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Geometrical structure, electronic and optical properties, electronic absorption spectra, vibrational
frequencies, natural charge distribution, thermodynamic properties, and MEP analysis of trans- and cis-
structures of Flupentixol have been investigated using DFT and TDDFT methods with the B3LYP hybrid
functional and 6-311+G"" basis set. The results of calculation of the quantum properties verify the great-
er activity of the cis structure of this drug.
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C ucnonvzosanuem DFT u TDDFT memo0oos ¢ eubpuonvim @yuxyuonarom B3LYP u 6azucuviv nHabo-
pom 6-311+G™" uccredosanvi ceomempuyeckas cmpyKmypa, S1eKmpoHHble U ONMUYEecKUe CEoLCmea, dneK-
MPOHHbBIE CREKMPblL NO2AOUJeHUS, YACTOmbl KOIeOaHull, ecmecmeenHoe pacnpeoeienue 3apaod, mepmoou-
Hamuyeckue c80UCmea, a Mmaxdice NpoeedeH aHaIu3 MOJEKYIAPHO2O0 INEKMPOCMAMULECKO20 NOMEHYUana
mpauc- U yuc-cmpykmyp npenapama gaynenmurcon. Pezynomamul pacuemog kaHmoswix c80ticme noo-
MBEPIHCOAIOm GbICOKYIO AKMUBHOCMb YUC-CIMPYKIYPbl 9020 npenapama.

Knrwowuesvle cnoga: ¢nynenmuxcon, wuzogpenus, meopus QYHKYUOHAna NJIOMHOCHU, DJEeKMPOHHbIE
ceoticmea.

Introduction. Flupentixol (FLP) (trading name Depixol or Fluanxol, IUPAC name (EZ)-2-[4-[3-[2-
(trifluoromethyl)thioxanthen-9ylidene]propyl|piperazin-1-yl]ethanol) is used to treat schizophrenia and de-
pression. It is an antipsychotic drug of the thioxanthene group. Medications of the thioxanthene category are
effective in the treatment of schizophrenia, idiopathic psychotic diseases, organic psychoses, and other neu-
ropsychiatric illnesses [1-5]. A higher dose of Flupentixol is used for the therapy of schizophrenia, while a
lower dose may be used in severe depression accompanied by psychotic symptoms [4, 5]. Thioxanthene
drugs may be used in other fields, namely as an antinausea, antiemetic, antihistamine, sedative, or general
anesthetic drug [1, 5]. Flupentixol is used as dihydrochloride in the form of drops and tablets, or as decanoid
acid ester for injections [3, 6]. The chemical structure of Flupentixol, which consists of the thioxanthene ring
and a side chain connected to the thioxanthene ring by a C=C double bond, is shown in Fig. 1. As seen in
Fig. 1, the presence of the C=C double bond in the structure of Flupentixol demonstrates that Flupentixol has

** Full text is published in JAS V. 86, No. 6 (https://www.springer.com/journal/10812) and in electronic version
of ZhPS V. 86, No. 6 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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two different trans(E)- and cis(Z)-geometric isomers. Only the cis-isomer (Z) is known as pharmacological
active, while the trans-isomer (F) is actually inactive. The tablets or drops form of Flupentixol are a mixture
of the cis(Z)- (active) and the trans(E)- (inactive) isomers, but only the cis-isomer (Z) has been used for in-
jections [3, 5—7]. The possibility of trans(E)/cis(Z) isomerization around the C=C double bond in Flupentixol
can affect its biologically properties. Therefore, the cis/trans-isomerization of Flupentixol is of great interest
from the biological point of view [8]. It should be noted that changes in molecular structure due to the influ-
ence of ultraviolet-visible light may change the biological activity of drugs [5, 8, 9]. Quantum chemical
methods can be an appropriate tool for understanding the correlation between the molecular structures
of drugs and their pharmacological activity. Some experimental and theoretical investigations of the molecu-
lar and spectroscopic properties of antidepressant drugs are known [10—18], but Flupentixol medication has
not yet been investigated by computational methods. In this study, both trans- and cis-structures
of Flupentixol were studied with quantum chemical computational methods. The correlation between the
biological properties of isomers and their calculated quantum parameters was established. The main objec-
tive of this paper is to study the molecular structure and nonlinear optical properties such as polarizability
and hyperpolarizability, electronic absorption spectra, thermodynamic parameters, and other molecular prop-
erties on the basis of the density functional theory (DFT) and the time-dependent DFT (TDDFT) methods.

Computational methods. All quantum chemical calculations were performed with the GAMESS pack-
age [19]. The solvent effects (in this study water is defined as solvent) were studied with the conductor po-
larizable continuum model (CPCM) [20-22]. The ftrans- and cis-molecular structures of Flupentixol were
optimized using DFT [23] with the B3LYP functional [24-26] and 6-311+G"" basis set. The optimized ge-
ometries were used in the vibrational frequency calculations to confirm that the structures reached a station-
ary point with minimum energy and no imaginary frequencies, and to estimate the thermodynamic parame-
ters and nonlinear optical properties (NLO) such as polarizability and hyperpolarizability. The excitation
energies, maximum absorbances (Amax), oscillator strengths (f), and absorption spectra of two isomers
of Flupentixol were calculated with the time-dependent DFT (TDDFT) method at B3LYP/6-311+G™ for the
lowest 30 singlet-singlet transitions based on the optimized ground state geometries. Natural bond orbital
(NBO) calculations of two isomers of Flupentixol were carried out at the same level on the optimized struc-
tures. Also, the reactive sites of this drug, evaluated with the molecular electrostatic potential (MEP), were
investigated by the B3LYP/6-311+G™" method.

Results and discussion. Geometrical structures. The optimized geometries of the two structures are
shown in Fig. 1. The selected optimized bond lengths, bond angles, and dihedral angles of the two structures
are listed in Table 1. These data show that the optimization in the solvent phase does not change the structur-
al parameters. All the CC lengths in the two phenyl rings are between the distance of a single bond and
a double bond, which shows that there are resonance bonds in both rings of the cis- and trans-structures.
The aromaticity of the benzene rings, because of the substitutions, is distorted from the hexagonal structure.
The difference in bond lengths between C18-C20 and C25-C27 is 0.019 and 0.020 A in the trans- and

@ r
o
"‘a"'a‘:
453““‘ "
- -

&

@ .

2
‘da-.
‘ﬂ
’..l
&
29 >
g o5 gy ¢
FEal | “-"- ?
s,‘,
F

Fig. 1. Molecular structure and optimized molecular structure of trans- and cis-Flupentixol
at the B3LYP/6-311+G** level of theory.



ABSTRACTS ENGLISH-LANGUAGE ARTICLES

1007-3

cis-structures, respectively. Also, the difference in bond lengths between C21-C19 and C23-C28 is
0.016and 0.015 A in the trans- and cis-structures, respectively. The difference in bond angles between C25-
C20-C18 and C20-C18-C22 is 2.7° and 3° in the trans- and cis-structures, respectively. Also, the difference
in bond angles between C28-C23-C19 and C23-C19-C21 is 3.6° and 3.3° in the trans- and cis-structures,
respectively. In both trans- and cis-isomers of the molecule, the C19-C21 and C18-C20 bond lengths are
slightly larger than the other CC bond lengths of the phenyl rings. The S1-C20 and S1-C21 bond lengths in
the middle ring are larger than the other bond lengths in this ring. The C14-C12, C13-C15, C8-C10, and
C11-C9 bond lengths are longer than the other CC bond lengths in the molecule. As seen in Table 1, the
C19-C17-C16 bond angle of the trans structure is slightly larger than that of the cis structure, and the C18-
C17-C16 bond angle in the trans structure is slightly smaller than that of the cis structure. The other bond
lengths and bond angles in the trans and cis structures are almost close to each other. The calculated dihedral
angles C18-C17-C16-C14, C19-C17-C16-C14, C22-C18-C17-C16, C23-C19-C17-C16, and C17-C16-C14-
C12 in the solvent phase, corresponding to the frans- and cis-structures, are 175.1, 2.4, 42.5, —45.1,-136.4
and -2.5, 175.3, —45.3, 42.4, —138.1°, respectively. The dihedral angles are significantly affected by the

isomerization of Flupentixol from the trans to cis isomer.

TABLE 1. Selected Bond Lengths (A), Bond Angles (deg.) and Dihedral Angles (deg.)
of the trans- and cis-Structures of Flupentixol at the B3LYP/6 311+G"" Level of Theory

Bond trans cis Bond trans cis
gas/water gas/water gas/water gas/water
Bond lengths Bond angles
S1-C20 1.777/1.779 1.777/1.778 C22-C24-C27 120.2/120.4 120.2/120.4
S1-C21 1.783/1.786 1.784/1.786 C24-C27-C25 119.5/119.4 119.4/119.4
C21-C19 | 1.406/1.406 1.404/1.405 C27-C25-C20 120.3/120.2 120.3/120.2
C19-C23 | 1.402/1.403 1.401/1.402 C25-C20-C18 120.7/120.8 120.7/120.9
C23-C28 | 1.390/1.391 1.390/1.391 C20-C18-C22 118.1/118.1 117.9/117.9
C28-C29 | 1.394/1.395 1.394/1.395 C18-C22-C24 121.1/120.9 121.1/120.9
C29-C26 | 1.390/1.391 1.390/1.391 C30-C24-C22 119.6/119.5 119.6/119.7
C26-C21 | 1.396/1.397 1.396/1.397 C30-C24-C27 120.1/119.9 120.0/119.8
C19-C17 | 1.484/1.484 1.486/1.486 C17-C18-C20 120.1/121.2 120.0/120.2
C17-C18 | 1.486/1.487 1.484/1.484 C18-C20-S1 120.8/120.7 120.8/120.7
C18-C20 | 1.406/1.407 1.407/1.407 C20-S1-C21 100.0/100.1 100.0/100.1
C20-C25 | 1.397/1.398 1.398/1.398 S1-C21-C19 120.8/120.7 120.7/120.7
C25-C27 | 1.388/1.388 1.387/1.387 C21-C19-C17 120.0/120.1 120.1/120.1
C27-C24 | 1.395/1.396 1.395/1.396 C19-C17-C18 115.4/115.4 115.4/115.4
C24-C22 | 1.392/1.393 1.392/1.392 C19-C21-C26 120.9/121.1 120.9/121.1
C22-C18 | 1.398/1.399 1.399/1.400 C21-C26-C29 120.0/119.8 119.9/119.8
C24-C30 | 1.502/1.499 1.502/1.499 C26-C29-C28 119.8/119.8 119.8/119.8
C30-F2 1.352/1.354 1.352/1.354 C29-C28-C23 119.9/119.9 119.9/119.9
C30-F3 1.353/1.354 1.353/1.354 C28-C23-C19 121.3/121.3 121.2/121.2
C30-F4 1.359/1.364 1.359/1.364 C23-C19-C21 117.8/117.7 117.9/117.9
C17-Cl6 | 1.347/1.347 1.347/1.347 C19-C17-C16 124.5/124.5 120.2/120.4
Cl16-C14 | 1.501/1.501 1.500/1.501 C18-C17-Cl16 119.9/119.9 124.3/124.0
Cl14-C12 | 1.538/1.538 1.539/1.538 C17-Cl16-Cl14 128.7/128.6 129.0/128.5
C12-N6 1.460/1.463 1.460/1.462 F2-C30-F3 107.0/106.8 107.1/106.8
N6-C8 1.462/1.465 1.462/1.465 F2-C30-F4 106.4/106.0 106.3/105.9
C8-C10 1.526/1.525 1.525/1.525 F3-C30-F4 106.3/105.9 106.3/106.0
C10-N7 1.462/1.466 1.463/1.466 Dihedral angles
N7-Cl11 1.463/1.465 1.463/1.466 |C18-C17-C16-Cl4 174.7/175.1 -1.5/-2.5
C11-C9 1.524/1.524 1.525/1.524 |C19-C17-C16-C14 —2.5/-2.4 175.7/175.3
C9-N6 1.463/1.465 1.463/1.465 |C22-C18-C17-Cl16 42.7/42.5 -45.9/-45.3
N7-C13 1.459/1.463 1.459/1.463 |C23-C19-C17-C16| —45.4/45.1 43.2/42.4
C13-C15 | 1.531/1.530 1.531/1.530 |C17-C16-C14-C12| -135.4/-136.4 | -131.9/-138.1
C15-05 1.427/1.433 1.427/1.433
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Energy levels. The Enomo, ELumo, HLG (Erumo — Enomo), total molecular energies, and relative ener-
gies for the trans- and cis-structures of Flupentixol are shown in Table 2. The computed HOMO energy lev-
els of the frans- and cis-structures in the gas phase (water solvent) are located at —6.099 and —6.093 eV
(-6.068 and —6.062 eV), and their corresponding LUMO energy levels are located at —1.651 and —1.667 eV
(-1.575 and —1.613 eV), respectively. In the presence of both gas and solvent phases, the HOMO energy
levels of the trans structure of Flupentixol are lower than the HOMO energy level of the cis-structure, while,
the LUMO energy levels of the trans structure are higher than the cis-structures. Therefore, the HLG of the
trans-structure of Flupentixol is greater than the HLG of the cis-structure. The relative energies of the struc-
tures in both gas and solvent phases show that the cis-structure of Flupentixol is more stable than the trans-
structure by 0.001 and 0.009 eV, in the gaseous and water phases, respectively. The relative energy in the
solvent phase is higher than that in the gaseous phase. This means that the stability of the cis-structure rela-
tive to the trans-structure in the solvent phase is greater than in the gaseous phase.

TABLE 2. Enomo (€V), ELumo (eV), HLG (eV), Total Energy (eV), and Relative Energy
AE = Ecis — Eyans (€V) of the trans- and cis-structures of Flupentixol
using the B3LYP/6-311+G"* Method in the Gaseous and Water Phases

Phase | Flupentixol | Enomo Evumo HLG Total energy AE
Gas trans ~6.099 | 1651 | 4448 | —48273.067 | oo
cis —6.093 | —1.667 | 4426 | —48273.068 :
trans 6068 | —1575 | 4493 | —48283.477
Water cis 6062 | —1.613 | 4448 | _agog3ase | 000

Electronic absorption spectra. The electronic absorption spectra of frans- and cis-structures of
flupentixol were evaluated by the time-dependent DFT (TDDFT) method at the B3LYP/6-311+G™" level of
theory in both gaseous and water phases based on the optimized ground state geometries of the molecule.
The excitation energies, maximum wavelengths (Amax), oscillator strengths (f), main transition, and electronic
transition configurations of the trans- and cis-isomers of Flupentixol in both gaseous and solvent phases and
the calculated UV-Vis absorption spectra of both structures of Flupentixol in the two phases with a Gaussian
line broadening of 0.333 eV are shown in Table 3 and Fig. 2, respectively. The maximum absorption wave-
lengths (Amax) of the trans- and cis-isomers of Flupentixol in the gaseous phase are predicted at 229 nm with
an oscillator strength /= 0.280 and at 230 nm with the oscillator strength = 0.288, respectively. Also, the
Amax Of trans- and cis-configurations of this compound in the water phase, carried out with the CPCM model
in the TDDFT calculations, are predicted at 232 nm with the oscillator strength /= 0.331 and 231 nm with
the oscillator strength f'= 0.316, respectively. The presence of water as solvent shifts the absorption bands of
the trans- and cis-structures of flupentixol toward slightly longer wavelengths and larger oscillator strengths.
With increasing the solvent polarity, the energy of the excited state is lowered more than that of the ground
state. Therefore, the Amax of both structures of Flupentixol has a slight red shift by the solvent effects [27].
The maximum absorption wavelengths are associated with the HOMO-3—LUMO+2 transitions. Owing to
this, the highest electronic transitions related to the Amax are associated with orbitals 111 and 117. Since or-
bital 114 is defined as HOMO and orbital 115 is defined as LUMO, the highest electronic transitions related
to Amax are associated to HOMO-3—LUMO+2. The percentages of this electronic transition for the
cis-structure are higher than the trans-structure, in both phases.

TABLE 3. Calculated Excitation Energies (Eexc, €V), Maximum Wavelengths (Amax, nm),

Oscillator Strengths (f), Main Transition, Electronic Transition Configurations, Fxomo-3 and ELumo+2

of the trans- and cis-Structures of Flupentixol, Using the TDDFT-B3LYP/6-311+G** Method
in Both Gaseous and Solvent Phases

Phase | Flupentixol Eexc Amax f Main transition Enomo 3 | Erumo+2
Gas trans 5.394 229 0.280 | H-3—L+2(29.82 %) | —6.93 -0.976
cis 5.388 230 0.288 | H-3—L+2 (49.95 %) | —6.90 —0.935

Water trans 5.342 232 0.331 | H-3—L+2 (38.82 %) | —6.850 -0.914
cis 5.344 231 0.316 | H-3—L+2 (39.09 %) | —6.829 —0.883
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Fig. 2. Electronic absorption spectra of trans- (1) and cis-Flupentixol (2) in the gaseous phase and solvent
(water); calculations made by the TDDFT method using the B3LYP/6-311+G™" level of theory.

The frontier molecular orbitals of the trans- and cis-structures of Flupentixol in the solvent phase
(Fig. 3) show that for this compound the frontier molecular orbitals are generally composed of p atomic or-
bitals. Thus, these electronic transitions correspond to the n—n" transition. These results are almost in quali-
tative agreement with the experimental results [4]. We cannot obtain exact quantitative results from the
TDDFT calculations because there is a small difference between the TDDFT calculations and the experi-
mental results due to the difference between the DFT exchange and the correlation function and the compu-
tational model of the solvent effects [28—31]. The results of the TDDFT calculations show that the maximum
absorption bands and oscillator strengths of the cis-structure of Flupentixol are almost higher than those of
the trans-structure. Consequently, the cis-structure of Flupentixol shows the best absorption properties. The
improved properties of the cis-structure of Flupentixol can explain its wider application as a medicine.
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Fig. 3. HOMO-3 and LUMO+2 plots of trans- and cis-Flupentixol computed
at the B3LYP/6-311+G"" level in the solvent phase.
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Nonlinear optical properties and other molecular properties. The nonlinear optical (NLO) properties
(total static dipole moment (), mean polarizability (o), anisotropy of polarizability (Aa), and first-order hy-
perpolarizability (B)) were investigated. The dipole moment can be used as a descriptor to demonstrate the
charge transfer within the molecule [32, 33]. Polarizabilities and hyperpolarizabilities are quantities that
characterize the reaction of a molecule to an applied electric field [32, 34, 35]. In order to investigate the
NLO properties, HLG, and chemical reactivity descriptors such as the electronegativity (y), chemical hard-
ness (1) and softness (c), chemical potential (p), and electrophilicity index (®) of the molecule, the equations
based on Koopman’s theorem [36, 37] were used.

Electronegativity (x), which is a measure of the power of an atom or a group of atoms to attract elec-
trons [38, 39], can be calculated from the HOMO and LUMO energy level by the equation [32, 35]

x = (=1/2)(Enomo + ELumo). (1)

The stability and reactivity of a molecule is related to its chemical hardness (1), which is a measure of
the resistance of a system to charge transfer [32, 35]. This parameter can be calculated from the equation

n = (1/2)[IP — EA] = (1/2)(ELumo — Enomo). ()

On the basis of Koopman’s theorem /P ~ Enomo and EA = Erumo, where [P is the ionization potential
and EA is the electron affinity [32, 35, 38].

The chemical softness (c), which characterizes the capacity of a molecule to accept electrons and
measures the easiness of charge transfer, can be calculated as the inverse of hardness. The softness, which is
related to polarizability, means that hard molecules have low polarizability and soft molecules have high
polarizability [32, 38, 40].

The electronic chemical potential (p), which is the evasion affinity of an electron from equilibrium, was
calculated from the equation [40, 41]

p =—x = (1/2) (Euomo + ELumo). (3)

The electrophilicity index (®), which determines the stabilization energy of the system when it becomes
saturated with electrons, can be computed from the electronegativity and chemical hardness using the formu-
la [32, 40, 42]

o =y/2n. 4)

All the parameters above for both frans- and cis-structures of Flupentixol in the gaseous and solvent
phases are calculated with the B3LYP/6-311+G"" method and presented in Table 4. According to Table 4,
the dipole moments p, polarizability o, anisotropy of polarizability Aa, and the total first-order hyperpolar-
izability B of cis-Flupentixol are higher than those of trans-Flupentixol in both gaseous and solvent phases,
and the values of p, a, and P in the solvent phase are higher than those in the gaseous phase. The higher
dipole moment, polarizability, and hyperpolarizability shows that cis-structure of Flupentixol has better NLO
properties than the trans-stucture. A molecule with the higher dipole moment has stronger intermolecular
interactions [32]. From these values we can conclude that the cis-structure of Flupentixol, used as a biologi-
cally active molecule, is a better NLO molecule than the trans-structure. The chemical hardness of these
molecules, related to the HLG of these structures, determines the charge transfer and the reactivity of the
molecule. Soft molecules with smaller HLG will be more reactive than hard molecules with larger HLG
[32, 40, 41, 43]. The chemical hardness of the frans-structure of Flupentixol in both gaseous and solvent
phases is higher than that of the cis-structure. This means that the frans-structure is harder than the cis-
structure, and the chemical softness of the cis-structure is higher than that of the frans-structure. Therefore,
the charge transfer and reactivity of cis-Flupentixol is higher than those of #rans-Flupentixol. According to
the results, there is a reverse correlation between the polarizability values and the chemical hardness (1) of
the molecule. The cis-structure of Flupentixol with the smaller chemical hardness () shows a higher Amax
and a larger polarizability and hyperpolarizability than the trans-structure. The reduced chemical hardness
demonstrates that the electron density is more simply influenced and the molecule could be more reactive.
The enhanced polarizabilities increase the distortion of the electron cloud by an electric field to the acceptor
group and cause higher intramolecular charge transfer capability. Consequently, the smaller chemical hard-
ness means higher polarizability and hyperpolarizability [27, 43]. From Table 4 it is clear that the electro-
negativity of the trans- and cis-structures of Flupentixol are observed at 3.387 and 3.880 eV in the gaseous
phase and at 3.821 and 3.837 eV in the solvent phase, respectively. The electrophilicity index of the trans-
and cis-structures of Flupentixol in the gaseous phase is 3.376 and 3.401 eV, respectively, and this parameter
in the solvent phase is observed at 3.251 and 3.310 eV, respectively. Thus, we can conclude that the electro-
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negativity, chemical potential, and electrophilicity index of the cis-isomer of Flupentixol in both gaseous and
solvent phases are larger than those of the trans-isomer. This means that cis-Flupentixol has better reactivity
on the basis of these chemical reactivity descriptors.

TABLE 4. Calculated Dipole Moment (i, Debye), Isotropic Polarizability (o), Anisotropy

of Polarisability (Aa), Total Frst-order Hyperpolarizability (Biwt), Chemical Hardness (1),

Softness (o, V), Electronegativity (y), Chemical Potential (p), and Electrophilicity Index (o)
of the trans- and cis-Structures of Flupentixol, Using the B3LYP/6-311+G** Method

Phase Gas Water
Flupentixol trans cis trans cis
Dipole moment p 3.017 3.796 3.661 4.404
o, 10 esu 0.480 | 0.481 0.658 0.659
Aa, 1022 esu 0.148 0.172 0.114 0.173
Brot, 1028 esu 0.041 0.047 0.074 0.113
Chemical hardness 1 2.224 2.213 2.246 2.224
Chemical softness 0.449 0.452 0.445 0.449
Electronegativity y 3.387 3.880 3.821 3.837
Chemical potential p -3.387 | -3.880 -3.821 -3.837
Electrophilicity index | 3.376 3.401 3.251 3.310

Natural charge distributions and Molecular electrostatic potential (MEP). The natural atomic charges
of the frans- and cis-conformations of Flupentixol in the gaseous and solvent phases show that all H atoms,
S, and C30 atoms have positive natural atomic charges, and all carbon atoms, except for the C30 atom, oxy-
gen, nitrogen, and fluorine atoms, have negative atomic charges. The negative atomic charges of O and N
atoms, which are known as electronegative atoms, are higher than those of the carbon atoms. The O5 atom
shows the highest negative atomic charge, and the C30 atom, which is connected to three F atoms, shows the
highest positive atomic charge among all the atoms of the molecule. Also, the H50 atom shows the highest
positive atomic charge among all the H atoms. The molecular electrostatic potential (MEP) is an appropriate
method to specify three-dimensional charge distributions of molecules. This counter map is very helpful to
characterize the reactive sites of molecules in both electrophilic and nucleophilic reactions for investigation
of biological systems [32, 44, 45]. The molecular electrostatic potential for both structures of Flupentixol at
the B3LYP/6-311+G™" optimized structures were calculated and shown in Fig. 4, to characterize the reactive
sites of electrophilic and nucleophilic attacks for the frans- and cis-conformations of the Flupentixol mole-
cule. Generally, the different values of the electrostatic potential are shown by various colors. The order of
the potential values is: red < orange < yellow < green < blue. The maximum positive region (the preferred
site for the nucleophilic attack) is shown by the blue color. The negative areas of the MEP, associated with
electrophilic reactivity, are identified with the red and yellow colors. The preferred site for the electrophilic
attack is shown by the red color. The MEP maps of the Flupentixol molecule show that the negative charges
are more concentrated around the oxygen atom and fluorine atoms (the red and yellow color). Therefore,
these regions of the molecule are suitable regions for electrophilic reactivity. The area near of the O atom
with the red color is the preferred site for electrophilic reactions. The greater electronegativity of the oxygen
atoms makes them the most reactive parts for electrophilic reactivity in the molecule [32, 44]. The positive
region (blue) is distributed over the hydrogen atom connected to the oxygen atom. This region is the pre-
ferred site for nucleophilic reactivity. Most regions of the molecule are neither dark blue nor dark red. This
means that these regions are almost neutral.
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Fig. 4. MEP map of trans- (a) and cis-Flupentixol (b).
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Vibrational spectra. The calculated vibrational frequencies at the B3LYP/6-311+G™" level of theory
show that the optimized structures of Flupentixol are in stationary points without any imaginary frequency.
The obvious vibrational frequencies with the higher IR intensities of two conformations are shown
in Table 5. The obvious vibrational frequencies are practically similar for the trans- and cis-isomers of
Flupentixol. The largest IR intensity of the two spectra is related to the C8-H31, C9-H34, C10-H35,
C11-H38, and C13-H41 stretching vibrations. Their corresponding frequencies are observed at 2918 and
2917 cm™! for the trans- and cis-structures, respectively. For the CF; group, the stretching vibrations are re-
ported in the ranges 1045-1083 and 1045-1098 cm ™! for the trans- and cis-structures, respectively. For the
trans- and cis-structures of Flupentixol, the OH vibration modes are observed at 287 and 289 cm™!, respec-
tively. We can find that the IR intensities of the cis-structure are slightly larger than those of the
trans-structure, which can explain the better properties of cis-Flupentixol as a drug.

TABLE 5. Selected Vibrational Frequencies (v, cm '), IR Intensities (/ir, km/mole), and Assignment
for the trans- and cis-Isomers of Flupentixol Calculated at the B3LYP/6-311+G"" Level in Water

v | Ir | Obvious assignment
trans-Flupentixol

2918 | 635 | C8-H31, C9-H34, C10-H35, C11-H38 and C13-H41 stretching
1274 | 346 | C24-C30 stretching, C22-H48 and C25-H51 bending
1083 | 297 | C-C stretching and bending in the rings of the molecule, C30-F3
streching
1045 | 416 | C30-F2, C30-F3 and C30-F4 stretching
287 91 Torsional O5-H50 vibration
cis-Flupentixol
2917 | 651 | C8-H31, C9-H34, C10-H35, C11-H38 and C13-H41 stretching
1278 | 399 | C24-C30 stretching, C22-H48 and C25-H51 bending
1098 | 285 | C-C stretching and bending in entire of the molecule, C30-F2 streching
1045 | 411 | C30-F2, C30-F3 and C30-F4 stretching
289 111 | Torsional O5-HS50 vibration

TABLE 6. Thermodynamic Properties at Different Temperatures of the trans- and cis-Structures
of Flupentixol, at the B3LYP/6-311+G"" Level in Water

K | B | E | ¢ | s | axm
trans-Flupentixol
100 277.8 280.4 425 1129 | 280.5
200 277.8 286.2 73.7 1533 | 286.5
273 277.8 292.4 97.5 180.3 | 292.9
298.15 | 277.8 295.0 105.8 | 189.5 | 295.5
300 277.8 295.2 106.4 | 190.1 | 295.7
400 277.8 307.5 138.5 | 225.8 | 308.2
500 277.8 322.7 166.2 | 260.2 | 323.7
cis-Flupentixol
100 277.8 280.4 42.6 112.3 | 280.5
200 277.8 286.2 73.7 152.7 | 286.5
273 277.8 292.4 97.5 179.8 | 292.9
298.15 | 277.8 294.9 1059 | 188.9 | 295.5
300 277.8 295.2 106.5 | 189.6 | 295.7
400 277.8 307.5 138.5 | 2252 | 308.2
500 277.8 322.7 166.2 | 259.7 | 323.7

Thermodynamic properties. The thermodynamic parameters of the trans- and cis-structures were calcu-
lated for different temperatures from 100 to 500 K by the B3LYP/6-311+G™" method in water solvent and
are listed in Table 6. According to Table 6, the thermodynamic parameters of the trans- and cis-isomers of
Flupentixol are almost close to each other. The zero-point vibrational energies, total thermal energies, entro-
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py, and enthalpy changes of the #rans-structure of Flupentixol are less than those of the cis-structure, while
the heat capacities of cis-Flupentixol is less than those of trans-Flupentixol. Also, these results show that all
the thermodynamic qualities, except for the zero-point vibrational energy, are increasing with increasing
temperature from 100 to 500 K, because the molecular vibrational intensities improve with temperature
while the zero-point vibrational energy does not change with temperature [41, 46].

Conclusion. The geometries, electronic properties, electronic absorption spectra, nonlinear optical
properties, thermodynamic properties, natural charge distribution, MEP analysis, and vibrational frequencies
of the trans- and cis-structures of Flupentixol were studied by DFT methods to compare the trans- and cis-
structures of Flupentixol and to explain why its cis-structure can act as a drug. All quantum parameters con-
firm the better activity of the cis-structure.
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