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ARTICLE INFO ABSTRACT

Keywords: The sulfonamide Schiff base (C16H14N403S) was successfully synthesized and experimentally
DFT ) ascertained. The main purpose of this research is to investigate the geometry of the aforesaid
Topological study molecule using both experimental and density functional theory (DFT) techniques and determine

ADMET drug-likeness
Molecular docking
NLO

its drug likeness characteristics, docking ability as an insulysin inhibitor, and its NLO property.
For the computational investigations the DFT approaches were utilized at the B3LYP level with
the 6-311G+(d,p) basic set. The experimental results of the compound (such as FT-IR, UV-Vis,
and 'H NMR) were compared with simulated data. The both results were well and consistent with
previously related published data. The obtained spectral results confirm the formation of the
Schiff base compound. Both n—=n* and n—n=* interactions were found in experimental and
computational UV-Vis spectra, as well as in the natural bond orbital (NBO) study. The molecular,
electronic, covalent, and non-covalent interactions were analyzed using DFT studies. Both
experimental and simulation results revealed that the compound is successfully formed and
relatively stable. The compound with a lower band gap showed high chemical reactivity. The
medicinal characteristics of the compound were evaluated using in silico medicinal methods. The
investigated compound was also followed Pfizer, Golden Triangle, GSK as well as Lipinski’s rules.
Therefore, the compound has more favorable absorption, distribution, metabolism, excretion, and
toxicity (ADMET) profile and it can be used as non-toxic oral drug candidate. The compound was
exhibited good insulysin inhibitory activity and it has almost eighteen times higher non-linear
optical properties than urea and three times higher than potassium dihydrogen phosphate (KDP).

1. Introduction

Azomethine linkage containing organic molecule is known as Schiff base. It is created by German chemist Hugo Schiff [1,2]. It is
easily resulted by the condensation reaction between a carbonyl compound and a primary amine. The Schiff bases also contain various
electron supplier atoms such as oxygen, sulfur, and nitrogen. These are prominent chelating ligand and extensively employed in
coordination chemistry. Moreover, these Schiff base compounds are very stable and their synthetic approach is fairly simple.
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Therefore, Schiff base synthesis and complexation have been extensively researched in advanced undergraduate programs [3,4].
Furthermore, sulfonamide Schiff bases contain both azomethine and sulfonamide (-SO,-NH-) functional groups, which are responsible
for their biological activity [5,6]. Therefore, sulfonamide compounds play a crucial role in pharmacological activity. Sulfonamide
compounds impede the metabolic pathway of the enzyme dihydropteroate synthase (DHPS) and serve as a bactericidal agent. Sul-
famethoxazole comprises a sulfonamide group, which structurally resembles para-amino benzoic acid. Its mechanism involves
inhibiting the production of dihydropteroic acid by blocking DHPS, thereby impeding bacterial growth [7,8]. Besides, its primary
utilization is for the treatment of urinary tract and gastro intestinal infections [9,10]. Sulfonamide Schiff bases can easily form stable
complexes with various transition metal ions [8,11] due to their chelating ability. The producing transition metal complexes have
become significantly important in the fields of material science and bioorganic chemistry [9,12]. Metal complexes of sulfonamide
Schiff bases have also been shown various biological activities [13,14]. Sulfonamide compounds find to have broad applications as
antibacterial, antifungal, anticancer, anti-inflammatory, antiviral agents and also HIV protease inhibitors [2,4,6,9]. Recently,
computational methods are becoming reliable and convenient since the experimental results can be hypothesized before performing
chemical analysis in lab and both results are fairly consistent [15]. To the best of our knowledge, there is no information available on
the quantum chemical calculation (DFT) and comparative studies between experimental and computational analyses of the mentioned
compound. Therefore, we synthesized it through a straightforward condensation reaction using sulfamethoxazole and
pyridine-2-carbaldehyde, and characterized it using experimental techniques alongside extensive DFT studies. This study also includes
a comparative assessment of experimental and computational approaches. Furthermore, we presented findings on frontier molecular
orbitals, molecular electrostatic potential (MEP), ADMET, drug likeness, in silico molecular docking, electron localization function
(ELF)/localized orbital locator (LOL), reduced density gradient (RDG), natural bond orbital, and non-linear optical (NLO) studies of the
specified compound.

2. Experimental approaches
2.1. Materials and methods

The selected aromatic aldehyde and primary amine were bought from Sigma-Aldrich and all the required solvents were acquired
from a reliable chemical supplier. The melting point of the final product was assessed through the open capillary technique. The
electronic spectra, FT-IR, and melting point of the synthesized product were evaluated through PG Instruments CT60 in dime-
thylsulfoxide (DMSO), SHIMADZU IR Affinity-1S, and capillary melting point apparatus (COLE-PARMER LTD. STONE, ST150SA, UK),
respectively at the departmental laboratory, Department of Chemistry, Rajshahi University of Engineering & Technology, Bangladesh.
The 'H NMR spectral analysis of the final purified product was performed in DMSO with the help of the JEOL JNM-ECZ400S a so-
phisticated 400 MHz 'H NMR spectrometer from Okayama University of Science, Japan. Non-covalent and covalent interactions
within the studied molecule were conducted using the Multiwfn 3.8, VMD, Gaussian, irfanView, and gnuplot softwares [16-19]. NBO,
and NLO studies were performed using Gaussian programs following the DFT method with same level of theory. The molecular docking
analysis was carried out against two receptor proteins (PDB ID: 3E4A) and (PDB ID: 30FI). ML345 compound (PubChem-CID:
57390068) and 6bK were utilized as standard inhibitors.

2.2. Theoretical approaches

The computational evaluations were performed under the DFT method with basis set of B3LYP/6-311G+(d,p) using Gaussian 09W
software and GaussView 6.0.16 visualizer program [16,17]. The optimized molecular state, molecular electrostatic potential,
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Scheme 1. Reaction scheme for the formation of the studied compound.
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HOMO-LUMO, NBO, NLO, and computational spectral data were generated using the Gaussian software. The topological parameters
(ELF/LOL and RDG) were also performed using Gaussian, Multiwfn 3.8, and VMD softwares.

2.3. Synthesis of (E)-N-(5-methylisoxazol-3-yl)-4-((pyridin-2-ylmethylene)amino)benzenesulfonamide compound

Equimolar amount of pyridine-2-carbaldehyde (1.07 g, 0.01 mol) and sulfamethoxazole (2.53 g, 0.01 mol) were dissolved in
ethanol separately. Then the homogeneous ethanolic mixture of pyridine-2-carbaldehyde was added to the ethanolic mixture of
sulfamethoxazole. The resulting mixture was refluxed for 2 h at 90 °C. Finally, yellowish-orange colored precipitates were settled down
(Scheme 1). After filtration, the crude precipitates were cleansed with hot ethanol. Then the resulting product was dried. The final
product was successfully crystalized with 65 % yield. The melting point of the pure product was 285 °C.

3. Results and discussion
3.1. FT-IR spectra

The vibrational spectrum exhibited the IR absorption frequencies of the bonds present in the studied compound. The compound
showed a sharp band at 1605 cm ! due to the stretching vibration of azomethine linkage (-CH=N-) [7,20,21]. The stretching mode of
vibration of N-H group was found at 3225 cm™! [7,22]. Theoretically, CH=N and N-H groups were observed at 1637 and 3413 cm ™2,
respectively (Table 1). The corresponding asymmetric and symmetric modes of the SO, group were experimentally found at 1304 cm ™!
and 1112 em™! [23,24] whereas they were computationally obtained at 1269 cm ™' and 1081 cm ™%, respectively. The spectrum
exhibited two absorption bands at 1240 cm™! [7,25] for the C-O group and 860 cm™! [20] for the S-N group of the sulfonamide
moiety. Theoretically, C-O and S-N bands were appeared at 1250, and 896 em ™2, respectively. The results from the quantum chemical
calculation indicated a slight shift toward higher frequencies compared to the experimental data. This shifting is observed because the
quantum chemical computations were carried out in the gas phase, whereas the experimental calculations were performed in the solid
phase.

3.2. UV-vis spectra

UV-Visible spectral result gives the information about the electronic transition of the compound [26]. In the UV-Vis spectral
analysis, =—x* transitions correspond to the electrons present in the conjugated system whereas n—z* corresponds to the non-boding
electrons in atoms. The electronic spectrum of the discussed molecule was observed using a 200-800 nm spectrophotometer. Two
electronic bands were found in the experimental spectrum at 228 and 256 nm that were corresponded to 7—m* transition of the phenyl
rings and azomethine linkage [15,20]. On the other hand, computationally they were found at 292 and 318 nm respectively. A small
variation was observed because a different phase (gas phase) was used in the theoretical calculation. A peak was observed at 276 nm
that might be due to the shifting of electrons from non-bonding orbital to pi antibonding orbital (n—m*) transition [15]. This peak was
identified in the quantum chemical spectrum at 356 nm (Table 2). The crucial contributions of the HOMO and LUMO transitions in the
gas phase were as follows: HOMO to LUMO transition accounted for 85 % at a wavelength of 356 nm, H-1 to LUMO contributed 82 % at
292 nm, H-4 to LUMO contributed 12 %, H-3 to LUMO contributed 58 %, and H-2 to LUMO contributed 22 % at a wavelength of 318
nm [7,20].

3.3. NMR spectra

The experimental spectrum exhibited a singlet peak at 9.28 ppm owing to the presence of azomethine linkage (-CH—=N-) which
assures the Schiff base formation (Fig. 1) [27]. A peak for one proton was noticed at 5.99 ppm that referred to isoxazole proton [5,11].
The protons of methyl group attached to isoxazole ring appeared at 2.30 ppm experimentally [27] (Table 3). The azomethine
(CH=N), isoxazole, and —~CHj signals were theoretically obtained at 9.55, 6.19, and 2.39 ppm, respectively. A singlet peak was also
occurred at 11.28 ppm in the spectrum which attributed to the proton of ~-SO;NH- moiety [4,28]. This proton signal was theoretically
observed at 11.37 ppm. The protons signals for pyridine ring and N-phenyl ring were observed in the range of 8.0-8.20, and 7.48-7.80

Table 1
Characteristics vibrational bands of the studied compound.
Band Computational (cm ™) Experimental (cm™ 1)
Unscaled Scaled”
o(N-H) 3550 3413 3225
v(C=N) 1703 1637 1605
0(S0O3)assym 1320 1269 1304
0(SO5)sym 1125 1081 1112
v(C-0) 1300 1250 1240
0(S-N) 932 896 860

@ Scaling factor for B3LYP/6-311+G(d, p) is 0.9614.
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Table 2
Electronic transitions of the studied compound.
Computational Experimental
Wavelength (nm) Osc. Strength Symmetry Major contribution Wavelength (nm) Transition
356 0.2423 Singlet-A HOMO- > LUMO (85 %) 276 n—r*
318 0.0226 Singlet-A H-4- > LUMO (12 %), H-3- > LUMO (58 %), H-2- > LUMO (22 %) 256 n—r*
292 0.0325 Singlet-A H-1- > LUMO (82 %) 228 n—n*
o H
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Fig. 1. 'H NMR spectrum of the compound.

ppm [22], respectively, contrariwise they appeared in the range of 7.66-8.99, and 7.31-8.12 ppm, computationally.

3.4. Frontier molecular orbitals analysis (FMO)

The highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) are the fraction of the total
orbitals that take part in the reactions and significantly represent the reactive cites of a molecule [24,29,30]. The electron donation and
acceptation phenomena are governed by the HOMO and LUMO, respectively [31-33]. The FMO analysis ascertains the reactivity of the
investigated compounds [34-37]. The biological activity depends on energies of HOMO and LUMO, chemical softness, electrophilicity,
as well as maximum charge transfer index descriptors. Higher value of the maximum charge transfer index indicates the greater
bioactivity of the molecules. The biological responsiveness increases with decreasing electrophilicity index and chemical softness [38].
The chemical reactivity strongly relies on the HOMO-LUMO energy gap, and the reactivity increases with a lower energy gap. The
HOMO energy is equivalent to ionization potential whereas the LUMO energy is directly resembled to electron affinity in accordance
with Koopmans theorem [39]. Molecules with lower energy gap are required less amount of energy for excitation and are categorized
as chemically soft molecules. Chemically soft molecules are highly bio-active [40]. Various chemical activity descriptors are listed in
Table 4. The studied molecule showed a lower energy gap of 4.22 eV, as well as electrophilicity and chemical softness values of 5.30
and 0.24, respectively. These characteristics indicate high reactivity, biological responsiveness, and polarizability of this molecule [6,
41-44].

Table 3
Characteristics "H NMR data of the studied compound.
Band Computational (ppm) Experimental (ppm)
3H, -CH3 2.39 2.30
1H, isoxazole 6.19 5.99
4H, N-Ph ring 7.31-8.12 7.48-7.80
4H, pyridine ring 7.66-8.99 8.00-8.25
CH=N 9.55 9.28
1H, SO,NH 11.37 11.28
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The HOMOs within the studied compound are observed in pyridine ring and benzene ring, azomethine group, oxygen and nitrogen
atoms of sulfonamide group as well as oxazole ring (Fig. 2). While the LUMOs are present in the oxygen and nitrogen atoms of sul-
fonamide group, azomethine group, pyridine ring, and benzene ring of the sulfamethoxazole part. Additionally, a density of states
(DOS) spectrum was generated (Fig. 2). The energy gap resulting from the DOS analysis was 4.20 eV, which closely matches the energy
gap obtained from the HOMO-LUMO calculation.

3.5. Molecular electrostatic potential (MEP)

The MEP serves as a quantum computational tool that maps the charge distribution within a molecule, providing insights into its
chemical reactivity [33,45]. The nucleophilic, electrophilic, and neutral zones are indicated via blue, red, and green color shades,
respectively [46]. The MEP surfaces are plotted in range of —15.95 to 15.95 kJ/mol (—6.075 x 1073-6.075 x 10~ au) (Fig. 3).

The distribution of charge across the surface of molecule provides extensive information about the responsiveness (how it reacts
and interacts with other incoming molecules) [38,39]. In this context, higher negative values of MEP delineates the attraction of
hydrogen ion/lighter cation in the red zones whereby the electron density is more concentrated in the molecular surface. While,
positive values of MEP signifies the repulsive force toward protons/lighter cations in the blue zones with lower concentration of
electron density [39,40]. In the studied Schiff base compound the negative zones are situated on the nitrogen atoms of the azomethine
part and pyridine ring, oxygen and nitrogen atoms of sulfonamide group and oxazole ring, and on the benzene ring. Hence, these atoms
and sites are more likely to affect via electrophilic attack and responsive to form bonds i.e., coordination bond or hydrogen bond.
While, the positive zones of the compound are allocated along the hydrogen atoms of the benzene and pyridine rings, carbon atoms of
pyridine ring, and on the methyl group of the oxazole portion. The atoms or groups present in the blue zones are prone to nucleophilic
attack and able to take part in the hydrophobic interaction.

3.6. ADMET properties and drug likeness

The term ADMET stands for absorption, distribution, metabolism, excretion, and toxicity [2,47]. Drug likeness study reveals the
information about the eligibility of molecules to be a drug candidate. The pharmacokinetics properties of the discussed compound was
evaluated with the help of ADMETIlab 2.0 (https://admetmesh.scbdd.com/service/evaluation/cal) and SwissADME (http://www.
swissadme.ch/) bioinformatics web tools and listed in Table 5. Lipinski’s rule states that a compound is likely to have adequate ab-
sorption and permeability to be an oral drug if it meets the following criteria: molecular weight is < 500, n-octanol/water distribution
coefficient (LogP) <5, hydrogen bond donors <5, and hydrogen bond acceptors <10. The studied compound followed Lipinski’s rule,
suggesting it as a potential orally administered and bioavailable drug candidate [48,49]. The Pfizer rule is met when logP >3 and the
topological polar surface area (TPSA) is < 75. The GSK rule is satisfied if MW < 400 and logP <4, while the conditions for meeting the
Golden Triangle rule are 200 < MW < 500 and —2 < logD <5; here, logD represents logP at pH 7.4. The compound successfully adheres
to the Pfizer rule, Golden Triangle rule, and GSK rule, indicating its potential as a non-toxic drug candidate with a more favorable
ADMET profile. All three of the aforementioned rules are completely satisfied by the studied compound. The Caco-2 permeability index
tells about human colon adenocarcinoma cell lines. The Caco-2 permeability condition is that the value must be greater than —5.15, if
followed, then it is excellently permeable; otherwise, it is poorly permeable. The studied compound is lied in the excellent one.
Madin—Darby Canine Kidney Cells (MDCK) permeability index determines the capability of various chemicals to be incorporated into
body and also aids in the assessment of blood-brain-barrier (BBB) permeability. The compound is categorized as excellent one by
satisfying the optimum-limit must be greater than 2 x 105, The inhibitory capacity of P-glycoprotein (Pgp) is a membrane protein acts
as ATP-binding cassette (ABC) transporter. The permissible limit (0-0.3) to be excellent Pgp inhibitor, and Pgp substrate was suc-
cessfully followed by the studied molecule and classified as excellent one. The Human oral bioavailability index Fyq o, and Fsq o, values
appeared within the excellent category range of 0-0.3. The Human intestinal absorption (HIA) index was found to be in the normal
limit of O up to 0.3 and therefore, categorized as greatly absorbable. The volume distribution (VD) parameter predicts tissue uptakes.

Table 4

Chemical reactivity descriptors of the compound.
Parameters (Unit) Value
HOMO energy (eV) —6.84
LUMO energy (eV) —2.62
Energy gap (eV) 4.22
Ionization potential (eV) 6.84
Electron affinity (eV) 2.62
Chemical hardness (eV) 2.11
Chemical softness (S) (V1) 0.24
Chemical potential (eV) —4.73
Electronegativity (eV) 4.73
Electrophilicity index (eV) 5.30
Electro-donating power (eV) 7.93
Electro-accepting power (eV) 3.20
Net electrophilicity (eV) 11.13
Maximum charge transfer index (eV) 2.24
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Fig. 2. HOMO-LUMO energies, and DOS spectrum of the compound.
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Fig. 3. MEP surface of the studied compound.

Pursuing the normal limits (0.04-20), the molecule is classified as excellent. The ether-a-go-go (hREG) gene plays an important role in
heart beating. The hREG blocking is observed within the permissible limit (0-0.3) and the compound is not toxic in terms of hREG
blocking. The synthetic accessibility score (SAscore) predicts the ease of preparation of drugs in laboratory. The higher the SAscore, the
more difficult it will be in the case of drug preparation. If the score is < 6 and then the drug candidate can be synthesized more easily.
The studied compound was scored 2.442. Therefore, it can be easily synthesized in lab. Almost all the toxicity screener parameters such
as the hERG blockers, AMES toxicity, rat oral toxicity, skin sensitization, FDAMDD, carcinogenicity, eye corrosion and irritation, and
respiratory toxicity lie in the permissible limits. Furthermore, the QED parameter implies that it has attractive drug-likeness character.
All absorption parameters including the Caco-2 permeability, MDCK permeability, Pgp-inhibitor and Pgp-substrate, HIA, Faq o, and
F30 o are in the accepted range.

3.7. In silico molecular docking

Molecular docking is a computer-based study which provides information about the molecular susceptibility towards specific
receptors [50,51]. Pass online is a reliable bioinformatics tool, which suggested that the studied compound can be used as insulysin
inhibitor (Fig. 4).). The insulysin inhibition activity of this compound was examined using two target proteins (PDB ID: 3E4A and
30FI), which were also used in previous research works to evaluate insulysin inhibition activity [52,53]. Both proteins were cumulated
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Table 5
ADMET prediction values of the studied compound.

Parameters Observed value Parameters Observed value Parameters Observed value

Hydrogen Bond Donor 1 Pgp-substrate 0.001 Rat Oral Acute 0.096
Toxicity

Hydrogen Bond Acceptor 7 Pgp-inhibitor 0.014 FDAMDD 0.456

Molecular Mass 342.08 Caco2 permeability —4.591 AMES 0.012
Toxicity

Polar Surface Area 97.45 MDCK permeability 1.3e-05 Carcino-gencity 0.418

Water solubility —3.508 HIA 0.004 Respiratory 0.101
Toxicity

Rotatable Bonds 5 Fao o 0.003 Eye 0.003
Corrosion

LogP 2.889 Fs0 o 0.022 Eye 0.022
Irritation

QED 0.719 Golden Accepted hERG Blockers 0.018

Triangle
SAscrore 2.442 Lipinski Accepted IGCso 3.893
Rule
Skin Sensitization 0.176 Pfizer Rule Accepted LCsoFM 4.229
VDss (human) 0.422 GSK Rule Accepted LCsoDM 4.782

from the protein database (https://www.rcsb.org/structure) [52,54]. Several softwares including LigPlot + v.2.2.8, Auto-
dock_vina_1_1_2, AutoDockTools-1.5.6, and PyMOL-2.5.7 were utilized to perform the docking study [55-58].

The binding pattern of the studied molecule with 3E4A protein reflected that one of the —~SO,- oxygen atoms binds to amino acid
GInl11, oxygen atom of the oxazole ring binds to Tyr831, and the azomethine nitrogen binds to Ser128 amino acid through hydrogen
bonding with bond distances of 284, 275, and 281 p.m., respectively (Fig. 5(a)).

While the nitrogen atom of pyridine ring, and other ring carbon and hydrogen atoms of the Schiff base bind to amino acids Arg824,
Asn139, Ser138, Glu817, Ser132, Phell5, Ala140, and His112 via hydrophobic interaction. The binding modes of the studied com-
pound with 30FI protein demonstrated that the oxygen atom of the oxazole part binds to amino acid Ser816, and the sulfonamide
nitrogen binds to Gly136 amino acid through hydrogen bonding interaction with bond distances of 312, and 328 p.m., respectively
(Fig. 5(b)). Rest of the ring carbon and hydrogen atoms, methyl group of the discussed compound bind to amino acids GIn111, Asn139,
Ser137, Glu 817, Ser132, Ser128, Leul31, Ser138, Phell5, and His112 through the hydrophobic interaction. A known reference
compound ML345 [53] (PubChem-CID: 57390068) was selected, which is used for the comparison of insulysin inhibition capacity with
unknown drug candidate. The binding modes of the reference compound (ML345) with 3E4A and 30FI were visualized in Fig. 6(a) and
(b). The binding energies for this reference compound were found to be —8.3 and —8.9 kcal/mol for 3E4A and 3OF]I, respectively.
Moreover, 6bK (3R,6S,9S,12E,16S)-9-(4-Aminobutyl)-3-[(4-benzoylphenyl)methyl]-6-(cyclohexylmethyl)-2,5,8,11,14-pentaoxo-1,4,
7,10,15-pentaazacycloeicos-12-ene-16-carboxamide) is a potential insulin degrading enzyme (IDE) inhibitor used as a standard
candidate for in vivo studies [59,60]. To compare the inhibition activity of the query compound with that of 6bK, we have performed in
silico docking with the same target proteins (3E4A and 3OFI). The resulting binding energies for 6bK were —10.2 kcal/mol for 3E4A
and —9.8 kcal/mol for 30FI, respectively. On the contrary, the binding energies of the studied compound with the target proteins 3E4A
and 30FI were —9.1 kcal/mol and —8.2 kcal/mol, respectively. Binding energies of the studied compound and standard known
compounds are fairly consistent. Therefore, the studied compound has good insulysin inhibition capacity.

3.8. Electron localization function (ELF)/Localized orbital locator (LOL)

The colored graphs with counter lines showed the strong covalent interactions within the compound. This demonstrates the
delocalization and localization of electrons and orbital localization, are termed ELF and LOL, respectively [61,62]. The Multiwfn 3.8
program [18] was used to create the wave-functional plots. The higher values of ELF are centered within 0.850-1.000 (red shaded),
which indicates that the higher localized electrons are expected to lie in the hydrogen atoms (Fig. 7(a)). This indicates the existence of
covalent bonds or lone pair electrons in the compound. The delocalized electrons with lower ELF values lie in the carbon and sulfur
atoms (blue shaded) of the studied molecule. The LOL color graph depicts the extent of orbital localization at specific atoms of a

OAll OPa>Pi OPa03 @Pa>0,7 [ok]

ea Pi| VAclivity\

0,791 | 0,004 vInsul_vsin inhibitor

0,783 0,004 Platelet derived growth factor receptor kinase inhibitor
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Fig. 4. Prediction result of the compound.
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Fig. 5. The binding pattern of the compound with (a) 3E4A and (b) 30FI.
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Fig. 6. The binding pattern of ML345 with (a) 3E4A and (b) 30FIL

molecule, which is plotted in the range of 0.000-0.800 Bohr (Fig. 7(b)). The lower LOL values represented by the blue gradient indicate
the weakest orbital delocalization sites, whereas the red gradient with higher values indicates the strongest delocalization. Both ELF
and LOL studies give meaningful information about electron placement and bonding natures in query molecules [61]. In the LOL graph
C2, C5, C16, C25, and S19 atoms are in the blue zones. The red circle was observed at H38 atom of the molecule (Fig. 7(b)). Both graphs
follow Pauli’s exclusion principle and the kinetic energy factor [62-64]. The (-N—CH-) bond present in the query compound has
significant covalent character and lies in the higher electron concentration zone. The hydrogen atoms of the pyridine ring and azo-
methine linkage appear white in the central area, indicating that the electron density exceeds the upper range (0.8) in the LOL counter
map. This demonstrates the adequate electron delocalization on those atoms, leading to the bio-responsiveness of the studied

molecule.
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Fig. 7. The wavefunctional map of the studied molecule, (a) ELF and (b) LOL.
3.9. Reduced density gradient (RDG)

The RDG is a time-demanding dimensionless quantity that is used to delineate non-covalent interactions within a molecule [61,65].
The electron density, p(r), and the first derivative of it, Vp(r), are employed to evaluate the RDG, which provides detailed insights into
the disorderness of electron distribution homogeneity [61,66]. This wavefunctional graph is the plot of RDG vs sign(A2)p, which
dictates the weak interactions present in a molecular system. The higher positive RDG values (red gradient) responsible for the
repulsion phenomena, including steric hindrance. The values near to zero (green gradient) are the weaker interaction zones like van
der Waals force. The lower negative values (blue gradient) lie in the strongest attraction zones viz. hydrogen-bonds and halogen-bonds
in the molecule under study [67]. In the cube image of the compound, steric effect zones are located on the pyridine, aromatic, and
oxazole rings, denoted by red plates (Fig. 8). Additionally, weak van der Waals interaction sites are situated around the sulfonamide
and azomethine moieties, represented by green gradient plates.

3.10. Natural bond orbital analysis

The natural bond orbital (NBO) analysis was utilized to find out the conjugative interaction, hyper-conjugative interaction,
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Fig. 8. The RDG map and cube image of the studied molecule.
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intramolecular and intermolecular hydrogen bond and electron density distribution between bonding and antibonding orbitals in the
molecular system [3,68]. The higher stabilizing energy (E2) can promote extensive conjugation throughout the entire molecular
system and determine the stability of the system. Therefore, the molecular system experiences a greater degree of delocalization or
electron coupling [69]. NBO analysis was carried out using DFT approach with B3LYP/6-311+G(d, p) basic set. The significant
donor-acceptor interactions and their energies are listed in Table 6. Based on the NBO findings, this compound possesses 96.29 % Lewis
and 2.71 % non-Lewis character. Although various types of interactions were found in NBO analysis but only n— n* and n— =* in-
teractions were seen in experimental UV-Vis spectrum of the studied compound. Therefore, the NBO results indicate that these two
transitions strongly correlate with the observed UV-Vis spectrum. The electronic delocalization of ny020—06*C16-S19,
n,021-6*C16-S19 and n;N37-6*C1-C5, 6*C2-C3 were found to have moderate effect. The electronic delocalization of
njN8—-71*C9-C11, n;N22—-71*C23-N28, and ny029—-1*C23-N28, 1*C24-C25 were found to have strong effect (Table 6). The most
significant =—x* interactions for the pyridine ring in the studied molecule were observed as follows: 1C1—N37—-n*C2-C3,
1C1—N37-1*C4-C5, 1C2—C3—-71*C1-N37, 1C2—C3—-71*C4-C5, 1C2—C3—-1*C7-N8, 1C4—C5—-71*C1-N37, and nC4—C5-n*C2-C3
with maximum stabilization energies of 25.42, 13.68, 16.82, 20.98, 15.34, 25.68 and 18.72 kcal/mol, respectively. The significant
n—m* interactions for azomethine linkage were found as follows: 1C7—N8—-n*C2-C3, and 1C7—N8-7*C9-C11 with minimum
stabilization energies of 8.28 and 8.68 kcal/mol, respectively. Additionally, some notable =—x* interactions were observed for the
benzene ring as follows: 1C10—C12—-71*C9-C11, nC10—C12-n*C14-C16, 1C14—C16—n1*C9-Cl11, nC14—Cl6—>n*C10-C1l2 and
1C24—C25—-1*C23-N28 with values of 21.91, 18.41, 15.19, 20.93 and 27.89 kcal/mol, respectively. Ultimately, the obtained en-
ergies contribute to maintaining the stability of the molecular system and demonstrate the interaction between heteroatoms and rings
through resonance.

3.11. Non-linear optical analysis (NLO)

NLO materials are recently most important to the current researcher, because of their potential applications in various modern
technologies, such as telecommunications, optical interconnections and signal processing field [70,71]. Generally, the NLO properties
originate in a molecular system due to the presence of delocalization of n-electrons, electron donor and acceptor group. Besides, NLO
properties depend on conjugation length, degree of electron delocalization between the two rings, strength of donor and acceptor
groups in the molecular system. The magnitude of the molecular first hyperpolarizability, p is directly related to measure the nonlinear
optical activity of a material. Basically, the small energy gap between the HOMO and LUMO orbitals and the large magnitude of linear
polarizability exhibit a large first hyperpolarizability value. Therefore, optical properties including dipole moment, polarizability and
first order hyperpolarizability of the aforesaid compound were determined using B3LYP/6-311G+(d, p) method in gas phase. The net
dipole moment (y,), polarizability (a,) and first order hyperpolarizability (p,) of the compound were calculated using the following
equations [72] and tabulated in Table 7. The calculated polarizability (a,) and first hyperpolarizability (p,) values were found as
atomic units (a.u), which were converted into electrostatic units by using conversion factor 0.1482 x 10~2* and 0.008639 x 1073 esu
for o and B, respectively.

Ho= /M3 + py + 43 (€Y

(e + @y + 0zz) 2

Bo=/B2+ P+ 2 €))

Where,

ﬁx :/}xxx + ﬁxyy + Przz

[T

<> =

ﬂy :ﬂyyy + ﬂxxy + ﬂyzz

ﬁz :ﬂzzz + ﬂxxz + ﬂyyz

Urea and potassium dihydrogen phosphate (KDP) are well-known non-linear optical standard substances. These are frequently used
for the comparison of NLO properties with the investigated materials. To assess the NLO properties of both urea and KDP molecules, we
employed the B3LYP/6-311+G(d, p) basis set. The calculated dipole moment, polarizability, and hyperpolarizability values for urea
were found to be 4.48, 4.87 x 10~2*and 1.59 x 10’31, respectively. For KDP, these values were 8.13, 7.65 x 10’24, and 9.01 x 10731,
The corresponding values for the query compound were 6.00, 4.03 x 1072% and 2.85 x 1073, The hyperpolarizability of the query
compound is eighteen times greater than that of urea and three times greater than that of KDP. The studied molecule exhibited higher
hyperpolarizability values than both urea and KDP, attributed to electron delocalization and resonance within its two rings and the
azomethine linkage throughout the molecular skeleton. This result suggests that the studied molecule could serve as an effective
candidate for future nonlinear optical (NLO) applications.
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Table 6
Selected second-order perturbation energy values in NBO basis of the studied compound.
Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol
6C1-C5 6*C1-N37 1.46 6519-020 0*C14-C16 0.85
6*C4-C5 1.46 6*C16-S19 0.77
6C1-N37 6*C1-C5 1.61 6*5§19-020 0.65
c*C2-C7 3.50 6*5§19-021 0.83
6*C2-N37 1.14 6*S§19-N22 2.03
nC1-N37 n*C2-C3 25.42 06S19-021 6*C12-Cl16 0.84
n*C4-C5 13.68 6*C16-S19 0.71
6C2-C3 c*C2-C7 1.83 6*5§19-020 0.84
6*C2-N37 2.21 6*§19-021 0.61
6*C3-C4 2.55 6*S19-N22 1.99
c*C7-N8 1.53 6*N22-C23 0.86
nC2-C3 n*C1-N37 16.82 0S19-N22 1*C14-C16 0.98
n*C4-C5 20.98 6*C16-S19 0.91
n*C7-N8 15.34 6*5§19-020 2.62
6C2-C7 6*C1-N37 3.17 6*5§19-021 2.75
6*C2-C3 1.67 6*S§19-N22 1.73
6*C2-N37 1.54 6*C23-N28 1.37
0*C3-C4 2.18 n*C23-N28 2.16
c*C7-N8 2.31 0C23-C24 6*N22-C23 1.54
6*N8-C9 4.16 6*C23-N28 1.50
6C2-N37 6*C1-N37 0.98 0C23-N28 06*S§19-N22 1.23
6*C2-C3 2.50 6*N22-C23 0.84
c*C2-C7 1.27 6*C23-C24 2.14
6C3-C4 6*C2-C3 2.75 6*C25-C30 0.60
c*C2-C7 3.20 06*S§19-N22 3.50
6*C4-C5 2.62 6*C24-C25 7.46
6C4-C5 6*C1-C5 2.17 6C24-C25 6*N22-C23 6.95
0*C3-C4 2.65 0*C23-C24 2.16
nC4-C5 n*C1-N37 25.68 6*C25-C30 291
n*C2-C3 18.72 nC24-C25 n*C23-N28 27.89
6C7-N8 c*C2-C3 1.28 n*C24-C25 11.56
c*C2-C7 1.79 6C25-029 6*N22-C23 0.94
6*N8-C9 1.56 6*C24-C25 0.63
6*C9-C10 2.00 6C25-C30 0*C23-C24 0.87
nC7-N8 n*C2-C3 8.28 0*C24-C25 2.96
n*C9-C11 8.68 6*N28-029 2.16
oN8-C9 c*C2-C7 3.45 6N28-029 6*N22-C23 5.63
c*C7-N8 1.25 6*C25-C30 3.12
6*C9-C10 1.43 n;N8 6*C2-C7 3.26
6*C9-C11 1.49 6*C9-C11 5.52
6*C10-C12 1.57 1*C9-C11 18.12
c*C11-C14 1.33 n;020 6*C16-S19 0.70
6C9-C10 6*C7-N8 2.22 6*S19-021 1.86
c*N8-C9 1.37 n,020 6*C14-C16 0.60
6*C9-C11 3.39 6*C16-S19 16.40
6*C10-C12 2.63 6*§19-021 3.61
6C9-C11 n*C7-N8 0.84 6*S19-N22 9.83
c*N8-C9 1.29 n;021 6*C16-S19 0.73
6*C9-C10 3.55 6*5§19-020 1.91
6*C11-C14 2.96 n,021 6*C12-C16 0.58
nC10-C12 n*C9-C11 21.91 6*C16-S19 16.77
1*C14-C16 18.41 6*5§19-020 3.80
6C11-C14 6*N8-C9 3.87 6*S19-N22 9.11
6*C9-C11 2.92 n;N22 6*C14-C16 0.70
6*C14-C16 3.74 6*C16-S19 6.49
6*C16-S19 3.86 6*5§19-020 2.25
6C12-C16 6*C10-C12 2.80 6*5§19-021 1.37
6*C14-Cl6 4.34 6*S19-N22 0.50
cC14-Cl6 c*C11-C14 2.90 6*C23-C24 0.55
6*C12-C16 4.30 6*C23-N28 3.62
6*C24-C25 2.14 n*C23-N28 20.05
6*C25-029 2.00 n;N28 6*N22-C23 0.94
6*C25-C30 7.46 6*C23-C24 5.41
6*N28-029 1.37 6*C25-029 4.77
nC14-C16 T*C9-C11 15.19 n;029 6*C23-N28 2.45
n*C10-C12 20.93 6*C24-C25 3.19
6C16-S19 6*C10-C12 2.37 n,029 n*C23-N28 14.40
c*C11-C14 2.53 n*C24-C25 34.21

(continued on next page)
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Table 6 (continued)

Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol
6*S§19-020 2.46 n;N37 6*C1-C5 9.31
6*S19-021 2.37 6*C2-C3 10.28
6*S19-N22 2.68 6*C2-C7 2.58

Table 7
Non-linear optical data of the studied compound.
Parameter Value Parameter Value
Compound Urea KDP Compound Urea KDP

Px 5.23 0.00 1.37 Brxx 262.90 0.00 14.25

Hy 2.86 0.00 -8.01 Bxxy 79.24 0.00 —10.62

Pz 0.71 —4.48 0.00 Bryy 2.47 0.00 —6.06

Ho 6.00 4.48 8.13 Byyy 75.79 0.00 —83.36

O 393.43 23.90 54.92 Prxz 54.04 1.67 0.00

Oyy 28.18 0.00 1.24 Bxyz 27.47 0.00 0.00

ayy 208.19 36.60 64.89 Byys ~14.99 ~1.60 0.00

Olyz, 15.66 0.00 0.00 Bxzz 29.97 0.00 —-0.74

Oy, —23.92 0.00 0.00 Byzz —10.56 0.00 —10.07

Oz 215.01 38.17 35.07 Brzz —19.38 —18.50 0.00

O, AU 272.21 32.89 51.63 Bo, au 329.36 18.43 104.32

0o, €SU 4.03 x 10724 4.87 x 10724 7.65 x 10724 Bo, esu 2.85 x 1073 1.59 x 103! 9.01 x 1073

4. Conclusion

In this study, the Schiff base (E)-N-(5-methylisoxazol-3-yl)-4-((pyridin-2-ylmethylene)amino)benzenesulfonamide was synthesized
effectively for experimental and quantum chemical characterization, as well as to explore its drug-like properties and nonlinear optical
(NLO) properties. The presence of the azomethine linkage in the molecular skeleton of the Schiff base was confirmed through FT-IR, '*H
NMR, and computational results. The studied compound is biologically responsive and highly reactive. The Van deer waals in-
teractions, and steric effect present in the studied molecule. This compound closely adheres to various rules, including Lipinski’s,
Pfizer, Golden Triangle, and GSK rules. Consequently, the studied molecule is considered non-toxic and a promising candidate for oral
drug consumption. Findings from in silico molecular docking analysis suggest that this compound could be a potent insulysin inhibitor
in the future. Additionally, the prepared molecule shows potential as an organic NLO material in the field of optoelectronics.
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