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Abstract

Purpose: To investigate the strategic design and synthesis of three new pyrimidine carboxylate
derivatives aimed at inhibiting VEGFR signaling pathways to suppress tumor growth.

Methods: A set of 3 new pyrimidine carboxylate derivatives was successfully synthesized via optimized
chemical routes. Structural integrity of the synthesized compounds was characterized using advanced
spectroscopic techniques, including FT-IR, "TH-NMR, and "*C-NMR. Furthermore, multidimensional in
silico investigations were conducted to evaluate therapeutic potential.

Results: According to the simulation of molecular docking, the three derivatives demonstrated a high
potential for bonding in the vascular endothelial growth factor receptor (VEGFR) active site forming
stable complex structures through a series of key hydrogen bond and hydrophobic interactions between
important amino acid residues. Additionally, complete ADMET profiling indicated that the three
compounds have excellent pharmacokinetic profiles and high oral bioavailability.

Conclusion: This study shows that the synthesized pyrimidine carboxylates bind effectively with
VEGFR active site, demonstrate favourable pharmacokinetic properties and high oral bioavailability.
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INTRODUCTION electron-poor  multi-heterocycle cores, and
compounds with an ortho-carboxylate substituent
New therapeutic strategies are undergoing at either end exhibited cytotoxic activity twice that

development to address the growing threat of
multidrug-resistant pathogens. Pyrimidine
derivatives, with antitumor, antibacterial, antiviral,
fungicidal, and herbicidal activity, have emerged
as favourable scaffolds [1,2]. Structural
modifications of pyrimidinated compounds have
been shown to alter biological function [3,4]. For
example, aryl-substituted 6-pyrimidin-carboxylate
derivatives have been designed to replace

of phenyl analogues [5-7]. In silico studies have
been utilized for identifying candidates with
cytotoxic activity against colon cancer CRC cells
[8]. Computational and experimental insights into
molecular recognition of potential biological
targets are providing valuable guidance for
structure—activity  relationship  studies  of
pyrimidine-substituted 6-carboxy compounds.
Molecular docking analysis focused on top-
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ranked compounds, and complexes with the
highest affinity have helped researchers in
identifying potential leads. Also, pharmacokinetic
investigations such as absorption, distribution,
metabolism, and excretion (ADME) are critical
parameters in candidate selection. Therefore,
this study investigated the strategic design and
synthesis of three new pyrimidine carboxylate
derivatives aimed at inhibiting VEGFR signaling
pathways to suppress tumor growth.

EXPERIMENTAL

Preparation of the pyrimidine carboxylate

Preparation of pyrimidine carboxylate derivatives
relied on a one-pot, three-component reaction of
pyrimidine-2,4-dicarboxylic acid, selected
aldehydes, and amines in the presence of
ammonium acetate as a catalyst. All compounds
were obtained in good yield, and chemical
structures were elucidated by spectroscopic
methods (ultraviolet-visible spectroscopy (UV-
VIS), Fourier transform infrared spectroscopy
(FT-IR), and nuclear magnetic resonance
(NMR)). The docking studies were conducted
using a validated molecular docking protocol.
The binding poses of the most stable conformers
were utilized for ADMET properties, cytotoxicity
prediction, and metabolic analysis [9].

Chemical synthesis and characterization

The pyrimidine-5-carboxylic acid derivatives were
synthesized following previously established
procedures [10]. 5-Amino-2,4-
dimethylpyrimidine-5-carboxylic acid was
prepared via an acid-catalyzed condensation
reaction between 2-amino-4-methylpyrimidine
and diethyl oxalate in refluxing ethanol. The
mixture was then reacted with aqueous sodium
hydroxide (NaOH) and the product was obtained
by a one-pot three-component reaction of
pyrimidine-5-carboxylic acid, benzoylacetone,
and phenyl hydrazine under ultrasonic irradiation
[10]. All newly synthesized compounds were
characterized using (melting point, FT-IR and
NMR spectroscopy). Melting points were
determined using the open capillary method.

Molecular docking protocol

Molecules library preparation

The new compounds were synthesized and
characterized. Molecular docking protocols were
performed for in silico analysis. The three-
dimensional structure of the newly synthesized
compounds was generated by Chemdraw Ultra
12.0 software [11]. After minimization of the

energy. Using the semiempirical AM1 method in
HyperChem 8.08 [12], we pre-optimized the
structures. Following the  semi-empirical
optimization process mentioned above, the most
stable conformation was obtained by performing
a structure optimization using DFT B3LYP/6-31G
[13]. The default settings indicate that the
maximum  force, RMS force, maximum
displacement and RMS displacement have all
converged to YES. The best structures were
combined into a database for ligand affinity
analysis with Molecular Operating Environment
(MOE) software, 2019 [14].

Preparation of receptors

The crystal structure of the protein (4ASD) that
was used here was acquired from Protein Data
Bank database [15]. The removal of unwanted
water molecules from the active site of the target
protein was performed to eliminate any
unnecessary hydrogen bonds that could
potentially form between the ligand and the
target. Once this was done, the addition of
hydrogen atoms to the target protein structure
was performed to create the fully protonated form
of the target protein.

Ligand-protein molecular docking

The docking calculations were all done using the
MOE software 2019 package. The 4ASD protein
crystal structure was retrieved from the Protein
Data Bank with a 2.03 A resolution (high
resolution). The docking studies were considered
acceptable for 1.5 to 2.5 A resolutions. The best
RMSD should have been < 2 A along with an
energy score < -7 kcal/mol; both of these metrics
are ftraditionally used to validate results of
molecular docking experiments.

Pharmacokinetic (ADME) profiling

The newly created compounds were examined
for their chemical and physical properties, as well
as their pharmacokinetics (absorption,
distribution, metabolism, and excretion) using the
Swiss ADME web server. The Swiss ADME
server is used to examine the above properties
[16].

RESULTS

Chemical structure of

compounds

the synthesized

The compounds that were synthesized included
ethyl-6-methyl-2-oxo-4-phenyl-1,2,3,4-
tetrahydropyrimidine-5-carboxylate  (shown in
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Figure 1), ethyl-4-(4-chlorophenyl)-6-methyl-2-
thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate
(depicted in Figure 2), and ethyl 4-(4-
chlorophenyl)-6-methyl-2-oxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (illustrated in
Figure 3).

Figure 1: Ethyl-6-methyl-2-oxo-4-phenyl-1,2,3,4-
tetrahydropyrimidine-5-carboxylate

FT-IR (KBr, v_max, cm-1): 3231 (N-H), 3108
(Ar—C-H), 2978 (aliphatic C-H), 1721 (C=0,
ester), 1697 (C=0, amide), 1643 (C=C/C=N),
1454, 1419, 1384, 1367, 1341, 1313, 1291,
1271, 1217, 1086, 1027, 954, 878, 755, 697. 1H-
NMR (400 MHz, DMSO-d_6, & (ppm)): 9.21, s,
1H, NH; 7.75, s, 1H, NH; 7.35-7.23, m, 5H, Ar-H;
5.15, d, 1H, CH; 4.01-3.96, m, 2H, OCH2; 2.25,
s, 3H, CH3; 1.11-1.06, t, 3H, CH3.13C-NMR (100
MHz, DMSO-d_6, & ppm): 165.81 (C=0, ester),
152.61 (C=0, pyrimidinone), 148.82, 145.33,
128.86, 127.73, 126.71 (Ar-C), 99.73 (C-5),
59.66 (OCHz), 54.42 (CH), 18.25 (CHas), 14.54
(CHs of ethyl).

Cl

Figure 2: Ethyl-4-(4-chlorophenyl)-6-methyl-2-thioxo-
1,2,3,4-tetrahydropyrimidine-5- carboxylate

FT-IR (KBr, v_max, cm™): 3323, 3170 (N-H),
3101 (Ar-C-H), 2984 (aliphatic C-H), 1669
(C=0), 1572 (C=N/C=C), 1488, 1463, 1391,
1370, 1334, 1296, 1281, 1251, 1195, 1176,
1116, 1092, 1030, 1014, 958, 874, 849, 819,
804, 744, 689, 645, 595, 558, 503, 492, 463
cm™.

1H-NMR (400 MHz, DMSO-d_6, & ppm): 10.41
(s, 1H, NH), 9.69 (s, 1H, NH), 7.95-7.91 (d, 2H,
Ar—H), 7.56-7.40 (d, 2H, Ar—H), 5.19 (d, 1H,
CH), 4.06-3.95 (q, 2H, OCH_2), 2.14 (s, 3H,
CHs), 1.25-1.15 (t, 3H, CHa).

13C-NMR (100 MHz, DMSO-d_6, & ppm): 192.49
(C=S), 166.93 (C=0), 165.44, 145.85, 142.85,
139.86, 138.27, 135.28, 132.75, 131.79, 131.60,
131.49, 130.09, 129.80, 129.60, 129.16, 129.03,
128.78 (Ar-C/C=N), 100.76 (C-5), 60.11
(OCH_2), 53.94 (CH), 17.66 (CHs), 14.45 (CHs of
ethyl).

Cl

Figure 3: Ethyl 4-(4-chlorophenyl)-6-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate

FT-IR (KBr, v_max, cm™): 3232 (N-H stretching),
3111 (Ar-H stretching), 2957 (Aliphatic C-H
stretching), 1699 (C=0, ester), 1644 (C=0O,
amide), 1575 (C=C, aromatic), 1083 (C-ClI
stretching).

"H-NMR (400 MHz, DMSO-d_6, & ppm): 9.27 (s,
1H, NH), 7.96-7.25 (m, 4H, Ar-H), 5.16 (d, J =
2.4 Hz, 1H, CH-pyrimidine), 4.01 (q, J = 6.8 Hz,
2H, OCHz, CHs), 2.26 (s, 3H, CHs), 1.11 (t, J =
7.0 Hz, 3H, OCHz, CHj5).

3C-NMR (100 MHz, DMSO-d_6, & ppm): 165.66
(C=0, ester), 152.45 (C=0, urea), 149.18 (C-6,
pyrimidine), 144.26 (C-1', Ar), 132.27, 131.60,
128.85, 128.34 (Ar-C), 99.30 (C-5, pyrimidine),
59.72 (OCHz2), 53.91 (CH-4), 18.27 (CHs), 14.52
(CHs, ester).

Structural characterization of the synthesized
compounds

Docking results and binding interactions

The protein binding mechanisms of the
synthesized compounds (4ASD) were predicted
utilizing MOE software for molecular docking
analyses. Table 1 shows the predicted binding
affinities and properties of the tested drugs for
4ASD. Two-dimensional and three-dimensional
representations of the interaction of the
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synthesized compounds with the amino acid as hydrogen acceptors, and as hydrogen - pi
residues of the 4ASD protein are shown in Figure interactions, as well as through two hydrogen -
4. The results indicate the presence of hydrogen acceptor and pi - hydrogen interactions with
bonds and hydrophobic forces. The compounds  water, and two pi - hydrogen interactions with the
interacted with the amino acid residues through  amino acid residues.

three different mechanisms: as hydrogen donors,

Table 1: The binding affinity and RMSD results of compounds with 4ASD

Compound L RMSA (A) Smile

1- pose1 -7.32112 1.440214 0=C(0OCC)C=1{C@H}(c2ccccc2)NC(=O)NC=1C

1- pose2 -7.08691 1.046842 0=C(0OCC)C=1{C@H}(c2ccccc2)NC(=O)NC=1C

1- pose 3 -6.96542 1.729081 O=C(OCC)C=1{C@H}(c2ccccc2)NC(=O)NC=1C

1- pose4 -6.90066 1.091187 O=C(OCC)C=1{C@H}(c2ccccc2)NC(=O)NC=1C

1- poseb5 -6.86831 1.920697 O=C(OCC)C=1{C@H}(c2ccccc2)NC(=O)NC=1C

2- pose1 -7.25903 2.231654 Clc1cec({C@H}2C(C(=0)OCC)=C(C)NC(=S)N2)cc1
2- pose2 -6.98458 1.559752 Clc1ccc({C@H}2C(C(=0)OCC)=C(C)NC(=S)N2)cc1
2- pose3 -6.95271 1.327868 Clc1ccc({C@H}2C(C(=0)OCC)=C(C)NC(=S)N2)cc1
2- pose4d -6.88387 0.987308 Clc1ccc({C@H}2C(C(=0)OCC)=C(C)NC(=S)N2)cc1
2- pose5 -6.83465 1.372764 Clc1ccc({C@H}2C(C(=0)OCC)=C(C)NC(=S)N2)cc1
3- pose1 -7.48642 1.889587 Clc1cec({C@H}2C(C(=0)OCC)=C(C)NC(=0O)N2)cc1
3- pose2 -7.17555 1.202615 Clc1cec({C@H}2C(C(=0)OCC)=C(C)NC(=0O)N2)cc1
3- pose3 -7.02331 1.211165 Clc1cec({C@H}2C(C(=0)OCC)=C(C)NC(=0O)N2)cc1
3- pose4 -6.99493 1.622073 Clc1cec({C@H}2C(C(=0)OCC)=C(C)NC(=O)N2)cc1
3- pose5 -6.91154 1.046821 Clc1ccc({C@H}2C(C(=0)OCC)=C(C)NC(=0O)N2)cc1
Standard -8.11154 1.646821 Clc1c¢(C(F)(F)F)cc(NC(=0)Nc2ccc(Oc3cc(C(=0)NC)nce3)cc2)cc

(Sorafenib)

O polar »sidechainaccepr O solventresidue '* nonconsened

Qacidc  « sidechain donor O metal complex * nonpresent

Qbasc - »backbone accephor solventcontad @ inconsistent

O greasy = backbone donor metalion contad  ©O arene-arene
proximiy o ligand Oreceptx ©H areneH
contour exposure exposure @+ arene-cation

Figure 4: 2D and 3D of the best pose of the three synthesized compounds along with Sorafenib as a reference
ligand. A1: 1-pose 1, B: 2-pose 2, C: 3-pose 3, D: Standard
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Molecular docking results interpretations

Through a molecular docking study, we have
shown that there is structural similarity between
the 4ASD protein and the binding pocket formed
by the ligands synthesized from our ligands by
performing a systematic alignment. It is also
indicated that the badging scores for some of the
molecules were -6.8 to -7.5 kcal/mol when
compared to the standard ligand, which has a
much higher affinity of -8.11154 kcal/mol.
Although all of the synthesized ligands are only
moderately capable of binding to 4ASD, none of
them bind as well as the standard does. Among
the ligands tested, 3-pose-3 bound more
effectively than the closest neighbouring ligand (-

6.25199  kcal/mole), demonstrating  both
geometric stability (as measured by
RMSD=1.889587) and multiple productive

interactions (e.g., H-bonding and hydrophobic) to
4ASD through the ligand libraries created using
the synthesized ligands. Compound 1-pose1 also
showed favorable performance, but compound 2-

pose2 had the weakest affinity (-6.98458
kcal/mol). The standard ligand (Sorafenib)
established more robust interactions and

stabilization, suggesting that the synthesized
derivatives, though promising, require further
optimization in structural and interaction
capabilities to enhance receptor binding efficacy.
Overall, compound 3-pose1 is the most effective
synthesized ligand, targeting the 4ASD protein
(Table 2).

Pharmacokinetic parameters (ADMET)
Predictions
The Swiss ADME results show that all

compounds generated have TPSA <140 (Table
3). Four compounds were found to satisfy
Lipinski's rule of five (RO5). All the chemicals in
the boiled egg were seen to have red spots in the
yolk. Gl passive absorption and BBB penetration
of sorafenib were limited (Figure 5).

DISCUSSION

Drug design that is based on 3D structure uses
computational docking to predict both the
conformations and free energies of the

interaction between small-molecule ligands and
macromolecular targets, and is a very common
method for studying biomolecular interactions
and processes [17]. Molecular docking can be
separated into rigid body docking and flexible
body docking, with rigid body docking defining a
rigid receptor and a rigid small molecule and
flexible body docking defining a rigid receptor
and a flexible small molecule. This type of
technology has completely changed drug design
research; however, it is still difficult to identify
real ligands from the large pool of compound
choices or to find the correct ligand conformation
when binding to the target molecule. Many
studies have been performed [18] while
developing these techniques.

Table 2: Details of the best poses of protein 4ASD with three synthesized compounds, along with Sorafenib as a

reference ligand

Compounds Binding RMSD Atom of Atom of Involved Type of Distance E
Affinity (A) compound  Receptor receptor interaction (A) (kcal/mol)
Kcal/mol residues bond

1-pose1 -7.32112 1.440214 09 CB VAL 898 (A) H-acceptor 3.23 -0.4
6-ring CD1 LEU 889 (A) pi-H 4.28 -0.3
6-ring CB ASP 1046 (A) pi-H 413 -0.6
6-ring CB ASP 1046 (A) pi-H 415 -0.5
2-pose2 -6.98458 1.559752 S9 CB VAL 898 (A) H-acceptor 3.49 -0.7
S9 CB VAL 898 (A) H-acceptor 3.52 -0.6
6-ring N ASP 1046 (A) pi-H 3.75 0.4
6-ring N ASP 1046 (A) pi-H 3.75 0.4
3- pose1 -7.48642 1.889587 N5 ¢} HOH 2347 (A) H-donor 3.29 -0.8
N5 ¢} HOH 2347 (A) H-donor 3.29 -0.6
019 CA CYS 1045 (A) H-acceptor 3.59 -0.4
019 CA CYS 1045 (A) H-acceptor 3.59 -0.4
C15 5-ring HIS 1026 (A) H-pi 4.1 -0.4
Standard -8.11154 1.646821 N3027 (e} CYS 919 (A) H-donor 2.86 -2.1
N1240 OE2 GLU 885 (A) H-donor 2.87 -6.4
01544 N ASP 1046 (A) H-acceptor 2.78 -2.5
N2646 N CYS 919 (A) H-acceptor 3.11 -3.7
C2015 6-ring PHE 1047 (A) H-pi 3.56 -0.7
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Figure 5: The BOILED-Egg representation of the synthesized compounds (1-3) along with Sorafenib

Table 3: ADME results of the synthesized compounds along with Sorafenib as a reference ligand

Compound Molecular H- H- MR TPSA Gl- BBB Bioavailability Lipinski’s
weight donor acceptor (A?) absorb  permeability violation
(g/moL)

SORAFENIB  464.82 3 7 112.48 92.35 low No 0.55 0

Compound 1 260.29 2 3 77.78 67.43 High No 0.55 0

Compound 2  310.80 2 2 89.99 8245 High No 0.55 0

Compound 3 294.73 2 3 82.79 67.43 High Yes 0.55 0

Disappearance of the characteristic reactant
peaks and the emergence of specific signals in
FT-IR provided definitive evidence of the
formation of carboxylate-functionalized
pyrimidine core. The molecular docking studies
demonstrated that carboxylate moiety on the
pyrimidine ring enhanced binding affinity. This is
primarily due to the formation of strong hydrogen
bonds with key amino acids in the kinase domain
of VEGFR, which mimics the binding mode of
known commercial inhibitors. Orientation of the
pyrimidine scaffold within the hydrophobic pocket
further stabilizes the complex through pi-pi
stacking interactions, suggesting a high
selectivity for this receptor. Docking analysis was
done to unveil inhibitory mechanisms and mode
of interactions [19].

ADME properties can be determined through
pharmacokinetic studies and result in the
elimination of ligands from  continuing
development that are either unsuitable due to
poor ligand properties and/or their
pharmacokinetics [20]. Topological Polar Surface
Area (TPSA) is an example of a property that can
be used to measure a compound’s ability to
penetrate  through biological membranes.
Compounds with TPSAs less than 140 A may

exhibit good cellular permeability and
bioavailability. In contrast, compounds with
TPSAs > 140 A are expected to have good
bioavailability after oral administration to humans
[21,22].

The Swiss ADME website provides a free
resource to determine the physicochemical
properties of newly created substances using in
silico tools. According to pharmacokinetic
reports, all twelve synthesized compounds were
expected to be absorbed via passive transfer and
excretion from the Gl (gastrointestinal) tract to
the systemic circulation, based upon their
respective Topological Polar Surface Area
(TOPA) values of < 140 cm?. However, none of
the synthesized compounds were expected to
have the ability to traverse the Blood-Brain
Barrier (BBB). Lipinski's Rule of Five (ROS) is a
reliable predictive parameter used to determine
drugs with usable oral bioavailability. The RO5
states that drugs with the following parameters
are likely to have favorable oral bioavailability: a
molecular weight < 500 dalton; no more than five
hydrogen donors; no more than ten hydrogen
acceptors; Log P < 5, The results of the
pharmacokinetic analysis of the ten synthesized
compounds indicated that the majority of the
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compounds met the RO5; however, only one had
an MW of > 500 [23]. The boiled egg is a tool
that can be wused to simply view the
pharmacokinetic properties of a compound. A
white area represents compounds that can cross
the gastrointestinal tract by passive absorption,
and a yolk area represents compounds that can
cross the blood-brain barrier (BBB). Compounds
represented by red dots do not get ejected from
the central nervous system (CNS) through p-
glycoprotein and those signified with the colour
blue would be ejected by p-glycoprotein [24].
Using ADMET to profile the compounds provides
a predictive analysis of the pharmacokinetic and
toxicity profile of the compounds that were
developed in this study. The results indicated
that most derivatives are in accordance with
Lipinski's RO5, which indicates good absorption
from the intestines and low toxicity potential. The
theoretical development illustrates the
connection between chemical synthesis and
biological activity. The correlation observed from
the characterization of structural components
with the higher binding scores that were obtained
from the docking studies provides evidence that
pyrimidine carboxylates are accessible through
synthesis and are promising as a novel class of
VEGFR inhibitors for targeted cancer therapy.

CONCLUSION

The results support the conclusion that
synthesized pyrimidine carboxylates interact with
the active site of VEGFR via hydrogen bonding
and hydrophobic interactions, exhibit desirable
pharmacokinetic properties, and are likely to
demonstrate high oral bioavailability. Therefore,
synthesized pyrimidine carboxylates provide
excellent development candidates for the
production of VEGFR-antagonists, and the data
support the continuation of in vitro and in vivo
biological evaluation for the use of cancer
treatment.
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