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The current research was conducted to assess the in silico and in vitro potential of
the heterocyclic Schiff base compound (E)-1-(5-nitrothiophen-2-yl)-N-(2-
(trifluoromethyl)phenyl)methanimine(N2TPM). This Schiff base was synthesized
according to the reported method using ethanol as solvent, and the reaction was
monitored on TLC till completion of the reaction. The compound structure was
elucidated using spectroscopic techniques such as UV/Vis, FT-IR, 'H-NMR, and
13C-NMR. Molecular structure was determined using a single XRD, which revealed
that the compound was triclinic. Analysis of intermolecular interactions in crystalline
compounds was performed using Hirshfeld surface analysis and 2D fingerprint plots.
The structure of the compound was optimized using the B3LYP hybrid functional
with the basis set 6-31G(d,p). The compound’s theoretical and experimental
parameters (bond length, bond angle, molecular orbital energies, electronic
transitions, and vibration frequencies) were compared with each other which are in
close agreement. R? values were found to be 0.9914 for bond lengths and 0.9859 for
bond angles. In vitro, esterase potential of the synthesized compound was checked
using a spectrophotometric model, while in silico molecular docking studies were
performed with Auto-dock against two enzymes of the esterase family. The docking
studies and in vitro assessment predicted that such molecules could be used as
enzyme inhibitors against tested enzymes; acetylcholine esterase (AChE) and
butyrylcholine esterase (BChE). the compound showed a binding score of -10.4159,
a binding energy of -10.2743 with AChE, a binding score of -10.3378 and a binding
energy of -9.8889 with BChE.

1. Introduction

Schiff bases

are synthesized by

various  fields, biochemistry,  separation
processes, decarboxylation reactions, including

reacting catalysis, materials science, and enzymatic

aldehydes/ketones and amines in a suitable
medium. These compounds have exhibited
numerous valuable pharmacological
applications, such as the inhibition of
acetylcholine and butyrylcholine esterase
enzymes, which are responsible for Alzheimer's
disease [1-3]. Schiff bases also behave as
ligands, coordinating with metals through imine
nitrogen [4]. They possess exceptional
properties, including stability, selectivity, and
sensitivity. Researchers are continually creating
different Schiff bases with varied structural
attributes for significant applications [5, 6].
Schiff bases find broad application across

aldolization [7, 8].

Heterocyclic cores represent a major class of
organic compounds characterized by the
presence of at least one non-carbon atom
(heteroatom) within the ring structure. These
compounds acquire different properties due to
their compressed structure, such as anti-
corrosion, anti-oxidant, and anti-wear properties.
Heterocyclic compounds play a fundamental role
in the cells of living organisms, exhibiting vast
dimensional applications in different fields,
including veterinary products, pharmaceuticals,
and agrochemicals [9, 10]. These compounds are
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also utilized in various applications, including as
dyes, antioxidants, sanitizers, copolymers
developers, and corrosion inhibitors [11, 12].

Molecular docking has become an essential tool
in drug discovery, allowing researchers to model
the interactions between a small ligand molecule
and a protein at the atomic level [13]. With this
method, the optimal ligand orientation that binds
most effectively to a particular protein is
determined and information about the
intermolecular structure of the complex formed
between multiple molecules is obtained [14]. The
binding site's knowledge enhances docking study
efficiency [15].

In this study, we have synthesized Schiff base
following our previous work [16], determined
their structures with single-crystal X-ray
diffraction, performed computational studies
with Gaussian, and carried out biological
potential assessments using an in-silico docking
model.

2. General Methods
2.1. Chemicals and instruments

All chemicals used for synthesis and purification
were obtained from Merck. UV-Vis absorption
spectrum was measured from 200 to 900 nm in
ethyl alcohol using a Thermo Evolution Array
UV-Vis spectrophotometer. The IR spectra of the
synthesized compounds were recorded with a
Perkin  Elmer  Spectrum Two FT-IR
spectrophotometer equipped with an ATR
module, covering a range of 4000-400 cm™.
NMR spectra were obtained in DMSO-ds with a
Bruker Avance 111 400 MHz NMR Spectrometer.

2.2. Synthesis of (E)-1-(5-nitrothiophen-2-yl)-
N-(2-(trifluoromethyl)phenyl) methanimine
(N2TPM)

The title compound was synthesized following a
protocol previously established by our research
group [1,16]. Schiff base formed by an equimolar
reaction of 5-nitro-2-thiophenecarboxaldehyde
and 2-(trifluoromethyl)aniline in ethanol, with
the reaction mixture refluxed for 36 hours
(Figure 1). The reaction was monitored by TLC.
At the end of the reaction, a burgundy product

was obtained and filtered. Crystallization was
carried out slowly in ethyl alcohol at room
temperature.

FaC
oN s
N
+ S, N
NH.

Figure 1. Synthesis scheme of N2TPM
2.3. Crystal structure analysis

Data were collected with the STOE IPDS 2 [17]
diffractometer. The structure was determined
using the SHELXT program [18] and the
SHELXL program [19]. X-AREA was used for
unit cell optimization. Molecular geometry
calculations were made with WinGX [20].

2.4. Computational studies

The geometric optimization, theoretical UV-Vis
spectrum, theoretical infrared  spectrum,
molecular orbital energies, and electronic
transitions for the compound were obtained by
Gaussian 09 software [21, 22]. GaussSum 3.0
was also used for visualization [23, 24].
Harmonic vibration frequencies and
wavenumbers for the optimized structure were
calculated using a scale factor of 0.962 [25].
Additionally, the theoretical vibrational
spectrum of the synthesized compound was
analyzed using Potential Energy Distribution
(PED) with the assistance of the VEDA 4
program [26]. Gaussian 09, B3LYP method, and
6-31G(d,p) set were used in DFT studies [27, 28].
Results from DFT studies, including natural bond
orbitals (NBO), the density of states (DOS),
frontier molecular orbitals (FMQ), and global
reactivity parameters were analyzed using
GaussView 5.0. Input files for optimization are
derived from the crystal structure to ensure the
best possible alignment with the data [1, 29].

2.5. Hirshfeld surfaces analysis

A Hirshfeld surface represents the outer contour
of the space occupied by a molecule or an atom
within a crystalline environment. In this study,
Hirshfeld surfaces and 2D fingerprint plots were
generated using the Crystal Explorer 17.5
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program, which incorporates the TONTO
software [30]. The normalized contact distance
dnorm, Dased on both the external distance d. and
internal distance d:, was calculated using a
standard equation [1, 31].

2.6. In silico and In vitro assessments toward
Esterases

In vitro evaluation, a spectrophotometric method
was used. Docking studies of the resulting
compound were carried out using the free online
docking  program  AutoDock [1, 32].
Acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) crystal structures
were used for docking simulations. The results
were visualized graphically using Discovery
Studio Visualize.

3. Results and Discussion
3.1. Spectroscopic studies

The compound was characterized using X-ray
diffraction and spectroscopic techniques. The
compound depicted 257 nm and 355 nm in UV-
Vis spectroscopy (Figure 2). In UV-Vis
spectroscopy, the band below 290 nm was
assigned to the m—m* transition, while the band
above 290 nm was attributed to the n-m*
transitions [33].

1.0

355 nm

0.5

Absorbance

0.0

200 300 400 500 600 700 800
Wavelength (nm)

Figure 2. UV-Vis spectrum of N2TPM

Several informative bands appeared in the FT-IR
spectrum in the 4000-650 cm™ range. The
absorption band observed between 1695-1595
cm' is characteristic of the C=N group in
N2TPM [34, 35]. In FT-IR spectra of compound
a strong bands appeared at 1578 cm™! due to
azomethine linkage. The appearance of these
bands provided preliminary indications about the

targeted products. Additionally, it was observed
that the presence of the fluorine (F) group in the
compound caused the C=N group to shift to 1578
cm™'. The C=C IR band at 1535 cm™ is seen in
Figure 3.

lﬂ"wi

Figure 3. FT-IR spectrum of N2TPM

NMR spectra were recorded in DMSO-de using a
Bruker Avance 111 400 MHz NMR Spectrometer.
The disappearance of NH2 and appearance of a
new singlet peak in *H-NMR was assigned to
HC=N at 6 8.89 which confirmed the synthesis
of the targeted compound [36]. The doublet
peaks at 8.20 and 7.80 correspond to protons in
the thiophene ring in the compound. The signal
for Ar-H was observed in the range 6 7.80-7.43
Figure 4. 3C-NMR of the compound showed
twelve signals from 158.14 to 14.63 ppm Fig. 5.

L \HH

Figure 5. BC-NMR spectrum of N2TPM
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Yield: 89%; m.p.: 161 °C; Amax: 257 nm and 355
nm; IR: 3117 (C—H, arom.), 1578 (HC=N), 1575
(C-NO»), 1535 (C=C), 1109 (C-0), 817 (C-S)
cm™!; TH-NMR (400 MHz, DMSO-ds): & 8.89 (s,
1H), 8.20 (dd, J = 4.0, 1.8 Hz, 1H), 7.82 — 7.77
(m, 1H), 7.80 — 7.71 (m, 2H), 7.53 — 7.43 (m,
2H); 3*C NMR (100 MHz, DMSO-ds): & 155.50
(C2), 153.45 (C6), 147.77 (C5), 147.72 (C8),
133.90 (C10), 132.83 (C4), 130.35 (C3), 127.10
(C11), 126.40 (C9), 126.35 (C12), 122.89 (C13),
119.74 (C15).

3.2. XRD Analysis

The structure of the compound was further
confirmed by single-crystal X-ray analysis.
Table 1 summarizes the data. Figure 6 illustrates
the asymmetric unit of the compound. The

compound contains two independent organic
molecules and are not planar. The corresponding
angles for C7-C12 and C20-C25 fluorobenzene
rings are 37.22(12)° and 31.752(10)° in
compound, respectively. The molecule is linked
by C6—H6--03 (—x+1, -—y+l, -—zt+l),
C19—H19---01 (—x+1, -—y+1, —z+2) and
Cl11—H11--04 (—x+1, —y+2, —z+1) hydrogen
bonds (Figure 6 and Table 2). The C6—N1 and
C19—N2 bond lengths are typical of double
bonds. The N-O bond lengths [1.221(5),
1.210(5), and 1.212(5) A] in the nitro group are
close to the values observed for related
compounds reported in the literature. In addition,
C-F bond lengths [1.329-1.342 A] in the
trifluoromethyl group are similar to a work by
lImi et al. [37]. Crystal packing of N2TPM is
given in Figure 7.

Table 1. Crystal data and structure refinement of N2TPM

Crystal data Compound
CCDC 2067648
Empirical formula C12H7F3N20,S
Formula weight 300.263
Temperature/K 296

Crystal system triclinic

Space group P-1

a/A 7.5965(5)

b/A 11.0021(7)

c/A 15.9138(10)

o/° 91.351(5)

B/° 94.741(5)

v/° 105.750(5)
Volume/A3 1274.25(15)

Z 4

pcalcglcm3 1565

w/mm'? 0.293

F(000) 608.9

Crystal size/mm?® 0.45 % 0.27 x 0.14
Radiation Mo Ka (A =0.71073)

20 range for data collection/°

3.86 to 52

Index ranges

-11<h<11,-16<k<16,-24<1<22

Reflections collected

26313

Independent reflections

5021 [Rint = 01075, Rsigma = 01192]

Data/restraints/parameters

5021/0/361

Goodness-of-fit on F?

1.003

Final R indexes [[>=20c (I)]

R1=0.0769, wR2 = 0.1799

Final R indexes [all data]

R1=0.1249, wR2 = 0.2057

Largest diff. peak/hole / ¢ A

0.85/-0.59
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Table 2. Hydrogen-bond geometries for N2TPM (A, ©)

D—H—A D—H H-A DA D—H-A
C6—H6--03i 0.93 253 3.313(6) 142
C19—H19--Olii 0.93 2.43 3.277(5) 151
C11—H11--O4iii 0.93 253 3.2189(6) 131

Symmetry codes: (i) —x+1, —y+1, —z+1; (ii) —x+1, —y+1,—z+2; (iii) —x+1, —y+2, —z+1. (Cg2: C6—Cl11 ring center)

Figure 6. (a) Crystal unit; (b) Optimized structure of
N2TPM (Atomic numbering used for PED analysis)

Figure 7. Crystal packing of N2TPM

3.3.Computational Studies
3.3.1.UV-Vis spectrum

Three absorption bands were observed in the
experimental electronic spectrum of the
compound in ethanol. The absorption observed at
A = 214 nm in the absorption spectrum
corresponds to m-m* electronic transitions
resulting from the delocalization of electrons in
aromatic thiophene and benzene rings.

The absorption at A = 256 nm, visible as the
second peak detected in the experimental
spectrum, is attributed to the n-n* transition in
the benzene ring, thiophene, and azomethine (-
HC=N-) moieties. The electronic transitions
found in the calculated UV-Vis spectra between
272-339 nm are observed to occur through the

benzene ring towards the thiophene ring, whereas
the transitions at higher wavelengths are
monitored to occur through the imine group.

The peak observed as a broad band at A =352 nm
is the characteristic n-m+ transition of the
azomethine (C=N) group. This same transition
was theoretically observed nearly at A = 426 nm.
It has been identified that the results of the
experimental and theoretical studies are in good
agreement with previous studies [38-42].

The calculated UV-Vis spectrum and the frontier
molecular orbitals were examined utilizing
Gauss-View and GaussSum and given with
experimental spectrum in Figure 8. Table 3 lists
the wavelengths of the experimental and
calculated electronic transitions and the
corresponding transitions, the energy of the
transitions, the oscillator intensity, and the
contribution of the orbitals to the electronic
transitions.

—Experimental

(214, 0.803961)
(2%, 0330525

T T
(382, 0748581)
e

[ Gaus Sum

Gaussian

1500
100

k]

il il I bl il 1

Wavelenght (nm)
Figure 8. Experimental and calculated UV—Vis
absorption spectra of N2TPM
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Table 3. Assignments, energies, and wavelengths of the experimental and major theoretical transitions of

N2TPM
)(“ner?)’ )“(:2:; Assignment Energy (eV) Sti(;l:\lg:r?g Major Contribution (%)
HOMO—TA42 (45%)
25073 mm* 4.9449 0.0159 H-10L+1 (33%)
214 H-2L+1 (14%)
0
24477 memt 5.0654 0.0503 S 8;;3
o
339.71  mt 3.6497 0.2446 A LOMO (29
H-5—LUMO (65%)
331.08  mn* 3.7449 0.0228 H-4—LUMO (11%)
H-1->LUMO (13%)
32891  mr* 3.7696 0.0718 H-2—LUMO (91%)
256 31491  nn* 3.9371 0.0184 H-3—LUMO (95%)
20357  nn* 4.2233 0.0048 H-6—>LUMO (88%)
V)
20063  mm* 4.2660 0.1517 HOMOu ((2553(2‘;)
H-4—LUMO (45%)
27204  mn* 45576 0.0843 H-5—LUMO (10%)
HOMO—L+1 (37%)
352 42684  nx 2.9047 0.3621 HOMO—LUMO (94%)

3.3.2. Vibration spectral analysis

The experimental and theoretical FT-IR spectra
of the compound are presented in Figure 9. In
Table 4 the experimental and calculated values of
the wave numbers of the vibrations in the
molecule are provided along with the % PED
values. The experimental aromatic C-H
stretching vibrations of the thiophene and
benzene rings in the structure of the compound
were observed in the range of 3126 to 3046 cm’!
[43]. The theoretical wavelengths corresponding
to these vibrations were calculated as 3140, 3110,
3102, 3090, 3082, and 3068 cm™!, respectively.

The C-H stretching vibration of the imine group
was found experimentally at 2927 cm™! and was
found to be in good agreement with the
theoretical value of 2928 cm™. In previous
studies, it has been reported that the stretching
frequencies for C=C bonds in the aromatic ring
are typically observed between 1625 and 1430
cm’! [44, 45]. The experimental vibrations for
C=C bonds were recorded at 1592, 1578, and
1488 cm’', while the theoretical vibrations were
recorded at 1585, 1568, and 1472 cm’,
respectively.  Furthermore, the vibrational
frequency of the C=C bond in the thiophene ring
was determined experimentally at 1503 cm™ and
found computationally at 1523 cm™.

The calculated value for the azomethine v(C=N)
vibration of the N2TPM is 1627 cm™!, while the
observed experimental value is 1592 cm™. The
experimental observation determined the
asymmetric vibration of the N-O bond at a
frequency of 1535 cm™!, which is different from
the calculated value of 1564 cm™. Similarly, the
symmetric ~ stretching of Vv(N-O)  was
experimentally detected at 1334 cm™ and is
almost identical to the calculated value of 1335

cm™,

The symmetric vibration of the v(SC) bond was
detected experimentally at 1149 cm™ and
theoretically at 1153 cm. The bending
vibrations of the C-S bond were found at 708 cm-
'in the experimental spectrum and 713 cm! in
the calculation method.

The stretching vibrations of the symmetric and
antisymmetric CF3 groups typically occur
between 1290-1235 cm™! and 1226-1200 cm’,
respectively [46]. For this compound, these
stretching vibrations were observed
experimentally between 1268-1149 cm™ and
theoretically between 1285-1153 cm™.

The correlation plots in Figure 10 obtained using
the experimental and theoretical wavenumbers
were analyzed and it was found that plot B had a
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stronger R? value than plot A, indicating a better
agreement of the experimental data with the
scaled theoretical frequencies.

s Wﬂl‘“

*[——Experimental II

/! A A
v l,lmwl; i

Transmittance (%)

'l
o90|—Theoretical unscaled

EM'em')
2 &

180 [—Theoretical scaled

E(M'em')

540

L I
4000 350 300 2500 2000 1500
Wavenumber (cm')

Figure 9. Comparative illustration of experimental
and theoretical spectrum of N2TPM

3.3.3. Molecular orbitals

The bond lengths and angles of the resulting
compound were analyzed by comparing them
with theoretical density functional theory results
and experimental X-ray diffraction data. The
comparison showed a close agreement between
the experimental and theoretical studies, as
detailed in Tables 5, and 6. The R? values were
0.9914 for bond lengths and 0.9859 for bond
angles, as shown in Figures 11 and 12. These
high R? values indicate a strong agreement
between the experimental and theoretical
structural parameters, with values close to 1.0.

Small differences in bond angles may be
attributed to the distinction between gaseous
phase calculations in DFT and solid phase
measurements in XRD studies. DFT calculations
were also used to determine the compound's

Table 4. Experimental and theoretical wavenumbers and PED analysis of N2TPM.

, Calculated Calculated I , 0
Exp(e::rrlnnjle):ntal (unscaled)  (scaled with 0.962) Vibration source ﬁfglrgnnnl}?g e(f'ED %)
(cm™) (cm?)
3126 3264 3140 Tiophene | 11 (97) — CasHzs
moiety

3117 3234 3110 Benzene moiety v CH (91) — CyoH21

3076 3213 3090 Benzene moiety 1%%9271) = CasHue + CooH

3061 3204 3082 Benzene moiety v CH (95) — CisHis + CooHas

3046 3190 3068 Benzene moiety 1%%9277) = CaaHie + Gl

2927 3044 2928 Imine moiety v CH (100) — CgHao

1612 1691 1627 Imine moiety v NC (69) — NsCo

1592 1649 1585 Benzene moiety ch(jgzgsf)czciﬂ% * CaaCas +

1578 1630 1568 Benzene moiety v CC (41) — C2Cz

1535 1626 1564 NO; moiety v NO (89) — N70Og¢+ N7Og

Tiophene

1503 1584 1523 moiety v CC (58) — C15Cas+ C16Cas
S CCC (23) — C12C13Co
+C13C26C22 + C20C22C2

1488 1531 1472 Benzene moiety B HCC (15) — H21C20C2
S HCC (25) — H14C13Co6 +
H23C22Co

1334 1388 1335 NO; moiety v NO (75) — N7Og + N7Osg
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Table 4. Experimental and theoretical wavenumbers and PED analysis of N2TPM (Continue)

Experimental Calculated Calcu_lated Vibration source  Assignment (PED%)
(cm) (unscaled)  (scaled with 0.962) Atom number
(cm™?) (cm™?)
1228 1293 1243 CF3 moiety vFC(11) — F2Cy7 + F3Cyy
1168 1202 1156 CF3 moiety v FC (60) — F3Ci7 + F4Cyy
1149 1199 1153 CF3; moiety vFC (61) — F2Ci7 + F3Cyy
1109 1148 1104 Tiophene | - (60) — S1Cus
moiety
817 823 792 NO; moiety B ONO(58) — OsN7Og
729 742 713 NO; moiety vy OCON(85) — OgC150sN7
Tiophene
708 689 674 moiety S SCC (41) — S1Ci5C
A
35007 Table 5. Bond lengths of N2TPM
3000 Atom Atom Length/A
g XRD DFT
g 2007 S1 C2 1.710(4) 1.72936
% 2000 R2=0.99968 S1 C5 1.716(4) 1.73687
§ F1 C13 1.333(6) 1.35189
T 15001 F2 C13 1.342(6) 1.35187
g ] F3 c13 1.336(5) 1.34760
2 N1 C6 1.271(5) 1.27440
500 N1 c7 1.413(6) 1.39868
500 1000 1500 2000 2500 3000 3500 o1 N3 1'221(5) 1.22695
Experimental Wavenumber (cm™) N3 02 1221(5) 1.22909
N3 c2 1.430(6) 1.43827
C12 c7 1.402(6) 1.40857
B 3500 C12 C13 1.483(6) 1.50831
C12 c1u1 1.385(6) 1.38926
3000 C6 C5 1.447(6) 1.44633
3 00 c2 c3 1.354(6) 1.36932
2 c7 cs 1.416(6) 1.39972
2 2000 RP=0.99985 c8 c9 1.352(7) 1.38845
g C5 C4 1.371(6) 1.38083
7 19001 C4 C3 1.400(7) 1.40720
s C10 Cl1 1.372(6) 1.39097
2 C10 C9 1.383(7) 1.38884
500
500 1&00 151)0 2(;00 25;00 SOL)O 3§00
Experimental Wavenumber (cm™) 7 y=1.0194x- 0.0174

R*=0.9914

Figure 10. Correlation graphs of (A) experimental
wavenumber-theoretical wavenumber (not scaled),
(B) experimental wavenumber-theoretical 14 -~
wavenumber (scaled with 0.962)

B

DF1

HOMO and LUMO orbitals as well as different e :
inter-orbital energy gaps. An energy difference

of 4.724 eV was found between HOMO and Figure 11. Correlation of bond length between DFT
LUMO, and an energy difference of 7.676 eV and SCXRD of N2TPM

was found between HOMO-1 and LUMO+1

(Figure 13). This energy difference between

HOMO and LUMO suggests that the molecule is

relatively stabilized [47].
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DFT

Figure 12. Correlation of bond angle between DFT
and SCXRD of N2TPM

130
125

120

110
105

100

100 105

y =0.9875x + 1.5505
R*=0.9859

h

110

0. ®
‘}9’;7‘5

°
e ®

€

115 120
SCXRD

125 130

Table 6. Bond angles of N2TPM

Atom  Atom  Atom  Length/A
XRD DFT
C5 S1 C2 89.4(2) 89.38666
C6 c5 s1 120.3(3) 12142081
Cl0  C9 C8 121.1(4)  120.15856
c7 N1 C6 118.7(4)  120.70378
02 N3 01 123.9(5) 125.39812
C2 N3 01 117.3(4) 117.07657
C2 N3 02 118.8(4) 117.52528
F3 Cl3 P2 105.7(4)  107.09661
C12 C13 F1 114.1(4) 112.24987
C12 C13 F2 112.5(4) 112.41674
C12 C13 F3 112.0(4) 111.63392
C13 C12 C7 120.2(4) 120.20031
Cil1 C12 C7 119.5(4) 119.95297
Cll _ Cl2  C13  120.3(4)  119.84233
5 [ N1 120.5(4)  121.86881
C4 C5 S1 112.3(4) 112.31070
C4 C5 C6 127.4(4) 126.26849
F2 C13 F1 105.9(4) 106.57544
F3 Cl3 F1 106.1(4)  106.47915
C3 C2 S1 114.7(4) 114.28557
C3 C2 N3 125.9(4) 125.71288
N3 C2 S1 119.4(3) 120.00154
C3 C4 C5 113.1(4) 113.06748
C9 C10 Cl1 119.0(5) 119.63679
C4 C3 c2 110.5(4) _ 110.94952
C10 Cl1 C12 121.6(4) 120.72574
C12 C7 N1 119.3(4) 119.41970
C8 C7 N1 122.8(4) 121.81181
C8 C7 C12 117.8(4) 118.67699
C9 Ccs c7 121.0(4)  120.82674
W
d

LUMO+1
A

AE=7.676

v

HOMO-1

Figure 13. HOMO and LUMO of N2TPM

3.3.4. Natural bond orbitals

Gaussian software was used to calculate the
Natural Bond Orbitals of the resulting
compound. NBO analysis provides information
about individual bonds in the molecule and the
associated energies of lone pair and bond pair
electrons, which helps understand atomic
interactions. This analysis allows for the
prediction of the behavior of donor and acceptor
atoms within the molecule.

The NBO data for the compound, as listed in
Table 7, show that the highest energy interaction
is between C12-C13 and C11-C12, with an
energy of 4.48 kcal/mol. The lowest energy
interaction is between S1-C16 and C18, with an
energy of 2.12 kcal/mol, where F2 acts as the
donor and C17 as the acceptor.

Table 7. NBO of the N2TPM
Donor (i) Acceptor E(2) E@E®G) F(1.J)

()] [Kcal/ (a.u) (a.u)
mol]

S1-C15 C16 0.59 1.70 0.028
S1-C16 C18 0.53 1.37 0.024
N5-C9 C11-C12 1.95 1.47 0.048
06-N7 C15 1.92 2.00 0.056
N7-C15 06 1.57 1.97 0.050
C9-H10 N5 0.56 1.60 0.027
Cl11-C17 C20 1.36 1.77 0.044
C12-C13 Cl11-C12 4.48 1.27 0.070
F2 C17 2.12 25.08  0.207
08 N7 0.97 1521  0.199

3.3.5. Density of state

The density of states (DOS) for the synthesized
compound was computed from the optimized and
calculated using GaussSum software. This
analysis is crucial for determining the various
energy states or levels within the molecule,
which is essential for understanding electron
excitation from the ground state.

As depicted in Figure 14, the DOS spectra reveal
that the energy difference between HOMO-1 and
LUMO+1 varies between compounds. The net
energy difference among the frontier molecular
orbitals (FMOs) is 2.952 eV.
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Figure 14. DOS spectra of the N2TPM

3.3.6. Global reactivity parameters

The compound shows high electronegativity
due to fluorine atoms. The compound's electron
affinity and ionization potential are 4.777 eV
and 9.499 eV, respectively (Table 8). The
chemical potential and chemical hardness
values indicate favorable kinetic stability for
the compound.

Table 8. Global reactivity parameters of the

N2TPM
X n ] IP EA 1/2y o)
7.138 2362 9499 4777 0211 10.786

7.138

3.4.Hirshfeld Surface Analysis

Hirshfeld surface analysis (HS) is primarily used
to study intermolecular interactions in crystalline
compounds that contribute to crystal
stabilization. The parameters d. (distance to the
nearest outer nucleus) and d: (distance to the
nearest inner nucleus) are taken into account with
respect to the van der Waals radius. HS is
visualized with red, blue, and white colors
representing different distances relative to the
total radius [16, 48].

Hirshfeld surfaces for the compound were
generated with high surface resolution, mapped
over the ranges —0.55 to 1.0 A for dnorm, Shape
index from —0.10 to 1.0 A, and curvature over the
ranges —0.40 to 4.0 A. The surfaces were made
transparent to show the molecular environment
around them clearly.

To identify close contacts, the dnorm Surface was
analyzed with values ranging from negative to
positive. Negative values represent shorter
contacts compared to van der Waals radii, while
positive values represent longer contacts. Red

areas on the surface indicate closer contacts at
negative dnorm values, blue areas indicate
longer contacts at positive dnorm Values, and white
areas indicate distances at zero (Figure 15)

Figure 15. Hirshfeld surfaces are mapped at three
views; (a) dnorm, (b) shape index, and (c) curvature.
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Figure 16. Fingerprint plots of contacts along with
relative contributions for N2TPM

2 D fingerprint plots of under studied compound
were mapped to check the connections between
atoms as shown in Figure 16. It was observed
from contacts that H....F/F...H (26.7%).
Interactions are major contributors to compound.
O..H/H...O (21.2%) are the second major
contributing contacts in compound. The
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compound has depicted contacts C...C (9.7%),
S...H/H...S (8.7%), C...F/F...C (4.3%), and
O...F/F...0 (3.9%).

3.5. Insilico and in vitro enzyme inhibition

The esterase family, which includes enzymes
such as acetylcholinesterase (AChE) and
butyrylcholinesterase ~ (BChE), plays an
important role in Alzheimer's disease. Table 9
details the in vitro potential of the synthesized
compound. Docking studies using energy-based
scoring functions help determine the optimal
conformation of a ligand when binding to a target
protein [15]. In general, lower energy scores
indicate better binding affinity between protein
and ligand [49], making it very important to
identify ligand binding modes with the lowest
energy values [50].

The results indicate that the compound can act as
an enzyme inhibitor, exhibiting significant
docking scores and binding energies (Table 9).
Specifically, the compound showed a docking
score of -10.4159, a binding energy of -10.2743
with AChE, a docking score of -10.3378, and a
binding energy of -9.8889 with BChE.

The phenyl ring of the compound displayed n-n
interactions with Trp279 and Trp334, while the
thiophene moiety showed similar interactions
with Phe330. The fluorine atom within the
molecule formed strong hydrogen bonds with
Phe288 on AChE. Additionally, the residues
Phe331 and His440, located at the active sites,
interacted with the compound, helping to anchor
it at the active site of AChE (Figure 17).

Similarly, the compound showed firm binding
with various amino acid residues at the active site
of BChE, including Trp82, Glu443, and Gly155,
through strong hydrogen bonding interactions
involving the fluorine atom and the nitro group’s
oxygen. The compound also exhibited m-alkyl
and -7 interactions between the five-membered
ring of the N2TPM and the phenyl ring of Trp82,
along with Ala328 and Leu450 (Figure 18).

Table 9. Docking Results of the N2TPM
Docking Score Enzyme Inhibition

(Kcal/mol) (Yoage)
AChE BChE AChE BChE
-10.4159  -10.3378 66.42 + 1.1 65.20£ 1.0

of AChE

Figure 18. 3D Interactions of N2TPM on active
sites of BChE

4. Conclusion

In organic chemistry, new bioactive molecules
are constantly being developed for human health.
Schiff bases show significant potential and active
effects in the treatment of many diseases. In this
study, a Schiff base containing heterocyclic
components was synthesized and its structure
was elucidated by spectroscopic techniques. The
crystal structure of the compound was analyzed
using 2D and 3D plots, which showed the crystal
stability due to various interactions through
Hirshfeld surface analysis.

The crystal structure was optimized using
Gaussian software and the results were compared
with X-ray diffraction (XRD) data, which
showed a close agreement in bond angles and
lengths. Gaussian calculations have shown that
the molecule has remarkable kinetic stability,
providing information on various structural
parameters such as chemical potential, chemical
hardness, electronegativity, and electron affinity.

The biological activity of the synthesized Schiff
base was assessed through enzyme inhibition
assays targeting acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE), enzymes
linked to neurodegenerative disorders such as
Alzheimer’s disease. Both in vitro and in silico
studies demonstrated strong inhibitory activity
against AChE and BChE, suggesting that the
compound possesses significant potential as a
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therapeutic agent. Molecular docking studies
further supported these findings, revealing
favorable binding interactions within the active
sites of the target enzymes.
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