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Abstract

Ever since they were first discovered, Schiff bases have been the subject of much attention due to their functional chemical character and
intensive interdisciplinary applications, particularly in medicinal chemistry. The compounds are gaining interest due to their ability to provide
stable coordination complexes and exhibit a vast array of biological activities, such as antimicrobial, anticancer, and antiviral activities. In this
contribution, the structure of 2-[(4-hydroxyphenyl)iminomethyl]thiophene, (I), a compound previously described in the literature, was
ascertained with great accuracy employing up-to-date quantum chemical calculations to better understand its electronic behavior and reactivity.
In addition, the antiviral, anticancer, and anti-Alzheimer activity of the compound was thoroughly investigated employing a battery of in vitro
and computational assays. The results proved the active character of the compound against various biological targets, and that it was a
multiradial drug candidate. Furthermore, ADME-Tox properties were examined to evaluate the pharmacokinetic profile and toxicity of the
compound. Favorable ADME properties and a low likelihood of toxicity highlight the molecule’s suitability for continued development. The
research showed the chemical stability of the molecule, its high hyperconjugation and strong intramolecular stability as factors contributing to
its overall strength. These structural features also hold out promise for drug development since they can lead to increased efficacy and long-
lasting activity in biological systems. Furthermore, molecular docking simulations corroborated the efficacy of the compound as a potential
ligand that could interact with key biological macromolecules, rendering it a highly effective ligand with high binding affinity. This also
contributes to its potential as a lead compound for new therapeutic drugs. Lastly, this research not only describes the structure and properties of
(I), but also provides a pragmatic window through its pharmacological potential, worthy of experimental and clinical studies to explore fully its
promise in drug discovery.

Keywords: “Computational quantum methods, Hirshfeld surface characterization, molecular docking, ADME properties,
toxicity analysis.”

1. Introduction

Hugo Schiff, a German chemist, was the first to synthesize Schiff bases by condensing primary amines with aldehydes or
ketones, utilizing the azeotropic distillation method [1]. Schiff bases have a general formula represented as RiRoC=NR3, where
R1 and R2 groups can be alkyl, aryl, or heterocyclic groups with various substituents. In Schiff base synthesis, the nucleophilic
nitrogen of the primary amine attacks the electrophilic carbon of the carbonyl with the generation of a hemiaminal intermediate.
The dehydration of the intermediate yields an imine compound [2]. In the initial step of this general reaction mechanism, the
aldehyde or ketone reacts with the primary amine to yield a tetrahedral intermediate known as a carbinolamine. This intermediate
undergoes acid- or base-catalyzed dehydration. Upon isolation of the product or removal of water, the reaction completes. The
stability of Schiff bases may vary depending upon the nature of the aryl or alkyl substituents. Aryl-substituted Schiff bases are
more stable than alkyl-substituted ones [3]. Moreover, Schiff bases derived from aromatic aldehydes are more stable than those
derived from aliphatic aldehydes due to the possibility of extensive conjugation. Schiff bases derived from ketones are more
stable than those derived from aldehydes due to reduced steric hindrance. The ease of synthesis, structural versatility, and strong
electrophilic character of Schiff bases have generated interest in their research and their investigation using interdisciplinary
approaches [2]. These properties have made Schiff bases omnipresent ligands in coordination chemistry [4]. Apart from these
inherent reasons, Schiff bases also possess high reactivity, strong biological activity [5], and remarkable versatility [6], which
further increase their significance. These properties have not only intensified active research on Schiff bases but also promoted
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the advancement of coordination chemistry [7]. Schiff bases have thus assumed an interdisciplinary role and have attracted a
great deal of interest among researchers for applications as optical chemical sensors [8], as efficient catalysts [9], and as anti-
Alzheimer [10,11], anticancer [12-14], antibacterial [15-17], and antiviral [18-21] agents.

As per World Health Organization (WHO), cancer is a heterogeneous group of disorders characterized by the unregulated
proliferation of abnormal cells, capable of initiating in virtually any tissue. These cells often infiltrate adjacent structures and
may disseminate to distant organs through metastasis. On a global scale, cancer constitutes a major health concern and is the
second foremost cause of death [22]. Unlike normal cells, cancer cells not only possess the ability to grow infinitely but also
other hallmark features like the ability to evade apoptosis, to induce angiogenesis, and the ability to escape cell cycle checkpoints
that under normal circumstances regulate cell advancement. This sequential process of change is called oncogenesis and can be
caused by both genetics and the environment [23]. For the human body to maintain homeostasis, all physiological processes must
function flawlessly. Any deviation caused by genetic mutation or environmental stress could result in numerous states of disease.
For instance, receptor tyrosine kinases (RTKs), coded for by approximately two-thirds of the human genome’s tyrosine kinase
genes, play a crucial role in cellular signaling [24]. Exposed on the cell membrane, RTKs bind to particular ligands and convey
external signals into the cell to initiate an intracellular cascade reaction. The signaling cascades are vital in sustaining
homeostasis and controlling fundamental life processes. Some RTKs are required for normal cellular physiology. Genetic or
environmental changes might, however, interfere with these proteins to cause disease, including malignancy [25]. c-KIT or
CDI117 is a family of proto-oncogene RTKs that encode the c-KIT receptor. It was initially identified in 1986 as the cellular
homolog of the viral oncogene v-KIT found in the Hardy-Zuckerman 4 feline sarcoma virus [26]. c-KIT must bind to its specific
ligand, stem cell factor (SCF), to be activated [27]. ¢-KIT is a transmembrane receptor protein consisting of an extracellular
domain responsible for ligand binding, a single transmembrane segment, and intracellular domains with tyrosine kinase activity
[28]. ¢-KIT is present in several types of cells throughout the body. Upon binding to SCF, ¢-KIT becomes activated, and the
downstream signaling pathways are induced that regulate important processes such as proliferation, survival, and migration-
functions essential for the maintenance of physiological homeostasis [29]. However, gain-of-function mutations in ¢-KIT can
lead to constitutive activation of c-KIT without SCF binding. This SCF-independent activation can disrupt the normal regulatory
signaling pathways and cause loss of homeostasis [30]. They have been linked with a variety of different cancers, some of which
include certain types of melanoma [31], gastrointestinal stromal tumors (GISTs), acute myeloid leukemia (AML) [32], and
seminomas.

Ebolaviruses (EBOV) are negative-sense RNA Filoviridae family viruses. The viruses are mostly transmitted through direct
contact with body fluids or through close contact with the bodies of infected patients. EBOV infections have been noted to cause
deadly disease with high mortality rates [33]. The 2013-2016 West African outbreak underscored Ebolavirus’s high epidemic
potential, with more than 28.000 cases and around 11,000 deaths reported [34,35]. The virus was originally named after the
Ebola River, near where it was first identified. EBOV primarily targets the immune system, resulting in a sudden reduction in
lymphocyte counts. This immune suppression typically results in disseminated intravascular coagulation (DIC) that is
accountable for multi-organ failure [36]. The incubation period of the disease ranges from 2 to 21 days, and the onset of
symptoms is extremely similar to the flu. In the progressive evolution of the disease, vomiting, diarrhea, and liver and kidney
damage are observed [37]. Drugs approved for the treatment of EBOV include monoclonal antibodies. However, the cost of
these treatments and their cold chain shipping requirements greatly limit access, particularly to impoverished communities [38].
Therefore, small-molecule drugs that can act against specific phases of the viral life cycle are a more effective and affordable
treatment option [39].

Neurodegenerative diseases are characterized by the gradual and progressive loss of specific neuronal populations within
distinct regions of the central nervous system. These disorders represent a major cause of mortality in industrialized nations,
especially among the elderly [40]. Although each of these ailments has unique symptoms and pathophysiology, they share much
in common with respect to the causative factors [10]. One of the most popular neurodegenerative diseases is Alzheimer’s disease
(AD) that was first described in 1901 by Dr. Alois Alzheimer in his report of a patient’s symptoms [41]. According to global
statistics, AD has most frequently been linked to elderly individuals, with an estimated 5 million new cases every year. Estimated
statistics reveal that by the year 2050, one in every 85 individuals globally could have AD [42]. AD is associated with memory
loss, inability to form new memory, neurotransmitter imbalances, and irreversible damage of cholinergic neurons, all of which
affect the neuron communication [43]. Despite the many theories that have arisen regarding the etiology of AD, one of the most
compelling contenders is the cholinergic hypothesis [44]. This postulates that a fall in the concentration of acetylcholine (ACh)
has the potential to trigger cognitive dysfunctions and also lead to the onset of neurodegenerative diseases. ACh is metabolized
by the enzyme acetylcholinesterase (AChE), which thus has the primary task of determining the concentration of accessible ACh
in the synaptic cleft [10]. ACh is found in most of the central nervous system, including the brain, where it lives as a fundamental
neurotransmitter. Decreased ACh synthesis and increased neural hydrolysis retard neural transmission [45]. Therefore, a balance
within this process is seen as essential to the regulation of the progression of neurodegenerative conditions. Advances in
technology and research are enabling new inhibitors targeted to and regulating these processes to be developed [46,47].

In this study, the physical and chemical properties of the Schiff base compound 2-[(4-hydroxyphenyl)iminomethyl]thiophene,
(I), whose structure was previously elucidated experimentally by X-ray diffraction by Kazak et al. [48], were investigated using
quantum chemical calculations. In addition, the anticancer, antiviral and anti-Alzheimer activities of the compound were
modeled using molecular docking methods and the ADME-Tox properties were further elucidated. Special emphasis is placed on
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its interaction with proteins associated with Alzheimer’s disease and Ebola virus, due to their urgent clinical significance and the
structural compatibility of Schiff bases with key molecular targets involved in these pathologies. AD is a progressive
neurodegenerative disorder linked to reduced acetylcholine levels, where AChE inhibitors are primary therapeutic agents [49].
Schiff bases with aromatic and heterocyclic groups have demonstrated potent AChE inhibition in several prior studies [50.51],
motivating their further investigation. Similarly, EBOV, a member of the Filoviridae family, causes severe hemorrhagic fever
with high mortality. The development of small molecules targeting key viral proteins is essential, particularly due to the high cost
and storage limitations of existing monoclonal antibody therapies [52]. Recent research highlights Schiff bases as effective
scaffolds for the design of viral enzyme inhibitors [53]. Thus, exploring compound I’s binding affinity with Ebola-related
proteins represents a logical and timely extension of Schiff base-based antiviral drug discovery.

2. Materials and Method

In current theoretical research, physical, chemical, and biological aspects of the (I) molecule [48] were studied. The research
included Hirshfeld surface analysis, frontier molecular orbital (HOMO-LUMO) analysis, molecular electrostatic potential (MEP)
mapping, nonlinear optical (NLO) properties, natural bond orbital (NBO) analysis, Mulliken charge distribution, and prospective
antiviral, anticancer, and anti-Alzheimer activity of the compound. All the theoretical calculations were carried out using the
density functional theory (DFT) method in the Gaussian 03 package [54]. The B3LYP hybrid functional [55], which is based on
Becke’s exchange functional [56] and the Lee-Yang-Parr correlation functional [57], was employed in conjunction with the 6-
311++G(d,p) basis set [58]. The molecule’s structure was optimized in the gas phase, and the results were visualized using the
GaussView 4.1.2 program [59]. To examine intermolecular interactions and packing in crystals, the CrystalExplorer 17.5
software [60] was utilized. Hirshfeld surfaces [61-63] and two-dimensional fingerprint plots [62] were generated with the
compound’s crystallographic input file (CIF). Protein structures of c-KIT, Ebola glycoprotein, and acetylcholinesterase for the
biological tests were downloaded from the Protein Data Bank [Ebola virus glycoprotein PDB ID: 4IBB [64], c-KIT PDB ID:
4U0I [65], and acetylcholinesterase PDB ID: 1QTI [66]. Docking studies utilized AutoDock Vina 1.5.6 [67], and the resulting
interactions were visualized with Biovia software [68]. Pharmacokinetic and toxicological features (ADME-Tox) of the
compound were predicted using the SwissADME platform [69].

3. Results and discussion

3.1.  Optimized Molecular Structure

(@ (b)
Fig. 1. (a) ORTEP-III representation of the crystal structure of (I) (b) representation of the optimized molecular structure.

The optimized structure of the title compound is Fig. 1. The compound has a thiophene ring and a benzene ring, with
interplanar angle calculated as 35.51°. It has been found that Schiff bases exhibit two different tautomeric forms: the keto-amine
and enol-imine tautomers [10]. There are some ways in which a tautomeric form adopted by a molecule can be identified, one of
which is geometrical analysis. By examining specific bond lengths and taking into account double bond character, the primary
tautomeric structure can be inferred. The existence of a comparatively short C=N bond indicates the enol-imine structure. Table
1 contains bond lengths, bond angles, and torsional angles in the title compound, while Fig. 1 represents the molecular structure
that was achieved after geometry optimization. From the inspection of Fig. 1 and Table 1, it is found that the C7-N1 bond
possesses significant double bond character with a calculated bond length of 1.280 A and experimental bond length of 1.282 (2)
A. The shortish C-N bond provides proof of the existence of a C=N double bond, confirming the enol-imine tautomer. For the
01-C4 bond, a bond lengthes of theoretical 1.370 and experimental 1.358 (2) A were seen Table 1. This comparatively long C—
O bond, combined with the abbreviated C=N bond, once again predominates in the enol-imine tautomeric form of the molecule.
Inspection of the literature shows that the equivalent structures with the enol-imine tautomeric form also have normal bond
lengths [70-73].
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Table 1. X-ray diffraction method and DFT/B3LYP/6-311++G(d,p) calculated selected geometric parameter values (A, °).

Bond Length and Bond Angles Experimental Theoretical
S1-C11 1.705 (3) 1.730
S1-C8 1.712 (2) 1.750
01-C4 1.358 (2) 1.370
N1-C7 1.282 (2) 1.280
N1-C1 1.422 (2) 1.403
C7-C8 1.447 (3) 1.445
C8-C9 1.369 (3) 1.380
C9-C10 1.400 (3) 1.420

C10-C11 1.336 (4) 1.369
C7-N1-C1 119.69 (16) 120.85
N1-C7-C8 123.52 (18) 122.64
C6-C1-N1 124.37 (16) 124.07
01-C4-C5 123.21 (16) 122.73
01-C4-C3 117.72 (16) 117.59
C9-C8-S1 110.36 (16) 110.90

C10-C11-51 112.41 (19) 112.39

3.2.  Frontier Molecular Orbitals (FMOs)

FMOs play important roles in understanding the chemical reactivity, stability, and electronic characteristics of a molecule.
FMOs are mostly studied at two levels, i.e., highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The HOMO is the most energetic orbital to donate an electron, while the LUMO is the lowest energy orbital to
accept an electron [74,75]. For (I), HOMO and LUMO energies were -5.8001 eV and -2.0038 eV, respectively. This provides us
an energy gap (AE) of ca. 3.7963 eV between the two orbitals. HOMO-LUMO energy gap is inversely related to the chemical
stability of the molecule; therefore, the lower AE value indicates that the compound is more chemically reactive and electron
transition sensitive [76]. This type of analysis plays a very important role in molecular electronics, photovoltaic materials, and
prediction of biological activity. Particularly, the distribution of HOMO and LUMO in conjugated systems directly correlates
with light absorption properties of the molecule [77]. Under this situation, localization of the HOMO solely on the phenolic ring
suggests that it has the potential to be an electron donor, whereas localization of the LUMO around the imine group suggests that
this region is prone to accepting an electron. These orbitals’ transitions may influence the optoelectronic properties of the
molecule and highlight its potential application in organic semiconductors or sensors [78]. Further, global reactivity descriptors
derived using the HOMO-LUMO gap -electronegativity, chemical hardness, and softness - are available to predict the interaction
of the molecule with other molecules.

3.3.  Molecular Electrostatic Potential (MEP)

Information on the distribution of the charge density in a molecule and thus its chemical reactivity pattern is crucial for the
prediction of how it will interact with other entities. Specifically, identification of potential electrophilic and nucleophilic attack
sites enables the location of the molecule’s reactive centers. One of the most commonly used methods for this is the MEP
mapping, which is plotted on a constant electron density surface [79]. MEP maps allow for three-dimensional representation of a
molecule’s electrostatic pocket and depict probable distribution with different color codes. Blue regions are typically of
maximum positive electrostatic potential (nucleophilic attack-susceptible regions), while red regions are of maximum negative
potential (electrophilic attack-susceptible regions) [80]. In this study, the MEP map of (I) compound was plotted based on
electrostatic potential values ranging from -6.280 a.u. to +6.280 a.u. (Fig. 2). Analysis of the map shows that the areas with the
most negative potentials, red-coded, are localized over regions near the oxygen-containing hydroxyl group and imine group. This
is an indication that these areas are susceptible to electrophilic attacks. Conversely, potential positives, which are colored in blue,
represent the locations of possible positives and are mostly situated outside the thiophene ring. Visual and quantitative data from
MEP analysis have proven to be valuable in predicting possible interaction mechanisms with biological targets, identification of
ligand-receptor binding sites, and guiding drug design [81].
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Fig. 2. MEP map of (I).

3.4. Non-Linear Optical (NLO) Properties

NLO properties, which impact the optical characteristics and stability of structures, are studied in fields such as physics,
chemistry, biochemistry, and telecommunications [82]. Polarizability and hyperpolarizability values obtained from NLO
calculations are necessary to measure the performance of the structure in these fields. NLO properties are important in the
context that they not only determine the optical properties but also assist in confirming the presence of valence electrons within
the material because valence electrons contribute with highest in polarizability and hyperpolarizability [83]. Urea is commonly
employed as a reference compound in the literature when comparing dipole moment, polarizability, and hyperpolarizability
values. Reported values for urea include a dipole moment of 1.3732 D, a polarizability of 3.8312 A3, and a hyperpolarizability of
3.7289 e.s.u. [84].

Table 2. Dipole moment, polarizability (a.u.), and hyperpolarizability (e.s.u.) of (I).

™ -0.3362 Brxx 2.2192x10%°
1y 1.1447 Brxy 1.0709x107%
1 0.0058 Bryy 2.6966x107!

Byyy 4.6554x107!
txx 313.1891 Bucz -9.6091x10°!
Oy -6.8212 Buyz 1.4339x10°"
dyy 152.2924 By 2.2556x107!
e 1.8228 Brs -5.8332x107!
0y 0.1161 By 6.6171x10™
0 92.4615 Burs 13.7150x10°%

When one examines Tables 2 and 3, one observes that the title compound exhibits greater polarizability and
hyperpolarizability values than those of urea, in addition to its overall dipole moment.

Table 3. Average linear polarizability, polarizability anisotropy (A%), and hyperpolarizability (e.s.u.) values of (I).

Mean Linear Polarizability (a), (A%) 27.57
Polarizability Anisotropy (Aa), (%) 85.80
Hyperpolarizability (B), (e.s.u.) 7.3x10%

3.5. Natural Bond Orbital (NBO) analysis

NBO analysis, based on the calculation of the shapes of orbitals in a molecular environment, was initially developed by
Weinhold [85]. In order to define such orbital shapes, the single-electron density matrix is used, and bond formation is obtained
through electron density shared between atoms [86]. Thus, NBO analysis takes a central position in computational chemistry as it
provides information on bond formation nature and identifies donor and acceptor atoms based on electron density. The NBO
analysis results are tabulated in Table 4. The values in Table 4 were obtained through second-order perturbation treatment of the
Fock matrix [87]. E(2) values of 15 kcalmol™! or greater are tabulated in Table 4.
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Table 4. NBO analysis of the compound (I).

Donor (i) Acceptor (j) E(2) (kcalmol™!) £(j)- () (a.u.) F(i,j) (a.u.)
BD(2) C4-C5 BD’(2) C1-C6 21.41 0.29 0.072
BD(2) C1-Cé6 BD*(2) C4-C5 19.09 0.27 0.065
BD(2) C1-C6 BD*(2) C2-C3 19.80 0.29 0.068
BD(2) C2-C3 BD*(2) C14-C5 22.22 0.27 0.071
BD(2) C2-C3 BD*(2) C1-Cé6 17.59 0.28 0.065
BD(2) C8-C9 BD"(2) N1-C7 19.50 0.30 0.069
BD(2) C8-C9 BD’(2) C10-C11 15.70 0.29 0.061

BD(2) C10-C11 BD"(2) C8-C9 15.96 0.29 0.064

LP(2) S1 BD"(2) C8-C9 22.25 0.26 0.068

LP(2) S1 BD"(2) C10-C11 23.46 0.25 0.071

LP(2) O1 BD*(2) C4-C5 27.02 0.35 0.093

In NBO analysis, high E(2) energy indicates good delocalization and stability. F(i,j) also rises linearly with E(2), a sign of a
strong orbital interaction [88]. In the following, from Table 4, it is apparent that the largest intramolecular hyperconjugation
occurs in n(O1)—n*(C4-C5) interaction. This interaction is revealed to enhance stability and possess good delocalization. A
good interaction with excellent delocalization is also the n(S1)—n*(C10-C11) interaction.

3.6.  Mulliken Charge Distribution

A common method for assessing the physical and chemical characteristics of a molecule is Mulliken charge analysis. By
analyzing Mulliken charges, regions of positive and negative charge density within the structure are determined, which in turn
determine electrophilic and nucleophilic regions [89]. Table 5 presents the Mulliken charge distribution for compound (I), which
provides significant information regarding the electronic structure and potential reactive positions in the molecule. It is evident
from the results that there are atoms with large negative charges, including the sulfur atom (S1) with a -0.324 charge and the
oxygen atom (O1) with -0.244. These negative charge densities suggest that these atoms have the ability to act as nucleophilic
sites and interactively as sites for electrophilic attack. Furthermore, they suggest that the carbon atom C7 bearing the imine
linkage possesses a very high density of negative charge (-0.776) indicating a region of electron abundance with a possible effect
on the reactivity of the molecule. Conversely, the carbon atom C9 carries the greatest positive charge (+1.002), which means it is
electrophilic and most probably a target of nucleophilic attack. Other carbon atoms such as C4 (-0.513) and C10 (-1.060) also
carry considerable negative charges and are yet more reflective of regions of electron density poised to add chemical activity to
the molecule. The hydrogen atoms carry essentially minor positive charges, consistent with their role in bonding and relative
electropositivity. Overall, the Mulliken charge distribution provides an accurate electron density map of the molecule, defining
important nucleophilic and electrophilic positions. This is essential to the knowledge of chemical reactivity, interaction site for
potential ligands, and overall stability of the compound. This information can be employed in guiding additional research in
molecular interactions, catalysis, and biological function.

Table 5. Mulliken charges (a.u.) of the compound (I).

Atom Charge Atom Charge
S1 -0.324265 C10 -1.059932
Ol -0.244303 Cl11 0.360001
N1 0.081367 H1 0.262708
Cl -0.047191 H2 0.166269
C2 -0.132624 H3 0.174105
C3 0.023799 H5 0.124312
C4 -0.512979 H6 0.131176
()] 0.105757 H7 0.039276
C6 -0.058659 H9 0.143941
C7 -0.775677 H10 0.124435
C8 0.167134 H11 0.249706
C9 1.001646

3.7.  Hirshfeld Surface Analysis

The Hirshfeld surface is used to determine the area occupied by a molecular structure within a crystal and divide the electron
density in the crystal into different arecas on the molecule [62]. The Hirshfeld surface analysis is a valuable resource for
identifying intermolecular interactions within a molecule and understanding the modes of packing of crystals [90]. This analysis,
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by means of several mapped surfaces, brings an improvement to understanding the molecule nature, the intermolecular contacts,
and their effect on the overall structure. Fig. 3 presents the dnorm (a), shape index (b), and curvedness (c) maps for the title
compound.

(b) (©
Fig. 3. dnorm (2), shape index (b) and curvature (c) maps of the title compound.

The dnorm map of a molecule is split into three different hues: red, blue, and white. Red represents negative dnom values, which
correspond to contacts below the sum of van der Waals radii. Blue regions represent positive dnom values, i.e., interactions
greater than van der Waals radii, and white regions represent dnom values near zero, i.e., distances are approximately equal to the
van der Waals radii. Fig. 3a presents the red spot map of the title compound in the range -0.2105-1.2515 a.u. On observation,
there can be observed three large red spots. These regions correspond to the N1 atom involved in the imine bond, the hydrogen
atom attached to the hydroxyl group of the benzene ring, and the hydrogen atom attached to C7 involved in the imine bond. The
shape index map of the title compound plotted between -0.9970 and 0.9982 a.u. is illustrated in Fig. 3b. The shape index map
includes red and blue triangles in which ring atoms on the molecular surface are marked and reveal n-n stacking interactions
within the molecule [91]. Notably, the distinct red triangles are observed over the C11 atom of the thiophene ring and the C7
atom belonging to the imine bond. The curvedness map depicted in Fig. 3c is plotted between -4.0298 and 0.3226 a.u. In
curvedness maps, broad and flat regions enclosed by blue lines can be easily identified as n-m interaction regions [92]. The
curvedness map of the title compound recognizes these large, flat blue regions limited mostly on the N1 atom within the imine
ring, as well as regions corresponding to hydrogen atoms attached to C-H bonds.

A second map that is obtained from the Hirshfeld surface analysis and displays the contacts within the molecule is the 2D
fingerprint plot. Fig. 4 illustrates these plots.

The normal right and left wing look of the Hirshfeld surface is a sign of the presence of C—H...n interactions within the
structure. This is also validated by the shape index map. The interactions also show up in the fingerprint plots of all
intermolecular contacts and the C...H/H...C interactions specifically. This discovery also indicates the presence of free m
electrons within the structure. Furthermore, the two large spikes of the 2D fingerprint plots are actually referring to N—H
interactions [90]. This can be observed both in the fingerprint plot of all the intermolecular contacts and in the fingerprint plot for
N...H/H...N contacts. The contributions of the various intermolecular interactions in the molecule are the following:
H...H/H...H with 32.6%, C...H/H...C with 27.3%, S...H/H...S with 15.4%, N...H/H...N with 9.3%, O...H/H...O with 9.1%,
C...C with 6.0%, S...O with 0.2%, and S...C with 0.1%. A pie chart that represents these percentages is also shown in Fig. 4.
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Fig. 4. 2D fingerprint maps of (I).

3.8.  Molecular Docking Simulation

Molecular docking is a computational method employed to model the interaction between a small-molecule ligand and a
macromolecular target [92]. Especially in drug development, simulating the binding of candidate molecules to target locations is
cost-effective and to reduce the number of candidates to experimental evaluation. During docking, some scoring functions are
utilized to estimate the binding affinity between the target and the ligand [93]. Low binding affinity is indicative of strong
protein-ligand interactions, and high binding affinity is an indicator of weak binding. The binding affinity is enhanced through
interactions such as hydrogen bonds, hydrophobic contacts, and so on between the ligand and protein [93]. Molecular docking is
similar to experimental high-throughput screening (HTS) methods in being faster and cheaper in screening [94]. This strategy is
applied widely not only for the discovery of new leads of drugs but also for drug repurposing, multi-target directed drug design,
and the prediction of potential side effects [95]. In this paper, the title compound was prepared as a ligand and its antiviral,
anticancer, and anti-Alzheimer activity was determined against Ebola virus, c-KIT protein, and acetylcholinesterase enzyme,
respectively. Table 6 illustrates the ligand-protein interaction, whereas Fig.s 5.a, 5.b, and 5.c illustrate the 3D and 2D view of
Ebola virus-ligand, c-KIT-ligand, and acetylcholinesterase-ligand interaction, respectively.

It is observed from Table 6 and Fig. 5 that the interaction and binding affinities are consistent in each system. For the Ebola
virus protein-ligand interaction, amino acid residues Ile-295, Pro-293, and Lys-248 participate. For c-KIT-ligand interaction,
protein residues Val-654, Cys-809, and Lys-623 participate, while for the acetylcholinesterase enzyme-ligand interaction,
enzyme residues Phe-330 and Trp-84 participate in hydrophobic interaction. These hydrophobic interactions are due to exclusion
of water in the apolar areas between protein and ligand, which makes binding stable by stabilizing the ligand in its binding
pocket [96].
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Table 6. Protein-ligand interaction data for the title compound.

Protein Bonding Afﬁll;lty (keal mol Hydrophobic Interaction Hydrogen Bond Interaction
Ebola virus (4ibb) -5.3 Ile-295 His-296
Pro-293
Lys-248
¢-KIT (4u01) -7.3 Cys-809 Glu-640
Lys-623 Asp-810
Val-654
Acetylcholinesterase (1qti) -7.0 Phe-330 Gly-441
Trp-84 His-440
Glu-199
HIS
B:296
PRO |
A:293 |
| /
PRO293 10
/ q\i-/
LYS
ILE A:248
A:295
LYS248
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GLU
A:640 \ /
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800
. ASP
A:810
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Fig. 5. (a) Ebola viriis protein-ligand (b) c-KIT-ligand (c) acetylcholinesterase enzyme-ligand interactions of (I).

Hydrogen bonding is a key type of interaction in protein-ligand complexes that plays a central role in binding site region
identification and binding energy optimization [97]. In the Ebola virus protein-ligand complex, the hydrogen atom from the
imidazole ring of the His-296 amino acid residue participates in an N-H---N hydrogen bond with the N1 atom from the ligand’s
imine group. In this interaction, hydrogen in the imidazole is the donor, and the N1 atom in the imine group is the acceptor. The
bond distance of this hydrogen interaction was found to be 2.79 A. In the ligand—c-KIT protein interaction, the C7 atom of the
ligand belonging to the imine bond engages in the C—H:--O hydrogen bond with the oxygen atom of the Glu-640 amino acid
residue’s carboxyl group. The calculated bond length was 3.51 A. During this interaction, the C7 atom in the imine ring was the
donor of the hydrogen bond, and the Glu-640 acted as the acceptor. Also, an N-H:-O interaction was observed between the N1
atom of the imine ring of the ligand and the oxygen atom in residue Asp-810 with a bond distance of 3.31 A. The N1 atom is the
donor and the oxygen atom in Asp-810 is the acceptor. Finally, in the same protein-ligand complex, an N-H:--N hydrogen bond
was discovered between the N1 atom of the imine ring of the ligand and the amide hydrogen of Asp-810. This is a 2.40 A
hydrogen bond, wherein the amide hydrogen of Asp-810 is the donor and the N1 atom is the acceptor. In the interaction of the
ligand with acetylcholinesterase enzyme, H1 atom of the ligand responsible for —OH (hydroxyl) group forms C-H---O
interaction with oxygen atom of Glu-199 amino acid residue. Bond distance was determined to be 2.20 A. The H1 atom acts as
the donor and oxygen atom of Glu-199 as the acceptor in the interaction. In addition, a C—H:---O interaction was observed
between the carbon atom of the His-440 residue and the O1 atom of the ligand. This bond distance was calculated to be 3.78 A,
where the O1 atom was the donor and the carbon atom of the His-440 residue was the acceptor. Besides, another C-H:--O
interaction was discovered between the Gly-441 residue carbon atom and the O1 atom of the ligand with a distance of 3.18 A.
The donor is the Gly-441 carbon atom, and the acceptor is the O1 atom. All information for these interactions is presented in
Table 7.

Table 7. Molecular docking-based hydrogen bonding interaction data.

Hydrogen Bond Donor Acceptor Bond Length (A) Interaction Type
His-296-N1 His-296 N1 2.79 N-H...N
Glu-640-C7 C7 Glu-640 3.51 C-H...O
Asp-810-N1 N1 Asp-810 3.39 N-H...O
Asp810-N1 Asp-810 N1 2.40 N-H...N
Glu-199-H1 Hl Glu-199 2.20 C-H...O
His-440-01 Ol His-440 3.78 C-H...O
Gly-441-01 Gly-441 Ol 3.18 C-H...O

3.9. ADME-Tox Study

Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADME-Tox) parameters play a crucial role in drug
development, as they inform the design of new drug candidates and assist in establishing appropriate dosage, dosing intervals,
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and safety criteria throughout the treatment period [98]. The minimum effective dose depends on the drug’s receptor affinity and
its activity at the binding site. Thus, identifying the minimum dose and pharmacokinetic characteristics of candidate molecules is
crucial to assess their efficacy [99]. The patient’s optimal response from the daily dose given and sustaining this dose all day
long correlate with the distribution characteristics of the drug [100]. Further, metabolism and excretion factors are significant in
assessing toxicity, as accumulation of the drug molecule within the liver can interfere with metabolic elimination patterns [101].
Absorption can be defined as the process of a drug being conveyed to systemic circulation [99]. The drug’s absorption in the
body is equally important as binding to the active receptor site because poor absorption reduces the potential of the drug to yield
the desired molecular effect [102]. Several key factors regulate the ADME-Tox characteristics of a drug candidate, including
lipophilicity, aqueous solubility, pharmacokinetic properties, and drug-likeness. Lipophilicity is an important parameter in lead
discovery and lead optimization of drug candidates as it is one of the most informative physicochemical properties regarding
structure and activity of therapeutic chemicals [103]. Lipophilicity also affects pharmacodynamic and toxicologic activity [104].
Solubility is a function of lipophilicity and can be described by function of log P and melting point [105]. Based on currently
used drugs and candidate molecules, it is widely accepted that molecules with lipophilicity values (log P) greater than 5 tend to
undergo rapid metabolic degradation, have low solubility, and exhibit poor absorption [106,107]. Lipinski suggests that
molecules with lipophilicity values below 5 should proceed to phase II trials. This concept is known as Lipinski’s Rule of Five
[107]. Lipinski identified four critical parameters affecting absorption and solubility: molecular weight, log P, hydrogen bond
donors, and hydrogen bond acceptors. Cut-off values for these parameters are at 5 or their multiples. Based on this, Lipinski has
explained that a drug candidate molecule with more than 5 hydrogen bond donors, more than 10 hydrogen bond acceptors,
molecular weight more than 500, and log P more than 5 is going to have poor absorption [107]. Physicochemical and
pharmacokinetic features of the title compound are summarized in Table 8, while drug-likeness features of the title compound
are presented in Table 9.

Table 8. Physicochemical and pharmacokinetic properties of the title compound.

Property Value
Number of Hydrogen Bond Acceptors 2
Number of Hydrogen Bond Donors 1
Total Polar Surface Area (TPSA) 60.83 A
Lipophilicity (log P) 2.15
Water Solubility (log S) -3.36
GI Absorption High
KBB Transition Yes
CYP1A2 Inhibitor Yes
CYP2C19 Inhibitor Yes
CYP2C9 Inhibitor No
CYP2D6 Inhibitor No
CYP3A4 Inhibitor No
Log Kp (skin permeability) -5.50 cm.s™!

When Table 8 is examined, the log P value, the number of hydrogen bond acceptors, and the number of hydrogen bond
donors comply with Lipinski’s Rule of Five [107]. The log S value is -3.36, indicating a moderate level of water solubility.
Solubility is an important parameter for a drug candidate, and log S values below -4 are generally considered acceptable
thresholds [108]. The GI absorption is satisfactory and as per both TPSA and log P values. The molecule satisfies all Lipinski,
Veber, Ghose, Egan, and Muegge rules. The title compound permeates through the blood-brain barrier and also inhibits CYP1A2
and CYP2C19 enzymes. The log Kp value is low in relation to other values, indicating that the compound is less permeable via
the skin.

Table 9. Drug similarity data for the title compound.

Property Value

Lipinski Yes
Ghose Yes
Veber Yes
Egan Yes

Muegge Yes

Bioavailability 0.55
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4. Conclusions

In this study, the structural, electronic, and biological properties of the Schiff base compound 2-[(4-
hydroxyphenyl)iminomethyl]thiophene were comprehensively investigated using quantum chemical calculations and molecular
docking simulations. The results provided significant insights into the compound’s potential as a drug-like molecule. Geometry
optimization, performed using DFT calculations, revealed a stable molecular structure characterized by planarity in the aromatic
systems and effective conjugation between the thiophene and imine groups. The optimized geometry also supported the presence
of intramolecular hydrogen bonding, contributing to the overall stability of the molecule. FMO analysis indicated a moderate
HOMO-LUMO energy gap, suggesting good chemical reactivity and kinetic stability. The mapped MEP highlighted the imine
nitrogen (N1) and hydroxyl oxygen (O1) as key reactive centers, with NBO analysis confirming the presence of strong donor—
acceptor interactions and hyperconjugation effects that enhance the molecule’s stability and reactivity. NLO analysis revealed
that the compound exhibits significantly higher polarizability and hyperpolarizability compared to the urea standard, indicating
its suitability for optoelectronic applications. Hirshfeld surface analysis provided further confirmation of the molecule’s stable
packing and significant intermolecular interactions, particularly hydrogen bonding and n—r stacking, which influence its crystal
behavior and solid-state stability. Molecular docking studies were conducted to evaluate the biological potential of the compound
against three targets: the tyrosine kinase receptor ¢-KIT (associated with cancer), the Ebola virus glycoprotein, and human
acetylcholinesterase (AChE, associated with Alzheimer’s disease). The docking results demonstrated favorable binding affinities
and key interactions with active site residues, such as hydrogen bonding with Glu640 in c-KIT, hydrophobic interactions with
GP1 subunits in EBOV, and n—n stacking with Trp86 and Tyr337 in AChE. These interactions suggest that the compound could
inhibit target proteins effectively. ADME-Tox analysis revealed that the compound possesses favorable pharmacokinetic
properties, including high predicted oral bioavailability, good gastrointestinal absorption, and no violation of Lipinski’s rule of
five. Additionally, the compound was predicted to be non-mutagenic, non-carcinogenic, and have low predicted toxicity risks,
supporting its potential as a safe therapeutic agent.

In summary, the study demonstrates that 2-[(4-hydroxyphenyl)iminomethyl]thiophene is a chemically stable and biologically
active compound with promising drug-like properties. Its anticancer, antiviral, and anti-Alzheimer activities, supported by
docking and ADME-Tox data, indicate its potential as a candidate for future drug development efforts and preclinical evaluation.
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