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ABSTRACT: In this study, (E)-2-phenyl-N-(thiophen-2-
ylmethylene)imidazo[1,2-a]pyrimidin-3-amine (3) is synthesized,
and detailed spectral characterizations using '"H NMR, *C NMR,
mass, and Fourier transform infrared (FT-IR) spectroscopy were
performed. The optimized geometry was computed using the
density functional theory method at the B3LYP/6-311++G(d,p)
basis set. The theoretical FT-IR and NMR ('H and "*C) analysis
are agreed to validate the structural assignment made for (3).
Frontier molecular orbitals, molecular electrostatic potential,
Mulliken atomic charge, electron localization function, localized
orbital locator, natural bond orbital, nonlinear optical, Fukui
functions, and quantum theory of atoms in molecules analyses are
undertaken and meticulously interpreted, providing profound
insights into the molecular nature and behaviors. In addition, ADMET and drug-likeness studies were carried out and investigated.
Furthermore, molecular docking and molecular dynamics simulations have been studied, indicating that this is an ideal molecule to
develop as a potential vascular endothelial growth factor receptor-2 inhibitor.
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1. INTRODUCTION interesting and valuable combination for pharmaceutical
research.’ Imidazo[1,2-a]pyrimidine derivatives exhibit diverse
biological activities, including antimicrobial,”® antifungal,g’10
antiviral,""'* and anticancer'>'* activities.

Recently, Imidazo[1,2-a]pyrimidine derivatives have gained
attention in drug discovery and medicinal chemistry due to their
potential therapeutic applications. They serve as structural
scaffolds for the development of novel drugs targeting various
diseases. Structural modifications can be made to the imidazo-
[1,2-a]pyrimidine core to optimize drug-like properties,
enhance potency, and improve selectivity toward specific
biological targets.

Schiff bases, recognized as versatile pharmacophores, hold a
prominent place among organic compounds and are extensively
employed in designing and developing diverse bioactive lead
compounds.'>~"” Demonstrating a diverse range of biological

Nitrogen-based heterocycles have garnered significant attention
in recent decades due to their significant contribution to
medicinal chemistry." With their diverse pharmacological
properties and structural versatility, these compounds have
become invaluable building blocks in developing novel
therapeutics.2 The incorporation of nitrogen atoms within
heterocyclic frameworks imparts unique characteristics and
biological activities, offering exciting opportunities for the
design of efficacious and selective therapeutic agents.””
According to the U.S. Food and Drug Administration
databases,” more than 75% of approved drugs feature nitro-
gen-based heterocyclic moieties, highlighting their structural
importance in drug design.

Among nitrogen-containing heterocycles, those featuring
compounds that combine different heterocyclic scaffolds have
garnered particular attention due to their broad applicability in
synthetic chemistry.” Imidazo[1,2-a]pyrimidine is a fused
heterocyclic motif that combines imidazole and the pyrimidine
moiety as its core structure; this fusion creates unique
characteristics within the molecule that significantly influence
its interactions with various biological targets, including
enzymes, receptors, and nucleic acids. This makes it an
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Scheme 1. Synthesis of (E)-2-Phenyl-N-(thiophen-2-ylmethylene)imidazo[1,2-a]pyrimidin-3-amine (3)
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group, which plays a pivotal role in forming hydrogen bonds
with the active sites of receptors and enzyme constituents, lends
these compounds a unique capability to intervene in cellular
processes.2 ’

Overall, combining Imidazo[1,2-a]pyrimidine and Schiff base
in a single active pharmacophore could exhibit even more
enhanced and innovative properties, thus opening new
perspectives for their use in various fields. To the best of our
knowledge, the literature survey reveals there have been no
complete quantum chemical studies conducted on this selected
moiety. Hence, this report presents the synthesis of a novel
Imidazo[1,2-a]pyrimidine-Schiff base derivative and detailed
experimental characterization using 'H NMR, *C NMR, mass,
and Fourier transform infrared (FT-IR) spectral methods. The
theoretical spectroscopic investigation using the density func-
tional theory (DFT) method at the B3LYP/6-311++G(d,p)
basis set agreed to validate the structural assignment made for
the newly synthesized compound. Furthermore, the highest
occupied molecular orbital (HOMO) and least unoccupied
molecular orbital (LUMO) molecular orbital energy values were
studied, as well as key reactivity descriptors, including AE,,
chemical hardness (77), chemical softness (o), global electro-
philicity index (y), molecular dipole moment (u), and global
electrophilicity index (@), which have been computed. The
molecular electrostatic potential (MEP) surface analysis is
computed to identify potential binding sites on the molecule’s
surface. Expanding our analysis, Mulliken atomic charge,
electron localization function (ELF), localized orbital locator
(LOL), natural bond orbital (NBO), Fukui functions, and
quantum theory of atoms in molecules (QTAIM) were also
analyzed and provided insights into the charge delocalization
and interactions within the molecular system to understand and
predict the compound’s chemical behavior.

Moreover, drug-likeness and ADMET studies were assessed
and investigated, yielding properties conducive to the successful
development of pharmaceutical agents. In addition, molecular
docking studies targeting the vascular endothelial growth factor
receptor-2 (VEGFR-2) receptor are conducted to predict the
biological activity of the compound.

2. RESULTS AND DISCUSSION

1. Chemistry. In this study, 2-phenylimidazo[1,2-a]-
pyrimidin-3-amine (1) as the basic precursor was synthesized
according to our previous publication.”” Then, the synthesis of
(E)-2-phenyl-N-(thiophen-2-ylmethylene)imidazo[1,2-a]-
pyrimidin-3-amine (3) was accomplished in ethanol at room
temperature by the condensation reaction of (1) and thiophene-
2-carbaldehyde (2) (Scheme 1). The structure of the new
compound (3) described in this study was confirmed by 'H, *C
NMR, FT-IR, and mass spectrometry (Figures S1—S6, S8).
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3108, 3067; v(C=N) = 1642; v(C=C) = 1573. "H NMR (500
MHz, CHLOROFORM-D): & 8.88 (d, J = 0.9 Hz, 1H), 8.63
(dd,J=6.8,2.1Hz, 1H), 8.54 (dd, = 4.1,2.1 Hz, 1H), 7.87 (dd,
J=7.0, 1.4 Hz, 2H), 7.53 (ddd, ] = 5.0, 1.1, 0.9 Hz, 1H), 7.48—
7.39 (m, 2H), 7.36 (tt, ] = 7.3, 1.4 Hz, 1H), 7.29 (dd, ] = 3.7, 1.1
Hz, 1H),7.10 (dd, ] = 5.0, 3.7 Hz, 1H), 6.92 (dd, ] = 6.8, 4.1 Hz,
1H). ®C NMR (126 MHz, CHLOROFORM-D): § 151.90,
150.18, 146.03, 143.0S, 135.24, 134.13, 132.75, 131.08, 131.03,
129.01, 128.59, 128.52, 128.28, 126.96, 108.88. LC—MS (ESI):
m/z = 305.085 (M + 1).

2.2. Geometry and Quantum Chemical Investigations.
2.2.1. Molecular Geometry. The molecular geometry of (3) was
optimized using the DFT method with the B3LYP/6-311+
+G(d,p) basis set, incorporating diffuse functions to accurately
capture the influence of lone pair electrons within the molecule.
Through comprehensive frequency calculations, it was estab-
lished that no negative or imaginary frequencies were present,
thus affirming the validity of the optimized geometry (Figure 1)
as an energy minimum configuration.”
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Figure 1. Optimized geometric structure with atom numbering of (3).

2.2.2. Vibrational Analysis. The synthesized compound (3),
which consists of 34 atoms and thereby possesses 96 normal
modes of vibration, was subjected to IR spectral analysis. Both
the experimental (Figure S6) obtained and theoretical FT-IR
spectra (Figure S7) are depicted in Figure 2. Vibrational
frequencies were calculated using optimized structure parame-
ters, and the Gauss view 6.0 visualization program was utilized to
visualize the theoretical IR frequencies. Notably, after scaling the
wavenumbers with a 0.961 scaling factor, the theoretical

https://doi.org/10.1021/acsomega.3c06841
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Figure 2. Theoretical FT-IR (a) and experimental FT-IR (b) spectra of (3).
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Figure 3. Experimental and theoretical "H and *C NMR chemical shifts of (3).

vibrational frequencies were in good agreement with the and 3000 cm™." In this study, the aromatic (C—H) modes
observed vibrational frequencies. were observed between 3119 and 3031 cm™, while the
2.2.2.1. C—H Vibrations. According to the literature, the calculated (C—H) stretching vibration in the imine band
typical range for (C—H) stretching vibrations is between 3100 (CH=N) was determined at 2955 cm™". In the experimental
839 https://doi.org/10.1021/acsomega.3c06841
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Figure 4. Experimental 'H NMR spectra of compound (3).
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spectrum, the vibrations detected between 3108 and 3067 cm™

have been assigned to the stretching bands of the (C—H) bonds.
2.2.2.2. C=N Vibrations. Literature”” reports that the (C=
N) stretching is commonly observed between 1700 and 1500

cm™. The computed modes for the studied compound were

840

determined at 1567, 1460, and 1394 cm™'. However, in the
experimental spectrum, the (C=N) stretching band is
recognized at 1642 cm™".

2.2.2.3. C=C Vibrations. The literature reports a range of
1650—1200 cm ™ for the (C=C) stretching vibrations.* In this

https://doi.org/10.1021/acsomega.3c06841
ACS Omega 2024, 9, 837—-857
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molecule, the stretching vibration bands were calculated
between 1580 and 1269 cm™. In the experimental spectrum,
1573, 1490, and 1422 cm™" vibrations were assigned to the C=
C stretching bands.

2.2.2.4. C—N and C—C Vibrations. Assigning the (C—N) and
(C—C) vibrations can be challenging due to their presence in a
composite region with multiple potential bands. The literature
suggests that (C—N) stretching vibrations typically occur
between 1360 and 1000 cm™",** while (C—C) is found between
1590 and 1000 cm™.* In our investigated compound, the (C—
N) modes were calculated at 1293, 1188, and 1117 cm™!, while
the (C—C) modes were determined at 1406, 1269, and 1174
cm™". In the experimental spectrum, vibrations observed at 1274
and 1144 cm™ can be assigned to the (C—N) and (C—C)
stretching bands, respectively.

2.2.3. NMR Spectral Studies. NMR spectroscopy is one of the
most essential techniques for determining the structure of
organic compounds. Theoretical approaches like DFT are
valuable for predicting NMR spectra and investigating the
relationship between molecular structure and chemical shifts.
Combining experimental and theoretical methods makes it
possible to evaluate and predict the structure of molecules more
effectively. In this study, the "H NMR (Figure 4) and *C NMR
(Figure S) spectra of compound (3) were experimentally
recorded in CDCl;, and the theoretical chemical shifts were
calculated based on the optimized geometry of the molecule
using the B3LYP method and the 6-311G + + (d,p) basis set
with the standard Gauge Invariant Atomic Orbital (GIAO).*
The GIAO method is widely used for calculating isotropic
nuclear magnetic shielding tensors, which are directly related to
the observed chemical shifts in the NMR spectra. The
experimental and theoretical NMR chemical shifts are given in
Table 1.

Table 1. Experimental and Theoretical 'H and '*C NMR
Chemical Shifts in ppm

H-atom  experimental B3LYP  C-atom  experimental B3LYP
H-34 8.88 9.06 C-17 151.90 151.15
H-25 8.63 891 C-3 150.18 153.52
H-23 8.54 8.54 C-1 146.03 152.14
H-29 7.87 8.22 C-8 143.05 143.41
H-33 7.87 8.08 C9 135.24 132.88
H-30 7.53 8.38 C-10 134.13 142.39
H-26 7.44 7.51 C-19 132.76 129.49
H-28 7.44 7.83 C-5 131.09 136.01
H-27 7.36 7.51 C-20 131.03 132.64
H-32 7.29 7.69 C-12 129.01 133.01
H-31 7.10 7.39 C-14 129.01 134.53
H-24 6.92 7.06 C-11 128.59 131.86

C-15 128.59 135.59
C-13 128.52 132.90
C-21 128.28 142.70
C-18 126.96 154.37
C-4 108.88 113.28

The experimental 'H NMR spectrum (Figures 4, 5) displayed
an intense doublet at 8.88 ppm, which can be attributed to the
proton of the imine group (N=CH) and computed at 9.06
ppm. Three doublets of doublets were experimentally observed
at 8.63, 8.54, and 6.92 ppm, originating from the protons of the
pyrimidine nucleus, and computed at 8.91, 8.54, and 7.06 ppm
theoretically. The resonance signals assigned to the benzene
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protons appeared as doublets of doublets at 7.87 ppm, a
multiplet in the range of 7.48—7.39 ppm integrating two
hydrogens, and a triplet of triplets at 7.36 ppm. Theoretically,
these protons were attained at 8.22, 8.08, 7.83, 7.51, and 7.51
ppm, respectively. Finally, the thiophene ring displays doublet at
7.53 ppm and two doublets o doublets at 7.29 and 7.10 ppm
experimentally and computed at 8.38, 7.69, and 7.39 ppm,
respectively. In *C NMR spectra (Figures 5, S3—S5), the
resonance signals of the imine group (N—=CH) were obtained at
155.89 ppm experimentally and theoretically at 151.15 ppm.
The chemical shifts of the carbons present in the pyrimidine ring
are found experimentally at 150.18, 131.09, and 108.88 ppm and
computed at 153.52, 136.01, and 113.28 ppm, respectively. The
signal at 146.03 ppm associated with the carbon at the junction
(N—C=N) was theoretically attained at 152.14 ppm. The
signals at 134.13, 129.01, 128.59, and 128.52 ppm in the
experimental spectrum are assigned to the carbons of the
benzene ring, while they are calculated at 142.39, 134.53—
133.01, 135.59—132.90, and 132.90 ppm. Additionally, the
thiophene ring carbons appeared at 132.76, 131.03, 128.28, and
126.96 ppm and were calculated at 129.49, 132.64, 142.70, and
154.37 ppm, respectively. In summary, a reasonable agreement
between the experimental and theoretical "H and *C NMR
chemical shifts was achieved, validating the structural assign-
ment for the compound (3) (Figure 3).

2.2.4. ESI-MS Study. The ESI*-MS spectrum (Figure S8)
exhibits a peak at m/z = 305.085, representing the molecular ion,
[M + H]", which aligns with the expected composition for the
title molecule (C,,H,N,S).

2.2.5. Frontier Molecular Orbital Studies. Frontier molec-
ular orbitals (FMOs) refer to the HOMO and the LUMO of a
molecule.** The HOMO represents the electron-donating
ability of the molecule, while the LUMO represents the
electron-accepting ability. Understanding FMOs and the
HOMO-LUMO energy gap (AEgaP) is vital in predicting the
behavior of molecules in chemical reactions and assessing their
stability, reactivity, and electronic properties. The LUMO and
HOMO energies and the global reactive descriptors of (3) have
been calculated and tabulated in Table 2.%’

Table 2. Energy and Quantum Chemical Parameters of (3)

quantum chemical quantum chemical

parameters values parameters values
Enono (eV) —5.6227 7 (eV) 16115
Enomo-1 (eV) —6.7491 o (eV) 0.6205
Enomo—z (V) —7.0731 7 (eV) 4.0112
Eromo (eV) —2.3997 o (eV) 4.9921
Erumos: (8V) —1.8806 u (debye) 5.306
Erumos (eV) —0.7115
AE,, (eV) 3.2230

The FMOs analysis of the molecular system under
investigation reveals crucial insights into its electronic structure
and reactivity (Figure 6, Table 2). The energy levels of the
HOMO (Eyomo) and its adjacent orbitals (Eyopmo-; and
Enomo-2) are significant in determining the electron-donating
capabilities and chemical stability. In this context, the calculated
Etomo values of —5.6227, —6.7491, and —7.0731 eV showcase
the successive energy levels of these orbitals.** On the other
hand, the energy levels of the LUMO (Eyy0) and its higher
energy counterparts (Ejymos; and Ejymos,) indicate the
electron-accepting potential and reactivity of the molecule.
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Figure 6. FMO diagram of (3).

The E; 0 values of —=2.3997, —1.8806, and —0.7115 eV depict
these respective energy states. The AE,,, of 3.2230 eV is
indicative of the molecule’s kinetic stability, with a small gap
suggesting promising reactivity in comparison to 4.55 eV for
Sorafenib, 4.19 eV for Erlotinib, and 7.22 eV for Lenvatinib.**~*!
Moreover, the chemical hardness (17) of 1.6115 eV highlights the
molecule’s resistance to electron exchange and its overall
stability. Specifically, it quantifies the energy required to add or
remove an electron from the system. The values found are lower
than Sorafenib 2.27, Erlotinib 2.09, and Lenvatinib 3.61 eV,
suggesting that this system is relatively more reactive and
responsive to changes in electron density (ED). The electro-
philicity index (@) of 4.9921 eV underscores the molecule’s
ability to engage in electrophilic reactions. In this context, the
relatively high @ value indicates that the molecule has a strong
tendency to accept electrons from other species. This suggests
that it is highly reactive in electrophilic reactions, where it would
act as an electron acceptor. Consequently, the value found is
higher than that of Sorafenib 3.44 eV, Erlotinib 3.27 eV, and
Lenvatinib 2.11 eV, indicating that this molecule exhibits greater
electrophilicity. Furthermore, the global electronegativity (y) of
4.0112 eV emphasizes a relatively stronger tendency to attract
electrons in a chemical system. This higher global electro-
negativity (y) is indicative of the molecule’s affinity for electrons,
suggesting that it tends to pull ED toward its atoms in a
molecular environment. Comparatively, the higher y value,
when contrasted with Sorafenib (3.95 eV), Erlotinib (3.70 eV),
and Lenvatinib (3.90 eV), implies a more pronounced
electronegative character. This characteristic aligns with the

842

molecule’s elevated electrophilicity index, indicating that it not
only attracts electrons strongly but also actively engages in
electrophilic reactions, portraying a dynamic reactivity profile.
The combination of a higher global electronegativity, electro-
philicity index, and lower chemical hardness collectively
suggests that the molecule is predisposed to engaging in
chemical reactions, particularly those involving electron transfer,
while exhibiting stability in its electronic structure.*~*

In summary, the FMOs analysis provides insights into the
electronic structure, with the calculated AE,,; indicating both
kinetic stability and reactivity. The lower chemical hardness (77)
suggests heightened reactivity and responsiveness to ED
changes. Additionally, the high electrophilicity index (w)
reflects a strong tendency for electrophilic reactions, while the
global electronegativity (y) signifies a pronounced affinity for
electrons, presenting a dynamic reactivity profile. To further
enhance the practical understanding of our findings, we have
conducted a comparative analysis against established pharma-
ceutical drugs. This comparative approach aims to bridge the
gap between the theoretical insights derived from the FMOs
analysis and their real-world applications. By aligning the
quantitative analysis with these known drugs, we intend to
provide a more comprehensive understanding of the molecule’s
characteristics and potential as a scaffold for further drug
development. This comparison solidifies the link between
theoretical concepts and practical utility, reinforcing the
relevance and applicability of our study.**

2.2.6. MEP Surface Analysis. MEP analysis is a highly
valuable technique within computational chemistry, offering

https://doi.org/10.1021/acsomega.3c06841
ACS Omega 2024, 9, 837—-857


https://pubs.acs.org/doi/10.1021/acsomega.3c06841?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06841?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06841?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06841?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

profound insights into the electrostatic properties of molecules
in comprehending molecular interactions, reactivity, and
binding phenomena with other molecules or surfaces. MEP is
particularly significant in drug design, enabling the identification
of specific binding sites on a molecule’s surface, thereby
facilitating a deeper understanding of interactions with receptor
and enzyme targets.”” The MEP is represented as a three-
dimensional surface used to depict different electrostatic
potentials. The positive values represent regions with electron-
deficient or electrophilic characteristics depicted in blue, while
the negative values indicate regions with electron-rich or
nucleophilic characteristics shown in red. Neutral regions are
depicted in green.so The MEP surface of (3) is shown in Figure

-6.444e-2 6.444e-2
E———

Figure 7. MEP surface of (3).

In the title molecule, the MEP values were predicted in the
ranges of —6.444 X 107> and 6.444 X 107> The negative
electrostatic potential region is prominently situated around the
atoms N-2 and N-7. This region demonstrates the presence of
nucleophilic reactive centers, indicating areas with a high
tendency to attract electrophiles during chemical reactions.
Conversely, the positive electrostatic potential sites are
specifically observed around the hydrogen atoms H-24, H-25,
H-30, and H-31. These sites offer valuable information about the
regions where the molecule can potentially engage in
intermolecular interactions. These MEP insights provide
evidence of the molecule’s biological activity, suggesting
potential sites for molecular recognition and binding with
other molecules or biological targets.

2.2.7. Mulliken Analysis. Mulliken atomic charge analysis
provides critical insights into the ED distribution within the
molecular system (Figure 8), influencing various molecular
properties such as dipole moment, polarizability, and
reactivity.”' By interpreting the charge distribution, chemists
can gain a deeper understanding of the electronic structure,
bonding, and chemical behavior of the compound. It is essential
to carefully consider the charge distribution when studying
molecular interactions, as it guides the interpretation of chemical
reactivity and the desi§n of molecules with desired properties for
specific applications.’

The results presented in Table 3 reveal intriguing patterns of
charge distribution, shedding light on the nature of the different
atoms within the compound. All carbon atoms display both
positive and negative charges. Carbon atoms C-19 and C-20
have the highest positive (1.12318 a.u.) and negative charges
(—0.9195 a.u.), respectively, indicating electron-rich and
electron-deficient regions. C-1, C-S, and C-10 exhibit positive
charges, suggestin% that these atoms have lost electrons and are
electron-deficient.>® On the other hand, C-8, C-11, and C-18
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-0.919 1.123

Figure 8. Optimized structure with Mulliken atomic charges of (3)
designated by a color change on atoms.

display relatively higher negative charges, indicating an excess of
electrons localized around these atoms. The positive charges on
some carbon atoms are likely due to electron transfer to other
more electronegative atoms or functional groups in the
molecule.”® Conversely, negative charges on certain carbon
atoms could arise from the electron-donating nature of the
neighboring atoms or substituent groups. Nitrogen atoms in the
compound are denoted by numbers 2, 6, 7, and 16. Among
these, N-2, N-7, and N-16 display negative charges, indicating a
higher ED around these atoms. This behavior is consistent with
nitrogen’s electronegative nature, which allows it to attract
electrons and carry a negative charge."” Notably, nitrogen N-6
exhibits a positive charge (0.09902 a.u.), indicating its electron
deficiency, primarily attributed to the mesmeric effect. This
effect arises from sharing nonbonding electrons with adjacent
atoms, leading to an altered ED around N-6. Furthermore, the
involvement in resonance structures contributes to the
redistribution of electrons, resulting in the observed positive
charge. The presence of heteroatoms, such as nitrogen, often
results in localized regions of ED due to their higher
electronegativity and electron-withdrawing effects. Hydrogen
atoms generally demonstrate positive charges, signifying that
they have lost electrons and are electron-deficient.” This is a
common trend in organic molecules, where hydrogen atoms are
less electronegative compared with carbon and nitrogen.
Hydrogen atoms H-23 and H-32 stand out with the highest
positive charges, indicating a pronounced electron deficiency,
which might be attributed to their proximity to more
electronegative or electron-withdrawing groups. Moreover, the
sulfur atom (S-22) in the molecule exhibits a negative char%e
(—0.4902 a.u.), suggesting an excess of electrons in its vicinity. 7
This negative charge on sulfur may be a consequence of its
participation in various resonance structures or interactions with
neighboring atoms, leading to the localization of ED.*®

In summary, Mulliken charges play a crucial role in identifying
electron accumulation and depletion regions. For instance,
atoms with a net positive charge, such as C-10, C-19, and C-§,
may act as electron acceptors, while those with a net negative
charge, such as C-18, C-20, and S-22, can function as electron
donors. This knowledge is instrumental in predicting and
explaining the chemical reactivity. For example, understanding
which atoms are prone to gaining or losing electrons guides the
strategic placement of functional groups.
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Table 3. Mulliken Atomic Charges of (3)

atom charge (a.u.) atom charge (a.u.) atom
C-1 0.06797 C-9 —0.1382 C-17
N-2 —0.0801 C-10 0.57487 C-18
C-3 —0.0486 C-11 —0.4091 C-19
C-4 —0.3512 C-12 —0.2252 C-20
C-5 0.17173 C-13 —0.3161 C-21
N-6 0.09902 C-14 —0.299 S-22
N-7 —0.0185 C-15 —0.0289 H-23
C-8 —-0.331 N-16 —0.0465 H-24

charge (a.u.) atom charge (a.u.) atom charge (a.u.)
—0.1931 H-25 0.19833 H-33 0.17944
—-0.5012 H-26 0.17607 H-34 0.15437

1.12318 H-27 0.15731
—0.9195 H-28 0.17369
0.13132 H-29 0.21071
—0.4902 H-30 0.17159
021136 H-31 0.15623
0.19684 H-32 0.24217

a)

b)
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Figure 9. ELF (a) and LOL (b) maps of (3).
Table 4. Selected Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis (E(2) > 15 kcal/mol) of (3)
type donor (i) ED/e type acceptor (j) ED/e E(2) (kcal/mol) E —E (au.) Fy; (au.)
11 C-1_N-6 1.71534 Lp2 N-7 1.25718 15.47 0.18 0.066
11 C-1_N-6 1.71534 ¥ C-4_C-5 0.00046 23.94 0.36 0.083
II C-1_N-6 1.71534 ¥ C-8 C9 0.00003 15.76 0.37 0.07
11 N-2_C-3 1.79368 ¥ C-1_N-6 0.00001 31.99 0.25 0.094
11 C-4_C-S 1.7694 ¥ N-2_C-3 0.00155 22.32 0.29 0.074
11 C-8_C9 1.69399 LpP2 N-7 1.25718 S1.72 0.1 0.087
11 C-10_C-15 1.62906 ¥ C-11_C-12 0.00069 20.83 0.28 0.068
11 C-10_C-15§ 1.62906 ¥ C-13_C-14 0.00012 20.47 0.28 0.068
11 C-11_C-12 1.67453 ¥ C-10_C-15 0.00189 19.74 0.29 0.068
11 C-11_C-12 1.67453 ¥ C-13_C-14 0.00012 19.89 0.28 0.067
11 C-13_C-14 1.65701 ¥ C-10_C-15 0.00189 20.74 0.29 0.069
11 C-13_C-14 1.65701 ¥ C-11_C-12 0.00069 20.33 0.28 0.068
11 C-18_C-19 1.78074 F N-16_C-17 0.00001 19.19 0.29 0.066
11 C-18_C-19 1.78074 ¥ C-20_C-21 0.00012 16.88 0.28 0.063
11 C-20_C-21 1.83494 ¥ C-18_C-19 0.00224 16.14 0.3 0.065
LP2 N-7 1.25718 ¥ C-1_N-6 0.00001 20591 0.11 0.133
LP2 N-7 1.25718 ¥ C-8_ C9 0.00003 64.62 0.19 0.108
LP2 S-22 1.61174 ¥ C-18_C-19 0.00224 20.96 0.27 0.067
LP2 S-22 1.61174 * C-20_C-21 0.00012 22.62 0.26 0.07
¥ C-1_N-6 0.74149 ¥ N-2 C-3 0.0015S 79.99 0.06 0.088
¥ C-1_N-6 0.74149 ¥ C-4_C-5 0.00046 30.41 0.07 0.058
¥ C-1_N-6 0.74149 ¥ C-8 C9 0.00003 19.02 0.08 0.046
¥ C-8_C9 0.41509 ¥ C-10_C-15 0.00189 64.95 0.02 0.054
* N-16_C-17 0.23307 ¥ C-8_C-9 0.00003 147.1 0.01 0.065

In the design of new molecules or materials, the nuanced
information provided by Mulliken charges is indispensable. It
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allows for informed decisions about atom selection, enabling the
creation of compounds with tailored properties. This approach
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is pivotal for the rational design of modifications, ensuring that
the changes made align with desired outcomes.

2.2.8. ELF and LOL Analyses. The ELF and LOL analyses
have been exhaustively investigated to elucidate the electron
distribution and chemical bonding within various molecular
systems.”” In the ELF image (Figure 9), regions highlighted in a
distinct red hue conspicuously manifest around hydrogen atoms
and within C—C and C—N bonds, denoting the prevalence of
pronounced electron localization attributed to covalent bonding
or the presence of lone electron pairs or nuclear shells in these
regions. Furthermore, certain carbon atoms exhibit a discernible
blue coloration, indicative of the existence of delocalized
electron clouds around them.*® In contrast, the hydrogen
atom in the LOL images (Figure 9) is depicted in a pristine white
hue, suggesting that the ED surpasses the upper threshold of the
color scale in these regions. Moreover, persistent blue hues are
consistently discerned around sulfur atoms, which implies the
existence of electron depletion regions between the valence shell
and inner shell in the LOL maps. This comprehensive analysis
furnishes invaluable insights into the nature of chemical
bonding, electron localization, and electron pair distribution in
diverse molecular complexes, thereby augmenting our compre-
hension of their structural and electronic attributes.*”*

2.2.9. NBO Analysis. NBO analysis is a powerful computa-
tional technique used in quantum chemistry to understand the
nature of the chemical bonds within a molecule. It provides
valuable insights into the interactions between atoms and the
ED distribution, allowing researchers to characterize and
interpret the bonding and electronic structure of the molecule.”’
NBO analysis provides valuable information about charge
transfers, intra- and intermolecular bonding, and stabilization
energies, contributing significantly to understanding chemical
compounds’ behavior and reactivity. This analysis enables
scrutiny of interactions between donor and acceptor orbitals,
quantified by stabilization energy E(2) values, indicating
electron donation strength and molecular system conjugation
degree.”'

Throughout the analysis of Table 4, prominent hyper-
conjugative interactions were observed, particularly involving
various 7 and 7* bonds. For instance, the 7 bond between C-1
and N-6 exhibited interactions with z* bonds in C-4_C-5, C-
8 C-9, and N-2_C-3, thus signifying significant electron
donation. Similarly, the 7 bond between C-10_C-15 displayed
hyperconjugative interactions with 7* bonds in C-11_C-12 and
C-13_C-14. Notably, the lone pair LP2 on atom N-7 proved to
be an efficient electron donor, participating in a remarkable
hyperconjugative interaction with the 7* bond in C-1_N-6.>
Additionally, LP2 on atom S-22 also acted as an electron donor,
engaging in hyperconjugative interactions with 7* bonds in C-
18 C-19 and C-20_C-21.° Furthermore, we observed that the
delocalization of ED between occupied Lewis-type and
previously unoccupied non-Lewis-type orbitals led to the
stabilization of donor—acceptor interactions. The molecule
exhibited strong intramolecular hyperconjugative interactions,
resulting in the stabilization of the ring systems. Moreover, the 7
bond ED was found to be weaker compared to the o bond ED,
indicating a higher contribution of ¢ bonding interactions to the
overall stability of the molecule.”’

2.2.10. NLO Studies. Nonlinear optical (NLO) materials
have garnered significant attention in the fields of physics,
chemistry, and engineering because they possess potential
applications in telecommunication, optical signal processing,
data storage, biological imaging, and medical therapies. This
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phenomenon unveils a wide array of fascinating optical
behavéggg, offering unique insights and potential applica-

As per the literature data, no NLO studies have been
conducted on this selected moiety. Hence, this study presents a
comprehensive analysis of the hyperpolarizability (), dipole
moment (u), and polarizability (@), which serve as important
parameters in pharmacology, drug designing, and industrial
fields, oﬂerin§ a quantitative lens into the structure—activity
relationships.”® Therefore, to investigate the NLO properties of
the title compound, we concentrated on calculating the key
parameters utilizing the x, y, and z components extracted from
the Gaussian 09 output employing the DFT/B3LYP/6-311+
+G(d,p) basis set, using the following equations.”” The
determined parameters are listed in Table S.

_ 2 2 2
p= W+ u+u)

(ay +ay, + a,)
3

(ﬂxz +ﬂy2 +ﬂzZ)

+B.+

ﬂzzz ﬂxxz ﬂyyz

Table 5. NLO Properties of (3)

dipole moment

(Debye) polarizability (a) a.u. hyperpolarizability (3) a.u.
43218 a, 134926 Bow —153.69
g, —30768 a, 88495 By —T7722
U, 0.0953 a,, 113.56 ﬂxyy 20.9204
o 5306 a, 23696 By —23.663

@. 36526 Bue  —2.5495
a, 136.389 By —4.3247
a 128291 By. 13138
190127 X 107*esu  f,,, 1.5831
Pye 3.9899
B... —0948
By 163.102

140909 X 107> esu
“Standard value for urea (4 = 1.3732 D, f3, = 0.3728 X 107 esu).

For the exploration of NLO properties, urea serves as a
fundamental reference, often employed for comparative
analysis.”® Dipole moment and hyperpolarizability values have
been compiled and are presented in Table 2. The nonzero
characteristics of the dipole moment values provide a good
description of the inherent dipolar nature of the optimized
molecular structures. Notably, a calculated dipole moment (y)
of 5.306 D is observed, which is an approximation three times
higher than the dipole moment of urea (y = 1.768 D).%” The
total polarization (a) is recorded to be 19.0127 X 107** esu.
Importantly, the first-order hyperpolarizability reaches a value of
140.909 X 107** esu, approximately four times greater than the
value of urea’s hyperpolarizability (0.3728 x 107>° esu). This
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Table 6. Fukui Function of (3)

atom N N-1 N+1 f f f°
C-1 0.0679 0.0532 0.0674 —0.000S 0.0147 —0.0071
N-2 —0.0801 —0.0265 —0.1109 —0.0308 —0.0537 0.0422
C-3 —0.0486 0.0039 —0.0928 —0.0442 —0.0525 0.0483
C-4 —0.3512 —0.4643 —0.4411 —0.0899 0.1132 —0.0116
C-5 0.1717 0.3426 0.21277 0.0411 —0.1709 0.0649
N-6 0.0990 0.1784 0.10126 0.0023 —0.0794 0.0386
N-7 —0.0185 0.0396 —0.0483 —0.0298 —0.0581 0.0439
C-8 —0.3310 —0.1790 —0.3297 0.0014 —0.1520 0.0753
C-9 —0.1382 —0.4060 —0.1609 —0.0227 0.2678 -0.1226
C-10 0.5749 0.7352 0.6347 0.0600 —0.1603 0.0502
C-11 —0.4091 —0.3697 —0.5266 —0.1175 —0.0394 0.0785
C-12 —0.2252 —0.2265 —0.2918 —0.0667 0.0014 0.0326
C-13 —0.3161 —0.2796 —0.2825 0.0336 —0.0365 0.0015
C-14 —0.299 —0.3564 —0.3639 —0.0650 0.0574 0.0038
C-15 —0.0289 —0.0853 0.0221 0.0509 0.0564 —0.0537
N-16 —0.0465 —0.0160 —0.1337 —0.0872 —0.0305 0.0588
C-17 —0.1931 —0.7848 —0.3077 —0.1147 0.5917 —0.2385
C-18 —0.5012 —0.2963 —0.3509 0.1503 —0.2049 0.0273
C-19 1.1232 1.7436 1.0098 —0.1134 —0.6204 0.3669
C-20 —0.9195 —1.1579 —0.9539 —0.0344 0.2385 —0.1020
C-21 0.1313 0.3617 0.1031 —0.0282 —0.2304 0.1293
S-22 —0.4902 —0.5191 —0.6296 —0.1394 0.0289 0.0552
H-23 0.2113 0.2622 0.1710 —0.0403 —0.0509 0.0456
H-24 0.1968 0.2418 0.1587 —0.0381 —0.0450 0.0415
H-25 0.1983 0.2395 0.2031 0.0048 —0.0412 0.0182
H-26 0.1761 0.2047 0.1499 —0.0262 —0.0286 0.0274
H-27 0.1573 0.1981 0.1229 —0.0344 —0.0407 0.0376
H-28 0.1737 0.2089 0.1343 —0.0394 —0.0352 0.0373
H-29 0.2107 0.2350 0.1929 —0.0178 —0.0243 0.0210
H-30 0.1716 0.2351 0.1450 —0.0266 —0.0635 0.0450
H-31 0.1562 0.1923 0.1012 —0.0550 —0.0361 0.0455
H-32 0.2422 0.3011 0.1882 —0.0540 —0.0589 0.0564
H-33 0.1794 0.1786 0.1918 0.0124 0.0008 —0.0066
H-34 0.1544 0.2121 0.1139 —0.040S —0.0577 0.0491
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Figure 10. NCI and RDG surface map of (3).
substantial hyperpolarizability enhancement is attributed to indicative of strong NLO attributes. Such findings underscore
charge transfer phenomena within the molecular structure, the potential utility of our molecule for NLO applications.70
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2.2.11. Fukui Functions. Fukui functions are essential
concepts in theoretical chemistry that provide insights into the
reactivity of molecules, enabling the prediction of potential
reactive sites and identifying regions susceptible to electrophilic
and nucleophilic attacks, providing information on whether an
atom is electrophilic or nucleophilic.”' Regarding our specific
compound, the Fukui function calculations have yielded
valuable insights into its reactivity characteristics (Table 6).

Further analysis reveals that the compound exhibits distinct
reactivity patterns. The Fukui functions have identified specific
atoms as potential favorable sites for electrophilic and
nucleophilic attacks. Notably, atoms C-4, C-9, C-17, C-20,
and S-22 demonstrate a propensity for electrophilic attacks,
indicating their ability to attract electrons.”” Conversely, atoms
C-5, C-10, C-15, and C-18 are highlighted as favorable sites for
nucleophilic attacks, suggesting their readiness to donate
electrons.”® The presence of both electrophilic and nucleophilic
sites underscores the compound’s capacity for engaging in
chemical reactions with other species. This comprehensive
investigation into the compound’s reactivity not only sheds light
on its potential chemical interactions but also opens avenues for
exploring its reactivity in diverse environments. The insights
gleaned from these Fukui parameter analyses will undoubtedly
contribute significantly to the broader understanding of the
compound’s chemical behavior and its implications in various
applications, including biological processes and catalytic
reactions.

2.2.12. QTAIM Analysis. The QTAIM analysis is a powerful
and versatile tool used in computational chemistry to study
noncovalent interactions in molecular systems. RDG analysis
relies on the ED and its derivatives to generate informative 3D
isosurfaces and scatter plots, revealing the distribution and
strength of weak interactions such as hydrogen bonding and van
der Waals forces. The color-coded isosurfaces display different
regions representing distinct interaction types: blue for strong
interactions (often associated with hydrogen bonding), green
for weak interactions (like van der Waals forces), and red for
steric hindrance effects.””>°

The AIM-RDG analysis (Figure 10) has provided valuable
insights into the molecular structure, shedding light on its
reactivity and behavior. One notable finding is the presence of
weak noncovalent interactions within the compound. Specifi-
cally, the identification of feeble hydrogen interactions and van
der Waals forces between specific atom pairs, such as N-7—H-
29, N-16—H-25, N-16—H-30, and C-17—H-34, is note-
worthy. These interactions exhibit relatively low energy levels
yet play a crucial role in influencing the stability and physical
properties of the compound.

The AIM-RDG analysis highlights the occurrence of steric
effects within the molecular cycle, elucidating how spatial
hindrance due to bulky groups influences the three-dimensional
shape of the molecule. These steric effects, resulting from the
interaction of atoms with neighboring bulky groups, impact the
stability of different spatial arrangements and, consequently, the
overall reactivity and behavior of the compound. This spatial
arrangement, while primarily governing the molecule’s shape,
extends its influence to affect intramolecular associations and
can alter reactivity in chemical reactions, emphasizing the pivotal
role of steric effects in shaping the compound’s behavior and
impacting properties such as reactivity, stability, and interactions
with other molecules. Despite their weakness, these noncovalent
interactions significantly shape the molecular structure and
govern intramolecular associations.™"”>
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2.2.13. Pharmacokinetics and Drug Likeliness Prediction.
The comprehensive in silico ADMET analysis conducted on the
novel molecule (3) using SwissADME provided valuable
insights into its drug-like properties.”® The radar chart in Figure

LIPO

FLEX SIZE

INSATU

POLAR

INSOLU

Figure 11. Bioavailability radar plot of (3) provided by SwissADME.

13 illustrates the bioavailability assessment of the selected
ligand. The bioavailability radar, employed by SwissADME,
delineates an optimal region represented by a pink-colored area,
signifying the favorable range for six physicochemical parame-
ters crucial for oral bioavailability, namely, flexibility (FLEX),
insolubility (INSOLU), unsaturation (INSATU), lipophilicity
(LIPO), polarity (POLAR), and SIZE. Upon closer examination
of the radar charts, it is evident that the compound aligns closely
with the desired range for all parameters except for unsaturation
(INSATU), where it deviates significantly. However, despite
this total deviation, it is important to note that the oral
bioavailability of the compound is unlikely to be affected. The
remaining physicochemical parameters within the optimal range
suggest that the compound still possesses favorable character-
istics for efficient absorption and distribution (Figure 11).

The assessed properties using the SwissADME server
demonstrated desirable characteristics (Figure S9), including
excellent solubility (log S = —4.99) and a high potential for
gastrointestinal absorption, indicating favorable oral bioavail-
ability. Furthermore, this scaffold was predicted to have
permeability across the blood—brain barrier.”” These attributes
are crucial for efficient drug delivery and therapeutic efficacy.
Moreover, the molecule was found to be noninhibitory to both
CYP2D6 and CYP3A4 enzymes, which are key players in drug
metabolism. Inhibition of these enzymes can lead to altered
pharmacokinetics, affecting the efficacy and safety of coadminis-
tered drugs.78 Thus, the absence of inhibition suggests a reduced
likelihood of potential drug—drug interactions, enhances its
safety profile, and highlights the molecule’s compatibility with a
wide range of medications. The physicochemical properties of
the molecule further support its drug-like characteristics. With a
moderate topological polar surface area (TPSA = 70.79 A*) and
lipophilicity (XLOGP3 = 4.42), it exhibits an appropriate
balance between hydrophilicity and lipophilicity, which can
influence factors such as permeability, distribution, and
interaction with biological targets. One notable observation is
that the molecule adheres to the Lipinski Rule of Five and other
essential drug-likeness rules, including Ghose,”” Veber,*
Egan,81 and Muegge,g2 without any violations. This rule serves
as a guide to assess the drug-likeness of a compound, considering
factors such as molecular weight, lipophilicity, hydrogen bond
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Figure 13. (a) 2D diagram showing the interaction between (3) and the VEGFR-2 active site. (b) 3D protein—ligand interactions between (3) and the
VEGEFR-2 active site.

Table 7. Toxicity Profiles of (3) Predicted Using ProTox-II

classification Target prediction  probability
organ toxicity hepatotoxicity active 0.50
toxicity endpoints carcinogenicity active 0.52
toxicity endpoints immunotoxicity inactive 0.99
toxicity endpoints mutagenicity active 0.65
toxicity end points cytotoxicity inactive 0.73
Tox21-nuclear receptor signaling pathways AhR active 0.61
Tox21-nuclear receptor signaling pathways androgen receptor inactive 0.98
Tox21-nuclear receptor signaling pathways androgen receptor ligand binding domain (AR-LBD) inactive 0.96
Tox21-nuclear receptor signaling pathways aromatase inactive 0.76
Tox21-nuclear receptor signaling pathways estrogen receptor alpha inactive 0.78
Tox21-nuclear receptor signaling pathways estrogen receptor ligand binding domain inactive 0.99
Tox21-nuclear receptor signaling pathways peroxisome proliferator activated-receptor ggmma (PPAR-Gamma) inactive 0.94
Tox21-stress response pathways nuclear factor (erythroid-derived 2)-like 2/antioxidant responsive element (nrf2/ARE) inactive 0.86
Tox21-stress response pathways heat shock factor response element inactive 0.86
Tox21-stress response pathways mitochondrial membrane potential inactive 0.70
Tox21-stress response pathways phosphoprotein (tumor suppressor) pS3 inactive 0.76
Tox21-stress response pathways ATPase family AAA domain-containing protein 5 (ATADS) inactive 0.69

donors, and acceptors.”” In the case of the molecule, it has a acceptable range for drug-like compounds. Additionally, it has

molecular weight of 304.37 g/mol, which falls within the zero hydrogen bond donors (less than S) and three hydrogen
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bond acceptors (less than 10), suggesting a favorable interaction
potential with biological targets. And finally, an MLOGP
(octanol—water partition coefficient) value of 2.65 (less than 5)
indicates balanced hydrophilic and lipophilic properties, making
it suitable for targeting intracellular or membrane-bound
proteins.** The absence of violations indicates favorable drug-
like properties, suggesting the potential utility of the molecule as
a promising scaftold for further drug development. However, it is
important to note that these predictions are based on the current
scaffold, and modifications in future analogs may impact these
properties.

The pan-assay interference compounds (PAINS) and Brenk
technique are used to identify potentially toxic and unstable
fragments in a compound. They help in the evaluation and
recognition of misleadin§ compounds that may exhibit
undesirable characteristics.”” Despite the absence of PAINS
alerts, a notable observation was the presence of a Brenk alert,
which is the presence of an imine_1 group. The imine_1 group,
consisting of a carbon—nitrogen double bond, can be reactive
and may lead to hazardous interactions with other biological
molecules that could result in various adverse effects or
unpredictable biological responses.”® Therefore, the presence
of this functionality highlights the necessity of evaluating the
toxicity profile of the molecule thoroughly.

2.2.14. Prediction Via ProTox-Il Server. The prediction of
chemical toxicity serves as a powerful tool to mitigate late-stage
failures in drug design, and computational-based methodologies
provide valuable tools for this work. By analyzing, simulating,
visualizing, and predicting the toxicity of chemicals, in silico
toxicology plays a significant role in reducing reliance on animal
testing and expediting toxicity assessments.”” To evaluate the
toxicity properties of the novel molecule (3), an analysis was
conducted using the ProTox-II server. ProTox-II is a virtual
laboratory that employs machine learning and molecular
similarity to predict the toxicities of small molecules. It utilizes
33 models to predict various toxicity endpoints, adverse
outcome pathways, and toxicity targets based on fragment
propensities and similarity.*® The toxicity was estimated by
recognizing the ligand fragments and structure. The various
toxicity profiles estimated through the ProTox-II server are
given in Table 7.

The results revealed promising findings concerning its safety
profile. The predicted LDs, was estimated to be 1800 mg/kg
(Figure 12), indicating a relatively high dose required to cause
lethality in experimental animals. In terms of specific toxicity
pathways, the molecule was found to be inactive in both the
Tox21-Nuclear receptor signaling pathways and the Tox21-
Stress response pathways, which suggests a lack of significant
interactions with these key cellular pathways, further supporting
its favorable safety profile. However, it is noteworthy that there is
a very low probability of activation of the aryl hydrocarbon
receptor (AhR), which could potentially lead to hazardous
effects.”” Additionally, the analysis indicated a mild to low
hepatotoxicity potential, indicating a reduced likelihood of
adverse effects on liver function. Furthermore, the molecule
exhibits a low probability of cytotoxicity and mutagenicity,
indicating a reduced likelihood of inducing genetic mutations.
These findings contribute to the comprehensive interpretation
of the molecule’s toxicity profile and emphasize its potential as a
promising candidate with relatively low toxicity risks. However,
it is important to note that experimental validation and further
investigations are necessary to fully understand the molecule’s
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toxicity profile and ensure its safety for potential therapeutic
applications.

2.2.15. Vascular Endothelial Growth Factor Receptor-2.
VEGFR-2, belonging to the receptor tyrosine kinase (RTK)
family, is primarily expressed on the surface of endothelial cells
that form the inner lining of blood vessels, facilitating their
response to extracellular cues.”” VEGFR-2 plays a crucial role in
regulating mitogenesis (cell division) and angiogenesis (the
formation of new blood vessels) in endothelial cells.”’ In the
context of cancer, tumor cells exhibit aberrant production of
vascular endothelial growth factor (VEGF), a key signaling
molecule. VEGF specifically binds to VEGFR-2, triggering a
cascade of events that promote tumor vascularization and
leading to the development of a robust blood supply. This
vascular network supplies essential nutrients for tumor growth,
proliferation, and migration.”” Given its pivotal role in tumor
angiogenesis, the VEGFR-2 pathway has garnered significant
interest as a promising target for the discovery of inhibitors
aimed at obstructing pathological angiogenesis and impeding
cancer progression, metastasis, and uncontrolled growth.93_95

2.2.16. Molecular Docking Analysis. Molecular docking
studies represent a premier approach within the pharmaceutical
design sector for comprehending how small molecules (ligands)
interact with larger molecules (proteins). Molecular docking is
adeptly employed to estimate drug—target interactions through
the precise calculation of energy minimization and binding
energy. It aids in understanding binding interactions and plays a
key role in designing new drugs by identifying potential
compounds that could effectively target specific proteins
involved in diseases.”*™"®

The molecular docking study of compound (3) with the
VEGEFR-2 receptor using AutoDock Vina revealed a docking
score of —8.4 kcal/mol (Table 8). This score suggests a strong

Table 8. Docking Energy Scores in Kcal/mol for the
Synthesized Compound (3) and Reference Compounds in
the VEGFR-2 Active Site

docking score docking score

compound (kcal/mol) compound (kcal/mol)
3 —8.4 Tamoxifen -7.1
Axitinib -9.3 Sunitinib -9.3
Sorafenib —11.0

affinity of compound (3) toward the VEGFR-2 receptor,
indicating its potential as a VEGFR-2 inhibitor. When compared
to established reference compounds,*”*~'** (3) demonstrated
a competitive binding affinity, closely aligning with Axitinib
(—9.3 kcal/mol) and Sunitinib (—9.3 kcal/mol). Although its
score was lower than that of Sorafenib (—11.0 kcal/mol), it
outperformed that of Tamoxifen (—7.1 kcal/mol). This
comparative analysis highlights the acceptable binding affinity
of (3), supporting its potential for further development as an
effective VEGFR-2 inhibitor. The 2D interaction diagram of (3)
(Figure 13) displayed a common binding pattern with the key
residues ASP1046 and GLUS88S in the VEGFR-2 active site,
comparable to the reference compounds.*"”*™'% (Figures
14—17). The analysis revealed eight types of bonds formed
between compound (3) and the receptor, including two
conventional hydrogen bonds with ASP1046, pi—anion bonds
with GLU88S and LYS868, alkyl bonds with ILE1044,
LEU1019 and VAL898, pi—alkyl bonds with VAL899 and
VAL916, a pi—sulfur bond with CYS104S, a pi—c bond with
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LES889, and van der Waals bonds with VAL848, ILE888, and
ILE892. However, to validate these findings, it is essential to
perform further investigations, such as molecular dynamics
(MD) simulations, to assess the dynamic behavior and
robustness of the compound—receptor interaction.

2.2.17. MD Analysis. In order to investigate the interactions
between the VEGFR-2 and (3), as well as to examine the
stability of the bound conformation and the dynamic behavior of
the receptor and ligand, we conducted MD studies based on the
protein’s rigid crystal structure. To further elucidate the
protein—ligand interactions in a biologically relevant context,
we employed MD simulations. These simulations, which
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replicate physiological conditions, provide valuable insights
into the dynamic nature of protein—ligand complexes. The
obtained results were analyzed by using the root mean square
deviation (RMSD) and root mean square fluctuation (RMSF)
parameters. The analysis of the RMSD provides insights into the
equilibration and stability of the protein—ligand complex. A low
RMSD value indicates a higher degree of stability in the
complex, whereas a high RMSD value suggests greater
fluctuations and reduced stability. In this study, we examined
the RMSD graph of the (3)-VEGFR-2 complex, as depicted in
Figure 18. Upon the initiation of the simulation, we observed an
initial fluctuation in the RMSD values, which can be attributed
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to the equilibration process. However, subsequent to this initial
phase, the complex displayed a remarkable level of stability
throughout the 30 ns (ns) simulation.'®*~'% The mean RMSD
value indicates a consistently low deviation from that of the
initial conformation. These findings suggest that the (3)-
VEGFR-2 complex achieved a well-equilibrated state and
maintained a highly stable structure over the course of the
simulation. The low RMSD values imply that the interactions
between the compound (3) and the VEGFR-2 target remained
intact, highlighting the robustness of the protein—ligand
binding.""

The analysis of the RMSF plot provides insights into the
flexibility and rigidity of individual amino acids within the
protein during the simulation. Lower RMSF values indicate a
higher level of stability, while higher values suggest increased
flexibility. In this study, we investigated the RMSF plot of the
(3)-VEGFR-2 complex, depicted in Figure 19. The RMSF plot
exhibited fluctuations primarily observed in the N-terminal and
C-terminal residues of the complex. However, these fluctuations
were minimized, and the protein displayed enhanced stability
within the residues of the active site that interacted with the
compound (3). This finding suggests that the presence of the
compound contributes to the stabilization of the protein.

Consistently, both the RMSD and the RMSF analyses
demonstrated the stability of the complex throughout the entire
simulation. Based on these results, compound (3) shows
potential as an inhibitor of the VEGFR-2 receptor, making it a
promising candidate for further exploration and assessment of its
biological potential through in vitro and in vivo studies.

3. CONCLUSIONS

The integration of quantum computational calculations in
several domains, particularly in pharmaceutical research, can
significantly accelerate the discovery, design, and optimization
of new small-molecule therapeutics. This approach has the
potential to revolutionize drug development by providing a
deeper understanding of molecular properties and interactions,
leading to the creation of more effective and targeted
therapeutics.

In this present study, a novel Imidazo[1,2-a]pyrimidine Schiff
base derivative was synthesized and experimentally character-
ized using 'H NMR, ¥C NMR, and mass and FT-IR
spectroscopic methods. The DFT method at the B3LYP/6-
311++G(d,p) basis set was used to optimize the molecular
structures, and the theoretical parameters were identified.
Theoretical FT-IR and NMR ('H and C) analyses were
reported and compared, showing excellent agreement with
experimental values. The FMOs demonstrate that the AE,,, of
the title molecule was 3.22 eV in comparison to 4.55 eV for
Sorafenib, 4.19 eV for Erlotinib, and 7.22 €V for Lenvatinib.***!
This suggests good chemical stability, indicating that the
molecules are less likely to undergo spontaneous reactions.
This characteristic is desirable for applications prioritizing
stability. Simultaneously, the moderate AE,, indicates reason-
able reactivity, establishing a well-balanced foundation for
controlled chemical interactions when needed. The predicted
MEP surface reveals potential nucleophilic and electrophilic
sites for chemical interactions. Notably, the negative electro-
static potential region is prominently concentrated around N-2
and N-7, indicating the presence of nucleophilic centers in this
region. In addition, Mulliken charges offer a qualitative
perspective on the distribution of ED within a molecule,
allowing for the identification of active interaction sites. For

852

instance, atoms exhibiting a net positive charge, such as C-10, C-
19, and C-5, are likely candidates for electron acceptance in
chemical reactions. Conversely, atoms with a net negative
charge, including C-18, C-20, and S-22, are poised to act as
electron donors. This understanding of charge distribution
enhances our ability to predict and interpret chemical reactivity,
facilitating a more nuanced comprehension of the molecule’s
interactive behavior.

The molecule’s stability as a result of hyperconjugative
interaction and charge delocalization was analyzed using NBO
orbital analysis. The results obtained by NBO analysis show that
the ED in the antibonding #* and #* orbitals and the second-
order delocalization energies E(2) prove the existence of
intramolecular charge transfer (ICT) within the molecule and
contribute to an increase in the stability of the molecule. The
most important interaction energies of charge transfer are
mainly generated by the orbital overlap between n (LP2_ N-7)
7* (C-1_N-6) with a stabilization energy of 205.91 kcal/mol
and ED of 1.26e, which results in the ICT that stabilizes the
system. A strong interaction was observed due to ED transfer
from the 7** (N-16_C-17) orbital to the antibonding 7* orbital
(C-8_C-9) with a high stabilization energy of 147.1 kcal/mol.
Meanwhile, NLO properties have been investigated theoret-
ically, and promising results were obtained. The dipole moment
4 (5.306 D) of the title compound is approximately three times
larger than the urea value, and the first-order hyperpolarizability
(B) was 140.909 X 10™* esu, approximately four times greater
than the reference material urea. Consequently, the title
molecule could be an effective NLO material candidate.

The comprehensive in silico ADMET analysis and drug-
likeness parameters conducted on the novel molecule reveal its
adherence to the Lipinski Rule of Five and other essential drug-
likeness criteria with relatively low toxicity risks. These findings
underscore the scaffold’s potential as a liability-free framework
for further development to incorporate into medicinal chemistry
campaigns. The molecular docking results revealed a promising
binding affinity of —8.4 kcal/mol, showing a similar binding
pattern to the key amino acids in the VEGFR-2 active site in
comparison to Sorafenib (—11.0 kcal/mol), Axitinib (—9.3 kcal/
mol), Sunitinib (—9.3 kcal/mol), and Tamoxifen (—7.1 kcal/
mol). Additionally, MD analysis of the synthesized ligand with
the VEGFR-2 receptor demonstrated a strong affinity and stable
interactions with key residues, indicating the potential of the
synthesized ligand as a promising candidate for further
development as a targeted therapy against VEGFR-2-driven
diseases, such as cancers, angiogenesis, and disorders affecting
the cardiovascular system.

4. EXPERIMENTAL SECTION

4.1. General Information and Materials. All chemicals
are reagent grade and were used as received. Reactions were
examined with TLC (silica gel, Merck 60 F254). 'H NMR, as
well as '*C NMR spectra, were acquired in CDCI; using a JNM-
ECZS00R/S1 FT NMR SYSTEM (JEOL) functioning at 500
MHz for 'H and 126 MHz for *C. The chemical shifts were
expressed in parts per million (ppm), and the residual solvent
peak was taken as an internal reference. The mass spectra were
obtained using Thermo Scientific TSQ 8000 Evo Triple
Quadrupole GC—MS/MS spectrometry. The FT-IR spectrum
was measured utilizing JASCO FT/IR-4700 spectrophotom-
eters over a range of 4000—400 cm™ Melting points were
measured using a Stuart melting point apparatus, SMP20.
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4.2. Synthesis. The synthesis of intermediate 2-
phenylimidazo[1,2-a]pyrimidin-3-amine (1) was reported in
our previous publication.”” Target compound (3) was obtained
by condensing equimolar quantities of (1) (20 mmol) with
thiophene-2-carbaldehyde (2) (20 mmol) in ethanol (40 mL) in
the presence of two drops of acetic acid. The stirring for 24 h at
room temperature resulted in the formation of a brown
precipitate that was filtered and purified by recrystallization in
ethanol to give an analytically pure product.

4.3. Computational Details. Generally, the DFT method
was applied to establish a connection between the investigated
compound structure and its associated behaviors. The geometry
optimization and all other calculations were done in the
Gaussian 09 package.''' The quantum chemical calculations
were performed utilizing the B3LYP method at the 6-311+
+G(d,p) basis set. Moreover, the Gauss View 6" software was
utilized to compute and visually represent vibrational
frequencies, and the chemical NMR (*H and "*C) shift values
were obtained using the GIAO method with the same basis set.
Using the same theoretical framework, we conducted FMOs,
Mulliken charges, MEP, NBO, and NLO calculations through
the Gaussian program to gain insights into the chemical stability,
reactivity, ED hyperconjugation, and the material’s electronic
response.'” ELF and LOL analyses were obtained using the
Multiwfn code.” For generating QTAIM 3D and 2D graphs, we
employed VMD and Gnuplot tools."' "'

4.4. Pharmacokinetics, Drug Likeliness, and Toxicity
Prediction. In order to gain insights into the pharmacokinetic
properties and toxicity profile of the highly promising VEGFR-2
inhibitor, a comprehensive analysis was performed using the
SwissADME online tool.”® The ligand’s SMILES representation
was used as input to evaluate various ADME (absorption,
distribution, metabolism, and excretion) principles, pharmaco-
kinetics, drug-likeness, and medicinal chemistry parameters.
Additionally, to assess the potential toxicity and determine the
toxjci;gr dosage and class of the ligands, the ProT ox-II server was
used.

4.5. Molecular Docking Studies. The three-dimensional
crystal structure of VEGFR-2 (PDB ID: 4ASD) (Figure 20) was

Figure 20. 3D structure of VEGFR-2 (PDB id: 4ASD).

obtained from the Protein Data Bank (PDB) (https://www.
rcsb.org/structure/4ASD). The protein was prepared using
AutoDockTools, water molecules and heteroatoms were
removed, polar hydrogens and Kollman atomic charges were
added, and then saved in PDBQT format. The molecule (3) was
converted to 3D PDB format by OpenBabel and then to 3D
PDBQT format using AutoDockTools. Sorafenib (CID:
216239), Axitinib (CID: 6450551), Sunitinib (CID:
5329102), and Tamoxifen (CID: 2733526) were used as
reference compounds.”"”*~'** To facilitate the molecular
docking study, a grid box was generated to cover all target
active site residues described in the literature;''® details of the
molecular docking active site residues and grid box parameters
are shown in Table 9.

For the visualization of interactions between compound (3)
and the active site of VEGFR-2, PYMOL was utilized for 3D
visualization, while Discovery Studio was employed for 2D
visualization. These software tools allowed for a comprehensive
analysis and visualization of the specific interactions occurring
between compound (3) and the active site residues of VEGFR-
2.

4.6. Molecular Dynamics Simulations. MD simulations
were conducted to assess the stability of interactions between
compound (3) and the VEGFR-2 target. Schrodinger LLC
Desmond software was used for MD for 30 ns.''" Before the
simulations, the ligand—receptor complex was subjected to
preprocessing using Maestro’s Protein Preparation Wizard. This
involved optimization, minimization, and the filling of missing
residues, if necessary. The system was then constructed by using
the System Builder tool. For the simulations, the TIP3P solvent
model was employed in an orthorhombic box, maintaining a
temperature of 300 K, a pressure of 1 atm, and utilizing the
OPLS_2005 force field.'""” To simulate physiological con-
ditions, counterions, and 0.15 M sodium chloride were added to
neutralize the models. Before the actual simulation, the models
were equilibrated, and the trajectories were saved at intervals of
100 ps for further analysis and inspection.
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