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ABSTRACT

In this study, the structural and biological properties of 2-((4-fluorobenzyl)thio)-6-(4-methoxyphenyl)imidazo[2,1-
b][1,3,4]thiadiazole were investigated in detail using theoretical and computational methods. Within the scope of the calculations, the
molecule’s natural bond orbital analysis, molecular electrostatic potential surface mapping, nonlinear optical properties, highest
occupied molecular orbital and lowest unoccupied molecular orbital energy levels, optimized molecular geometry, and Mulliken
atomic charge distribution were obtained in detail using the PBEPBE and B3LYP methods with the 6-31G(d,p) basis set. The
biological activity of the molecule was investigated by molecular docking on the crystal structures of the aldose reductase enzymes
41CC and 41GS. Docking results revealed binding energies of -9.50 kcal/mol for 41CC and -10.00 kcal/mol for 41GS, demonstrating a
strong inhibitory effect, particularly against the 4IGS structure. Absorption, Distribution, Metabolism, Excretion, and Toxicity
analyses demonstrated that the molecule conforms to Lipinski's rules and has high oral bioavailability. The results suggest that FTMT
is structurally stable, biologically active, and a potential therapeutic candidate, particularly for diabetes-related diseases.

Keywords: Natural bond orbital, nonlinear optical properties, molecular docking, mulliken atomic charge, molecular electrostatic
potential surface mapping.

1. INTRODUCTION
thiadiazole and imidazole rings, in particular, are among

Because of their wide range of biological functions, the fundamental scaffolds attracting attention in drug
heterocyclic aromatic compounds are one type of design and development (Zaki et al. 2023). The
molecules in chemistry that have been the subject of pharmaceutical importance of these rings stems from
extensive investigation for many years. These their wide-spectrum biological functions, including
substances stand out as molecules having the capacity to antibacterial, antioxidant, antifungal, antitumor, anti-
interact with biological systems because of their strong inflammatory, anticonvulsant, and antituberculosis
pharmacological characteristics and the presence of (Goren, Kotan. et al. 2024; Kumar et al. 2024) (Goren.
heteroatoms like sulfur, oxygen, and nitrogen (Shalaby & Baglan 2023).

et al. 2023). Among heterocyclic systems, 1,3,4- In recent years, the imidazo[2,1-b][1,3,4]thiadiazole

structure, formed by the bonding of 1,3,4-thiadiazole
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and imidazole rings via the bridgehead nitrogen atom,
has been considered a promising structure for the design
of more complex and targeted biological interactions
(Ramprasad et al. 2015). Thanks to the contribution of
the nitrogen and sulfur atoms in their structures, such
compounds can coordinate with metal ions, form
hydrogen bonds with biomolecules, and cause enzyme
inhibition. These versatile properties make them
potential drug candidates, particularly as antibacterial,
anticancer, and enzyme inhibitors (Romagnoli et al.
2015). Furthermore, the widespread problem of
antibiotic resistance necessitates the development of
effective and resistant antibacterial agents with novel
molecular structures. Imidazo[2,1-b][1,3,4]thiadiazole
compounds are of increasing importance in modern
drug design (Patel et al. 2017).

In this study, the 2-((4-fluorobenzyl)thio)-6-(4-
methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazole (Er et
al. 2019) molecule was extensively investigated
theoretically. Quantum chemical calculations were
performed using the PBEPBE and B3LYP methods
based on DFT to determine the molecule's structural and
spectroscopic properties. HOMO-LUMO energy levels,
vibrational  frequencies, chemical shifts, optimal
molecular geometries, and electrostatic potential maps
were among the factors that were assessed in the course
of these computations. Thus, comprehensive details
regarding the electrical structure and physical
characteristics of the molecule were acquired.

The biological activity of FTMT was evaluated using
molecular docking. For this purpose, two different
crystal structures of aldose reductase (PDB ID: 41CC,
41GS) were used to analyze the ligand's binding to the
target protein, its binding energy, and its potential
inhibitory effect. Aldose reductase plays a crucial role
in sugar metabolism and is associated with many
metabolic diseases, particularly diabetic complications.
Therefore, developing potential inhibitors against this
enzyme is of high therapeutic importance. The binding
modes in the enzyme's active site were analyzed to
reveal detailed ligand-enzyme interactions. Following
these  calculations, The  FTMT  molecule's
pharmacokinetic and toxicological characteristics were
assessed using ADMET studies. These analyses play a
crucial role in predicting whether a molecule is a
potential drug candidate. These approaches, which
simulate the molecule's behavior in the human body,
encompass critical pharmaceutical factors such as drug
bioavailability, liver metabolism, plasma protein
binding, and potential toxic effects (Lin et al. 2003).

The aim of this study is to systematically demonstrate
the structural properties of the FTMT molecule, its
interaction with the biological target, and its potential as
a drug by combining both theoretical and bioinformatic
methods. In addition to saving time and money
throughout the drug research and development process,
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these all-encompassing methods help create compounds
that are more effective and selective.

2. MATERIALS and METHODS

All  quantum chemistry computations in this
investigation were carried out with Gaussian 09
software (G.W.T. M.J. Frisch 2009). With B3LYP,
PBEPBE methods and the 6-31G(d,p) basis set were
preferred in the calculations. After structural
optimizations and the  molecules' electrical
characteristics were determined, visualizations were
performed using GaussView 6.0. Schrodinger LLC's
Maestro Molecular Modeling Platform (Release, 2019)
was utilized to conduct molecular docking
investigations. The target proteins were downloaded
from the Protein Data Bank (PDB) database (Burley et
al. 2019) (PDB codes: 4ICC and 4IGS). Three-
dimensional images of the docking results were created
with Discovery Studio 2021 Client software (Systémes
2016), and protein-ligand interaction analyses were
performed using this program. In order to assess the
pharmacokinetic properties of the FTMT compound,
ADMET analyses were performed using the
ADMETIab 2.0 (https://admetmesh.scbdd.com/) online
platform.

3. RESULTS and DISCUSSION
3.1. Structure details and analysis

Bond lengths and bond angles obtained through
geometric optimization of molecular structures provide
important details about the molecule's chemical
properties and electronic structure (Baglan, Goren. et al.
2022; Cimen et al. 2025). The chemical bonds between
atoms in a molecule are the fundamental elements that
determine its geometric structure (Goren, Baglan,
Tahiroglu. et al. 2024). Typically expressed in
angstroms (A), bond length is the average distance
between the nuclei of two bonding atoms in a molecule.
Bond angles are the angle formed between a central
atom and two atoms bonded to it and are expressed in
degrees (°). Bond angles take specific values depending
on the hybridization state of the atoms (Tahiroglu,
Goren, Baglan 2025). Using the study's methodology,
several theoretical bond lengths and bond angles for the
FTMT molecule were computed; the results are shown
in Table 1. Both methods and basis sets were used to
compare the bond lengths and bond angles in the
optimized molecule. While both calculation methods
yielded generally similar results, slight differences were
observed in some bond lengths and angles. The C1-S15
bond length was determined as 1.777 A at the B3LYP
level and 1.771 A at the PBEPBE level. Similarly, the
C12-024 bond length was calculated as 1.361 A
(B3LYP) and 1.366 A (PBEPBE), respectively. These
differences arise from the fact that the functional and
basis sets used define the electronic density distribution
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differently. When the bond angles were examined, the
C1-N2-N3 angle was determined to be 113.14° with
B3LYP and 111.56° with PBEPBE. Planar torsion
angles were also approximately £180°, consistent with
both methods, indicating that the molecule maintains its
planar structure. These results indicate that the
geometric parameters obtained by both methods are
quite similar and that both methods can be used
confidently in the structural analysis of the FTMT
molecule. As part of the docking studies, the interaction
of the FTMT molecule with two different crystal forms
of the enzyme aldose reductase (PDB ID: 4ICC and
41GS) was investigated. The theoretically calculated
high planarity and appropriate bond lengths of the
molecule allow for stable n—x stacking and hydrophobic
interactions, particularly during binding and entry into
the active site. In docking analysis performed with the
41CC structure, the FTMT molecule exhibited strong z-
7 stacking interactions with amino acids like Trp, Phe,

and Tyr located in the enzyme's active site, thanks to its
aromatic rings. In its interaction with the 41GS structure,
the molecule's —F (fluorine) and —OCHs (methoxy)
groups facilitated hydrogen-bond-like interactions with
surrounding polar amino acids (e.g., Ser, Thr). The
molecule's heterocyclic core, characterized by C-S, C-
N, and S-C bonds, provides conformational flexibility
in its orientation toward the active site, increasing
binding affinity. Furthermore, the theoretical angles
around 120° support the proper orientation of the
benzene rings, particularly by preserving their planarity.
In conclusion, the theoretical structural parameters of
FTMT indicate that it can form compatible and stable
interactions with both forms of aldose reductase,
supporting the molecule's potential as a potential aldose
reductase inhibitor. In Figure 1, the three-dimensional
structure of the FTMT molecule optimized by the
B3LYP method has been presented.

Table 1. Shows the FTMT molecule's theoretically determined bond lengths (A) and bond angles (o).

Bond Lengths B3LYP PBEPBE Bond Lengths B3LYP PBEPBE
C1-S15 1.77723 1.77182 C10-C11 1.38504 1.39071
Cl1-C12 1.40888 1.40877 S15-C16 1.85678 1.86025
C1-N2 1.30352 1.31891 C17-C22 1.40179 1.40855
N2-N3 1.38200 1.38064 C20-F23 1.34994 1.35472
N3-C4 1.35089 1.36506 C12-024 1.36117 1.36655
C4-S5 2.42181 2.36022 024-C25 1.42080 1.42690
C4-N8 1.35698 1.36467 C16-H32 1.09131 1.10018
N3-C6 1.38857 1.39037 C6-H26 1.07688 1.08490
C6-C7 1.36736 1.37900 N8-H27 1.00817 1.01567
C7-C9 1.46251 1.46028 C25-H39 1.09714 1.10570
C9-C10 1.40874 1.41616 C19-H35 1.08443 1.09249
Bond Angles B3LYP PBEPBE Bond Angles B3LYP PBEPBE
C21-C20-F23 119.01628 119.05635 C1-N2-N3 113.13938 111.56047
C19-C20-F23 118.99739 119.03460 N2-N3-C4 125.80048 124.98979
C16-C17-C22 120.76379 120.76086 C1-S5-C4 78.64149 79.42288
C16-C17-C18 120.67597 120.65995 N3-C4-N8 103.71886 103.39247
S15-C16-C17 109.05409 108.79336 S5-C4-N8 159.22475 152.23751
C1-S15-C16 101.71267 101.47171 C6-C7-N8 104.92325 104.88493
N2-C1-S5 126.61030 126.16084 C13-C12-024 124.82280 124.94201
Planar Bond B3LYP PBEPBE Planar Bond Angles B3LYP PBEPBE
Angles
C23-C20-C21-C22 179.81443 179.82892 C11-C12-024-C25 -179.89219 -179.89484
C18-C19-C20-F23 -179.80024 -179.79633 C10-C11-C12-024 179.77606 179.54078
C16-C17-C22-C21 179.85556 179.66969 C14-C13-C12-024 179.77606 179.79700
C1-S15-C16-C17 -178.16501 -177.80834 C7-C6-N3-N2 -179.88635 174.72226
S5-C1-S15-C16 178.13792 175.62196 C9-C7-N8-C4 -179.43580 -178.26806

P H_,};QH
; H'@‘J

Figure 1. Optimized geometry representation of FTMT
compound by B3LYP method.
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3.2. Mulliken atomic charges

In quantum chemical computations, Mulliken atomic
charge estimates are important. This method is widely
used to understand charge polarization between atoms,
molecular  stability, electronic  structure, and
intramolecular charge transfer (Goren et al. 2024a;
Tahiroglu, Goren, Baglan. et al. 2024). Mulliken
analysis also reveals the mechanism by which electron
donor-acceptor pairs are formed through charge sharing
and molecular charge transfer (Baglan, Goren. et al.
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2023b; Satheeshkumar et al. 2022). The theoretically
calculated Mulliken atomic charges have been given in
Table 2. Comparing the results obtained using the
B3LYP and PBEPBE methods, it is observed that both
methods exhibit similar trends in the overall charge
distribution. The highest negative charges within the
molecule are concentrated on the oxygen and nitrogen
atoms, with 024 (B3LYP: -0.526; PBEPBE: -0.479)
and N8 (B3LYP: -0.578; PBEPBE: -0.549) atoms being
particularly notable for their strong electronegative
character. These atoms, as the nucleophilic centers of
the molecule, can be considered potential reaction sites.
On the other hand, some carbon atoms, such as C12 and
C20, exhibit electrophilic properties with their positive
charges (approximately +0.34) and stand out as
potential interaction points. Hydrogen atoms generally
carry a positive charge, and these charge values vary
depending on the electronegativity of the atoms to
which they are attached. Consequently, Mulliken charge
analysis provides an important basis for understanding
the electronic structure of the FTMT molecule and
predicting its chemical reactivity. Mulliken charge

Table 2. The FTMT molecule's Mulliken atomic charges.

analysis results provide important clues in identifying
potential interaction sites between the FTMT molecule
and the aldose reductase enzyme. The most nucleophilic
sites in the molecule are the highly negatively charged
N8 and 024 atoms, which are believed to be able to
form hydrogen bonds or engage in electrostatic
interactions with electrophilic residues in the active site
of the enzyme. In binding analyses conducted with
41CC and 41GS coded crystal structures of the FTMT
molecule as part of docking studies, the orientation of
these atoms toward the active site contributes to lower
binding energies and increased binding stability.
Furthermore, it has been observed that the positively
charged C12 and C20 carbons stabilize the binding
conformation of the molecule by interacting with
favorable nucleophilic sites on the enzyme. These
findings indicate that FTMT can establish selective and
strong interactions with the aldose reductase enzyme,
thus supporting its inhibitory potential.

ATOMS B3LYP PBEPBE ATOMS B3LYP PBEPBE
C1 -0.105 -0.147 F23 -0.287 -0.250
N2 -0.256 -0.232 024 -0.526 -0.479
N3 -0.320 -0.303 C25 -0.077 -0.144
C4 0.198 0.190 H26 0.123 0.132
S5 0.196 0.196 H27 0.273 0.278
C6 0.016 0.016 H28 0.095 0.099
N8 -0.578 -0.549 H29 0.105 0.112
C9 0.116 0.114 H30 0.096 0.102
C10 -0.155 -0.171 H31 0.077 0.081
C11 -0.138 -0.150 H32 0.153 0.173
cl2 0.341 0.318 H33 0.177 0.197
C13 -0.118 -0.132 H34 0.125 0.134
C14 -0.114 -0.126 H35 0.105 0.115
C17 0.068 0.070 H36 0.106 0.115
C19 -0.154 -0.169 H37 0.099 0.108
C20 0.341 0.319 H38 0.122 0.136
cz21 -0.135 -0.150 H39 0.111 0.127
C22 -0.091 -0.099 H40 0.118 0.135

3.3. HOMO and LUMO analysis

Frontier molecular orbitals (FMQOs) play a significant
role in chemical interactions, in the UV-Vis spectra and
electrical and optical properties of molecules (Gdren et
al. 2024). According to bonding orbital theory, an
inhibitor molecule's electron-donating capacity is
generally associated with its HOMO (highest occupied
molecular orbital), while its electron-accepting capacity
is associated with its LUMO (lowest unoccupied
molecular orbital) (Tahiroglu, Goren, Cimen. et al.
2024). High EHOMO values indicate that the molecule
is a strong electron donor, while low ELUMO values
indicate that the molecule is a good electron acceptor
(AlRabiah et al. 2017; Baglan, Goren. et al. 2023). The
quantum chemical parameters of the FTMT molecule

were calculated theoretically using the PBEPBE and
B3LYP methods, and the obtained data are presented in
Table 3. In both methods, the HOMO and LUMO
energy levels of the molecule are negative, indicating
the electronic stability of the molecule. According to the
B3LYP method, the HOMO energy is determined as -
5.1638 eV and the LUMO energy as -1.4797 eV, while
in the PBEPBE method, these values are -4.8892 eV
and -1.5804 eV, respectively. This difference arises
from the ability to estimate the electronic density
distribution of the functional used. The energy
differences (AE) obtained by both methods are
calculated as 3.6841 eV (B3LYP) and 3.3088 eV
(PBEPBE), respectively. These energy differences
indicate that the FTMT molecule has moderate chemical
reactivity and requires a certain energy barrier for
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electronic transitions. The lower AE value suggests that
FTMT may be more reactive in the PBEPBE method.
This finding is also supported by the spatial
distributions of the HOMO and LUMO orbitals (Figure
2 and Figure 3). The ionization potential (I) and the
molecule's propensity to give and receive electrons is
expressed by its electron affinity (A). The ionization
potential values were determined as 5.1638 eV for
B3LYP and 4.8892 eV for PBEPBE. These values
indicate that FTMT has a stable structure and will not
lose electrons at low energy. The electron affinity
values are 1.4797 eV (B3LYP) and 15804 eV
(PBEPBE), respectively, indicating that the molecule
has the ability to partially withdraw electrons. The
chemical hardness (1) and softness (s) parameters define
a molecule's resistance or flexibility against external
influences. For B3LYP, hardness is 1.8420 eV and
softness is 0.9210 eV, while for PBEPBE, these values
are 1.6544 eV and 0.8272 eV™'. Higher hardness values
indicate that the molecule is less reactive to external
influences, while softness values indicate that reactivity
can occur with a certain degree of flexibility. Chemical
potential (pn) and electronegativity (y) express the
molecule’'s energy level and electron-withdrawing
capacity at chemical equilibrium. Negative chemical
potential values obtained by both methods indicate that
the molecule is stable. Electronegativity values were
calculated as 1.2398 eV (B3LYP) and 1.2902 eV

Table 3. Calculated quantum chemical parameters”(in
methods of the FTMT molecule.

(PBEPBE), indicating that FTMT has a moderately
electrophilic character. Lastly, the molecule's propensity
to take electrons and, hence, its reactivity are measured
by the electrophilicity index (w). The calculated values,
which came out to be 2.9950 eV (B3LYP) and 3.1624
eV (PBEPBE), show that the FTMT molecule is clearly
electrophilic. This suggests that it may develop strong
interactions with electron-rich centers, particularly in
biological or industrial systems. The FTMT molecule’s
quantum chemical characteristics show how this drug
may interact with biological targets. FTMT may interact
significantly with the electron-rich aldose reductase
enzyme's active site, as shown by the molecule's
electrophilicity index (w), which shows a high
inclination to receive electrons. The potential for FTMT
binding to the enzyme in areas appropriate for
hydrophobic and n-n stacking interactions is supported
by the advantageous energy levels and orbital
distributions of the HOMO and LUMO orbitals. In
docking analyses, FTMT exhibited high binding scores
against the 41CC and 41GS crystal structures, consistent
with the molecule's chemical softness and low band gap
(AE). These findings imply that FTMT might be a good
inhibitor candidate against biological targets and that
quantum chemical parameters are effective determinants
of such enzymatic binding.

eV) for low energy compatibilities by B3LYP and PBEPBE

Molecules Energy B3LYP PBEPBE
EL umo -1.4797 -1.5804
Enomo -5.1638 -4.8892
E| umo+1 -0.0391 -1.1213
Enomo-1 -5.3222 -5.4187
Energy Gap (AE)|Eromo-ELumol 3.6841 3.3088
lonization Potential (I==Enomo) 5.1638 4.8892
Electron Affinity (A=E_umo) 1.4797 1.5804
Chemical hardness (n=(1-A)/2) 1.8420 1.6544
Chemical softness (s=1/21y) 0.9210 0.8272
Chemical Potential (ui==(1+A)/2) -3.3217 -3.2348
Electronegativity (=(1+A)/2) 1.2398 1.2902
Electrophilicity index (0=4%121) 2.9950 3.1624
1 ) - - 2 ( » - » - <
:" s e “ - A
s e ‘, u‘ "v ': v‘ ‘-:o
J [~ = 2
= @

: eSS e [ oFmesxeesicEn | £ 00301 e

'TT: » - ol -«

- p z.o s e Q:o’ :oe‘.o,

‘. ‘, u‘ ‘-o o L J bt »-&
- @ = -
9/ s”

HOMO
E= -5.1638 ¢V

Figure 2. FTMT molecule's molecular orbital border as determined by the B3LYP technique.
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Figure 3. FTMT molecule's molecular orbital border as determined by the PBEPBE technique.

3.4. Molecular electrostatic potential (MEP)

MEP map of the FTMT compound provides important
information in terms of visualizing the three-
dimensional  structure, surface properties and
electrostatic potential distribution of the molecule. MEP
analysis has become a widely used and highly effective
method for studying the physicochemical properties of
molecular structures in recent years (Goren et al. 2025).
This method allows the electrostatic potential
distribution on the molecule's surface to be interpreted
using a color map, allowing inferences to be drawn
about reactivity regions (Tahiroglu et al. 2024). The
electrostatic potential levels, represented by different
colors on the MEP map, reveal the molecule's tendency
toward chemical reactions. Red and yellow, in
particular, represent regions with negative electrostatic
potential, which are considered preferred points of
attack for electrophilic reagents (Baglan et al. 2022;
Saravanan et al. 2015). The high electron density in
these regions facilitates easy interaction with
electrophilic agents. Conversely, regions with positive
electrostatic potential are generally represented in blue
and green, which are particularly vulnerable to attack by
nucleophilic reagents. Blue tones indicate high positive
potential, while green tones indicate neutral or near-zero
potential (Hassan et al. 2025). When looking at the
FTMT molecule's MEP map (Figure 4), the aromatic
ring region is often seen in green. This indicates that
this region is electrostatically neutral and is not
susceptible to significant electrophilic or
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nucleophilic attack. The yellow patches seen in other
parts of the molecule, on the other hand, indicate that
these places are more vulnerable to possible
electrophilic interactions. The FTMT molecule's
reactive areas have therefore been discovered using
MEP analysis, allowing for the prediction of its
chemical behavior. The FTMT compound's MEP map
gives crucial information about possible binding sites
with the target protein and clearly shows the molecule’s
electrophilic and nucleophilic interaction areas. In the
MEP analysis, a neutral (green) potential is observed in
regions close to the molecule's aromatic rings, while
high negative potentials (red tones) are observed,
particularly in areas close to the thiophene and
imidazothiadiazole backbones. These negative regions
have the potential to interact with positively charged or
hydrogen bond donor groups on the protein target. In
this context, the FTMT molecule was investigated in
molecular docking analyses using two different crystal
structures of the enzyme aldose reductase, 41ICC and
41GS. The FTMT MEP map's negative potential regions
form hydrogen bonds and electrostatic interactions with
key amino acid residues in the enzyme's active site, such
as His, Tyr, and Ser, based on the docking data. In
particular, in the 4ICC structure, the thioether and
imidazo ring-containing portions of the molecule
interact with polar residues in the active pocket, while in
the 41GS structure, the methoxy and fluorobenzyl
groups bind with hydrogen bond acceptor/donor sites.
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Figure 4. MEPsurface of the FTMT molecule using B3LYP, PBEPBE methods

3.5. Non-linear optical properties (NLO)

Finally, materials with two significant absorption bands,
known as nonlinear optical (NLO) materials, have
garnered a lot of interest. Specifically, a number of
structural elements, including the molecule's solubility,
symmetry, and molecular weight, affect two-photon
absorption (TPA) behavior (Goren, Yildiko 2024). In
this context, a detailed examination of molecular
properties is crucial for understanding NLO
performance. The dipole moment, one of the critical
parameters in evaluating NLO properties, contributes to
strong intermolecular attractions such as dipole-dipole
and van der Waals interactions (Baglan et al. 2023;
Cimen, Tahiroglu 2024). It also stands out as a
determining factor in the energy generated within the
molecule in response to an applied electric field (Hajam
et al. 2022). In order to assess the FTMT molecule's
nonlinear optical (NLO) characteristics and possible
interactions with biological targets, quantum chemical
calculations of the molecule are crucial (Table 4).
Equations (1-4) were used to determine the molecule's
nonlinear optical (NLO) values. In this study, the
polarizability, dipole moment and hyperpolarizability
parameters of the FTMT molecule obtained by the
B3LYP and PBEPBE methods were correlated with
molecular docking analyses performed with two
different crystal structures of aldose reductase enzyme
(PDB codes: 4ICC and 41GS). The dipole moment is a
fundamental parameter determining the strength of
intermolecular electrostatic interactions. For the FTMT
molecule, it was calculated as 4.0952 Debye by the
B3LYP method and 3.3357 Debye by the PBEPBE
method. This high polarity value is considered an
important factor that enhances FTMT's orientation and

w= (e +5+ )"
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binding ability to active sites on the protein surface. In
docking analysis, the FTMT molecule exhibited
significant binding scores against both the 4ICC and
41GS structures, which can be directly attributed to the
molecule’s high dipole moment. Furthermore, the
polarizability (o) values of FTMT also demonstrate the
molecule's flexibility and adaptability to electrical fields
generated in the binding site. These values, calculated as
—149.1584 au and —148.4489 au by the B3LYP and
PBEPBE methods, respectively, enable the molecule to
adopt the appropriate conformation while docking in the
active site. It was evaluated that the hydrophobic and =-
n stacking interactions observed in the 4IGS structure
are supported by the flexible structure of FTMT.
Hyperpolarizability (B) is another important NLO
parameter that reflects the directivity of the electron
density and charge transfer ability of the molecule.
Total B values calculated as 3.2x1073° esu according to
the B3LYP method and 2.6x107*° esu according to the
PBEPBE method indicate that FTMT can play an
effective role as an electron donor or acceptor during
binding. This explains the effectiveness of the hydrogen
bonds and electrostatic interactions observed with the
carbonyl and hydroxyl groups in the active site in the
41CC structure. According to docking investigations, the
FTMT molecule displayed a variety of hydrophobic,
hydrogen bonding, and n-m interactions in addition to
binding to the active sites in both crystal structures with
high affinity. The high dipole moment and polarizability
of the molecule facilitated the attainment of appropriate
orientation and conformation with the protein target;
high hyperpolarizability contributed to the charge
distribution in the binding site, allowing the formation
of stable complexes.
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a(au) = g(axx + ayy + azz)
ﬁTotal = (ﬁzx + ﬁzy + ﬂzz)l/z

= [(Bxxx + Bxyy + Bxzz)* + (Byyy + Byxx + yzz)? + (Bzzz + Bzxx + ﬁzyy)z]é

(2)
(3
4)

Table 4. The dipole moments (Debye), polarizability (au), components, and total value of the FTMT molecule

computed using B3LYP and PBEPBE methods.

Paremeters B3LYP PBEPBE Parmeters B3LYP PBEPBE /
Ly -3.9782 3.1084 Bxxx -345.9860 -285.8482
Ly 0.923 1.1635 Byyy 2.6296 -1.1007
e -0.3035 -0.3329 Bzzz 12.5941 12.1095
WD) 4.0952 3.3357 Bxyy -24.9046 -25.3323
OXX -138.1119 -137.2782 Bxxy 96.6771 86.3170
Oy -152.4112 -151.6153 Bxxz -53.1536 -43.4956
0zz -156.9521 -156.4533 Bxzz 58.4592 60.7485
Oxy -18.1636 -18.4137 BYZZ -4.9065 -4.5661
Olxz -7.9270 -7.2629 Byyz -1.0387 -0.9880
Oyz 7.5124 7.2585 Bxvz -7.2785 -6.4520
a(au) —149.1584 —148.4489 B(esu) 3.2x1072° 2.6x107°

3.6. NBO analysis

An essential technique for thoroughly examining the
electrical characteristics of molecular structures is
Natural Bond Orbital (NBO) analysis, which is used to
identify intra-bond charge transfer and delocalization
interactions (Sakthivel et al. 2018). In this study,
intramolecular  hyperconjugative interactions and
electron density delocalization were evaluated for the
FTMT compound using NBO analysis utilizing the
B3LYP method. The NBO method allows for a more
accurate interpretation of chemical bonds by
distinguishing between Lewis orbitals, such as bonding
and lone pairs, and non-Lewis orbitals (such as
antibonding BD* and Rydberg RY*) (Shahabi. &
Tavakol 2017). Stabilization energies E(2), calculated
based on secondary perturbation theory, reveal the
strength of the interaction between the bond donor
orbital and the antibond acceptor orbital (Gifty, Jothy
2023). NBO analysis performed for the FTMT molecule
detailed the character of intramolecular electronic
interactions and the intrabond charge transfer
mechanisms. The results presented in Table 5 indicate
that second-order perturbation interactions, particularly
those occurring between m—n* and o—oc* bonds,
contribute significantly to molecular stabilization. The
highest stabilization energy, 26.33 kcal/mol, is obtained
from the C12-C13 #n—Cl14-H31 =n* interaction,
indicating the presence of extensive m-electron
delocalization in the system. Similarly, the observed
interactions between aromatic structures (C21-C22
1—C19-C20 n* (11.55 kcal/mol), C17-C18 n—C21-
C22 wn* (11.00 kcal/mol), and C19—-C20 n—C17-C18
n* (10.62 kcal/mol) indicate that conjugated systems
within the molecule are the primary factors enhancing
stabilization. Furthermore, the high energy of the N3—
C4 n—C6—C7 =m* interaction, at 14.35 kcal/mol,
suggests that nitrogen-containing conjugated systems
also play an active role in charge transfer. c—c*
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interactions, on the other hand, generally have lower
E(2) values and contribute to the local bond stability of
the molecule. The C1-S15 ¢ — N2-N3 o* interaction,
with a stabilization energy of 2.68 kcal/mol, and the
C10-Cl11 o — C12-024 o* interaction, with a
stabilization energy of 1.71 kcal/mol, provide weaker
but significant contributions to the local electronic
density distribution. The values of the off-diagonal
elements of the Fock matrix F(i,j) also support the
magnitude of these interactions; the stabilization
energies of interactions correlated with high F(i,j)
values were also found to be high. All these findings
indicate that the electronic structure of the FTMT
molecule is supported by strong conjugation and
hyperconjugative interactions, and that these structures
directly affect the molecule's chemical stability. The
FTMT molecule possesses a very electrically stable
structure, according to NBO analysis, especially
because of the high stabilization energies shown by the
n—n* and c—oc* transitions. In particular, the high E(2)
value of 26.33 kcal/mol obtained from the C12-
C13—Cl14-H31 (m—m*) interaction increases the
density of conjugated systems and the potential
interaction surface of the molecule. These electronic
properties directly reflect the binding potential of FTMT
with biological targets. Molecular docking analyses
revealed that the FTMT molecule exhibited significant
interactions with the 41CC and 41GS crystal structures
of aldose reductase. The molecule bonded with aromatic
and polarizable amino acid residues in the active site
through interactions like n—n stacking and hydrogen
bonds, which was consistent with the electron
delocalization potential revealed by the NBO analysis.
In this context, the high delocalization capacity of
FTMT and its conjugated systems, compatible with the
favorable electron density distribution in the enzyme
binding region, enable it to exhibit strong binding
affinity.
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Table 5. Selected NBO outcomes of the FTMT molecule calculated utilizing B3LYP method.

a i \C
NBO(i) Type Occupancies NBO(j) Type Occupancies (K;(I%znol) E (j)-E(i)° (a.u. F(g.’uj))
C1-N2 s 0.97347 N3-C4 ¥ 0.92761 3.69 0.32 0.048
C1-S15 c 0.98397 N2-N3 o* 0.99077 2.68 0.99 0.065
N3-C4 T 0.92761 C6-C7 * 0.92955 8.81 0.37 0.075
N3-Cé c 0.98775 C7-C9 o* 0.98652 2.47 1.29 0.071
C4-S5 c 0.96130 N3-C6 o* 0.98775 2.65 0.74 0.057
C4-N8 c 0.99220 N2-N3 c* 0.99077 2.37 1.18 0.067
C6-C7 b 0.92955 C9-C10 ¥ 0.81461 4.25 0.31 0.049
C7-N8 c 0.98745 C4-S5 c* 0.96130 2.48 0.77 0.055
C9-C10 b 0.81461 C6-C7 ¥ 0.92955 7.14 0.27 0.057
C9-C14 c 0.98660 C9-C10 o* 0.98542 1.84 1.25 0.061
Cl0-C11 c 0.98846 C12-024 o* 0.99593 1.71 1.07 0.054
Cl1-C12 c 0.98742 024-C25 o* 0.99650 1.49 0.98 0.048
C11-H29 c 0.98938 Cl12-C13 o* 0.99034 2.10 1.08 0.060
C12-C13 s 0.82472 C14-H31 ¥ 0.99060 26.33 0.14 0.095
C13-C14 c 0.98754 C12-024 o* 0.99593 2.34 1.07 0.063
C17-C18 T 0.82644 C19-C20 * 0.82626 9.63 0.27 0.065
C17-C18 T 0.82644 C21-C22 * 0.84145 11.00 0.28 0.070
C18-C19 c 0.98705 C20-F23 o* 0.99794 2.16 0.97 0.058
C18-H34 c 0.99063 C17-C22 o* 0.98792 2.04 1.09 0.060
C19-C20 T 0.82626 C17-C18 ¥ 0.82644 10.62 0.30 0.071
C19-C20 T 0.82626 C21-C22 * 0.84145 9.30 0.29 0.066
C21-C22 c 0.84145 C20-F23 o* 0.99794 2.16 0.97 0.058
C21-C22 T 0.84145 C19-C20 * 0.82626 11.55 0.28 0.072
N3-C4 T 0.92761 C6-C7 n* 0.92955 14.35 0.03 0.043

3.7. Molecular docking studies

A computer method called molecular docking seeks to
forecast the potential binding configurations and
intensities between a small molecule (ligand) and a
macromolecule (often a protein or nucleic acid). (Giiller
et al. 2025; Hagar et al. 2020). By simulating how the
ligand fits into the target biomolecule's active site and
the binding conformations these interactions may result
in, this technique aims to forecast possible biological
activities (Noureddine et al. 2021). In several domains,
such as structure-based drug design, protein
engineering, and comprehending enzyme-substrate
interactions, molecular docking is essential for
predicting the formation and stability of biomolecular
complexes (Gokce et al. 2019). In this study, the
biological activity of FTMT was evaluated by molecular
docking and its potential as an aldose reductase inhibitor
was investigated. For this purpose, docking analyses
were performed using two different crystal structures of
the aldose reductase enzyme (PDB codes: 4ICC and
41GS). Schrodinger LLC's Maestro Molecular Modeling
Platform (Release 2019) was utilized to conduct
molecular docking investigations. The target proteins
were downloaded from the Protein Data Bank (PDB)
database (Burley et al. 2019) (PDB codes: 4ICC and
41GS). Three-dimensional images of the docking results
were created with Discovery Studio 2021 Client
software (Systemes 2016). For the 4ICC structure, the
grid box center was set at coordinates (x=12.45,
y=24.18, z=30.72) with a box size of 30x30x30 A,
while for 4IGS, the grid box center was defined at
(x=15.62, y=28.95, z=26.33) with the same dimensions.
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The exhaustiveness parameter was fixed at 8, and all
other parameters were maintained at default values. In
both docking setups, the ligand molecule (FTMT) was
treated as fully flexible, whereas the protein was kept
rigid except for selected residues around the active site
that were defined as flexible residues to allow induced-
fit adaptation. These included key amino acids such as
Tyr48, His110, and Trp111, which play critical roles in
substrate binding. Strong findings in terms of binding
scores and interaction types were obtained from
molecular docking experiments conducted to assess the
possible interactions of FTMT with aldose reductase. As
shown in Table 6, the FTMT molecule exhibited high-
affinity binding to both enzyme structures, exhibiting a
binding score of -9.50 kcal/mol against the 41CC protein
and -10.00 kcal/mol against the 4GS protein. These
results demonstrate that FTMT exhibits high binding
affinity to both enzyme forms and is capable of forming
strong ligand-protein interactions. These binding score
differences indicate that FTMT binds slightly stronger
to the 4IGS structure. Furthermore, docking studies
revealed that FTMT forms stable binding motifs, such
as hydrogen bonds and hydrophobic interactions, with
critical amino acid residues within the active site. Table
7 demonstrates that FTMT forms numerous stable
interactions with various amino acid residues in both
enzyme structures. A 3.33 A hydrogen bond with SER-
211 and a 3.43 A halogen bond with ASP-217 were
formed in the 4ICC structure, while a 4.16 A hydrogen
bond with TYR-48 and multiple z-donor hydrogen
bonds with LYS-262 were detected in the 4IGS
structure. Furthermore, the presence of aromatic
interactions such as n—m stacking, n—alkyl, and m—sulfur
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with both proteins indicates that FTMT increases
binding stability in the active site. The three-
dimensional and two-dimensional images presented in
Figure 5 and Figure 6 illustrate the spatial arrangement
of these interactions in detail. In particular, the regions
where hydrogen bonds are located on donor/acceptor
surfaces and the m-interaction motifs established with
aromatic rings support the specific and strong
localization of FTMT to the enzyme's active site. These
findings suggest that FTMT could be considered a
potential inhibitor of aldose reductase and could be a
potential next-generation drug candidate for diabetic
complications. Molecular docking analyses are widely
used in the literature to evaluate the binding patterns
and affinities of potential inhibitory compounds in many
studies conducted on the aldose reductase (AR) enzyme.
Previous studies have shown that natural or synthetic
derivatives tend to bind strongly to the AR active site.
An in silico study on flavonoid derivatives reported
binding energies ranging from —9.33 to —7.23 kcal/mol
(Umamahesweari et al. 2012). Similarly, in a study using
a combination of QSAR-based screening and molecular
docking approaches, binding scores for two selected

ligands were determined as —7.91 kcal/mol and —8.08
kcal/mol, respectively (Bakal et al. 2022). Additionally,
in studies evaluating newly synthesized 1,3,4-
thiadiazole derivatives as aldose reductase inhibitors,
high biological activity (KI1=15.39-176.50 nM) was
observed, and these findings were supported by docking
analyses (Kaya et al. 2025). The binding scores obtained
for FTMT in the current study, determined as —9.50
kcal/mol (41CC) and —10.00 kcal/mol (41GS), indicate a
very high binding affinity compared to values reported
in the literature. In particular, FTMT forms hydrogen
bonds, halogen bonds, and m-interactions with active
site residues such as TYR-48, SER-211, ASP-217, and
LYS-262; This finding is consistent with binding motifs
defined by critical amino acids such as Tyr48, His110,
and Trplll, which are frequently emphasized in the
literature for AR inhibitors (Lee et al. 1998). These
results suggest that FTMT has the potential to
specifically and strongly bind to the aldose reductase
active site and could therefore be a strong inhibitor
candidate if supported by advanced dynamic
simulations and biological tests.

Table 6. Molecular docking interactions scores with PDBID: 41CC, PDBID: 4I1GS enzymes of FTMT compound.

Docking Score

Compound (PDB: 4ICC)

(PDB: 41GS)

The FTMT molecule -9.50

-10.00

Tablo 7. Interactions of the FTMT molecule with 41CC and 4GS proteins.

Type of Bond Interacting FTMT Amino Bond Length Interacting FTMT Bond Length (A)
Acid (41CC) A) Amino Acid (41GS)
LYS-78 PRO-261
ILE-261 ILE-260
Van der Waals Interactions SER-264 - TRP-79 -
ARG-218 ASP-216
LEU-213 VAL-47
Conventional H Bonds SER-211 3.33 TYR-48 4.16
Halogen (Fluorine) ASP-217 3.43 - -
Pi-Donor H Bond LYS-262 6.91
TYR-49 [RE SER-210 5.25
Pi-Sulfur CYS-299 7.83 CYS-298 7.19
Pi-Pi Stacked TYR-210 4.50 SRP-20 5.28
Pi-Alkyl HIS-111 6.06 LEU-212 593
TRP-112 5.72 LYS-262 6.91
TYR-210 4.50 '
Carbon Hydrogen Bond - - SER-214 4.58
Pi-Cation - - LYS-21 6.78
Pi-Sigma - - TYR-209 4.16
Pi-Pi T-shaped - - TRP-20 5.28
Alkyl PRO-215 4.70
) ) LEU-212 5.58
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Figure 5. Ligand-41CC mode of interaction with enzymes; 3D view of the donor/acceptor surface of hydrogen bonds on the receptor
and 2D view of ligand enzyme interactions.
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Figure 6. Ligand-41GS mode of interaction with enzymes; a) 3D view of the donor/acceptor surface of aromatic bonds on the
receptor b) 2D view of ligand enzyme interactions.
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3.8. ADME analysis

The physicochemical properties of drug molecules
directly impact the pharmacokinetic processes of
ADME and play a decisive role in drug discovery and
development. Fundamental physicochemical properties
such as molecular weight (Mw), topological polar
surface area (TPSA), solubility (LogS), lipophilicity
(LogP), and the number of hydrogen-bonding acceptor
(HBA) and donor (HBD) atoms can significantly impact
a compound's bioavailability (Yadav et al. 2017). In
particular, the inadequate solubility of low-solubility
compounds in the gastrointestinal tract can be a limiting
factor in absorption. The LogP value determines the
distribution of a compound between both the lipid and
aqueous phases, affecting both absorption and cell
membrane permeation (Srivastava et al. 2022; Tahiroglu
et al. 2025). Extremely lipophilic compounds can be
disadvantageous in terms of solubility and metabolism.
While high-molecular-weight compounds may have
difficulty crossing biological barriers, compounds with
TPSA values below 140 A2 have a higher potential to
cross cell membranes. The compounds (a-I)
investigated in this study were found to exhibit only
LogP parameter outliers according to Lipinski's rule of
five, meeting all other criteria. Furthermore, the TPSA
values of all compounds below 140 A2 indicate that
these compounds possess suitable properties for
permeation through the cell membrane (Uzzaman et al.
2021). To assess the potential of the FTMT molecule in
drug development, its basic physicochemical and
pharmacokinetic parameters were examined in Table 8.
The physicochemical, lipophilic, and ADMET
properties of the FTMT molecule indicate that it has
potential for drug development, but some critical
parameters require careful scrutiny. The molecule's
molecular weight is 371.06 Da, which conforms to
Lipinski's rules. The number of hydrogen-bonding
acceptors (nHA) is 4 and the number of binding donors
(nHD) is 0; these values indicate FTMT's high
membrane permeability potential. The LogP value of
4.969, while near the upper lipophilicity limit, is still
acceptable and demonstrates the molecule's good
solubility in lipophilic regions. The TPSA value is 39.42
A2, well below the 140 A2 limit, indicating the
molecule's high ability to pass through biological
membranes by passive diffusion. When looking at
absorption parameters, the Caco-2 cell permeability
value was found to be at an optimal level at -4.578,
indicating that FTMT has a high potential to pass
through the intestinal epithelium. Oral bioavailability,
however, could be rather limited, as indicated by the
human intestinal absorption (HIA) value of 0.004. The
molecule has a high probability of crossing the brain-
blood barrier (BBB: 0.722), demonstrating the potential
for central nervous system-targeted effects. The plasma
protein binding ratio (PPB) is quite high at 99.99%,
indicating that the free drug fraction in circulation may
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be low and the therapeutic index may be narrowed. The
volume of distribution (VD) is 1.142 L/kg, which is
acceptable within physiological limits. According to
metabolism parameters, FTMT has a high potential for
inhibiting the CYP2D6 isoenzyme (0.823), while it is
lower for CYP3A4 (0.397). This should be considered,
particularly in terms of drug-drug interactions. The
estimated half-life (T1/2) was calculated as 0.061 hours,
indicating that FTMT is an ultra-short-acting molecule.
From a toxicological perspective, the probability of
hERG channel blockade was low (0.046), while the
risks of hepatotoxicity (H-HT: 0.872) and mutagenicity
according to the Ames test (0.907) were high. This
increased hepatotoxicity and mutagenicity may result
from the molecule's apolar/lipophilic regions and
potential reactive functional groups, which could
generate toxic or mutagenic metabolites during liver
metabolism. Nevertheless, the acute oral toxicity value
for rats was 0.016, placing it in the low-toxicity
category. The color regions and structural analysis of
the FTMT molecule presented in Figure 7 reveal a
balanced distribution of lipophilic and polar regions.
Apolar regions were observed to predominate on the
molecule's surface, supporting its high lipophilicity.

The threshold values used in ADMET analysis are
based on widely accepted drug-likeness and safety
criteria in the literature. According to Lipinski's Rule of
Five criteria, a molecular weight of less than 500 Da,
the number of hydrogen bond donors less than 5 and
hydrogen bond acceptors less than 10, and lipophilicity
(LogP) not exceeding 5 are considered key properties
that support oral bioavailability (Kredzielak-
Manikowska et al. 2000). Furthermore, Veber and
colleagues demonstrated that a topological polar surface
area (TPSA) below 140 A? increases the potential for
passive diffusion through the cell membrane (Nishida et
al. 2002). In in silico models, Caco-2 cell permeability
is generally considered optimal for compounds with log
values above -5, while oral bioavailability is considered
suitable when human intestinal absorption (HIA) is
above 30% (Baig et al. 2019); (Albert et al. 2022). The
probability of crossing the brain-blood-barrier (BBB) is
considered significant for compounds above 0.3, and
values above 0.7 indicate high penetration potential (Li
et al. 2021). Additionally, compounds with plasma
protein binding (PPB) below 95% are preferred in terms
of free fraction, while molecules with a half-life (T1/2)
between 1 and 24 hours exhibit optimal distribution and
elimination  properties.  Regarding  toxicological
parameters, hERG  channel inhibition  <0.1,
hepatotoxicity, and Ames mutagenicity probability <0.5
are considered safe, demonstrating a safe profile (Liu et
al. 2010). These threshold values were used as reference
points when interpreting the ADMET profile of the
FTMT molecule.
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Table 8. FTMT molecule’s physicochemical, lipophilicity and ADMET parameters.

Property EMDT Comment
Molecular Weight 371.06 Molecular Weight< 500
nHA 4 Hydrogen bond acceptors< 12
nHD 0 Hydrogen bond donors< 7
logP 4.969 Log of the octanol/water partition coefficien: 0-5
TPSA 39.42 Topological Polar Surface Area:0-140
HIA 0.004 Category 1: HIA+(HIA<30%);
Category 0: HIA-(HIA>=30%);
The output value is the probability of being HIA+
Caco-2 Permeability -4.578 Optimal: higher than -5.15 Log unit
BBB 0.722 The output value is the probability of being BBB+
PPB 99.99% Optimal:<90%. Drugs with high protein-bound may have a low therapeutic
index.
VD 1.142 Optimal: 0.04-20L/kg
CYP2D6 0.823 Category 1: Inhibitor; Category 0: Non-inhibitor;
The output value is the probability of being inhibitor.
0.397 Category 1: Inhibitor; Category 0: Non-inhibitor;
CYP3A4 The output value is the probability of being inhibitor.
0.061 The unit of predicted T1/2 is hours.
Ty ultra-short half-life drugs: 1/2 < 1 hour; short half-life drugs: T1/2 between 1-
4 hours; intermediate short half-life drugs: T1/2 between 4-8 hours; long half-
life drugs: T1/2 > 8 hours.
hERG Blockers 0.046 Category 1: active; Category 0: inactive;
The output value is the probability of being active.
H-HT 0.872 Human Hepatotoxicity
Category 1: H-HT positive(+); Category 0: H-HT negative(-);
The output value is the probability of being toxic.
AMES Toxicity 0.907 Category 1: Ames positive(+); Category 0: Ames negative(-);
The output value is the probability of being toxic.
Rat Oral Acute Toxicity 0.016 Category 0: low-toxicity; Category 1: high-toxicity;

The output value is the probability of being highly toxic.

~

I

MW

LogP nRig

LogD nHet

nHA MaxRing

nHD nRing

TPSA nRot

Figure 7. Color regions and physicochemical parmeters of the FTMT molecule.

4. CONCLUSION

In this study, the structural, electronic and biological
properties of 2-((4-fluorobenzyl)thio)-6-(4-
methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazole
(FTMT) molecule were investigated in detail by
theoretical and computational methods. As a result of
intensified DFT calculations (B3LYP and PBEPBE
methods), geometric optimization of the molecule was

successfully accomplished and the HOMO-LUMO
energy level difference indicated moderate chemical
reactivity and electronic stability. Strong conjugation
and hyper-conjugative interactions observed by NBO
analysis contribute to the electronic stability of the
molecule and also increase the interaction potential with
the active sites. The molecular electrostatic potential
(MEP) map showed that FTMT has high nucleophilic
character especially in the nitrogen and oxygen
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containing regions. This finding was supported by
molecular docking analyses; It was determined that
FTMT can form strong and selective binding with the
41CC and 4IGS crystal structures of aldose reductase.
The binding energy of -10.00 kcal/mol obtained with
the 41GS structure, in particular, demonstrates its high
inhibitory potential. ADMET analyses demonstrated
that the FTMT molecule exhibits drug-like properties by
largely complying with Lipinski's rules. While low
TPSA and high Caco-2 permeability indicate good
membrane permeability, findings such as low HIA
values and potential hepatotoxicity suggest that the
molecule's pharmacokinetic profile requires
improvement. Furthermore, its potential for CYP2D6
inhibition raises the potential for potential drug-drug
interactions. With its strong binding affinity, favorable
electronic properties, and versatile interaction capacity,
FTMT is a promising candidate as an aldose reductase
inhibitor. ~ Furthermore,  structural  optimizations
considering absorption and toxicity parameters could
enhance the compound's pharmaceutical potential.
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