4.1.11. Isopropyl 4-(4-Hydroxyphenyl)-6-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (13). Yellow
powder (acetonitrile) in (0.432 g, 74% yield), mp 186−189
°C [lit. 192−194 °C]; 1H NMR (400 MHz, DMSO-d6, δ):
(ppm): 9.30 (s, 1H, OH), 9.06 (s, 1H, N3-H), 7.57 (s, 1H,
N1-H), 7.02 (d, J = 8.0 Hz, 2H, Ar-H), 6.68 (d, J = 8.0 Hz, 2H,
Ar-H), 5.02 (br s, 1H, C4-H), 4.84−4.75 (m, 1H, isopropyl-
CH), 2.22 (s, 3H, C6-CH3), 1.15 (d, J = 6.4 Hz, 3H, isopropyl-
CH3), 0.99 (d, J = 6.4 Hz, 3H, isopropyl-CH3); 13C NMR
(100 MHz, DMSO-d6, δ): (ppm): 164.90, 156.49, 152.11,
147.47, 135.57, 127.45, 114.90, 100.01, 66.19, 53.54, 21.80,
21.50, 17.66; MS (ESI+) m/z 290.27 [M]+. Anal. Calcd for
C15H18N2O4 (290.32): C, 62.06; H, 6.25; N, 9.65. Found: C,
61.85; H, 6.39; N, 9.77.

4.1.12. Isopropyl 4-(3-Hydroxy-4-methoxyphenyl)-6-
methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate
(14). White powder (acetonitrile) in (0.492 g, 77% yield), mp
216−217 °C; 1H NMR (400 MHz, DMSO-d6, δ): (ppm): 9.07
(s, 1H, N3-H), 8.91 (s, 1H, OH), 7.59 (s, 1H, N1-H), 6.82 (d,
J = 8.4 Hz, 1H, Ar-H), 6.69 (s, 1H, Ar-H), 6.61 (d, J = 8.4 Hz,
1H, Ar-H), 5.00 (br s, 1H, C4-H), 4.86−4.77 (m, 1H,
isopropyl-CH), 3.72 (s, 3H, OCH3), 2.22 (s, 3H, C6-CH3),
1.16 (d, J = 6.4 Hz, 3H, isopropyl-CH3), 1.03 (d, J = 6.4 Hz,
3H, isopropyl-CH3); 13C NMR (100 MHz, DMSO-d6, δ):
(ppm): 165.40, 152.66, 147.91, 147.30, 146.72, 138.20, 117.42,
114.16, 112.41, 100.47, 66.75, 56.13, 53.99, 22.28, 22.01,
18.15; MS (ESI+) m/z 320.70 [M]+. Anal. Calcd for
C16H20N2O5 (320.35): C, 59.99; H, 6.29; N, 8.74. Found:
C, 60.24; H, 6.38; N, 8.90.

4.1.13. Isopropyl 4-[4-(Benzyloxy)-3-methoxyphenyl]-6-
methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate
(15). White crystals (dioxane) in (0.561 g, 68% yield), mp
229−232 °C; 1H NMR (400 MHz, DMSO-d6, δ): (ppm): 9.11
(s, 1H, N3-H), 7.65 (s, 1H, N1-H), 7.47−7.28 (m, 5H, Ar-H),
6.98 (d, J = 8.4 Hz, 1H, Ar-H), 6.87 (s, 1H, Ar-H), 6.71 (d, J =
8.4 Hz, 1H, Ar-H), 5.08 (br s, 1H, C4-H), 5.05 (s, 2H,
benzylic-CH2), 4.88−4.78 (m, 1H, isopropyl-CH), 3.74 (s, 3H,
OCH3), 2.24 (s, 3H, C6-CH3), 1.17 (d, J = 6.4 Hz, 3H,
isopropyl-CH3), 1.02 (d, J = 6.4 Hz, 3H, isopropyl-CH3); 13C
NMR (100 MHz, DMSO-d6, δ): (ppm): 165.40, 152.66,
149.28, 148.38, 147.44, 138.42, 137.64, 128.85, 128.26, 128.19,
118.44, 114.08, 111.29, 100.12, 70.43, 66.78, 56.02, 54.04,
22.28, 22.03, 18.18; MS (ESI+) m/z 410.59 [M]+. Anal. Calcd
for C23H26N2O5 (410.47): C, 67.30; H, 6.38; N, 6.82. Found:
C, 67.40; H, 6.64; N, 7.01.
4.2. Biology. 4.2.1. Cell Viability Assay. The human

mammary gland epithelial (MCF-10A) normal cell line was
utilized to analyze the viability effect of new targets 4−15.43,44

After 4 days of incubation on MCF-10A cells, the cell viability

of 4−15 was assessed using the MTT test. For more details,
please see Appendix A (Supporting Information).

4.2.2. Cytotoxic Assay. Targets 4−15 were tested for
cytotoxic effects against four human cancer cell lines using the
MTT assay.45,46 Refer to Appendix A for more information.

4.2.3. Assay for EGFR Inhibitory Action. Using the EGFR-
TK assay, the most effective cytotoxic compounds, 6, 12, 14,
and 15, were examined for their capacity to inhibit EGFR.47,48

See Appendix A.
4.2.4. Assay for VEGFR-2 Inhibitory Action. Using the

kinase-glo-luminescent kinase assay,49 compounds 6, 12, 14,
and 15 were evaluated for their ability to inhibit VEGFR-2,
with sorafenib as the control medication. Table 2 displays the
results as IC50 values. See Appendix A.

4.2.5. Apoptosis Induction Assay. Three candidates (12,
14, and 15) were selected to test their apoptotic inhibitory
potential against A-549. In vitro, quantitative assessments of
pro-apoptotic proteins (p53, BAX, caspase 3, and caspase 6)
and antiapoptotic proteins (BCL-2 and CK-18) were done
using a sandwiched immunoassay.54 See Appendix A.
4.3. Docking Study. The structures of the human

epidermal growth factor receptor (PDB code: 1M17) and
human vascular endothelial growth factor receptor 2 (PDB
code: 4ASD) were downloaded from the protein data
bank.13,53 Chemical structures were drawn and optimized
using the molecular editors Marvin Sketch and Avogadro. The
preparation of both protein structures was performed using
Autodock tools v1.5.7,55 involving the removal of cocrystallized
water molecules and reference compounds (erlotinib and
sorafenib), followed by the addition of Kollman charges and
polar hydrogens. See Appendix A.
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