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ARTICLE INFO ABSTRACT

Keywords: 7-benzoyl quinoxaline (BQ) was synthesized by the cyclocondensation of 3,4-diaminobenzophenone with
3,4-diaminobenzophenone glyoxal. BQ was characterized using elemental analysis (C, H, N), FT-IR, 1H NMR and UV-Visible spectral studies.
Gly.oxal . The crystal structure of BQ was solved by single crystal X-ray diffraction method. Chemical reactivity analysis of
g;}rnoxahne the newly synthesized molecule was made with the help of well-known quantum chemical descriptors like

hardness, chemical potential, first and second electrophilicity indexes and electronic structure rules like
Maximum Hardness Principle of Conceptual Density Functional Theory (CDFT). The results of CDFT based
calculations showed that this new molecule is stable and can act a good electron acceptor. Molecular docking
studies, providing valuable insights into the biological activity of the novel molecule, highlighted its potential to
showcase promising therapeutic characteristics against commonly occurring cancer types. This encouraging
behavior will be further validated through upcoming anti-proliferative studies, aiming to confirm its efficacy in

Molecular docking

combating cancerous cell growth and proliferation.

1. Introduction

Quinoxalines are N-containing heterocyclic compounds of impor-
tance in both chemistry and biology. The quinoxaline moiety in a
compound serves as the nucleus for the synthesis of biologically active
substances. These compounds form the basis of many insecticides, fun-
gicides and herbicides, as well as antitumor, antibacterial, anticancer,
anti-inflammatory, antiviral, antimalarial, antibacterial, immunosup-
pressive/antineoplastic and antidepressant drugs [1-4]. Some antibi-
otics, such as levomycin, actinoleutin and echinomycin also contain a
quinoxaline scaffold and these are found to inhibit the growth of Gram
positive bacteria and are active against various transplantable tumors
[5,6]. They also find use in dyes, synthesis of organic semiconductors,
anion receptors, dehydroannulenes and electrical-photochemical mate-
rials [7,8].

After testing the biological activities of quinoxaline compounds, in-
terest in this subject has increased. Many quinoxaline compounds are
synthesized and their properties are studied. BQ synthesis using cata-
lysts or different starting materials was given in two separate studies
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before [7,9]. The substituted quinoxaline derivative derived from
phenyl glyoxal and 3,4-diaminobenzophenone was tested in a patented
anticarcinogen study [10].

In this context, our interest in quinoxaline chemistry has focused on
the synthesis of a quinoxaline derivative, its spectroscopic properties,
analysis of its crystal structure, and theoretical (DFT and docking)
studies of the molecule.

In this study, BQ was synthesized from the reaction of 3,4-diamino-
benzophenone (DAB) with glyoxal in an easy and short-term method
without the need for a catalyst. Its structure and spectroscopic properties
were tested. By obtaining a single crystal, its three-dimensional crystal
structure was resolved by X-ray crystallography and presented here for
the first time. Molecular docking studies were performed to determine
the possible bioactive properties of the molecule. In addition, density
functional theory (DFT) calculations were made and interpreted.
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Table 1
Crystal data and structure refinement details.
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CCDC
Empirical formula

Formula weight (g.mol™")

Crystal color, habit
Crystal size (mm)
Temperature (K)
Crystal system
Space group

Cell dimensions

829,160
Ci15H10N20
234.26

Colorless, chunk
0.70 x 0.40 x 0.20
293.1

Monoclinic
P2;/a
a=7.724(5) A

b =10.4719(4) A
¢ =14.5049(8) A
o = 90°

f =101.127(3)°

¥ =90°
Cell volume (A% 1151.68(11)
Z 4
Densitycalc (g.cm’3) 1.351
p (mm™1) 0.087
Fooo 488
Index ranges —-9<h<8§,-12<k<12,-17<1<17
Reflections collected 44,494
Reflections 2178
Parameters 173
Goodness of fit indicator 0.997
R[F? > 26(F?)] 0.0840
WR(F?) 0.0670
Largest diff. peak and hole (e./i’s) 0.25 and —0.32

2. Experimental
2.1. Materials and methods

3,4-diaminobenzophenone, glyoxal and solvents were used as
received from Merck chemical company.

IR spectra were recorded by using an Agilent Cary 630 FTIR-ATR
spectrometer. Elemental analyses were carried out on a Thermo Fin-
nigan Flash EA 1112 Series Elemental Analyzer. UV-Vis spectra were
recorded in DMF solutions (3 x 10~°M) on the Shimadzu 2600 UV-Vis
Spectrophotometer. 'H NMR spectra were determined by a Varian
UNITY INOVA 500 MHz NMR spectrometer using DMSO-dg as solvent at
room temperature.

2.2. Synthesis

2.2.1. Cyclocondensation of 3,4-diaminobenzophenone with glyoxal

BQ is prepared via a reaction of 3,4-diaminobenzophenone and
glyoxal in methanol as shown in Scheme 1. The 3,4-diaminobenzophe-
none (1 mmol) was dissolved in 5-7 mL methanol with stirring. To
this solution, glyoxal (1 mmol) solution was added dropwise. The
mixture was heated in a water bath under reflux for 15 min. The reaction
was monitored by TLC. After the completion of the reaction, it was left
overnight at room temperature. A colorless shiny crystalline solid was
obtained. The crystals were washed with cold methanol and vacuum
dried. Single crystal suitable for X-ray study was obtained by recrys-
tallization of these crystals in ethanol.

Yield: 98%. Color: Yellow. M.p: 126-127 °C. Calculated for
C15H1oN2O (234.25 g mol™Y): C 76.91, H 4.30, N 11.96%. Analysis
found: C 76.89, H 4.44, N 12.06%. FT-IR (em™1): v(CH) 3000-3100,
»(C=0) 1649, v(C=N) 1607 and 1595. 'H NMR [500 Mhz, DMSO-de, &
(ppm)]: 9.05 (dd, 2H, -N=CH(g), 8.31 (d, 1H, -CH(a), 8.26 (d, 1H,
-CH(e)), 8.17 (dd, 1H, -CHy), 7.83 (dd, 2H, -CH,)), 7.74 (m, 1H, -CH()),
7.60 (m, 2H, -CHy)). UV-Vis (DMF) [Apax (nm)]: n—n* 263, n—n* 292,
n—n* 320.

2.3. X-Ray crystallography

Suitable single crystals of BQ for X-ray diffraction analysis were

Table 2

The selected bond lengths (A) and bond angles (°).
Bond lengths Bond angles
C1—01 1.226(3) C2—C1—01 119.5(2)
C13—N2 1.368(3) C8—C1—01 120.4(2)
C10—N1 1.366(3) C10—N1—C11 115.4(2)
C12—N2 1.292(4) C13—N2—C12 116.1(2)
Cl1—N1 1.307(3) C2—C1—C8 120.1(2)

obtained by slow evaporation of its ethanol solution at room tempera-
ture. The data were collected at a temperature of 20 + 1 °C to a
maximum 26 value of 50.1°. All measurements were made on a Rigaku
R-Axis Rapid-S imaging plate area detector with graphite mono-
chromated Mo-Ka radiation (A = 0.71070 A). The crystal structures were
solved by SIR 92 [11] and refined with CRYSTALS software package
[12]. The non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were refined using the riding model. Crystallographic data are
given in Table 1. The selected bond distances and bond angles are listed
in Table 2.

2.4. Conceptual density functional theory (CDFT) based calculations

The prediction of chemical reactivity of the chemical systems via
simple and useful equations is among the facilities provided via Con-
ceptual DFT to theoretical chemists and physicists. In this theory,
starting from the relationship between total electronic energy (E) and
the total number of electrons (N) for any chemical systems, important
equations to compute the parameters such as chemical potential (u),
electronegativity (), hardness (1) and softness (c) have been derived.
CDFT presents the following mathematical models for chemical poten-
tial and chemical hardness, respectively [13-15].

_ [
" vy,

=[x, -
A PR G
Electronegativity is given the negative of the chemical potential

while softness is mathematically presented as the multiplicative inverse
of hardness.

X=—H

o=1/y

Applying the finite differences approach to the mathematical re-
lations given above, one can get the following equations to compute
these quantum chemical parameters [16,17].

— = (A
p=-x=-—

n=I1—-A

o=1/(I-A)

Here, I and A are ionization energy and electron affinity, respec-
tively. In especially organic chemistry, electrophilicity and nucleophi-
licity concepts are widely considered in the studies regarding to the
reaction mechanisms and chemical binding. One of the main goals of
theoretical chemists is to derive the simple and useful formula to
compute such well-known parameters. In 1999, as a result of a range of
logical approaches; Parr, Szentpaly and Liu introduced the electrophi-
licity index (w) as [18]:

o= /=2

The second electrophilicity index (02) whose usefulness and validity
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Scheme 1. Synthesis of BQ.

are supported by Szentpaly and Kaya [19] based on the valence state
parabola model is calculated from the following formula:

1.A

0y =——
*TT-A

To predict the electron transfer between chemical systems and to
highlight the nature of the chemical interactions, theoretical chemists
continue to add new parameters to CDFT. The electron donating power
(07) and electron accepting power (o') parameters introduced by
Gazquez and coworkers [20] are calculated as:

0™ = (31 +A)/(16(I—A))

ot = (I+3A4)/(16(1—A))

In the present study, the chemical reactivity of the synthesized
molecule by us was analyzed in the light of the CDFT based quantum
chemical parameters. The ionization energy and electron affinity of this
molecule were predicted via Koopmans Theorem [21] presenting the
following relations:

I = —Egomo

A = —Erumo

2.5. Molecular docking and molecular mechanics (MM) studies

The docking interactions were investigated using Maestro
(Schrodinger Inc.). The analysis was carried out to determine the po-
tential binding interactions of the chosen ligand with the receptor’s
active site. Maestro’s LigPrep module was used to prepare the ligand
structure. Ligands were aided in binding in more than one potential
conformation by grid-based molecular docking. The protein structure
was created in Maestro using the protein preparation wizard (pre-
processed, optimized, and minimized). To match a pH of 7.4, the pro-
tonation and tautomeric states of amino acids were modified. Maestro’s

H2

H3

H4

receptor grid creation module was used to generate the grid; 0.25,
scaling factor, and 1.0, partial charge cut off for van der Waals radius
were used. Docking was done in XP (extra precision) mode. Glide mo-
lecular docking was used to assess binding interactions and ligand
flexibility. Binding energies in kcal/mol were computed. The XP Visu-
alizer was used to examine the individual ligand-protein interactions.
The protein with the pdb id: 4HJO was obtained from the Protein Data
Bank [22]. After drawing the structure of the ligand via Avogadro
software the structure was optimized and saved as a .sdf file [23].

Afterward to obtain the lowest energy structure and flexibility of
study of the molecule (an important factor in docking studies) [24] both
DFT and Molecular Mechanics (MM) calculations were performed. The
DFT results were acquired via the following level of theory:
m-GGA/MO6L [25,26] /DNP [27] /COMSO [28-30] (solvent: meth-
anol), whereas for MM conformer search the following conditions for the
calculations were applied: Search method — Random sampling; Number
of conformers — 500; Torsion angle window — 10; Forcefield: COM-
PASS III [31].

3. Result and discussion
3.1. Synthesis and spectroscopy

BQ was prepared by the cyclocondensation of 3,4-diaminobenzophe-
none (1 mmol) with glyoxal (1 mmol) (Scheme 1). BQ is soluble in
methanol, ethanol, THF, DCM, DMF, DMSO, chloroform, acetonitrile,
toluene and 1,4-dioxane solvents. The elemental analysis and spectro-
scopic data agreed with the proposed molecular formula of BQ.

The typical stretching band at 1660 cm™' belonging to the C=0
group of 3,4-diaminobenzophenone was examined at 1649 em ! with a
slight shift in the IR spectrum of BQ. In the spectrum of BQ, bands in the
range of 3429-3281 cm ™}, which are assigned to the asymmetric and
symmetric stretching modes of N-H in the amine groups of 3,4-diamino-
benzophenone, are not seen. In addition, new C=N bands, which are
formed as a result of the cyclocondensation of glyoxal with

Fig. 1. Molecular structure of BQ with the atom numbering scheme.
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Table 3
Calculated CDFT based parameters for the
synthesized molecule.

Enomo —6.280 eV
Erumo —3.206 eV
I 6.280 eV
A 3.206 eV
u —4.743

b 4.743

n 3.074

® 3.659

o 6.549

o 9.881

o 5.138

benzophenone, are seen at 1607 cm ™+ and 1595 cm ™ in the spectrum of
BQ [32-34]. IR spectra of 3,4-diaminobenzophenone and BQ are given
in Figs. S1 and S2.

Peaks belonging to -NH, groups at 3.31 ppm and 3.83 ppm in the 'H
NMR spectrum of 3,4-diaminobenzophenone are not observed in the
spectrum of BQ. The newly formed CH=N peaks as a result of cyclo-
condensation are also seen at 9.05 ppm. These results show the forma-
tion of quinoxaline. Also, the multiplets of the aromatic protons of BQ
appear within the range 7.60-8.31 ppm [9]. 'H NMR spectra of 3,4-dia-
minobenzophenone and BQ are given in Figs. S3-S5.

The UV-Vis absorption spectrum of BQ shows bands at 263 and 320
(shoulder) nm. The bands at 263 nm can be attributed to the n—rn*
transition of the benzene rings. The absorption band at around 320 nm is
due to n—x* transitions of the C=N chromophore groups [34,35]. UV-Vis
spectra of 3,4-diaminobenzophenone and BQ are given in Figs. S6 and
S7.

3.2. Crystallographic descriptions

Slow evaporation of BQ in ethanol gave crystals suitable for X-ray
crystallography analysis. The compound crystallizes in the monoclinic
space group P2;/a with a = 7.724(5) A, b = 10.4719(4) A, ¢ = 14.5049
® A, a = 90° p = 101.127(3)°, y = 90° and Z = 4. The molecular
structure of BQ with the atom numbering scheme is shown in Fig. 1.
Crystal data and structure refinement are tabulated in Table 1. The
C1=01 double bond distance [1.226(3) .7\] is close to the distances
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obtained in similar structures [33,36-38]. The C13-N2 [1.368(3) .7\],
C10-N1 [1.366(3) Al, C12-N2 [1.292(4) A] and C11-N1 [1.307(3) A]
bond distances in the molecule are intermediate between 1.43 and 1.45
A for an ideal C-N single bond and 1.28 A for an ideal C=N double bond,
indicating of electron delocalization in the molecule [32,38] (Table 2).

3.3. DFT studies

In Table 3, calculated quantum chemical parameters for our new
molecules are given. Fig. 2 visually presents the optimized structure,
HOMO, LUMO and ESP images of the synthesized molecule. Red region
appearing in ESP map is the region where the negative charge is
concentrated. This molecule interacts with metal surfaces and metal
cations via this region. Frontier orbital energies provide a useful strategy
to predict the electron donating and electron accepting capabilities of
molecules. It should be noted that the chemical systems with high Egomo
values are good electron donors while the molecules with low Ejymo
values act as good electron acceptors. Chemical hardness [39-41] is the
resistance exhibited against the polarization of the electron cloud of
atoms, ions and molecules. Hard and Soft Acid Base (HSAB) Principle
[42] includes the classification of Lewis acids and bases as hard and soft.
In this classification, it is seen that hard molecules exhibit high resis-
tance against polarization while soft molecules have high polarization.
Maximum Hardness Rule [43] states that “It seems to be a rule of nature
that molecules arrange themselves so as to be as hard as possible”. From
this explanation, it can be easily deduced that chemical hardness is an
indicator of stability and hard chemical systems are more stable
compared to soft molecules. Calculated chemical hardness value for our
molecule is 3.074 eV. There is proportionality between hardness and
electronegativity as noted by Bratsch. Electronegativity is the electron
withdrawal power of atoms and molecules. Electronegativity value
calculated for our molecule is 4.743 eV. Looking at the calculated
hardness and electronegativity values, it can be said that our synthesized
molecule is stable. Electron accepting power and electrophilicity index
values also imply that this molecule highly tends to attract electrons.
Conceptual Density Functional parameters calculated will be useful in
the design and synthesis of such type molecules in future experimental
studies.

Density Functional Theory plays a significant role in drug discovery
and development by providing computational tools to investigate the

Fig. 2. (. A) Optimized structure, (B) HOMO, (C) LUMO and (D) ESP images of the synthesized molecule.



Y. Kaya et al.

Energy [keal/mol]
-
hn

[

e
h

0 100 200 300 400 500
Conformer number

)
N’
4

w
w h

n

3.722

kcal/mol

Energy [keal/mol]
~

-

e
N

0 20 40 60 80 100 120 140 160 180
Torsion angle [¢]

Fig. 3. (. A) Conformer research and (B) Rotation barrier of the stud-
ied molecule.

electronic structure, reactivity, binding affinity, and other relevant
properties of drug molecules. These insights can guide the design and
optimization of novel drugs with improved efficacy, selectivity, and
pharmacokinetic properties. The computation of Electrostatic Potential
(ESP) using Density Functional Theory (DFT) in drug discovery and
development might provide useful insights into the electrostatic char-
acteristics of therapeutic compounds and their interactions with

A)
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biological targets. Furthermore, ESP gives portions of the drug molecule
that may create favorable interactions with the target receptor, such as
hydrogen bonding or ion-dipole interactions, by studying the distribu-
tion of charges. This data can be used to better understand the mole-
cule’s overall charge distribution and its ability to interact with charged
areas of the target protein or receptor, but also solvation properties of
the drug. ESP calculations are frequently integrated with other compu-
tational methods and experimental data to provide a full knowledge of
drug compounds’ molecular characteristics and behavior. As displayed
in Fig. 2, the molecule has both hydrophilic (red regions) and hydro-
phobic (blue regions) components that give a means to interact with and
exhibit pharmacological behavior with the protein structure.

3.4. Docking studies

As seen in Fig. 3, the rotation barrier for the molecule is quite low
and is comparable to other molecules possessing this single bond rota-
tion [44], meaning that the molecule is flexible and can adopt easily to
the shape of the protein pocket.

The epidermal growth factor receptor (EGFR), a cell-surface receptor
for epidermal growth factor members, was chosen as the study’s target
[45]. The EGFR is required for mammary gland ductal development, and
when the protein is overexpressed, it causes a variety of malignancies,
including epithelial tumors of the head and neck and anal cancers [46].
In Figs. 4, 2D and 3D structures regarding to the interaction with EGFR
of our designed molecule are given. According to the docking profile, the
ligand had a defined and strong binding affinity for the epidermal
growth factor receptor, as evidenced by the docking score values.
Standard inhibitor binds to the target site of the following protein side
chains by several pi-alkyl bonding interactions with: LEU 753, LYS 721,
VAL 702, and ALA 719; van der Waals bonding interaction with: PHE
832, CYS 751, THR 766, ASP 831, THR 830, and ILE 720; and pi-sulfur
bonding interaction with MET 742 and a docking score of —6.19 with an
dG binding value of —39.91 kcal/mol (evaluated via: Molecular me-
chanics with generalized Born and surface area solvation: MM-GBSA
scheme) [47]. Both, docking score and dG values are indicative of the
strong affinity of this ligand toward the EGFR.

4. Conclusion

Our work is based on the cyclodensation of 1,2-diamino compound,
3,4-diaminobenzophenone and 1,2-dicarbonyl compound glyoxal. As a
result, the synthesis of quinoxaline as described herein is simple and
extremely rapid. It also provides high (almost quantitative) yields. It can
be seen from the calculated CDFT based chemical reactivity descriptors

B)
LEU
Gy, 834 s
A742 :
LEU A702  ALA
LEU A:764 A:719 LEU
A753 5.12 a7 o g S0
5.28 ' T IR86 g 4o
PHE
A:832
ASP LEU
A831  aHR A694
CYS THR HOH ILE
A:751 A:766 104 A:720

van der Waals ’ Pi-sulfur ‘
Pi-alkyl

Fig. 4. The interaction with selected molecular system (EGFR) (A: 3D and B: 2D images).
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that the compound (BQ) exhibit high stability and can act a good elec-
tron acceptor. Through the molecular docking analysis, it was noted that
this molecule can powerfully interact with some biological systems and
can be considered in future drug design studies focusing on some com-
mon cancer types.
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