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Abstract

Quinoxalines are regarded as a promising class of biologically active agents, and they
constitute useful intermediates in organic synthesis. In this study, we report synthesis,
single crystal X-ray diffraction, and computational investigations of the 2-(benzyloxy)-3-

phenylquinoxaline (O-alkylated isomer). Single crystal X-ray diffraction investigations
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revealed that the quinoxaline unit is not entirely planar. In the crystal form, inversion-related
molecules form dimers through slipped 1r-stacking interactions between quinoxaline units.
These are coupled together into chains extending along the c-axis direction by C—
H--1r(ring) interactions. Inspection of the Hirshfeld surface analysis revealed that H---H
(48.8%), C---H/H---C (35.1%) and H---N/N---H (7.3%are the main interactions that govern
the crystal packing of the presented structure. The optimized geometry, Natural Bond
Orbital (NBO), Fukui functions and all other structural and electronic features were
calculated by using Density Functional Theory (DFT) at B3LYP employing 6-311++G(d,p)
basis set. The HOMO and LUMO distribution showed a pronounced electronic density over
the quinoxaline moiety. Computed NBO analysis explored the interactions as well as
charge transfers among different orbitals and lone pairs occurring within the compound.
Radial distribution functions (RDF) were calculated using molecular dynamics (MD)

simulations to study interactions of water molecules with atoms of the title compound.

Keywords: Crystal structure; quinoxaline; DFT; Fukui function; Hirshfeld surface; Radial

distribution functions.

1. Introduction

Quinoxaline derivatives are a class of organic compounds comprising a large group of
nitrogen-containing heterocycles. They are of significant importance and high practical
value for the development of potent pharmacologically active compounds [1-3]. These
compounds are known to possess a wide spectrum of biological activities, including
antibacterial [4], HIV [5], antimicrobial [6], anti-inflammatory [7], antiprotozoal [8], and
anticancer [9]. There now exists a plethora of reports describing different biological and

photo-physical properties possessed by quinoxaline-based compounds [10-13].
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Echinomycin is a natural antibiotic belonging to the quinoxaline antibiotic family, which
exhibit various potent antimicrobial properties [14]. Subsequently, further synthetic
modifications of echinomycin were undertaken to develop several novel quinoxaline
antibiotics [11]. Furthermore, many drug candidates bearing diversely substituted
guinoxalines have been used for the development of new anticancer therapeutic agents
and some of them are under clinical trials [11]. Besides, quinoxaline and its derivatives
have numerous applications in many fields, such as agrochemicals as pesticides [15],
insecticides [16], herbicides [17], electron-transporting materials [18,19], building blocks in
electroluminescent and photoluminescent materials [20].

The numerous applications of quinoxalines have prompted researchers to explore and
develop efficient methods to synthesize new derivatives likely to present exciting activities
[21]. Alkylation reactions were used to synthesize bioactive compounds for the
development of new drug molecules, particularly the alkylation under the conditions of
phase transfer catalysis (PTC).

In view of the above-mentioned considerations, and as a continuation of our research work
[22—-24], we are reporting here the synthesis of 2-(benzyloxy)-3-phenylquinoxaline, using
the alkylation reaction under the conditions of solid-solid PTC, which allowed us to isolate
the O-alkylated product (Figure 1a). The crystal structure of 2-(benzyloxy)-3-
phenylquinoxaline was then obtained and reported. Its structure was characterized
computationally with the DFT method at B3LYP employing 6-311++G(d,p) basis set and the
Hirshfeld surface analysis. The HOMO and LUMO, which are known as Frontier Molecular
Orbitals (FMOs) along with other chemical descriptors, were examined to evaluate the
reactivity of the synthesized compound. Local reactivity (Fukui functions and dual

descriptor), MEP, and net charges were also calculated and discussed. The NBO analysis
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was carried out to calculate the net electron transfer from donors to acceptors, while the

RDF was used to determine atoms with significant interactions with water molecules.

2. Materials and methods

2.1. General Information

All the reagents used for the synthesis were commercially available (Sigma-Aldrich, Merck)
and employed without further purification. For analytical TLC, silica gel aluminum plates
(Merck 60 F.ss) were used. NMR spectra (‘*H NMR and *C NMR) were processed with
Bruker Avance 300 NMR Spectrometer operating at 300 and 75 MHz, respectively, in

deuterated chloroform (CDCl3) as solvent and TMS as an internal standard.

2.2. Synthesis of 2-(benzyloxy)-3-phenylquinoxaline

3-Phenylquinoxalin-2(1H)-one (1 g, 4.5 mmol), benzyl chloride (0.77ml, 6.75 mmol), and
potassium carbonate (0.931g, 6.75 mmol) with the amount of catalytic tetra-n-
butylammonium bromide (0.29g, 0.9mmol) were stirred in N, N-dimethylformamide (DMF)
(20 ml) for 48 h (Scheme 1). The solution was filtered, and the solvent was allowed to
evaporate under vacuum. Dichloromethane (20 ml) was added, and the solution was
filtered. The residue product was chromatographed on a silica gel column (hexane / ethyl
acetate: 9/1, as mobile phase) to give two different fractions.

The first fraction was purified by recrystallization in ethanol to afford yellow crystals with a
yield of 33% (O-alkylated isomer) while recrystallization of the second fraction gave a

yellowish powder with a yield of 48.5% (N-alkylated isomer). IR spectra of O- and N-
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alkylated isomers are shown in Figures S1 and S2 (Supplementary material), while the UV-

Vis spectra of the O-alkylated isomer is shown in Figure S3.

X

O-alkylated isomer

N
N K,CO;, BTBA
+ DMF
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Scheme 1. Synthesis procedure of 2-(benzyloxy)-3-phenylquinoxaline and its isomer.

O-alkylated isomer : Mp = 97-99 °C , FT-IR (KBr): 3083 cm™ (aromatic CH), 2931
(aliphatic CH), 1585 ( C=N)," H NMR (300 MHz, CDCls-d6) & ppm: 5.70(s, 2H, O-CH,);
7.37-7.54 (M, 5Haromaic ); 7.52-8.20 (M, 9Haromaic ); C NMR (75 MHz, 110 CDCl;) &
ppm:67.73 (CHy); 126.72, 126.88, 127.96, 128.01, 128.22, 128.52, 129.06, 129.68, 129.73,
129.76 (CHaromatic); 136.04, 136.63, 139.10, 139.84, 146.60 (Cq); 155.24 (C-O). * H NMR
and *C NMR spectrums of the O-alkylated isomer are shown in Figures S4-S6.

N-alkylated isomer : Mp = 121-123 °C, FT-IR (KBr): 3111 cm™ (aromatic CH), 2950
(aliphatic CH), 1625 cm™ ( C=0), 1585 ( C=N), * H NMR (300 MHz, CDCL3) & ppm:5.50(s,
2H, N-CH,); 7.17-7.37 (M, 5Haromatic ); 7.41-8.30 (M, 9Haromatic ); ->C NMR (75 MHz, CDCLs-
d6) & ppm:46.15 (CH,); 114.38, 123.82, 127.01, 127.72, 128.13, 128.96, 129.68, 130.33,

130.45, 130.62(CHaromatic ); 132.78, 133.36, 135.40, 136.05, 154.24(Cq); 155.82 (C=0).
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2.3. Data collection and refinement details

Data collection of O-alkylated isomer was performed using a Bruker Smart APEX CCD
system using Mo-Kq radiation (A = 0.71073 A). In this compound, all H atoms were located
in a difference-Fourier map and were freely refined. The structure solution was solved
employing SHELXT [25] and refinements were carried out on F? by full-matrix least-squares
techniques using SHELXL [25]. The experimental details, including structure refinement
and data collection details for O-alkylated isomer, are summarized in Table S1

(Supplementary Material).

2.4. Computational details

Optimization of molecular geometry was performed using the Gaussian 09W package [26].
GaussView molecular visualization software was used to draw the initial structure and to
visualize the results [27]. The molecular structure of the 2-(benzyloxy)-3-phenylquinoxaline
was optimized using the DFT method at B3LYP employing 6-311++G (d,p) basis set,
default SCF and geometrical convergence criteria in the water phase [28-30]. The solvent
effect in aqueous phase has been performed using the self-consistent recognition reaction
field (SCRF) method as implemented in the integral equation formalism polarized
continuum model (IEFPCM). For comparison purpose, quantum chemical parameters of N-
alkylated isomer were also computed and represented. Information about the delocalization
of charge in the synthesized compound was provided through NBO analysis using NBO Ver.
3.1 (Implemented in Gaussian Software) at the same DFT level with the POP=NBO
keyword. Chemical reactivity of the compound was discussed in view of the global reactivity

descriptors, HOMO-LUMO energies, MEP, natural and Mulliken charges. In order to
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validate the experimental results, IR spectra was also determined. Both experimental and
theoretical spectra are represented in supplementary material (Figure S1), from which a
good agreement can be seen between predicted and experimental data. Electronic
transitions in the UV-Vis spectral region were calculated by time dependent (TD) DFT
method with CAM-B3LYP level and 6-311++G (d, p) basis set in the ethanol. The
comparison between simulated and experimental ultraviolet—visible spectra is shown in
Figure S3, which shown a good agreement. It should be noted that DFT and experimental
UV-vis spectra were determined for single crystals.

Local reactivity descriptors were investigated by performing Fukui functions and dual
descriptor calculation using the GGA functional according to Perdew, Burke, and Ernzerhof
(PBE) and the DNP basis set [31] packed in Dmol3 module of Materials Studio (MS)
software [32]. Radial distribution function (RDF) was determined using molecular dynamics
simulations, aiming to investigate interactions of water molecules with atoms of the
synthesized quinoxaline derivative. To this end, a cubic simulation box containing one title
molecule and ~3000 water molecules was constructed and simulated at a temperature of
300 K, and pressure of 1.01325 bar with a timing increment of 1 fs, simulation duration of
10 ns and a 12 A cut off a radius. Simulations were performed by applying the COMPASS
force field within the isothermal—-isobaric (NPT) ensemble [33]. It should be noted that the
simulation box was relaxed in the beginning for a 100 ps within the canonical (NVT)

ensemble.

3. Results and discussions

3.1. Description of the crystal structure and optim ized geometry results
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3-Phenylquinoxalin-2(1H)-one is in tautomeric equilibrium with its isomer 3-
phenylquinoxalin-2-ol, which led to the formation of two isomers during the akylation
reaction with benzyl chloride. These are the N-alkylated isomer in powder form with a yield
of 48.5% and the O-alkylated isomer in the form of crystals with a yield of about 33%.
Crystals of the title compound were grown by ethanol evaporation, and a crystal structure
was obtained (Figure 1(a)). The quinoxaline unit (N13/N14/C1-C6/C11-C12) is not quite
planar [r.m.s deviation = 0.001 A]. The phenyl substituent (C15-C18, C20, C22) is aligned
at 39.32 (5)° with respect to the mean plane through the quinoxaline unit, whereas the
phenyl ring (C29-C32, C34, C36) of the benzyloxy moiety is aligned at 79.98 (5)°. The
C12—040—C26—C29 torsion angle is 97.06 (11)°.

In this structure, the molecule is stabilized by two weak intramolecular C—H---O contacts,
forming C(5) and C(6) ring motifs (Table 1) [34]. In the crystal, inversion-related molecules
form dimers through slipped tr-stacking interactions between quinoxaline units with a
centroid: - -centroid distance of 3.5979 (9) A and thedihedral angle between mean planes
of 1.25 (6)° (Figures 2, S7 and S8). The dimers are connected into chains extending along
the c-axis direction by C1—H7.---Cg3 and C30—H33:--@4 interactions (Table 1 and
Figures 2, S7 and S8). The chains pack with normal van der Waals contacts (Figures 2 &
S7).

Cgl and Cg2 are, respectively, the centroids of the N13/C3/C4/N14/C11/C12 and the
C1...C6 rings. The centroid...centroid distance Cgl...Cg2 (at 1-x,1-y,2-z) is the same as for
the Cg2...Cgl (at 1-x,1-y,2-z) and is the value given in the CIF. The C2...Cgl (at 1-x,1-y,2-

z) distance is 3.44 A while the N13...Cg2 (at 1-x,1-y,2-z) distance is 3.41 A.
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Table 1. Hydrogen-bond geometry (A, ©)

D—H--A D—H H--A D--A D—H--A
C31—H35---040 0.988 (16) 2.467 (15) | 2.8346 (15) | 1015 (1)
C16—H19---040 1.031 (16) 2.383 (16) | 2.8529 (17) | 106.5 (10)
C1—H7---Cg3 0.959 (16) 2.670 (18) |3.5285 (15) |149.2 (15)
C30—H33:--Cg4 0.999 (16) 2.948 (18) |3.7966 (16) |140.1 (12)

Cg3 and Cg4 are, respectively, the centroids of the C29---C31 and the C15---C17 phenyl
rings; Symmetry codes: (i) X, y, z+1; (ii) —x+1.

Theoretically predicted geometrical parameters, i.e. (bond lengths, bond angles, and torsion
angles), are listed in Table 2 along with those from X-ray structure analysis. The optimized
molecular structure of 2-(benzyloxy)-3-phenylquinoxaline showing the atom numbering
scheme, is represented in Figure 1(b).

Unlike the X-ray structure analysis, the theoretically predicted parameters were calculated
in a simulated water phase, which is so far from the experimental environment. It is worth
considering this when comparing both results, and therefore small deviations should not be
surprising. However, the results demonstrate a good agreement between both data, which
is confirmed by correlation coefficients of 0.991 and 0.976 for bond lengths and bond

angles, respectively.

Table 2. Some selected experimental and theoretical geometric parameters for 2-

(benzyloxy)-3-phenylquinoxaline (A, °).

. Experimental Theoretical
Geometric Parameters [X—ray diffraction]
[DFT/B3LYB]
Bond (A)
040-C12 1.3464(12) 1.34944
N13-C12 1.3031(13) 1.30571
N14-C11 1.3131(13) 1.31705
C4-C5 1.4106(15) 1.41697
C5-C6 1.3735(15) 1.37113
C6-C1 1.4080(17) 1.41653
Cil-C2 1.3740(16) 1.38235
C2-C3 1.4124(15) 1.41449

9



Cl12-Ci11 1.4551(15) 1.45837
C26-C29 1.5089(15) 1.50505
040-C26 1.4475(13) 1.44263
N13-C3 1.3755(14) 1.36769
N14-C4 1.3749(13) 1.36466
C4-C3 1.4139(16) 1.41401
C11-C15 1.4888(14) 1.48839
R?=0.991
Bond angles (°)
C12-040-C26 118.14(8) 117.38198
C11-N14-C4 118.06(9) 118.72634
N14-C4-C3 121.23(10) 120.60224
C6-C5-C4 120.01(10) 120.94389
C2-C1-C6 120.42(10) 120.73123
N13-C3-C2 119.83(10) 120.38275
C2-C3-C4 119.55(10) 119.58553
N13-C12-C11 123.49(10) 123.18501
N14-C11-C12 119.80(10) 118.54829
C12-C11-C15 122.74(9) 122.21587
C12-N13-C3 116.79(9) 116.89647
N14-C4-C5 119.36(10) 119.83692
N13-C3-C4 120.62(10) 120.03068
N13-C12-040 120.89(9) 119.64714
040-C12-C11 115.59(9) 115.15772
N14-C11-C15 117.45(9) 117.21057
040-C26-C29 112.66(9) 111.76381
R®=0.976
Torsion angles (°)
C11-N14-C4-C5 -178.21(10) -179.51737
N14-C4-C5-C6 179.21(10) 179.61686
N13-C12-C11-C15 179.52(9) 178.99326
C26-040-C12-C11 177.94(9) 176.90779
116 N14-C4-C3-N13 -0.69(16) 0.72309
217

218  3.2. Hirshfeld surface analysis

219

220 Hirshfeld surfaces (HS) were generated for the title compound using CrystalExplorerl7.5
221 [35]. Hirshfeld surfaces enable the visualization of inter-molecular interactions by different
222 colors and color intensity, representing short or long contacts and indicating the relative

223 strength of the interactions.

10
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The function dnom IS a ratio enclosing the distances of any surface point to the nearest
interior (d;) and exterior (de) atom and the van der Waals radii of the atoms [36,37]. The
function dnom Will be equal to zero when intermolecular distances are close to van der
Waals contacts. They are indicated by a white color on the Hirshfeld surface, while contacts
longer than the sum of van der Waals radii with positive d.om values are colored in blue.
The surface plot for dnorm (Figure S9) was generated using a high standard surface
resolution over a color scale of -0.1330 to 1.3108 a.u.

The bright-red spots indicate their roles as the respective donors and/or acceptors; they
also appear as blue and red regions corresponding to positive and negative potentials on
the Hirshfeld surface mapped over electrostatic potential shown in Figure S10. The blue
regions indicate the positive electrostatic potential (hydrogen-bond donors), while the red
regions indicate the negative electrostatic potential (hydrogen-bond acceptors) [38,39]. The
shape index of the Hirshfeld surface is a tool to visualize T—11 stacking interactions by the
presence of adjacent red and blue triangles. If there are no adjacent red and/or blue
triangles, then there are no -1 interactions. Figure S11 clearly suggests that there are —
1T interactions present in the title compound.

Figure 3a shows the overall 2D fingerprint plot, and Figure 3b-d shows those for the H---H,
C---H/ H---C, and N---H / H---N Iinteractions, resgctively [40]. The H---H contribution is
48.8% to the overall molecular packing (Figure 3b). The wide peak at d; = de = 1.15 A in
Figure 3b is due to the short interatomic H---H intractions (Table 3). The existence of two
C—H-- a7 interactions (Table 1) eventuate as two pairs of wings in the fingerprint plot
delimited into C---H/H---C interactions with a 35.1% contribution to the HS analysis (Figure
3c). However, the two pairs of thin and thick edges at d; + de = 2.60 A, arise from the

interatomic C---H/H--- C interactions (Table 3).

11
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Figure 4a-d represents the contributions to the HS for all---all, H---H, C---H/H---C, and
N---H/H---N interactions, respectively. In the crysal structure, the H---N/N---H interactions
with 17.0 % contribution have a symmetrical point distribution as shown in Figure 4d, with
the ends at de + d; = 2.80 A (Table 4). The interatomic C---C interacions (Table 4) with a
4.1% contribution shown as an arrow-shaped point distribution in Figure 4c, with the vertex
at d; = de= 1.65 A. The percentage contributions of the remaining interatomic interactions to
the HS for the title compound are listed in Table 4 and are presented in Figure 5.

The HS analysis verifies the significance of H-atom interactions in setting up the molecular
packing. The H---H, C---H/H---C, and N---H/H---N taractions state that hydrogen bonding

and van der Waals interactions play the leading roles in the molecular packing [40].

Table 3. Summary of short interatomic contacts (A) in the title compound.

Contact Distance | Symmetry operation
(C26) H27---040 (C12) 2.66 1-x,1-y,1-2
(C18) H23::-C4 (N14) 2.84 -X1-y,1-2
(N13) C3---C3 (N13) 3.42 1-x,1-y,2-2
(C5) H9:---C5 (C4) 3.08 -X,1-y,2-2
(C6) H10---H16 (C19) 2.44 X, y,1+2z
(C2) H8---H24 (C20) 2.48 X,-1+y,z
(C34) H38:-:-C36 (C34) 3.05 -X,-Y,-2Z
(C36) H39:--H9 (C5) 2.39 X, -1+y,-1+2z2
(C32) H37---H28 (C26) 2.53 1-%x-vy,1-2

Table 4. Percentage contributions of interatomic contacts to the Hirshfeld surface for the

title compound.

Contact Percentage contribution

H---H 48.8
C:---H/H---C 35.1
N---H/H---N 7.3

C---C 4.1
O:---H/H---0 2.1
N---C/C---N 1.8

12
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3.4. Frontier molecular orbital (FMO) studies

The chemical reactivity of an organic compound at the atomic level can be assessed
through examination of the molecular orbitals [41-44]. Bultinck et al. [45] stated that "The
energies of the highest occupied molecular orbital and the lowest unoccupied molecular
orbital (HOMO and LUMO energies) belong to the most popular gquantum chemical
descriptors". As it is well known, HOMO is the outermost orbital that provides information on
the tendency of a molecule to donate electrons; meanwhile, the innermost orbital LUMO is
related to the electron affinity, and it is an indicator of the electron-accepting ability of a
chemical compound [43,46,47]. The 3D plot of HOMO and LUMO orbitals of the title
compound is shown in Figure 6. As can be observed from Figure 6, the LUMO and HOMO
electrons have similar distributions, which are all delocalized on the quinoxaline moiety and
the phenyl ring linked to it. It means that they are the preferred regions for donating and
accepting electrons.

Based on the frontier molecular orbitals (FMOSs), the ionization energy (IP) and electron

affinity (EA) can be determined by the following formulas [48]:

EA=—E o (1)

IP="Eavwo ey

The chemical potential (u), absolute electronegativity (X ) and absolute hardness (/) were
calculated from a combination of ionization energy and electron affinity values using
following equations [48]:

:IP;EA (3)

X="H
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:IP—EA (4)

1
and 0—; (5)

(o denotes the softness).

Recently, Udhayakalaa et al. have reported theoretical calculations of some quinoxaline
derivatives, and one of them (namely 2,3-diphenyl quinoxaline, DPQ) has obvious
structural similarity to our synthesized quinoxaline derivative [49]. Quantum chemical
parameters of N-alkylated isomer were also computed for comparison. The obtained results
of quantum chemical parameters of O- and N-alkylated isomers along with those of DPQ
are reported in Table 5. A substantial Eyomo Vvalue indicates a higher tendency to donate
electrons, whereas, in contrast, a lower E_ywo value indicates a higher ability to accept
electrons [50,51]. On the other hand, the HOMO-LUMO energy gap is an excellent way for
scientists to characterize the chemical reactivity and stability of molecules. Large energy
gap indicates higher stability and low reactivity to a chemical species, and vice versa, if its

value is lower [50,52].

Table 5. Quantum chemical parameters of DPQ O- and N-alkylated isomers obtained using

DFT at the B3LYP level.

Parameter Value
O-alkylated isomer DPQ [49] N-alkylated isomer

Erowmo, (eV) -6.144 -6.068 -6.204
ELumo, (V) -2.099 -1.906 -2.342

AE, (eV) 4.045 4.161 3.862

IP, (eV) 6.144 6.068 6.204

EA, (eV) 2.099 1.906 2.342

n, (ev) 2.022 2.080 1.931

X, (eV) 4.121 3.987 4.273

w, (eV) 4.199 3.819 4.728

14



304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

o, (eV?) 0.494 0.480 0.518
g, (eV-1) 0.238 0.261 0.211

The calculated HOMO/LUMO energies values tabulated in Table 5 are -6.144 eV / -2.099
eV, -6.068eV / -1.906 eV, and -6.204 eV / -2.342 eV for O-alkylated isomer, DPQ, and N-
alkylated isomer, respectively. Thus, the ability of O-alkylated isomer to donate electrons is
lower than DPQ, but it is higher than that of N-alkylated isomer. In contrast, its ability (i.e.,
O-alkylated isomer) to accept electrons is higher than DPQ, but it is lower than that of N-
alkylated isomer. As stated before, the energy gap between HOMO and LUMO would
reveal information about the stability of a chemical compound and whether it is a soft or
hard molecule. As for the energy gap values between HOMO and LUMO, these are 4.045
eV, 4.161 eV, and 3.862 for O-alkylated isomer, DPQ and N-alkylated isomer, respectively.
It can be observed that N-alkylated isomer exhibits the lowest energy gap compared to O-
alkylated isomer and DPQ. A molecule with a smaller energy gap is, in most cases, softer
than that with a large energy gap. Thus, the DPQ and O-alkylated isomer compounds can
be classified as hard molecules (high kinetic stability), while the N-alkylated isomer
molecule is a soft molecule (more reactive).

The electrophilicity index (W) and its multiplicative inverse i.e., the nucleophilicity index (€ )

were calculated using the following formulas [53,54]:

K

= 6

w 0 (6)

— 7)
w

Other theoretical descriptors that can be used to interpret the electron-accepting ability of
molecules are the electrophilicity and the chemical potential. A strong electrophilic

character is associated with a molecule that has a higher electrophilicity [55]. While, the
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electron-donating ability is associated with the nucleophilicity descriptor, and this means
that a molecule that has a large nucleophilicity value should have a strong nucleophilic
character [55]. Therefore, results in Table 5 suggest that the synthesized N-alkylated
isomer is the strongest electrophile, followed by O-alkylated isomer and DPQ compounds.
In summary, quantum chemical parameters revealed that both N- and O-alkylated isomers
have remarkable electronic properties. Such characteristics could make them useful for a

large range of applications.

3.5. Local reactivity: Fukui functions and dual des criptor

Besides global reactivity descriptors of molecules, a more accurate study using Fukui
functions could examine possibly important reactive sites and predict in a precise way the
susceptibility of atoms of a molecule to a radical attack, a nucleophilic attack and an
electrophilic attack [43]. The condensed Fukui functions resulted from a derivative of

electron density keeping the positions of nuclei unchanged [56-58]. Nucleophilic,

electrophilic, and radical attack are, respectively, expressed as (f+), (f7) and (fo). They

are defined as follows [59]:

fe =q (N+)-q(N) ®)
fe =a(N)-q (N-1) 9)
£ =2[a(N+9-q (N-1) o)

where Q. is the atomic charge at the k™ atomic site within a molecule in its neutral (N),

anionic (N+1) or cationic (N-1) state [60].
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Further, one of the more accurate ways to predict the electrophilic and nucleophilic
susceptibility is to use the dual descriptor. It has been introduced via the following equation
[61]:

A (K)=f"—f (11)

The dual descriptor can easily predict the propensity toward electrophilic and nucleophilic
attacks. An atom susceptible to nucleophilic attack has a positive dual descriptor while that
prone for electrophilic attack has a negative dual descriptor [62].

The values of condensed Fukui functions and dual descriptor are reported in Table 6. In
light of the results presented in Table 6, it may be concluded that C1, C31, C32, and C22
are the most suitable sites for the radical attack. Whereas the C4, C1, C11, N14, C22, and
C29, C31, C36, and C32 are the preferred atomic sites for nucleophilic and electrophilic
attacks, respectively. The dual descriptor is fundamental to characterize the reactivity of
atomic sites towards a nucleophilic or an electrophilic attack. However, it would be
interesting to note that some sites possess both nucleophilic and electrophilic properties.
For instance, C6, N13, and O40 atoms exhibit both nucleophilic and electrophilic
characters. Further inspection of the results in Table 6, it can be observed that, based on
the number of sites, the O-alkylated isomer compound has widespread electrophilic sites
compared to nucleophilic ones. However, nucleophilic sites are more intense than
electrophilic sites.

While FMOs provided important information about the overall reactivity of the synthesized
molecule. Fukui functions calculations indicate that the reported molecule has a mix of both
electrophilic and nucleophilic characteristics. Thus, highlights its donor-acceptor

interactions with other chemical species.
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Table 6.

2-(benzyloxy)-3-

Condensed Fukui functions and dual descriptor of
phenylquinoxaline obtained by DFT at the GGA level.
Atom 1O f* f- Af
C(6) 3.6 4.3 2.9 1.4
C(5) 2.3 3 1.7 1.3
C(4 3.8 4.9 2.8 2.1
C(3 3.5 4.3 2.8 15
C(2 2.3 2.8 1.7 1.1
C(1 4.3 5.6 3.1 2.5
N ( 13) 3.1 3.3 2.9 0.4
C(12 3 3.6 2.4 1.2
C(11) 3.4 4.5 2.3 2.2
N (14) 3.5 4.6 2.5 2.1
O (40) 3.5 4.1 3 1.1
C (26) 1.3 1.2 1.3 -0.1
C (29 2 0.3 3.7 -3.4
C (31 4.2 1.4 7.1 -5.7
C (34 2.3 1 3.6 -2.6
C(36) 3 1 5 -4
C (32 4.5 1.5 7.5 -6
C (30 2.1 0.9 3.3 -2.4
C (15) 3.7 4.5 2.9 1.6
C(16) 2.9 3.6 2.1 1.5
C(18) 2.8 3.5 2.1 1.4
C (22 5.2 6.3 4.1 2.2
C (20 2.7 3.2 2.1 1.1
C(17) 3.2 4 2.4 1.6

The actual values have been multiplied by 100 for an easier comparison. H atoms are not shown.

3.6. Molecular electrostatic potential (MEP)

The concept of molecular electrostatic potential is widely applied as a theoretical concept to

explore electrophilic, nucleophilic, and hydrogen bonding sites [63]. The prediction of the

reactivity of molecules by MEP can be achieved by visual inspection of different colors,

which

represent different values of the MEP and

its magnitude [64]. The most

electronegative electrostatic potential is represented by Red color (most substantial

repulsion), while blue color represents the maximum positive region (most potent attraction)
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[42]. Colored areas in green mainly represent a neutral potential [42]. The increment of
electrostatic potential decreases gradually from negative to positive as follows
red <orange < yellow < green <blue. In the MEP maps shown in Figure 7, the maximum
negative regions are mainly over N14 atom, with a significant density over the phenyl ring
linked to the quinoxaline moiety and a very less density over N13 atom. In the case of
positive potential, MEP showed that the maximum positive region is over hydrogen atoms.
Therefore, these results confirm and strengthen the indication that the quinoxaline moiety of
the O-alkylated isomer possesses excellent electrical properties with a wide range of

electrophilic and nucleophilic sites.

3.7. Net charges

Although much of theoretical information about a molecule's reactivity can be obtained from
global descriptors and Fukui functions, it is essential to mention that the charge distribution
on the molecule provides an important way in the effective investigation of the charge
transfer, thus donor and acceptor properties of molecule's atoms [44]. Even more important,
it has the strongest influence on the overall properties of molecules such as local and global
reactivity and electrophilic/nucleophilic nature. To extract charge distribution information
about the quinoxaline derivative, two simple methods were utilized: the Mulliken charges
and natural atomic charges. Predicting the charge distribution using the Mulliken population
analysis is a widely used method because of its simplicity. However, its results can be
easily varied by altering the size of the employed basis set. In contrast, the natural
population analysis is known as a more reliable method. In the present work, both

populations are used, and their results are graphically represented in Figure 8.
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As could be seen in Figure 8(a), NPA reveals that N13, N14, and O40 (N13 =-0.493, N14 =
-0.406, and 040 = -0.538) are the most negative atoms while C11, C12, and C3 (C11 =
0.173, C12 = 0.538, and C3 = 0.138) present in the adjacent positions are the most positive
atoms. In the case of MPA (Figure 8(b)), N13 (-0.478), N14 (-0.479) and 040 (-0.550) are
the most negative atoms whereas C12 (0.440), C3 (0.182), and C4 (0.179) are the most
positive sites. The charge distribution showed that carbon atoms attached to
electronegative atoms (nitrogen and oxygen) have positive charges. These electronegative
atoms pull out the partial charges from the carbon atom, and hence they become positive,
and it is the reason why these heteroatoms are more negative. Carbon atoms that carry
higher positive charges are the most able to receive electrons from the orbital of donor
species to create a feedback band. While atoms having negative charges are the most
susceptible sites to give electrons to an acceptor to be bonded as a correlative. These
findings are in agreement with above-mentioned MESP and Fukui functions results, which
all confirm the remarkable reactivity of the quinoxaline moiety of the O-alkylated isomer,

especially its heteroatoms.

3.8. Natural bond orbital (NBO) analysis

The NBO analysis is another crucial way to elucidate the chemical characteristics of the
bonding. It can be used as a convenient means to investigate intra and intermolecular
bonding, reactivity, stability, basicity, and relationship between the donor (filled orbitals) and
acceptor (virtual orbitals) [65]. This analysis could permit a better understanding of charge
transfer or conjugative interactions and how these interactions will affect the stability of a
molecular system [43]. For more accurate information on donor-acceptor interactions,

stabilization energy E(2), which can be obtained from the second-order Fock-matrix
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analysis, is another proficient way of gaining an insight into such information. Its value is
directly proportional to the NBO interaction intensities. The strength of the molecular
interaction between electron donors and electron acceptors increases with the increase of
the stabilization energy, and therefore, the extent of charge transfer or conjugation of the
whole system becomes more pronounced. In other words, higher NBO interaction strengths
(intensities) are associated with higher stabilization energy E(2), thus a higher degree of
electron delocalization [65].

Based on these, donor-acceptor interactions having stabilization energy above 5 kcal/mol
are listed in Table S2. The highest donor-acceptor interaction is via LP (2) O40
corresponding to acceptors BD*(2) C12 - N13 with stabilization energy of 39.74 kJ/mol.
Several donor-acceptor interactions have been identified with high intensity, such as
m(C15-C16) — 1*(C18-C22) (20.85 kcal/mol) and mm(C18-C22) — 1*(C15-C16) (20.93
kcal/mol). Here, the intra-molecular interaction is formed by the orbital overlap between 1
(C-C) and 1m*(C-C) bond orbital, which results in intra-molecular charge transfer causing
stabilization of the system. Donor-acceptor interactions like m(C15-C16) — 1*(C18-C22)
(20.85 kcal/mol), m(C18-C22) — 1*(C15-C16) (20.93 kcal/mol), m(C29-C30) — m*(C32-C36)
(19.89 kcal/mol) and 1(C32-C36) — 1*(C29-C30) (20.13 kcal/mol) are responsible for
conjugation of the respective 1 bonds in the phenyl rings. From the quinoxaline moiety, an
important interaction also leads to the stability of the title molecule. This includes the
donation of lone pairs of LP(1) N13 to antibonding o*(C11-C12) that corresponds to a
stabilization energy of 11.69 kcal/mol. Together, these results demonstrate the intensive
interactions between electron-donors and electron-acceptors and a greater degree of

hyperconjugation in the whole system.

3.9. MD simulations: Radial distribution functions
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Bearing in mind that various potential pharmaceutical compounds will eventually end-up in
contact with water, information on how water molecules are positioned around the atoms of
the synthesized compound could serve as a valuable tool for evaluating its stability [66].
Herein, this was examined through RDF after performing MD simulations. The RDF
represents the probability of finding a particle in the distance r from another particle [67].
Thus, atoms with pronounced interactions with water molecules could be identified. Figure
S12 summarizes the results of atoms that are more prone to interactions with water
molecules. In RDF analysis, the first pronounced peak located at a short distance indicates
significant interactions with water molecules [68,69]. In Figure S12, atoms C5, C4, C11,
C34, C32, C20, H9, H8, H39, H38, H35, N14, N13, and O40 are represented. Results
indicate that C4, C11, and C34 atoms have the significant interactions, among which, the
most critical interactions could occur at C11 and C34 (peak distance at 2.29 A and maximal
g(r) value of 1.14 (C34) and 1.06 (C11)). In the case of nitrogen atoms, the first prominent
peaks of N14 and N13 are located at 2.5 and 3.49 A with a maximal g(r) values of 0.67 and
0.66, respectively. Consequently, it may be concluded that the N14 atom has the most
significant interactions with water molecules. In addition to carbon and nitrogen atoms, H8
and H39 have also shown remarkable interactions with water molecules, H8 (3.10A, 1.12)
and H39 (3.3A, 1.16). Other atoms are located at distances equal to or higher than 3.5 A,
and thus have less significant interactions with water molecules. According to these results,
the investigated quinoxaline derivatives possesses significant interactions with water
molecules, which indicate its instability in water. This suggests that hydrolysis and

spontaneous degradation can be expected.

4. Conclusions
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A novel quinoxaline derivative, 2-(benzyloxy)-3-phenylquinoxaline was synthesized, and its
structure was determined by X-ray crystallography. Further, its molecular structure was
examined using the Hirshfeld topology analysis and Density Functional Theory (DFT) at
B3LYB employing 6-311++G(d,p) basis set. Fukui function analysis, which was obtained in
the solid phase, suggested that the potentially important reactive centres of the quinoxaline
derivative are C1, C31, C32 and C22 for radical attack whereas the C4, C1, C11, N14, C22,
and C29, C31, C36 and C32 are the preferred sites for nucleophilic and electrophilic
attacks, respectively. The FMOs distribution has shown that the quinoxaline moiety is the
main responsible for donor-acceptor interactions. The MEP analysis however, indicates that
the most negative region is located over the N14 atom. In order to gain an insight into the
molecular stability of the synthesized compound, its intramolecular charge transfer behavior,
and donor-acceptor interactions, NBO analysis was performed. The most intense donor-
acceptor interaction was found to occur between LP (2) O40 and BD*(2) C12 - N13 that has
a stabilization energy of 39.74 kJ/mol. RDFs obtained from MD simulations indicate that C4,
C11, C34 carbon atoms, nitrogen atom N14, and hydrogen atoms H8 and H39 exhibit

significant interactions with water molecules.
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Figures captions:

Figure 1. (a) The title molecule with labeling scheme and 50% probability ellipsoids, (b)
the optimized molecular structure of the tittle compound by DFT at B3LYB.

Figure 2. Packing viewed along the b-axis direction with intermolecular interactions
shown as in Fig. S1.

Figure 3. The full two-dimensional fingerprint plots for the title compound, showing (a)
all interactions, and delineated into (b) H---H, (9 C:--H/H---C and (d) N---H/H---N
interactions. The d; and d. values are the closest internal and external distances (in A)
from given points on the Hirshfeld surface contacts.

Figure 4. Hirshfeld surface representations with the function d,.m plotted onto the
surface for (a) All---All, (b) H---H, (c) C---H/H-C and (d) N---H/H---N interactions.
Figure 5. Percentage contributions of interatomic contacts to the Hirshfeld surface for
the title compound.

Figure 6. Frontier molecular orbitals (HOMO and LUMO) of 2-(benzyloxy)-3-
phenylquinoxaline.

Figure 7. The molecular electrostatic potential map of 2-(benzyloxy)-3-
phenylquinoxaline.

Figure 8. Atomic charges of 2-(benzyloxy)-3-phenylquinoxaline obtained by (a) NBO

and (b) Mulliken analyses.
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2-(benzyloxy)-3-phenylquinoxaline has been synthesized and characterized by XRD.
DFT, NBO, Fukui function analysis and radia distribution function have been carried out.
The XRD parameters were compared with the theoretical data.

Hirshfeld surface analysis of crystal structure was studied.
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