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Abstract: N-(4-((3-Methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)selanyl)phenyl)acetamide (5),
C19H15NO3Se, was prepared in two steps from 4,4′-diselanediyldianiline (3) via reduction and
subsequent nucleophilic reaction with 2-methyl-3-bromo-1,4-naphthalenedione, followed by acetyla-
tion with acetic anhydride. The cytotoxicity was estimated against 158N and 158JP oligodendrocytes
and the redox profile was also evaluated using different in vitro assays. The technique of single-
crystal X-ray diffraction is used to confirm the structure of compound 5. The enantiopure 5 crystallizes
in space group P21 with Flack parameter 0.017 (8), exhibiting a chiral layered absolute structure.
Molecular structural studies showed that the crystal structure is foremost stabilized by N-H···O and
relatively weak C-H···O contacts between molecules, and additionally stabilized by weak C-H···π and
Se···N interactions. Hirshfeld surface analysis is used to quantitatively investigate the noncovalent
interactions that stabilize crystal packing. Framework energy diagrams were used to graphically
represent the stabilizing interaction energies for crystal packing. The analysis of the energy frame-
work shows that the interactions energies of and C-H···π and C-O···π are primarily dispersive and
are the crystal’s main important forces. Density functional theory (DFT) calculations were used
to determine the compound’s stability, chemical reactivity, and other parameters by determining
the HOMO-LUMO energy differences. The determination of its optimized surface of the molecular
electrostatic potential (MEP) was also carried out. This study was conducted to demonstrate both the
electron-rich and electron-poor sites.

Keywords: crystal structure; organoselenium; antioxidant; cytoprotective; Hirshfeld surface analysis;
DFT calculations; 3D energy framework

1. Introduction

Selenium (Se) is a substantial micronutrient pivotal for the normal function of the
human body [1–4]. It is found in foods (e.g., tuna, sardines beans, spinach, Brazil nuts) as
well as in the structure of different proteins, i.e., selenoproteins [3,4]. The latter is crucial
for the chemoprotection of cells from infection, inflammation, and oxidative damage [5–10].
Importantly, the body–Se balance is fundamental for the maintenance of the immune sys-
tem’s regular function and antimicrobial defense [7,8,10]. On the other hand, the imbalance
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of Se levels is associated with different diseases’ development, including autoimmune,
heart, and cancer diseases [11–18]. Significantly, Se boosting was accompanied by the
chemoprevention of various tumors (e.g., colon, breast, liver) as well as the management of
rheumatoid arthritis [16,17]. In general, inorganic Se agents are generally less pharmacologi-
cally active than organoselenium compounds, which, in turn, have enhanced bioavailability
owing to their superior amphiphilicity and pharmacodynamic properties [19–26]. Several
key enzymes possess core Se responsible for their interesting redox potential, such as
the glutathione peroxidase (GPx) and thioredoxin reductases (TrxR) [27–29]. Within this
context, organoselenium compounds mimicking the GPx showed interesting antioxidant,
anti-inflammatory, and antitumor activities [27,29–32].

Ebselen (I) was among the first discovered Se heterocycles with potential antioxidant,
anti-inflammatory, and GPx-like activities (Figure 1) [33–35]. Furthermore, ethaselen (II)
has recently entered clinical trial phase I as a potential organoselenium antitumor agent with
minimal cytotoxicity in vivo [36]. Moreover, several organoselenocyanates (e.g., p-xylene
selenocyanate (III) and benzyl selenocyanate (IV)) exhibited interesting chemoprotec-
tive properties towards different tumor models, such as colon, lung, and liver cancers
(Figure 1) [37–44].

Figure 1. Diverse organoselenium compounds with interesting biological activities.

Recently, we and others reported several organoselenium candidates with GPx-like
and antioxidant activity even better than ebselen [40,42,45–48]. Among them, compounds
containing quinone and Se motifs manifested considerable success due to their chemo-
prevention of carcinogenesis [38,49–57]. Within this context, our group reported seleno-
quinones (V and VI) with interesting cytotoxicity at low micromolar concentrations against
different cancer types, such as breast adenocarcinoma (MCF-7), human epidermoid car-
cinoma, hepatocellular carcinoma (HepG2), and human kidney carcinoma cells. Indeed,
selenoquinones (VII and VIII) activated the caspase-8 expression levels and downregulated
the Ki-67 and Bcl-2 levels in HepG2 [49,52,53].

Indeed, in silico studies were used as a prediction tool to evaluate the antioxidant, cytotoxi-
city, chemopreventive, and pro-apoptotic activities of organoselenium compounds [4–6,41,55].
Within this context, we and others have shown a probable interaction between organose-
lenium compounds and TrxR protein, which was accordingly used to predict their anti-
tumor activities [7,9,28,41,55]. Furthermore, 3D similarity studies disclosed an analogous
shape and electrostatic pattern to ebselen, thereby proposing similar GPx-like proper-
ties [9,30,31,55]. Moreover, the ebselen underlying antiviral (e.g., coronavirus) activity was
theoretically attributed to the inhibition of the SARS-CoV-2 proteases via interaction with
the viruses Mpro and PLpro [5,7,9,11].

Additionally, we are not only interested in the synthesis and biological evaluation
of Se-based quinones but also in the investigation of their crystal structure elucidation.
Herein, we report the crystal structure of compound 5. The cytotoxicity was estimated
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against 158 N and 158 JP oligodendrocytes and the redox profile was also evaluated using
different in vitro assays.

In crystal packing, the nature of intermolecular interactions was characterized through
the Hirshfeld surface analysis description. In addition, DFT calculations were employed to
optimize the structure of compound 5 in its isolated state. Moreover, Frontier molecular
orbitals (FMO) and MEP mapping studies were achieved to identify global reactivity
descriptors and the complementary interacting sites in compound 5.

2. Material and Methods
2.1. Synthesis of Organoselenium Compound 5

The synthesis of compound 5 was conducted from 4,4′-diselanediyldianiline (3) and
2-methyl-3-bromo-l,4-naphthoquinon as presented in Scheme 1 [54,58].

Scheme 1. Synthesis of compound 5. Reagents and conditions: (a) SeO2 (9.6 mmol), malononitrile
(4.8 mmol), DMSO (4 mL); (b) 4-selenocyanatoaniline 2 (2 mmol), NaOH (3 mmol), MeOH (15 mL);
(c) 2-methyl-3-bromo-l,4-naphthoquinone (4.4 mmol), EtOAc: water (1:1), NaBH4 (6 mmol), Aliquat
336 (5% mol); (d) acetic anhydride, 3 h, 50 ◦C.

2.2. Biological Evaluation

The cytotoxicity was estimated by the MTT assay against different oligodendrocytes,
such as 158 JP and 158 N cells, and 7-ketocholesterol was the control [54,58]. Different
in vitro assays were used to estimate the redox activity, including the dihydroethid-
ium (DHE), 2′,7′-dichlorodihydrofluorescein diacetate (H2-DCFDA), 2,2′-azinobis-3-
ethylbenzothioazoline-6-sulphonate (ABTS), 2,2-diphenyl-2-picrylhydrazyl (DPPH), and
the bleomycin-induced DNA damage assays [54,58].

2.3. Crystal Structure Measurement

X-ray data were estimated at 115 K from a single crystal of compound 5 on a Bruker
diffractometer (APEX-II CCD) using a single wavelength (λ = 0.71073). X-ray MoKα.
SAINT [59,60] and SADABS [61] were used to reveal the multi-scan absorption correction
and Data reduction. Olex2 [62] was used to solve the structure together with other programs,
such as the SHELXT. Additionally, refinement of the structure was implemented with the
2018/3 package of SHELXL [63]. The hydrogens were fixed in their computed places and
a riding model was used for the refinement with hydrogen lengths of 0.88 Å (NH) and
0.95–0.98 Å (CH). Displacement of the isotropic parameters was placed to 1.2 (CH, NH) or
1.5 (CH3) times Ueq of the parent atom. With riding coordinates, aromatic/amide H has
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been refined as N(H), C5(H5), C6(H6), C7(H7), C8(H8), C13(H13), C14(H14), C16(H16),
and C17(H17). Idealized CH3 was refined into rotating group C11(H11A,H11B,H11C) and
C19(H19A,H19B,H19C). The refinement of the twin data was made with a 0.983(8) scale
factor, since this resolved compound has an absolute structure. The proof for the chirality is
also given from the Flack parameter [64], which is 0.017(8). PLATON was used to check the
results of the X-ray analysis [65]. Mercury 4.0 software was utilized for the single-crystal
graphical representation. The relevant crystallographic information for compound 5 is
tabulated in Table 1 [66].

Table 1. Structure refinement of compound 5 and crystal data.

Empirical Formula C19H15NO3Se

Mr 384.28

Temperature (K) 115

Crystal system monoclinic

Space group P21

a (Å) 5.0878 (5)

b (Å) 24.111 (2)

c (Å) 6.6263 (7)

a (◦) 90

β (◦) 97.826 (3)

γ (◦) 90

Volume (Å3) 805.30 (14)

Z 2

ρcalc (g/cm3) 1.585

M(mm−1) 2.348

F(000) 388.0

Crystal size (mm3) 0.25 × 0.15 × 0.15

θmin/θmax (deg) 6.206/55.106

Reflections collected 10,389

Independent reflections 3699

Data/restraints/parameters 3699/1/220

GOOF=S 1.001

R1 [F2 > 2 σ (F2)] 0.0211

wR2 (F2) 0.0468

ρmax/ρmin (e.Å−3) 0.28/−0.20

Flack parameter 0.017 (8)

2.4. Theoretical Calculations

The Gaussian 09 program was used for all the calculations presented in this work [67].
First, the geometries of the compound considered were entirely optimized at the 6-311+G(d,p)
level [68]. In the literature, the B3LYP functional is widely used and leads to dependable
results regarding the organic compounds’ ground state properties [69]. The calculations
for normal modes of vibration were performed using optimized geometries, which led
to real frequencies that indicated that these geometries were minimums on the potential
energy surfaces. We also used the energy quantities to research and confirm the stability
of these compounds. The results obtained were compared with the experimental data.
Empirical corrections for dispersion were evaluated using DFT-D corrections [70], which
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necessarily deepens the interaction well and is an essential correction to the DFT energy of
this compound.

3. Results and Discussion
3.1. Design and Synthesis of Compound 5

Selenium dioxide and malonitrile are being used as an efficient selenocyanating medium
for several aromatic hydrocarbons, such as aniline [59]. In this case, the corresponding
4-selenocyanatoaniline (2) was obtained with a good yield (88%). The 4,4′-Diselanediyldianiline
(3) was prepared with an 82% yield via the hydrolysis of 4-selenocyanatoaniline (2) using
strong alkali (e.g., NaOH). The 4,4′-Diselanediyldianiline (3) was used for the synthesis
of diverse organoselenium compounds by the reduction of the diselenide bond followed
by a nucleophilic reaction with different halogenated compounds. Within this context,
the reduction of diselenide compound 3 with NaBH4 and the succeeding treatment with
2-methyl-3-bromo-l,4-naphthoquinone in a two-phase solvent (ethyl acetate and water 1:1)
system and 5% mol Aliquat 336 as the phase transfer agent afforded compound 4 an
89% yield in Scheme 1. The reaction of compound 4 with acetic anhydride furnished
compound 5 with a 75% yield (Scheme 1) [54,58].

3.2. Biology

Oligodendrocytes are pivotal for neuronal signal transmission and the axon integrity;
however, they are prone to damage by reactive nitrogen and oxygen species [49,50,52–54].
Several organoselenium agents were reported as having potential cytoprotective and an-
tioxidant activities [50,53,54]. Compound 4 demonstrated interesting cytotoxic activity
against HepG2 (IC50 = 0.9 µM) and MCF-7 (IC50 = 14.7 µM) as well as 158N (IC50 = 27 µM)
oligodendrocytes. Acetanilide-based selenoquinone 5 also exhibited potential antiprolifera-
tive activity against the 158 N (IC50 = 11 µM) and 158 JP (IC50 = 0.02 µM) oligodendrocytes
(see Supplementary Materials) [54,58].

The levels of ROS were monitored with the H2-DCFDA and DHE assays using
flow cytometry. Briefly, 158 N cells were mixed with serial concentrations (0–50 µM)
of compound 4 and compound 5 using Vitamin E as the control.

In the H2-DCFDA assay, compound 4 showed a pronounced pro-oxidant activity. On
the other hand, compound 5 was able to decrease the H2-DCF intensity, thus diminishing
the ROS level at 10 µM compared to vitamin E. In the DHE assay, compound 4 was able to
promote the production of O2

− in 158 N cells [54,58].
Moreover, compound 4 and compound 5 exhibited moderate GPx-like activity. Ad-

ditionally, bleomycin-induced DNA damage, DPPH, and ABTS in vitro assays were em-
ployed to estimate compounds 4 and 5’s radical scavenging activities. Compounds 4 and 5
manifested good pro-oxidant properties (up to 60% compared to vitamin C). Interest-
ingly, these data were in good agreement with that obtained from the DHE and H2DCF
assays [54,58].

3.3. Analysis of the Molecular Packing

Compound 5 crystallizes in the monoclinic system with the chiral space group P21. Its
asymmetric unit (Figure 2) is composed of one chiral molecule. The Flack parameter of the
absolute configuration of compound 5 is found + 0.017(8), indicating that the configuration
is R. The FLACK parameter with a value of 0 indicates the correct structure and 1 indicates
the inverted structure. The main body of compound 5’s structure consists of two nearly
coplanar fused rings, a benzene ring (A) and phenyl ring (B), and another phenyl ring (C)
attached to the Se atom—see Figure 2. The two planes composed by (A, B) and C rings
are twisted to each other by 65.35◦. The C1-Se–C12 angle is 97.36 (11) Å (Table 2), which
is like the values reported in the literature for the three related compounds [71–73]. The
Se-C1 and Se-C12 bond lengths are found to be 1.916(3) Å and 1.924(3) Å, respectively,
and may be regarded as normal (Table 2) [74,75]. The PLATON analysis suggests that
these molecules are bonded together by several types of noncovalent interactions, such as
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hydrogen bonds (C-H···O, N-H···O, C-H···π), C-O···π, and unusual short contacts such
as Se···N contacts. The C(19)-H(19A)···O(1) and N-H···O(3) hydrogen bonds connect
molecules into double layers that stack along the a and c axis (Figure 3a,b, Table 3). The
double chains are also stabilized utilizing C(19)-H(19C)···Cg3 {3.7922(4) Å, Cg3= centroids
C}, and Se···N (3.4541(4) Å) contacts (Figure 4a). The phenyl and benzyl rings have
participated in intermolecular C(3)-O(1)···Cg(1)/Cg(2) (3.7530(4) Å and 3.7913(4) Å) and
O(2)···Cg(1) (3.4784(4) Å) interactions (Figure 4b).

Figure 2. Molecular structure and atom-labeling scheme for structure compound 5. Benzene ring (A)
and phenyl ring (B), and another phenyl ring (C). For all atoms, displacement ellipsoids are drawn at
the 80% probability level, except for H atoms, which are drawn at the 20% probability level.

Table 2. Selected bond distances and angles of (5).

Bond Distances (Å)
Se-C1 1.912 (3) C4-C9 1.392 (4)

Se-C12 1.923 (3) C5-C6 1.382 (5)
O1-C3 1.219 (4) C6-C7 1.386 (5)
O2-C10 1.216 (3) C7-C8 1.375 (4)
O3-C18 1.236 (3) C8-C9 1.385 (4)
N-C15 1.418 (3) C9-C10 1.490 (4)
N-C18 1.355 (3) C12-C13 1.389 (4)
C1-C2 1.353 (4) C12-C17 1.390 (4)

C1-C10 1.486 (4) C13-C14 1.385 (4)
C2-C3 1.497 (4) C14-C15 1.398 (4)

C2-C11 1.503 (4) C15-C16 1.388 (4)
C3-C4 1.482 (4) C16-C17 1.394 (4)
C4-C5 1.394 (4) C18-C19 1.496 (4)

Bond Angles (◦)
C12-Se-C1 97.36 (11) C10-C9-C4 120.6 (2)
C18-N-C15 125.9 (2) C10-C9-C8 119.4 (2)
C2-C1-Se 121.0 (2) C1-C10-O2 121.9 (3)

C10-C1-Se 117.46 (19) C9-C10-O2 120.3 (3)
C10-C1-C2 121.4 (3) C9-C10-C1 117.8 (2)
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Table 2. Cont.

Bond Angles (◦)
C3-C2-C1 120.5 (3) C13-C12-Se 120.3 (2)

C11-C2-C1 123.6 (3) C17-C12-Se 119.1 (2)
C11-C2-C3 115.9 (2) C17-C12-C13 120.5 (2)
C2-C3-O1 119.8 (3) C14-C13-C12 120.2 (2)
C4-C3-O1 121.4 (3) C15-C14-C13 119.9 (2)
C4-C3-C2 118.7 (3) C14-C15-N 121.8 (2)
C5-C4-C3 120.6 (3) C16-C15-N 118.6 (2)
C9-C4-C3 120.0 (3) C16-C15-C14 119.6 (2)
C9-C4-C5 119.4 (3) C17-C16-C15 120.7 (2)
C6-C5-C4 120.2 (3) C16-C17-C12 119.1 (3)
C7-C6-C5 119.9 (3) N-C18-O3 122.7 (2)
C8-C7-C6 120.3 (3) C19-C18-O3 121.2 (2)
C9-C8-C7 120.2 (3) C19-C18-N 116.2 (2)
C8-C9-C4 120.0 (3)

Figure 3. C-H···O and N-H···O Hydrogen bond interactions (a) along a axis and (b) along c axis in
compound 5.

Table 3. Hydrogen-bond geometry (Å, ◦) in compound 5.

D-H···A D-H H···A D···A D-H···A
N-H···O(3) i 0.88 2.10 2.9413(3) 160

C(13)-H(13)···O(2) ii 0.95 2.48 3.4259(4) 177
C(19)-H(19A)···O(1) iii 0.98 2.57 3.5377(4) 170

Symmetry codes: (i) −1 + x, y, z; (ii) 1 + x, y, z; (iii) 2 − x,−1/2 + y, 1 − z.
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Figure 4. (a) C-H···πand Se···N (b) C-O···π interactions in compound 5.

3.4. Hirshfeld Surface Analysis

The idea of Hirshfeld surface (HS) results come from a desire to interpret the space
engaged by a molecule in a crystal to divide the crystal’s electron density into molec-
ular fragments of electron densities. The nature of intermolecular interactions can be
quantified using an HS investigation. CrystalExplorer17.5 was used to perform the HS
calculations [76]. Figure 5 shows the HS plotted over dnorm, a property with values ranging
from −0.4854 (red) to 1.2838 (blue) a.u. [77]. The intermolecular contacts are visualized
using color-coding. Intermolecular contacts with distances less than, equal to, and greater
than van der Waal radii are shown in red, white, and blue spots, respectively. The presence
of the N-H···O interaction in crystal packing is indicated by the intense red regions around
the NH and O atoms of the carbonyl groups of the cation, whereas the C-H···O interaction
is indicated by the pale-red spot-on HS. Additionally, two-dimensional (2D) finger-plots
are employed to give quantitative data regarding the type and nature of the intermolecular
interactions that are candidates in the crystal packing [78]. 2D Fingerplots are computed for
each interatomic contact and the overall interactions. The reciprocal contact of individually
interatomic contact is also comprised in the computation of each interatomic contact. The
2D Fingerplots for the overall interactions is shown in Figure 6a. Interatomic contacts
that contribute significantly to crystal packing are represented by spikes in this graph.
H···H, C···H, and O···H are the interatomic contacts that contribute the most to crystal
packing, with percentage contributions of 40% (Figure 5b), 24. 7% (Figure 6c), and 20.7%
(Figure 6d), respectively. Se···H, O···C, Se···C, C···C, N···H, Se···N, C···N, and Se···O are
the other interatomic contacts that play a smaller role in crystal packing, with percentage
contributions of 4.8%, 4.3%, 1.9%, 1.5%, 0.9%, 0.8%, 0.2% and 0.2%, respectively (Figure 7).
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Figure 5. HS plotted over dnorm for compound 5.

Figure 6. 2D fingerplots for overall interactions (a) and significant interactions (b–d) in crystal
packing of compound 5.
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Figure 7. The percentage contribution of various interatomic contacts occurring in the crystal of 5.

3.5. Energy Framework

Energy frameworks could be simulated using Crystal Explorer17 software. The latter
is a graphical representation of individual energy components as cylinders connecting
the centroids of interacting molecular pairs, with Eele, Edis, and Etot color-coded in red,
green, and blue, respectively, and the interaction energy’s magnitude proportional to the
radius of the corresponding cylinders. Therefore, the intermolecular interaction energies
for compound 5 are calculated using the CE-HF . . . HF/3-21G energy model presented in
Crystal-Explorer [76]. Figure 8a graphically depicts the interaction energies calculations as
framework energy diagrams. The components of the interaction energies (E), rotational
symmetry operations concerning the reference molecule (Symop), the centroid-to-centroid
distance between the reference molecule and interacting molecules (R), and the number
of pair(s) of interacting molecules to the reference molecule (N) are listed in the table in
Figure 8b. The results provide the total interaction energy of −186.4 kJ/mol involving
the electrostatic (−89.1 kJ/mol), polarization (−31.9 kJ/mol), dispersion (−194.4 kJ/mol),
and repulsion (123.8 kJ/mol). In addition, the C-H···π and C-O···π contacts highlighted
in Figure 4b—between the central molecule (grey molecule) and the x, y, z symmetry-
related molecule (red)—are, by far, the strongest interaction among near neighbors with
an interaction energy of −83.6 kJ mol−1. Hydrogen bonds with C-H···O interactions
energies (shamrock green) have an energy value of−35.2 kJ/mol. The total energy diagram
(Figure 9c) showed a strong resemblance to the dispersion energy frameworks (Figure 9b),
indicating that they play a significant role in the total forces in crystal packing.
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Figure 9. Energy framework diagram for separate electrostatic (a), dispersion (b), and the total
interaction energy (c) of compound 5.

3.6. DFT Calculations
3.6.1. Geometric Structures

The DFT structure optimization of compound 5 was performed using the B3LYP/6-
311+ G(d,p) level of theory in the gaseous phase (Figure 10). Calculations were performed
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to estimate the stability of the studied compound, the reactivity chemical by determining
the HOMO-LUMO energy differences, the ionization potential (I), the affinity electron-
ics (A), the electrophilicity index (ω), the chemical potential (µ), and the hardness (η) and
the softness (S) of compound 5. The determination of their optimized potential surface
molecular electrostatic (MEP), to characterize the influence of the different substitution
groups, has also been carried out. Finally, a study was carried out to demonstrate the rich
sites and the poor sites of electrons. The visualized HOMO and LUMO of compound 5 are
shown in Figure 11.

Figure 10. Optimized molecular structure of compound 5.

Figure 11. Plots of the frontier orbitals for compound 5.
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The results are presented in different, numbered tables. In addition, it seems interesting
to us to start with the results obtained from the geometric parameters molecules studied.
The results obtained concerning this calculation are grouped in Table 4 according to the
following numbering.

Table 4. Geometric parameters obtained using DFT/B3LYP//6-311 + G(d,p).

Distance X-ray DFT Valence Angles X-ray DFT

Se-C15 1.916 (3) 1.938 C8- Se- C15 97.31 (11) 99.78

Se-C12 1.924 (3) 1.931 C18- N- C22 125.7 (2) 129.25

O10-C11 1.219 (4) 1.221 C20- C15- Se 120.9 (2) 120.01

O7-C12 1.213 (3) 1.216 C7- C8- C9 121.7 (3) 121.91

O23-C22 1.237 (3) 1.217 C7- C8- Se 117.28 (19) 117.31

N-C18 1.423 (3) 1.410 C8- C9- C10 120.5 (3) 120.26

N-C22 1.355 (3) 1.380 C8- C9- C13 123.6 (3) 123.85

C8-C9 1.353 (4) 1.359 C10- C9- C13 115.9 (2) 115.88

C7-C8 1.486 (4) 1.499 O11- C10- C9 120.0 (3) 120.48

C9-C10 1.499 (4) 1.498 O11- C10- C5 121.4 (3) 120.91

C9-C13 1.502 (4) 1.501 C5- C10- C9 118.6 (3) 115.58

C5-C10 1.484 (4) 1.489 C6- C5- C18 120.7 (3) 119.77

C5-C6 1.396 (4) 1.397 C4- C5- C10 119.9 (3) 120.34

C5-C4 1.393 (4) 1.400 C4- C5- C6 119.4 (3) 119.88

C6-C1 1.377 (5) 1.391 C1- C6- C5 120.2 (3) 119.90

C1-C2 1.389 (5) 1.397 C6- C1- C2 120.1 (3) 120.17

C2-C3 1.377 (4) 1.391 C3- C2- C1 120.1 (3) 120.16

C3-C4 1.388 (4) 1.397 C2- C3- C4 120.3 (3) 119.84

C4-C7 1.493 (4) 1.491 C5- C4- C7 120.9 (2) 120.45

C15-C20 1.382 (4) 1.395 O23- C22- N 122.9 (2) 123.94

C15-C16 1.392 (4) 1.392 O23- C22- C24 121.1 (2) 121.40

C19-C20 1.388 (4) 1.388 N- C22- C24 115.9 (2) 114.65

C18-C19 1.400 (4) 1.402 C19- C18- N 121.5 (2) 117.20

C17-C18 1.383 (4) 1.401 C17- C18- N 118.4 (2) 123.53

C16-C17 1.395 (4) 1.392 C16- C15- Se 119.0 (2) 120.36

C18-C19 1.500 (4) 1.403 C20- C15- Se 120.4 (2) 120.00

Compare these theoretically calculated geometric parameters with experimental data
from a crystallographic analysis [79], knowing that the relative deviation ∆ for a geometric
parameter X is expressed as a percentage by the relation:

∆ =

∣∣Xtheo − Xexp
∣∣

Xexp
× 100

Xtheo: the theoretical value of the quantity X.
Xexp: the experimental value of the quantity X.
Analysis of the results reported in Table 4 shows that the average deviation of the

distances and angles obtained by the DFT method is on the order of less than (3%) overall,
this lets us say that the different theoretical results obtained are in very good agreement
with those obtained experimentally by crystallographic analysis.
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3.6.2. Surfaces with Molecular Electrostatic Potential (MEP)

Molecular electrostatic potentials (MEP) are amongst the descriptors to correlate
physicochemical properties with molecular structure. Therefore, MEP can differentiate sites
of electrophilic attack (electron-rich areas) from nucleophilic attack (electron-poor areas).
MEP are useful tools for predicting biological processes, especially sites of electrophile
or nucleophile attack by a reagent. In Figure 12, the different amplitudes of the MEP are
shown by different colors as follows: red < orange < yellow < green < blue [80].

Figure 12. Molecular electrostatic potential (MEP) map of compound 5 calculated at the 6-311+G(d,p) level.

The region close to the N atoms of the pyridine and imidazole ring is characterized
by red and yellow and exhibits high electron density (DE). It, therefore, is attributed to a
negative potential. Thus, the electrophilic attack is more likely preferred at these sites.

3.6.3. Study of Overall Global Reactivities

The HOMO-LUMO gap is an essential factor in the chemistry of quantum; it grants the
characterization of molecular stability. Furthermore, frontier molecular orbitals are essential
in the prediction of molecular reactivity [81,82]. Molecules with a small HOMO–LUMO
energy gap could be distorted to increase this gap. The results of the descriptors calculated
by DFT (Table 5) are the HOMO and LUMO energies, energy gap (∆E), electronegativity (χ),
the hardness (η), the chemical potential (µ), the global softness (S), the global electrophilicity
index (ω), and the softness (σ), respectively, and given by the Equations (1)–(8) [83]:

χ = −1/2 (ELUMO + EHOMO) (1)

µ = −χ = 1/2 (ELUMO + EHOMO) (2)

η = 1/2 (ELUMO − EHOMO) (3)

S = 1/2 η (4)

ω = µ2/2 η (5)

σ = 1/η (6)

Vertical Ionizatio Potential (VIP) = Ecation − Eneutral (7)

Vertical Electron Affinity (VEA) = Eneutral - Eanion (8)

The compound studied has a hard character because it carries a high value of chemical
hardness. On the other hand, the compound carries the low value of the chemical potential
followed by the high value of the electrophilicity index, hence the compound promotes its
electrophilic behavior.
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Table 5. Global indices of the reactivity of the compound 5.

Electronic Energy (eV) −92,936.56

EHOMO (eV) −6.18

ELUMO (eV) −3.32

Gap, ∆E 2.86

Dipole moment, (Debye) 4.97

Chemical potential (eV) −4.75

Electronegativity 4.75

Hardness 1.43

Softness 0.72

Global Softness 0.69

Electrophilicity index 7.89

Vertical Ionizatio potential (VIP) 3.40

Vertical Electron Affinity (VEA) 1.22

From a biological point of view, selenoquinone compounds (e.g., compounds 4 and 5)
demonstrated potential cytotoxicity. In theory, the Se and quinone centers complement
each other, i.e., the quinone redox cycling process leads to the formation of superoxide
radicals [52–55]. The latter, in turn, activates the Se center to further induce oxidation of
redox-sensitive cellular compartments (e.g., enzymes and proteins) and, thus, causes cell
death [52–55]. These results were in agreement with the DFT calculations in which the
HOMO is mainly located on the nucleophilic centers (e.g., quinone and Se) of compound 5,
however, it is still too early to reach conclusions at this point. An unambiguous QSAR
requires a diverse and huge number of compounds to get a clear understanding of the
relation between the DFT calculation results and potential cytotoxicity. Ultimately, this
justifies the requirements of more studies, such as additional cytotoxicity experiments
and computational calculations to identify the possible parameters and the underlying
structural requirements leading to cytotoxicity.

4. Conclusions

The structure of the novel organoselenium compound 5 was confirmed through
employing the single-crystal X-ray diffraction technique. The layers that form parallel
to a crystallographic axis are produced by H-bonding types N-H···O and C-H···O. The
presence of relatively weak C···H, Se···N, and C···O interactions contributes to further
crystal packing stabilization. The H···H interatomic contact, which contributes the most to
crystal packing with a percentage contribution of 40%, is revealed by HS analysis for further
noncovalent interaction exploration. The crystal packing’s three-dimensional topology was
analyzed and visualized using energy framework calculations. The total interaction energy
in the crystal packing is dispersive, according to the results.

Compound 5 exhibited potential cytotoxicity against the 158 N and 158 JP oligoden-
drocytes and decreased the ROS level at 10 µM compared to vitamin E. It also showed
moderate GPx-like activity.

Our work is a theoretical contribution to the study of the structure; chemical reactivity
of the studied compound, which plays an important role in biology; pharmacology; and
synthesis. We carried out two parts of this research work. Excellent agreement between the
calculated and experimental data was achieved. It is in this context that Frontier Molecular
Orbital Theory, and, ultimately, Conceptual DFT emerged and developed.
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