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Abstract: The target compound, 2-amino-4-(2,3-dichlorophenyl)-6-methoxy-4H-benzo[h]chromene -3-
carbonitrile (4), was synthesized via the reaction of 4-methoxynaphthalen-1-ol (1), 2,3-dichlorobenzal-
dehyde (2), and malononitrile (3) in an ethanolic piperidine solution under microwave irradiation.
The synthesized B-enaminonitrile derivative (4) was characterized by spectral data and X-ray diffrac-
tion. The in vitro anti-proliferative profile was conducted against five cancer cell lines and was
assessed for compound 4, which revealed strong and selective cytotoxic potency. This derivative
showed promising inhibition efficacy against the EGFR and VEGFR-2 kinases in comparison to
Sorafenib as a reference inhibitor. Lastly, the docking analysis into the EGFR and VEGFR-2 active
sites was performed to clarify our biological findings.

Keywords: benzochromenes; antitumor activity; EGFR; VEGFR-2; docking; X-ray

1. Introduction

Chromenes and benzochromenes are located in a wide range of natural products [1-5]
and have diverse biological actions. These molecules have demonstrated remarkable
anticancer activities through their resistance against specific enzymes such as steroid sul-
fatase, aromatase, and/or carbonic anhydrase [6-8]. 4H-Benzo[h]chromene derivatives
exhibit anticancer activities. Case in point, the 4-aryl-substituted 4H-benzo[l]chromene
and 6-chloro-substituted 4H-benzo[h]chromene derivatives operate as tumor vascular-
disrupting-agents (VDA) and induce cell cycle arrest via the G2/M phases [9]. Additionally,
the 4-pyridin-3-yl derivative of 4H-benzo[h]chromene is a potent inhibitor of cell prolif-
eration and causes accumulation of smooth muscle cells at the G2/M phase as well as
induces mitotic arrest in Chinese hamster ovary cells and HeLa cells, which has been
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revealed in the molecule’s cell cycle analysis [10]. Furthermore, the 4-aryl-substituted and
ester derivatives of 4H-benzo[/]chromene exhibit good cytotoxic and apoptotic effects
on a variety of human cancer cell lines [11,12]. Similarly, the 6-chloro, 6-methoxy, and
ester derivatives of 4-H-benzo[h]chromene [13-16] alongside the ester molecules of the
2,7-diamino-4H-benzo[h]chromene derivatives [12] demonstrated active cytotoxicity against
MCEF-7, HCT-116, and HepG-2 tumorous cell lines. Moreover, the 2-acetylamino and
2-aminomethyleneamino derivative of 6-methoxy-4H-benzo[h]chromene have been re-
ported regarding their active cytotoxic behavior, cell cycle progression impact, induced
apoptosis in human cancer cell lines, and inhibition of the topoisomerase enzyme [17].
In addition to the previous examples, chromene derivatives continue to be one of the
most richly researched areas within contemporary literature. As precedingly established,
these molecules have been incorporated in diverse functionalities, such as the enhance-
ment of the antitumor agent’s efficiency, inhibition of the c-Src kinase, DNA-binding and
Bcl-2-protein inhibitor activities [18,19], induction of cell cycle arrest and apoptosis in
human cancer cells via dual inhibition of topoisomerase I/1I, caspase 3/7 activity, and DNA
fragmentation [12,20-25].

Through the aforesaid instances and as a part of our ongoing interest in the generation
of new pyran derivatives with promising biological activities [26-50], the following report
reflects the central objective of synthesizing 2-amino-4-(2,3-dichlorophenyl)-6-methoxy-
4H-benzo[h]chromene-3-carbonitrile (4). An in vitro anti-proliferative profile was executed
against five cancerous cell lines and two normal (standard) cell lines for derivative 4.
Additionally, the inhibition efficiency of the EGFR and VEGFR-2 tyrosine kinase receptors
was explored and evaluated against Sorafenib as a reference inhibitor. The molecular
docking into the active sites of EGFR and VEGFR-2 was applied in order to introduce a
reasonable clarification for the findings.

2. Results and Discussion
2.1. Chemistry

Scheme 1 illustrates the preparation route for molecule 4. Synthesis was initiated
by the reaction of 4-methoxynaphthalen-1-ol (1) with 2,3-dichlorobenzaldehyde (2) and
malononitrile (3) in an ethanolic-piperidine media under microwave irradiation conditions
to afford 2-amino-4-(2,3-dichlorophenyl)-6-methoxy-4H-benzo[/]chromene-3-carbonitrile
(4). By repeating the reaction at different watt powers (200, 300, 400 W) and time intervals,
the maximal power of microwave irradiation was maximized (1, 1.5, 2 min.). The best
results were obtained by employing 400 W with a 2 min. reaction period, which gave the
maximum yield for compound 4. TLC was employed to monitor the reaction.

Cl

_0 MW / 400 W / 2 min_ OO o, Cl
Cl EtOH / pip.

() 3) O @

Scheme 1. Synthesis of 2-amino-4-(2,3)-dichlorophenyl)-6-methoxy-4H-benzo[h]chromene-3-
carbonitrile (4).

The specific rotation for derivative 4 was determined to detect the stereochemistry,
which showed zero rotation. This indicates that compound 4 is optically inactive and is
obtained in the racemic mixture form (=4); Scheme 1 [48-50].

2.2. Spectroscopic Data

The structure and purity of molecule 4 was investigated through spectroscopic data
analyses. The IR-spectrum of 4 exhibited characteristic absorption-bands at v 3336, 3211 cm ™!
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for NH; and 2188 cm ™! for the CN groups. Moreover, the 'HNMR-spectra of 4 revealed
singlet signals of the amino, methine, and methoxy moiety protons at 6 7.19 (D,O exchange-
able), 5.45, and 3.78 ppm, respectively. Meanwhile, the > CNMR-spectra of 4 displayed the
signals of the methine and methoxy carbons at ¢ 55.66 and 54.50 ppm. Furthermore, the
MS, 13C NMR-DEPT/APT, and X-ray single crystal analyses of 4 delivered the absolute
confirmation for their structures (see Supplementary Materials, Figures 51-57).

2.3. Biological Activity
2.3.1. Cell Viability Assay

Compound 4 was evaluated in an initial screening for its anticancer properties against
five human cancerous cell lines: mammary gland breast cancer (MCF-7), human colon can-
cer (HCT-116), human prostate adenocarcinoma metastatic (PC-3), lung carcinoma (A549),
and liver cancer (HepG-2) in comparison with Vinblastine and Colchicine as reference
drugs. Compound 4 was further evaluated against two normal cell lines: human fetal
lung (HFL-1) and human diploid fibroblasts (WI-38). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay [51] was performed to evaluate the
cytotoxic effects of the target compound, utilizing different concentrations ranging from
0-100 pug/mL. The results were expressed as growth inhibitory concentration (ICsy ng/mL)
values, where the necessitated concentration produced a 50% inhibition of cell growth after
24 h of incubation in assessment with the untreated cell control as shown in Table 1.

Table 1. ICs( values (ug/mL) of the target compound 4 against MCF-7, HCT-116, PC-3, A549, and
HepG-2 cell lines.

ICs5p pg/mL 2

Cancerotoxicity Normotoxicity
Compound MCEF-7 HCT-116 PC-3 A549 HepG-2 HFL-1 WI-38
4 11.6+£011%>  18140.19° 24£01 32+01 10 £0.01° 25.5 £ 245 £
Vinblastine 6.1 £0.05 2.6 £ 0.01 23+0.1 3.78 £0.01 4.6 +0.08 0.3324.1+0.1 1.3221.7 £1.2
Colchicine 17.7 £ 0.12 428 +£0.2 9.6 £0.1 21.3 £0.03 10.6 + 0.4 - -

2 ICs values are expressed in pg/mL as mean values of triplicate wells from at least three experiments and are
reported as the mean =+ standard error. b [52].

From Table 1, it is evident that the halogenated 2-amino-4-(2,3-dichlorophenyl)-6-
methoxy-4H-benzo[h]chromene-3-carbonitrile (4) displayed excellent to modest growth
inhibitory activity against the tested tumor cell lines and weak activity against the normal
cell lines. The assessment of the compound’s cytotoxicity against the cancer cell lines
MCEF-7, HCT-116, PC-3, A549, and HepG-2 indicated that compound 4 (ICs59 =2.4 £ 0.1
and 3.2 + 0.1 pg/mL) is potent against PC-3 and A549 in comparison with Vinblastine
and Colchicine (IC59 = 2.3 + 0.1, 3.78 £ 0.01, 9.6 & 0.1 and 21.3 £ 0.03 ug/mL), respec-
tively. Additionally, molecule 4 exhibited more potency and efficacy in evaluation with
Colchicine (ICs5g = 17.7 £ 0.12, 42.8 + 0.2, 17.7 £ 0.12 and 10.6 £ 0.4 ug/mL) against
MCF-7, HCT-116, and HepG-2 cancer cell lines (IC5y = 11.6 & 0.11, 18.1 £ 0.19 and
10 £ 0.01 pg/mL), respectively.

2.3.2. In Vitro EGFR and VEGFR-2 Inhibition

The regulation of cell proliferation, growth, and apoptosis are mediated through
several signal transduction cascades by the epidermal growth factor receptor (EGFR),
which is a tyrosine kinase transmembrane receptor [53]. Moreover, the EGFR-signaling
pathways stimulate the vascular endothelial growth factor VEGF-2, which is considered
the key inducer of tumor angiogenesis [54]. Therefore, the examined target compound 4
was assessed for its inhibitory behavior against EGFR and VEGFR-2, employing a kinase
assay kit that detects the amount of adenosine triphosphate (ATP) remaining in the kinase
reaction solution [55] and deriving a comparison to the inhibition of the reference protein
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kinases inhibitor Sorafenib as illustrated in Table 2. Compound 4 exhibited comparable
inhibitory activity on EGFR (ICsy value 0.2162 &+ 1.1 pM), which was 0.9-fold the activity
of Sorafenib (ICsy value 0.2307 + 1.8 uM). In the case of VEGFR-2, the ICgy value for
compound 4 and Sorafenib was 0.2592 £ 1.5 and 0.3075 & 1.2 uM, which was 0.8-fold the
value of Sorafenib and exhibited the highest inhibitory effect on the catalytic activity of
EGFR/VEGEFR-2, as shown in Table 2.

Table 2. EGFR and VEGFR-2 inhibitory activities of compound 4 with their fold inactivation relative
to the Sorafenib.

EGFR VEGFR-2
Compound Fold to Fold to
ICs0 (uM) Sorafenib ICs0 (uM) Sorafenib
4 0.2162 £ 1.1 0.9 0.2592 + 1.5 0.8
Sorafenib 0.2307 £ 1.8 1.0 0.3075 £ 1.2 1.0

EGFR: epidermal growth factor receptor; VEGFR-2: vascular endothelial growth factor receptor 2.

2.4. Molecular Crystal Description for Compound 4

The crystallographic structure of molecule 4 revealed lattice parameters area:
a=7.8561(4) A, b =9.2701(5) A, c = 12.8343(7) A, B = 89.852(4)°. The molecule is com-
posed of three fused rings, which are exactly aligned with each other (Figure 1). The
dichlorophenyl ring is located outside of the planarity for the three fused rings by 1.52 A
(Table S1). Furthermore, the dichlorophenyl fragment plane deviates by 119.41 from the
mean plane (through the pyran ring), indicating that the dichlorophenyl ring is perpen-
dicular to the pyran moiety. The molecular conformation structure was stabilized through
the soft intramolecular interaction ClleeeH1, which serves to determine the rotation of
the dichlorophenyl and 4H-benzo[/i]chromene groups (Figures S8 and S9). Moreover, OC-
HeeoCl and N-HeeeNC H-interactions formulate the ribbons that form throughout the
length of the a-axis. These ribbons are linked in a stepped pattern through C-HeeeN, as
they are parallel to each other (Figure 510).

f

Figure 1. The H-bonded chain viewed along the b-axis direction. OC-HeeeCl and N-HeeeNC are
represented in blue dashed lines.
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The torsion angle between the plane of the C11-C15 in the dichlorophenyl ring group
and that of the pyran moiety defined by C12/C11/C15/C20is 55.8 (5)°. The rotational orien-
tation of the amino fragment is located in a portion of the intramolecular C11-H11AeeeCl1
H-bond (Table 3 and Figure 1). C14-C12-C13-N1 has a torsion angle of 177.56 (1)° that indi-
cates that the NH2 moiety is switched substantially out of the plane. In the crystal package,
N1-H2eeeN2 and C21-H21AeeeCl1 H-bonds (Table 3) generate ribbons, growing along
the b-axis direction (Figure 1). As these are generated by the 21 axis, both N2-H2eeeN1
H-bonds are fairly wide and bind the two particles together. The three dimensions for the
crystal packaging can be defined by arranging the narrow layers that are parallel to each
other (Figure 510).

Table 3. The H-bond geometry of compound 4 (A, °).

D—HA D—H HA DA D—HA
Cl1—H11 N2 0.416 (19) 2.54 (19) 2.939 (14) 110(5)
C9—H21 H9A i 0.136 (18) 2.764 (18) 2.311 (19) 119 (4)

N2—H2N1C1402 0.546 (2) 2.204 (19) 2.649 (16) 135.5 (6)

Symmetry codes: (i) x+ 1,y +1/2, — z+3/2; (i) x,—y+1/2,z - 1/2.

The results in Table S1 demonstrated a strong relationship between the theoretical and
experimental results. The DFT values, achieved in the gas phase, exhibited little deviation
in appraisal with the experimental data, which is due to the intermolecular interactions
not being taken into account in the DFT simulation. The optimization geometry for the
04-C36, C11-C28 and N5-C26 bond lengths in compound 4 for both data were discovered
to be 1.378, 1.728, 1.146, and 1.3941 (18) A for XRD and 1.378, 1.727 and 1.147 A for DFT.
The bond angle and length values of derivative 4 are in close agreement with a correlation
coefficient (0.98 and 0.99, respectively (Table S1)), which were calculated using DFT and
XRD. These results confirm that the DFT simulation yielded optimized molecular structure
data approximate to that obtained through the XRD analysis. As a result and in light of the
DFT simulation, the electronic characteristics may be explored for compound 4.

2.4.1. The Hirschfield Analysis of Molecular Packing

The Hirschfield “HF” surfaces and all the patterns of the intermolecular bonds, which
contribute to the molecular packing of derivative 4, are mapped in Figure 2. The quantified
dnorm was written as (dnorm = (di — rodWi)/rvdWi + (de — rvdWe)/rvdWe) [56], where
rodWi and rodWe are connected to Vander-Waals radii, which measure how close the interior and
outer particles are to each other in terms of morphology. Short rodW submits to the positive
dnorm, while long rvdW has a negative value. Crystal Explorer [57] was applied to obtain a
link between de and di of the HFM for compound 4. The 3D HF for compound 4 was plotted
in Figure 2 with drorm in (—0.4616 to 1.5334) A, di (—0.8272 to 2.7847) A, de (0.8270-2.8507),
shape-index (—1.00 to 1.00) A, curvedness (—4.00 to 4.00) A, and patch fragment (0.00-12.00)
A. Molecule 4 is packed with its shortest interactions, which consist of NeeeO/OeeeN and
Cleee(Cl. The OeeeH contacts are represented in the dnorm fingerprint as a red area, and
these interactions are shorter than the vdWs’ radii (Figure 2). In addition, the relatively
long OeeeH /HeeeO (2.3%), CeeeO/Oeee((2.5%), and CeeeCl/CleeeC (3.6%) contacts
contributed to the crystal packing. The HeeeoH are the most dominant, with 31.2% of the
whole maps’ area. The absence of the major 77— stacking interactions was demonstrated
by the absence of red and blue triangles in SI and the high green flat site in curvedness
(crv). The crv fingerprint examines the morphology for the particle surface. The flat
surface and sharp curvature zones are relevant to the lowest degree of curvedness and the
sharp curvedness degree, respectively. Because of the linkages between the neighboring
molecules, the surface was divided into two patches. Si is a sensitive indicator for any
lattice shape deviation. Red triangles denote the concave zone, which is located on the
particle’s upper plane and indicates dichlorophenyl outside of the surface. The triangles
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with blue highlight demonstrate the phenyl fragment and are localized on the exterior
surface. The concluded data from SI agreed with the 2D fingerprint.

di Fragment Patch
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Figure 2. The HFM, represented in 2D interaction diagrams, and its contribution in compound 4 as

“_ 1

represented in the dyorm, d;, de, shape index“si”, curvedness “crv”, and fragment batch “fb”.

2.4.2. Analysis of the Quantum Theory of Atoms in Molecule “QTAIM”

QTAIM is a beneficial analysis of the H-interaction [56], utilizing quantum mechanics
that describe the atom as an open shell system. As postulated [57], NCI can be analyzed
depending on the electron density (p.) and Laplacian electron density(V2pc) at the bond
critical point (BCP) between a pair of atoms in the molecule and a critical point for the ring
(RCB). The characteristics of the electronic energy densities at these BCPs can be used to
classify and describe interactions between a chemical bond (ionic, metallic, covalent, etc.).
For all BCPs, we also derived the ellipticity (¢) (Table S2). The optimization of compound
4, gained from the QTAIM analyses, includes the atomic basin path, BCP, and the RCP
isoSurface, as represented in Figure 3.
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Figure 3. QTAIM molecular graph based on non-covalent interactions.

The pc and V2p,. for the strong H-bond at BCP should be within 0.002 and 0.034 a.u. and
0.024-0.139 a.u. The shared and closed shell interactions are represented by (pr > 0.14a.u.
and V2p(r) < 0 a.u.) and (p(r) < 0.05 a.u. and VZpr > 0), respectively [58]. Compound 4
displayed a p. range of 0.014 to 0.403 a.u. and a negative value for V?p(r), which suggested
that the presented H-interaction is a shared-shell type (Table S2). Furthermore, the V2p(r)
system was employed to further classify the H-bond interactions, such as (i) the strong
H-bonds with a covalent nature with V2p(r) < 0 and (ii) the partial covalent (intermediate
H-bonds) with V2p(r) > 0 (iii) V?p(r) > 0 for the weak H-bonds, electrostatic and non-
covalent character [58]. The two strong H-bonds with a covalent nature were confirmed by
the positive value for V2pr for the Cl1260eeH12 and OleeeH29 BCPs. Additionally, there
was one weak H-bond interaction (N1eeeH3) with a negative V2pr, which supported this
interaction as a noncovalent bond (Table S2).

2.4.3. Weak Interaction Profile
Non-Covalent Interactions (NCI)

The NCl is reliant on the nature of the covalent bond (degree of electron sharing), but
the obvious variation between the aforementioned two types involves the electromagnetic
interactions between molecules or within a molecule. The NCI performs a vital role in the
3D arrangement of super-molecules such as proteins and nucleic acids that are bound to
each other by the NCI. Furthermore, NCI has a strong influence on crystallinity, material
design, drug design, and self-assembly. Graphs between the energy via the reduced
density gradient (RDG) for compound 4 are described in Figure 4. The strong H-bonds
in compound 4 have negative energy (—0.04 to —0.100 a.u.), attributed to the CleeeH
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interaction. The energy in the range from —0.1 to 0.1 a.u is referred to Vander-Waals
attraction (weak hydrogen bonds) of N2eeeH?2 in 4. In this case, the strong repulsive force
(steric force) occurred in the range from 0.050 to 0.01 a.u. between the dichlorophenyl and
pyran moieties.

Scatter graph of NCI RDG isosurface
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Figure 4. Different weak interaction types for compound 4.

The Reduced Density Gradient (RDG)

The RDG was directly proportionated with the electronic cloud for the particles, and
they are mapped in Figure 4. The molecule with the highest RDG electronic density is
represented in green and red colors. The orange and red areas exhibit high electronically
reduced density in the range of 0.9000-1.000. The orange regions are distributed around all
the skeletons of compound 4. The moderate RDG, displayed in green color with a range of
values from 0.500 to 0.800, depicts nitrogen and chlorine atoms. The low RDG with blue
color is condensed over oxygen atoms for molecule 4.

LOL (Localized Orbit Locator) and ELF (Electron Localization Function) Profiles

The ELF and LOL were incorporated to study the electrical and geometric structure
relation and to obtain a better understanding of the bond mechanics of the particles. In
this paper, ELF and LOL analyses were utilized to investigate the topological properties
of monomer 4 in the aqueous phase. In Figure 4, green signifies a zone with high ELF
and LOL values while blue shows a region with low ELF and LOL values. The red and
blue colors indicate electron localization and delocalization [59]. Accordingly, the blue area
within these graphs portrays the localization of electron depletion around the H atoms of
the aromatic rings. Meanwhile, the green sectors (electron rich) have been capped over
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the carbon of the benzopyran moiety. The blue over the pyran ring indicates the highest
delocalization zone. The electron-rich sites with corresponding H-bond donor atoms of
monomers are influenced to produce H-bonds, which subsequently form dimer structures.

2.5. Reactivity Profile Based on Analysis of Frontier Orbitals, AEPM and ALIEM Surfaces

The objective of this section is the identification of the global reactivity (GR) of molecule
4, which is conducted utilizing FMO [60]. Bultinck et al. [61] postulated that “the energies
of the highest occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO
and LUMO energies) belong to the most popular quantum chemical descriptors”. The HOMO
examines the site ability to contribute electrons, while the LUMO describes the electron
acceptor area [60]. The HOMO and LUMO maps indicate the distribution of the orbitals in
3D in Figure 5. It is displayed that the distribution of the HOMO and LUMO shifted over
the benzopyran moiety, meaning that the benzopyran moiety has high electron donating
ability and accepting features following the cyclo-condensation reaction. As expected, the
benzopyran moiety correspondingly experiences high reactivity [58].

HOMO LUMO

NTOHole NTOparﬁcaI

AEPM ALIEM

Figure 5. Cont.
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Figure 5. FMO included HOMO and LUMO, AEPM and ALIE for molecule 4.

The different GR parameters were calculated and are listed in Table 4, including: #
(hardness), S (softness), x (electronegativity), wi (electrophilicity index), e (nucleophilicity
index), I (ionization potential), A (electron affinity), and ANy (transfer of a maximum
amount of electrons). The energy gap (AG) indicates the stability and reactivity index, and
the small AG particles are likely to have limited stability alongside high reactivity and vice
versa if AG is higher [62].

Table 4. Calculated chemical reactivity for compound 4 at the DFT/B3LYP/6-311**G (d,p) basics sets.

HOMO LUMO AG 7 s X wi e I A
—0.203 —0.050 0.154 0.077 13.023  —0.127  0.104 9.580 0.203 0.050
ALIEM,;;, ~ ALIEMumax  AEBack-donation ANmax
261 375 —0.019 —0.824
- 2[ 3221:2} 5= %’X - [aa_f]]v(r)'“’i = Z;S = i ANipax = % AEBuck—donation — /4 1)
N2 ] ()

The calculated HOMO/LUMO values are —0.203 and —0.049 a.u. The small AG =0.153
a.u. confirms the identity of molecule 4 as a soft molecule (S = 13.02 a.u.) with low kinetic
stability. It is evident that the increase within the ¢ value in assessment with the wi value
of derivative 4 subsequently increases its nucleophilic attack ability against the biological
receptors. The AEp,ck-donation (energy back donation) term refers to the amount of electrons
transferred from the receptor to inhibitor. The small AEp,ck-donation = —0.0192 value re-
vealed a high interaction ability with biological systems. Furthermore, the high amount of
electron cloud transfer from compound 4 to a biological system (AN, = 3.2 a.u.) further
substantiates the results via the high inhibition efficacy. Moreover, the NTOs formalisms
have been studied as compared to the standard canonical molecular orbital. Through
the introduction of a lower number of relevant orbitals in evaluation with the standard
assays, the NTOs present a clearer insight into the orbitals responsible for binding with the
receptor, which is illustrated in Figure 6. The plotted NTO pair reflects the importance of
the excitation state in biological media. Based on our previous study [63], it is possible to
assert that the intramolecular charge transfer transpires over the benzochromene skeleton.
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Reference inhibitor

Figure 6. Binding approach of stereoisomers for compound 4 and reference inhibitors into 4HJO and
20H4. H-bonds are represented with blue lines.

The average electrostatic potential map (AEPM) and average local ionization energy
map (ALIEM) are portrayed in Figure 5, which express the impact of the electrophilic and
nucleophilic assaults on the sensitivity of molecular sites [64]. The AEPM was initially used
to examine the distribution of electrons along reactive particle sites and subsequently calcu-
late the interaction and physiochemical behaviors [65]. Additionally, the AEPM introduces
a dynamic through repulsive and attractive interactions. A green cave was envisaged for an
intermediate potential value. The fluctuations of colors on AEPM demonstrate the variation
in the electrostatic potential. The highest green area is shielded over the benzo[f]chromene
moiety, while the blue region is localized over the amine moiety. The color variation denotes
a helpful recognition of how the investigated particle sites cleverly form intermolecular in-
teractions as well as where the highest insightful locations are experienced by electrophilic
and nucleophilic attacks. The growing blue zone is due to a high electrophilic ability, which
is considered as a substrate to distinguish the binding site through the substrate — receptor
electrostatic force. In order to predict the favorable molecular sites for the electrophilic
attacks, ALIEM is preferable to AEPM [64]. This fingerprint depicts the locations, where
electrons are loosely bonded and hence are more easily removed (the sites that are most
sensitive to electrophiles). ALIEM is represented equation-wise by Sjoberg [65] as a sum

of orbitals weighted by I(r) = Y; M, where pi( ?) is the electronic cloud for the
pL T

orbital (i) at the exact point <?), |ei| is the energy orbital, and p( ?) reflects the sum-

mation electronic density function. The red color of ALIEM indicates that the highest
electron density is bounded strongly in the vicinity of the methoxy group. Moreover, the
electron density suffers from low distribution around the molecular skeleton. In addition,
the ALIEM energy in Table 4 reflects the lowest amount of energy required in order to
separate the electron. Molecule 4 is more favorable to nucleophilic attacks due to the high
ability to attract electrons.
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2.6. The Molecular Docking Profile

The molecular docking analysis has been achieved to explain the potency for the
promising molecule 4 in vitro against the EGFR and VEFGR-2 kinases by deciphering their
probable means of interaction with PDB: 4HJO [66] and PDB:20H4 [66]. Glide’s module
has been employed to perform docking analysis, which was validated by the redocking of
the original inhibitors (Erlotinib and Benzimidazole) into the crystal structures of EGFR and
VEFGR-2. The free-binding energies (AE) are displayed in Table 5. The original inhibitors
and molecule 4 have been suitably fitted into the desired binding sites for the tested crystal
structures. The adenine pocket of EGFR and VEFGR-2 was targeted by the hetero ring for
Erlotinib and Benzimidazole, which formed an identical H-bond with Met769, Thr766, and
GIn767. Moreover, compound 4 docked fruitfully into the active sites in the same manner
as the original inhibitors. From Table 5, molecule 4 displayed promising binding affinities
in appraisal with the reference inhibitors for all the investigated kinases.

Table 5. The binding affinity for compound 4 with docking score (kcal/mol) against EGFR and
VEFGR-2.

AE rmsd H.B Elnt. E_ele AG rmsd H.B Int. E_ele
4HJO 20H4
4(S) —6.73 1.34 —6.17 —21.57 —8.28 4(S) —6.96 0.87 13.81 —24.05 —6.33
.. Benzi—
Erlotinib —5.36 1.34 —8.17 —-17.97 —9.20 . —6.96 1.44 —36.17 —15.97 —6.20
midazole

AG: free binding energy of the ligand, Elnt.: binding affinity of H-bond interaction with receptor, H.B.: H-bond
energy between protein and ligand. Eele: electrostatic interaction over the receptor.

In EGER (PDB:4H]JO), molecule 4(S) has a higher binding affinity (AE = —6.73 kcal /mol)
in evaluation with 4(R) (AE = —5.83 kcal/mol), which explicates the promising potency
(ICs50 = 0.2162 uM) for 4(S). Furthermore, compound 4(S) possesses more hydrogen in-
teractions with the amino acid backbone Met769 and vital n—m stack bond upon Leu694
and leu820 (Figure 6). Conversely, derivative 4(R) retains a weak stack interaction with
Leu694. In VEGFR-2 (PDB:20OH4), the established molecule 4(S) disclosed nearly the same
binding affinity to the VEGFR-2 inhibitor with AE = —6.96 kcal/mol, which corresponded
to approximately the same IC50 = 0.2592 uM. This compound was encased within the
binding pocket in the same manner as the original inhibitor through its arrangement in
a parallel mode with the circular Asp1044 and Cys1043 amino acids, inciting important
H-bonds with compound 4 (Figure 6). Lastly, molecule 4(S) displayed only one weak
H-bond with Gly839 (AE = —5.48 kcal/mol).

3. Experimental Section
3.1. Materials and Equipment’s

All chemicals purchased and instruments used are mentioned in the Supplementary
Material.

3.2. Synthesis of 2-Amino-4-(2,3-Dichlorophenyl)-6-Methoxy-4H-Benzolh]chromene-3-Carbonitrile (4)
Prepared as previously reported [52] (see Supplementary Materials).

3.3. Biological Screening

Cell culture, cytotoxicity evaluation using viability assay and in vitro tyrosine kinases
inhibition are mentioned in Supplementary Materials.

3.4. X-ray Crystallography Analysis

The slow evaporation technique was applied to obtain 4 single crystals with CCDC
2054708. The other procedures are mentioned in Supplementary Material Section 3.4. [67,68].
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The crystallographic data and refinement information are summarized in Table S3 and
Figure 7.

‘ N1

\
|

Figure 7. Crystal structure for compound 4.

3.5. Hirschfield Map Analysis

Crystal-Explorer [69] was used to build the 2D and 3D HFMs. To explicate, the
crystallographic data for 4 were imported into TONTO, which were implemented in
Crystal Explorer.

3.6. Quantum Chemical Calculations

The DFT theory was used for all computations and optimization geometry using the
“Becke3-Lee-Yang-parr; B3LYP” with “6-311**G (d,p)” basis set [70].

3.7. The Molecular Docking

The 3D crystal structure for both EGFR and VEGFR-2 kinases was generated by Glide-tool
as described [71]. All docking steps were carried out by ordinary method of Maestro.

4. Conclusions

In conclusion, microwave irradiation was utilized for the preparation of compound 4,
which originates in crystal form and which was characterized by X-ray diffraction. Com-
pound 4 was evaluated in vitro for its anti-proliferative efficacy against cancer cell lines
MCEF-7, HCT-116, PC-3, A549, and HepG-2. Furthermore, it was evaluated over the two
normal cell lines (human fetal lung “HFL-1” and human diploid fibroblasts “WI-38") and
demonstrated promising and healthy selective cytotoxicity against the malignant cell lines
and revealed weak behavior against the normal cell lines. Conversely, compound 4 ex-
hibited potent inhibition against the EGFR and VEGFR-2 kinases, which are superior in
evaluation with the inhibitory activity of the reference drug Sorafenib. The molecular
docking analysis for both stereoisomers in compound 4 over the active sites of EGFR and
VEGFR-2 kinases provides to us a reasonable explanation of the biological result for 4(S)
over 4(R).
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ cryst12050737/s1, Figure S1: 1TH NMR of compound 4, Figure S2: TH NMR 8-6 ppm of
compound 4, Figure S3: 13 C NMR of compound 4, Figure S4: 13 CNMR-DPT 45 of compound 4,
Figure S5: 13 CNMR-DPT 90 of compound 4, Figure S6: 13 CNMR-DPT 135 of compound 4, Figure S7:
13 CNMR-APT of compound 4, Figure S8: The number of atoms for compound 4 viewed along the
a-axis direction, Figure S9: Packing viewed along the b-axis direction with C-HeeeN hydrogen bonds
shown as light purple dashed lines, Figure S10: Detail of the intermolecular interactions forming one
chain viewed along the b-axis direction. N-HeeeN and CleeeH-O hydrogen bonds are shown as blue
dashed lines, Table S1: Selected experimental and theoretical geometrical parameters for compound 4,
Table S2: Topological parameters at BCP of compound 4 (electron density(p(r)), Laplacian of electron
density (V2p(r)), ellipticity (¢), Hamiltonian form of kinetic energy density (K(r)) and distance (D, in
A0) of bond path length (BPL) from the nuclear attractors), and compound 4 check CIF file, Table S3:
Crystal data and structure refinement parameters for compound 4.
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