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A detailed vibrational analysis of flupentixol dihydrochloride (FDC) is performed by Density Functional Theory
(DFT) calculations. Wavefunction reactivity properties and Atoms In Molecules (AIM) analysis are also per-
formed. There is enormous O;-Hjg...Cly, N1-Hja...Cl; and Co-Hoa...Fsp intermolecular hydrogen bonding in FDC.
Electrons were resonated on the aromatic rings without any interference with aliphatic moiety of both highest
occupied molecular orbital (HOMO) and in least unoccupied molecular orbital (LUMO) which is due to partic-

ipation of fluorine atom intermolecular hydrogen bonding with adjacent C-H. The electron localization function
(ELF) shows under populated N-C single bonds of ring A owing to the strong electron withdrawing effect of
nitrogen atoms. SARS-CoV-2 main protease with FDC had energy —80 kcal/mol. With the help of molecular
dynamics (MD), radial distribution functions (RDF) are calculated to identify the most critical interaction with

water molecules.

1. Introduction

Tricyclic aromatic ketones have been used as starting materials for
the production of trycyclic medicines, as well as causing overcrowding
in bistricyclic enes [1]. Thioxanthene and numerous of its derivatives
have been found to have biologically beneficial properties [2]. However,
early clinical trials have revealed that several of the most promising
therapeutic candidates derived from this family of chemical have
negative hazardous characteristics [3]. In the photo polymerization of
ethylene derivatives, various thioxanthone derivatives are utilized as
activators or sensitizers [4]. Substituted thioxanthones are employed as
radical sources as stabilizers for polyolefins [5]. This family of com-
pounds has been used in a variety of industrial operations. Flupentixol is
a thioxanthene derivative with antipsychotic characteristics that is
commonly used for diseases with anxiety as a symptom [6]. Flupentixol
is a medicine that is commonly administered in India due to the rise in
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psychiatric disorder. As a result, it is frequently detected in waste water,
necessitating a good removal technique [7]. Phenothiazine and similar
structures are used to treat psychotic diseases all over the world [8].
Many phenothiazine compounds have powerful antiemetic, antihista-
minic or anti-cholinergic properties [9]. Several medications have been
observed to interact with phenothiazine antipsychotic medicines
[10,11]. They enhance the effect analgesics, anti-histaminics and cold
treatments that have been prescribed. Low dose neuroleptics are
increasingly being used to treat anxiety and depression [12]. Balasu-
bramani et al., reported removal of flupentixol using graphene oxide
[13]. Studies of drug interaction between levocetirizine are reported
[14]. El-Zahry and Lendl reported the kinetic study of ofloxacin using
SERS [15]. Raghav et al., reported interactions of trifluoperazine with
serum albumin using multi spectroscopic methods [16]. Spectroscopic
studies of thioxanthens are reported [17,18]. The piperazine ring plays a
larger role in drug development, with a higher number of favourable hit
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sin biological applications and characteristics. In medicinal chemistry, it
is a strong and selective ligand for a variety of biological targets.
Piperazine structure and scaffolds have been identified as biologically
active medicinal compounds and have been classed as favoured struc-
tures. Due to its relationship with a variety of biological and therapeutic
uses, chemists have been studying piperazine derivatives extensively
[19-26]. Piperazine scaffolds can found in a variety of physiologically
active drugs used to treat human immunodeficiency virus (HIV), and as
inhibitors of SARS-CoV-2 enzyme [27-29]. Siddegowda et al., reported
X-Ray diffraction (XRD) analysis of flupentixol dihydrochloride (FDC)
[30]. Jomma et al., reported the insight into non-covalent interactions in
a tetrachlorocadmate salt with promising nonlinear optical properties
experimentally and theoretically [31]. Issaoui et al., reported the
experimental and theoretical studies on novel derivative of acrylic acid
and molecular docking with temperature dependency of the thermo-
dynamic functions [32]. Morphine’s non covalent interactions and
molecular docking studies are recently reported and the analysis
revealed different categories on inter- and intra-molecular contacts on
the basis of the electron localization density and colour scale indicator
[33]. Evecen et al., reported the XRD and theoretical investigations of a
methoxyphenyl-pyrazole derivative [34]. A single crystal X-ray
diffraction analysis shows that a tris p-diketonate europium (III) is
octacoordinated and the coordination sphere is composed of a EuOgN3
core with trigonal dodecahedral geometry [35]. Sen et al., reported
peripherally tetra-benzimidazole units-substituted zinc (II) phthalocya-
nines and its photochemical properties [36]. The crystal structure and
Hirshfeld surface analysis of a pyridine-benzoxa-diazocine is reported
recently [37]. Synthesis, crystal structures and characterizations of three
diclofenac-based copper complexes are reported by Alisir et al., [38].
Demir et al., reported the synthesis, crystal structure analysis of
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phenylpropanamide derivative experimentally and theoretically [39].

For various applications, the interaction between bio-molecules and
metals has been researched in more depth utilizing various computa-
tional and experimental methodologies, especially surface enhanced
Raman scattering [40,41]. Coinage metals, Au, Ag and Cu have a wide
range of properties and are often utilized as catalysts in heterogeneous
reactions. Bio-molecule interactions like FDC, with nanostructures are a
popular issue in biological applications [42].

Computational chemistry has established itself as a reliable ally in
the study of organic and biological structures, notably in a variety of
chemistry fields. Theoretical chemical simulations have become critical
in illuminating the molecule’s architectures, characteristics, processes,
and reaction effectiveness [43]. The most frequent theoretical ap-
proaches utilized in the calculation of various molecular properties
include, optimal architectures, vibrational frequencies, nonlinear opti-
cal effects, and natural bond orbitals [44]. A range of spectroscopic
analyses were used to characterize FDC in this study. FDC was investi-
gated using DFT and vibrational spectra. The investigation was sub-
jected to docking in order to determine exact binding location of ligand
on protein as well as the mechanism of binding.

2. Methods

Synthesizing procedure of FDC was reported earlier and the title
compound was a gift sample from R.L. Fine Chemicals, Bangalore, India,
[30] and spectra (Fig.S1 and S2) were by Perkin Elmer and Bruker RFS-
27 spectrophotometers. All quantum chemical studies of FDC (Fig. 1) are
completed by Gaussian 09 with wB97XD/6-311++G* [45,46]. The
default setting was used for the convergence criteria regarding SCF and
optimization procedure. The potential energy distribution (PED)

0009 30%
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Fig. 1. Optimized geometry of FDC.
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assignments are calculated using program GAR2PED [47]. A number of
similar theoretical studies are reported recently [48-50]. Topological
analysis was performed by Multiwfn [51-53]. Docking was done for FDC
with PDB ID: 6YB7 [54,55]. The Desmond 2020.1 was used to run MD
work [56]. Analysis was made to find root mean square deviation
(RMSD), radius of gyration (Rg), root mean square fluctuation (RMSF),
number H-bonds, and solvent accessible surface area (SASA) [57]. OPLS
2005 force field [58] has been used within NPT ensemble class. Simu-
lation time was 10 ns, while solvent was treated with simple point
charge (SPC) model [59]. MD simulations are also performed at tem-
peratures, 300, 310, 320 to 330 K to find the influence of RMSD and RDF
values in the presence of aqueous medium.

(@)
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3. Results and discussion
3.1. Hirshfeld surface analysis

Electron density partitioning in the crystal system of any molecule
can be analyzed using Hirshfeld Surface analysis which was mapped by
the program, CrystalExplorer21 [60]. The 2D fingerprint plots and 3D
Hirshfeld surfaces of FDC are in Fig. 2. There are enormous O1-Hjp...Cly
(2.266 A), Ni-Hia...Cly (2.102 A), and Co-Ho...F3p (2.655 A) inter-
molecular hydrogen bonding were observed. It was reinforced by O-H...
Cl (Sharp spikes), N-H...Cl and C-H...F which are 21.8%, 20.7%, and
12.6%, respectively. A greater contribution of about 30.2 % (H...H)
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Fig. 2. Hirshfeld surface plots of FDC mapped with three-dimensional (a) dnorm, (b) di, (c) de, (d) Shape index and (e) two dimensional fingerprint contacts with its
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[61,62] in the overall 2D fingerprint plots which was due to active
participation of hydrogen atoms. The stability of the system was further
ascertained by Cl; atom which was bifurcated with N;-H;x and O;-Hjp
groups. On the other hand, fluorine atom enables a bridge between two
adjacent aromatic systems. There are appreciable pi...pi interaction was
observed with a % contribution of 1.8. A weak van der Waals interaction
[63] between sulfur atom and hydrogen atoms of FDC was reflected by a
percentage contribution of 5.3. From the 3D surface map, a weaker bow-
tie pattern [64] expresses the possibility of lower centroid...centroid
interaction that shows absence of x...n interactions in FDC.

A red spot was on the O-H and sulfur atom in dy,r, which gives title
compound has interaction zones. It is surprising that, fluorine atoms
does not shows any red spots around it which may be due to the electron
transfer may arise on C-H...F intermolecular bonding, that suppresses
the electron density around fluorine [65].

3.2. Spectroscopic and electronic properties

The phenyl ring modes (table S1) are at: 3099-3072 (DFT) (vCH),
1609, 1580, 1463, 1442, 1036 (IR), 1609, 1575, 1465, 1266, 1035
(Raman), 1611-1035 cm™! (DFT (bRA), 1221 (IR), 1222, 1122 (Raman),
1268-1122 cm™! (DFT) (8CH) and at 868, 763 (IR), 970, 870 (Raman),
973-760 ¢cm~! (DFT) (yCH) for ring RA; 3115 (Raman), 3113-3090
(DFT) (vCH), 1628 (IR), 1630, 1588, 1055 (Raman), 1626-1053 cm !
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(DFT) (vRB), 1166, 1140 (IR), 1140 (Raman), 1252-1138 em ! (DFT)
(8CH) and at 962, 911, 831 (IR), 910 (Raman), 960-830 cm ! (DFT)
(yCH) for ring RB [66,67].

The piperazine stretching modes, ring RD. are at 1125, 1072, 1025
(IR) and 1125, 1071, 1062, 1045, 1028, 920 em™! (DFT). The CH2
modes are at: 3068, 2995 (Raman), 3071-2924 cm ! (DFT) (vCH2);
1421, 1393, 1358, 1325, 1261, 1006, 798 (IR), 1421, 1361, 1330, 1004
(Raman), 1458-803 cm~! (DFT) (SCH2). The bands at 1358 and
1006 cm ™! in IR are characteristic vibrations of CH2. Further CH2 of
FDC are at: 3050, 2976, 2958, 2916 (IR), 2961, 2905 (Raman),
3044-2903 cm ! (DFT) (vCH2); 1370, 1300, 1232 (IR), 1450, 1305,
1295, 1279, 1234, 1122 (Raman), 1475-893 cm~! (DFT) (S5CH2)
[22,66].

Other important functional group modes are: o!NH — 3334 (DFT),
3427 (IR), 3443 em ™! (Raman); vOH — 3234 (DFT), 3306 (IR),
3385 cm™! (Raman); vC = C — 1674 (DFT), 1660 (IR), 1675 cm™!
(Raman); oNH...Cl — 2366 (DFT), 2428 (IR), 2335 cm ! (Raman); vCS —
700, 649 (DFT), 652 (IR), 653 cm ! (Raman); oCF - 1313, 1176, 1133
(DFT), 1312 cm ™! (IR); vCO — 1095 (DFT), 1091 cm™! (Raman). These
results are in agreement with the reported literature [68-70]. The other
deformation modes are also identified [66,71-73].

HOMO-LUMO analysis is used to identify the kinetic stability of any
molecule by assessing the chemical reactivity through charge transfer
process [74]. The electron cloud movement in FMOs is shown by red

Fig. 3. HOMO-LUMO plots of FDC.
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(positive) and blue (negative) (Fig. 3) [75-78]. Various electrophilic,
nucleophilic and neutral sites of any molecular system can be easily
analysed using molecular electrostatic potential analysis (MEP) through
an electron mapping process which is used in various applications
[79,80]. The negative and positive MEP corresponds to nucleophilic and
electrophilic sites given by red and blue shades. Fig.S3 shows positive
potential on C18, C19, C20, C21, N1 and N2 atoms [81]. Chlorine atoms
ClI1 and CI2 reveal a strong red colour that supports the electron rich
centre [82]. It was clearly observed that, electrons were resonated on the
aromatic ring systems of FDC without any interference with aliphatic
moiety of both HOMO and in LUMO. It is due to the fluorine atom
participated an enormous intermolecular hydrogen bonding with adja-
cent C-H (pi) system which was discussed in XRD, and Hirshfeld surface
analysis elsewhere in this paper. The strong NBO interactions (table S2)
are F58 — C18-F59, S1 — C10-C11, F57 — C18-C58, CI55 — 02-N27
with energies 66.41, 14.07, 14.06, 22.39 kcal/mol [83]. For FDC, nearly
100% p-character is observed in nyFs7, ngFsg, n202 n3Clss naClse, n3Fsy,
1‘12F53, 1‘13F58, and n2F59 [84].

3.3. Topological and AIM analysis

The electron localization function (ELF) [85,86] characterizes the
quantitative and qualitative ideas of electron density (ED) distribution
by identifying molecular regions with maximal probability of finding the
electron. Accordingly, the core and valence ELF attractors can be spec-
ified, and the synaptic order of valence basins indicates bonding and
nonbonding electron density framework in a molecule. FDC’s electronic
structure (Fig.S4) is identified by two V(O) and V’(O) basins, with the
population of 2.52 and 2.60, series of monosynaptic V(F) basins at the
three fluorine atoms, series of monosynaptic V(Cl) basins at the two
chlorine atoms, two V(S1) and V’(S1) integrating 4.22 e, two V(S1,C2")
and V(S1',C6") basins of population of 2.82 and 1.74 e, two disynaptic V
(N1,H) and V(N4,H) basins with 2.04 and 0.49 e, two V(C4,C9) and V
(C8,C9) with population of 3.67 e and 1.70 e, three disynaptic V(N1,C7),
V(N1,C6) and V(N1,C2) basins with population of 1.67, 1.76 and 1.64 e,
three V(N4,C10), V(N1,C5) and V(N1,C3) basins with population of
1.80, 2.13 and 2.14 e and one disynaptic V(C11,0) basin with the
population of 2.13 e. The monosynaptic basins are associated with the
nonbonding ED on oxygen, fluorine, chlorine and sulphur atoms shown
as red localization domains in Fig. 4. The C4-C9 bonding region inte-
grating 3.67 e indicates the under populated C4-C9 olefinic double bond,
owing to the delocalization across the thiopyran ring, revealed from
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total integrating with 2.82 and 1.74 with S1-C2' and S1',C6’ bonding
regions. The N4-H bonding region is highly depopulated compared to
the N1-H owing to hydroxyethyl substitution in the former. The ELF
shows under populated N-C single bonds of ring A owing to the strong
electron withdrawing effect of N1 and N4 nitrogen atoms [87].

Bader and co-workers [88,89] proposed the QTAIM to characterize
atomic interactions in a molecule. The computed bond and ring critical
points (BCPs and RCPs) for FDC are shown in Fig. 5. The RCPs 67 and
119 associated with the phenyl rings C and D adjacent to the thiopyran
ring show ED of 0.022 e with the positive LED 0.142, indicative of NCIs
[90], which are represented as strongly repulsive ones (red regions) in
the NCI isosurface (Fig. 5). RCPs 88 and 96 are with thiopyran and
piperazine rings with ED of 0.018 and 0.022 and the Laplacian of ED
0.093 and 0.117 characteristic of NCIs. The NCI isosurface gives strongly
attractive non-covalent interactions (blue regions) of the chlorine atoms
and the adjacent hydrogen atoms, with the corresponding BCPs 66, 76,
81, 122 and 128 showing total ED of 0.010-0.053 e, the LED
0.033-0.095 and the LOL values of 0.157-0.367 e, suggestive of the
hydrogen bond. Interestingly, RCP 125 is present at the vicinity of Cl and
OH with ED of 0.010, Laplacian of ED 0.056 and LOL 0.101, while
another RCP 72 at the vicinity of the second chlorine with ED of 0.011,
Laplacian of ED 0.048 and LOL 0.130 (Fig. 5), which further reinforce
the NCIs associated with the chlorine atoms. BCP 120 with the bond path
connecting oxygen and piperazine carbon shows ED of 0.014, Laplacian
of ED 0.065 and LOL 0.137. Finally, RCP 118 with ED of 0.013, Lap-
lacian of ED 0.066 and LOL 0.127 is observed within the piperazine-
hydroxymethyl-chlorine framework.

The reactive regions can be characterized using the MEP study. For
FDC, MEP map is in Fig. 6, together with the ESP values at the surface
maxima and surface minima. FDC shows presence of 13and 17 surface
minima and maxima (magenta and cyan colour). The surface maxima
with ESP value of + 93.70 and + 38.65 are over around the N1 nitrogen,
while the surface minima with ESP of —74.35, —56.70 and —54.70 are
around the chlorine atoms. The surface maxima with ESP value

of + 14.49 is localized on N4 nitrogen. The MEP surface map also shows
the presence of surface maxima with positive ESP of + 29.42
and + 29.70 kcal mol ! along with three surface minima of negative
ESP, —0.40, —4.96 and —6.89 kcal mol~! at the vicinity of phenyl-
thiopyran-phenyl framework. Two negative surface minima with ESP
of —28.45 and —20.38 are around the fluorine atoms along with the
surface maxima of + 12.28 kcal mol L.

v @ v

Fig. 4. ELF localization domains (Isovalue = 0.84) of FDC. The protonated basins are shown in blue, monosynaptic basins are marked in red, disynaptic basins are

marked in green and the core basins are marked in red colour.
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Fig. 5. BCPs (3,-1), RCPs (3,+1) and the bond paths along with the NCI isosurface of FDC.

[
-4.08
+32.60®

MEP(kcal/mol)

93.70
69.70
45.70
21.70
-2.30
-26.30
-50.30
-74.30

© +30.82

Fig. 6. Molecular Electrostatic Potential (MEP) isosurface with the electrostatic potential (ESP) in kcal/mol of the surface minima (magenta colour) and surface

maxima (cyan colour).

3.4. Docking and MD simulations

Docking of FDC with the primary protease of the SARS-CoV (PDB ID:
6YB7) is shown in Fig.S5. Docking was performed by Autodock 4.2 [91].
The co-crystal was seen to be adequately accommodated within in the
binding pocket of the surface view of the FDC with 6BY7 (Fig.S5). The
dock score is determined using a tolerance of 0.5 A RMSD and an area
616. The binding energy is —6.1 kcal/mol. Residue Met276 formed a
conventional hydrogen bond with FDC (Fig.S5), while, the other resi-
dues produced weak interactions with FDC. The residues, TYR239,
TYR237, LEU272, GLN273, THR199, LEU286, GLY275, LEU2711,
LEU287, and ALA285 are interacting with FDC (Fig.S5).

MD simulation (100 ns) gives stable conformation while comparing
the RMSD values of 6YB7 gives a deviation of 0.8 A (Fig. 7(a)). During
simulations, RMSD plots indicate convergence and stable conformations
[92,93]. Therefore, it may be inferred that FDC’s binding to 6YB7
formed a relatively stable complex as a result of FDCs increased affinity.

Except for the residues that are conformed in to the loop region, which
more flexible, the RMSF plots for 6BY7 protein show spikes of fluctua-
tion. The residues show loess fluctuation (100 ns) on binding with FDC
(Fig. 7b), indicating the stabile amino acid conformation. RMSF read-
ings within the range that is acceptable. As a result, it is evident from
RMSF plots that protein structures remain stable during FDC-6BY7
conformations [94]. The amount of H-bonds between 6BY7 and FDC
suggests a substantial interaction and complex stability. Throughout the
simulation of 100 ns, there were a considerable number of H-bonds
between FDC bound with CoV-main protease (Fig. 7(c)). In order to help
the complex formation into a stable complex, an average of 2 hydrogen
bonds are seen for it in Fig. 7(c). Rg contributes the protein’s
complexation. The Rg of 6BY7 apo bound to FDC was reduced from 22.0
to 21.9 A in our study (Fig. 7(d)).When the Rg is significantly reduced,
6BY7 is strongly oriented in a lignad-bound state [95]. Similar to Rg
analysis, SASA in both ligand-bound and unbound state give the same
behaviour. It is evident from Fig. 7(e) that SARS-CoV-2 major protease
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Fig. 7. MD simulation analysis of 100 ns trajectories of (a) Ca backbone of SARS-CoV-2 main protease + FDC (b) RMSF of Ca backbone of SARS-CoV-2 main
protease + FDC (c) Formation of hydrogen bonds in SARS-CoV-2 main protease + FDC complex (d) Radius of gyration (Rg) of Ca backbone of SARS-CoV-2 main
protease + FDC. (e) Solvent accessible surface area of SARS-CoV-2 main protease + FDC complex. (f) Energy plot of SARS-CoV-2 main protease + FDC complex.

had strong SASA when the FDC was not coupled to the receptor protein.
When bound with FDC, the SASA value is lower than in the unbound
condition [96]. The analysis of Rg shows that when FDC, the proteins are
less flexible and more compact. The energy of the FDC-6BY7 complex in
Fig. 7(f) is shown in energy plots. More negative values represent a more
stable and compact structure. As can be seen in Fig. 7(f), the major
protease of the SARS-CoV-2 virus achieved with an average energy
—80 kcal/mol. Van der Waal’'s (vdW) and coulomb energies each
contribute significantly to the achievement of the global minima (Fig. 7
(f)). Energy plots showed that both FDC could fit into the protein’s
binding cavity and help to stabilize the protein while also forming a
compact complex.

We can explicitly account for the presence of water and impact of
temperature in MD simulations. We can investigate a much more real-
istic liquid system in this way. More than 18,000 atoms make up the MD

systems under consideration, which were housed in a cubic simulation
box with side measuring 50 A. This study’s main goal was to run MD
simulations at four different temperatures and see what happened to the
interaction between the chosen ligands. By examining RDF calculated
with regard to separation between the geometric centers of the ligand
molecules, the interaction was examined. The human body need tem-
peratures between 300 and 330 K, hence those values were chosen. The
RDFs and RMSD plots are given in Figs. 8 and 9, which shows substantial
interaction with the water molecules.

4. Conclusion

FDC was investigated using theoretically and experimentally and the
investigation was subjected to docking to find binding location of ligand
on the protein as well as the mechanism of binding. The stability of the
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Fig. 8. RDF plots.
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system was ascertained by Cl; atom which was bifurcated with N;-Hja
and O;-Hip groups and fluorine atom enables a bridge between two
adjacent aromatic systems. The major protease of the SARS-CoV-2 virus
achieved with an average energy —80 kcal/mol. The N4-H bonding re-
gion is highly depopulated compared to the N1-H owing to hydroxyethyl
substitution in the former and the ELF shows under populated N-C single
bonds of ring A owing to the strong electron withdrawing effect of N1
and N4 nitrogen atoms. The fluorine atom participated an enormous
intermolecular hydrogen bonding with adjacent C-H (pi) system which
was discussed in XRD, and Hirshfeld surface analysis. The NCI isosurface
shows strongly attractive non-covalent interactions of the chlorine and
adjacent hydrogen and LOL values suggest hydrogen bonds. 6BY7 bound
to FDC displayed lowering of radius of gyration which shows highly
compact orientation of the 6BY7-FDC bound state. RDF gives most
substantial interactions with water molecules at different temperatures.
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