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ARTICLE INFO ABSTRACT

Keywords: In this study, novel thiophene-based Schiff base derivatives were synthesized, and their structures
Thiophene were comprehensively analyzed. The inhibitory potentials of these compounds on a-glucosidase
Schiff base and tyrosinase enzymes were systematically evaluated. Among the thiophene-based Schiff bases,
Diabetes

compound 8 exhibited moderate inhibitory activity against both a-glucosidase and tyrosinase,
Enzyme inhibition wiEh ICS.O values of ‘173.29 and 69.32 pM for each, compared to the positive c<?nFrols acarbose and
Molecular docking kojic acid, respectively. The DFT approach was used to analyze the reactivity and molecular
ADME electrostatic potential maps of the compounds, and molecular docking studies for the most active
compounds 4, 6, and 8 were conducted on both the fungal tyrosinase and Saccharomyces cere-
visiae protein models. Furthermore, ADME (Absorption, Distribution, Metabolism, and Excretion)
analyses were performed to evaluate their pharmacokinetic profiles and predict their potential
bioavailability with basic drug-like properties, and these observations demonstrate the potential
importance of the compounds in the field of treating diabetes and skin diseases.

Hyperpigmentation

1. Introduction

Research into new enzyme inhibitors with therapeutic potential has become a fundamental area of medicinal chemistry, especially
in the context of metabolic and dermatological disorders. Diabetes mellitus (DM) is a major endocrine disorder characterized by
chronic hyperglycemia resulting from insufficient insulin secretion and impaired glucose metabolism' . Diabetes mellitus is clas-
sified into three main types: type 1 diabetes, type 2 diabetes, and gestational diabetes. Type 1 diabetes is characterized by an absolute
deficiency of insulin resulting from autoimmune destruction of pancreatic (3-cells, whereas type 2 diabetes initially develops through
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metabolic alterations that lead to insulin resistance in target tissues”. In addition to metabolic, genetic, and environmental factors,
inflammatory mediators have also been shown to play a significant role in the pathogenesis of both type 1 and type 2 diabetes®”.
Type 2 Diabetes Mellitus (T2DM) is a global disease that negatively impacts individuals' quality of life and poses a serious economic
burden on healthcare systems®”. In 2021, it was estimated that around 550 million people aged between 20 and 79 were living with
diabetes, and this number is expected to reach 800 million by 2045. As the number of patients increases, diabetes-related healthcare
costs are also anticipated to rise; diabetes-related health expenses, calculated at $966 billion in 2021, are projected to hit $1.054
trillion by 2045. This situation represents a significant economic burden not only on individual health but also on global healthcare
systems®°. Various strategies have been developed to manage postprandial hyperglycemia in T2DM. One of these strategies is the
inhibition of enzymes that play a crucial role in carbohydrate metabolism. Specifically, the inhibition of the enzyme a-glucosidase,
which facilitates the breakdown of di- and polysaccharides into glucose in the intestinal lumen, contributes to a more balanced
regulation of blood sugar levels by delaying glucose absorption'®. Therefore, the a-glucosidase enzyme is considered an important
target in the treatment of T2DM and has become one of the priority research topics in the development of potential pharmacological
agents''.

In this context, enzyme inhibition emerges as an important strategy not only in the management of metabolic diseases but also in
dermatoses. a-Glucosidase inhibition offers an effective approach in diabetes treatment, while similarly, tyrosinase inhibition plays a
critical role in controlling hyperpigmentation'”. Hyperpigmentation occurring in human skin is often an undesirable condition, and
the primary reason for this phenomenon is the enzyme tyrosinase, which is the main regulator of the melanogenesis process.'”.
Excessive melanin production and pigment accumulation are commonly seen in various dermatological conditions such as periorbital
hyperpigmentation, acanthosis nigricans, and cervical poikiloderma'“. While the process of melanogenesis involves a quite complex
biochemical mechanism, the enzyme tyrosinase plays a critical role in melanin biosynthesis by oxidizing dopamine to facilitate
melanin formation. However, increased melanin production in the brain has been linked to Parkinson's disease and other neuro-
degenerative disorders.'®'®. On the other hand, the number of compounds that can effectively inhibit tyrosinase is quite limited.
Therefore, the demand for tyrosinase inhibitors is increasing every day in the medical and cosmetic fields'®.

It is believed that the multiple hydroxyl groups found in polyphenols enhance their inhibitory effects due to their ability to form
stronger bonds with enzymes'”. Under suitable conditions, inhibitor molecules can interact with enzymes and hinder their activities.
Various studies have reported that both synthetic and natural polyphenols possess a range of biological activities, such as a-gluco-
sidase and tyrosinase inhibition'*"'%'°,

Heterocyclic compounds are defined as organic molecules that possess ring systems containing heteroatoms such as nitrogen,
oxygen, or sulfur, in addition to carbon atoms. Such structures hold significant importance in modern drug design due to the high
specificity they provide during interaction with biological targets*’.Compounds containing heteroatoms form the basic skeletons of
numerous naturally occurring and biologically active molecules, and thanks to this property, they are widely used in medicinal
chemistry for the development of new drug candidates®'. Nitrogen-containing heterocyclic compounds, which exhibit a wide range of
biological activity, are of particular interest to researchers””. The knowledge of the antibacterial, antiallergic, and chemotherapeutic
effects of sulfur-containing compounds has increased research into the synthesis of these compounds®’. In this context, various
thiophene derivatives have been designed as drugs or drug candidates, and compounds containing a thiophene ring as a pharma-
cophore in their structure have been reported to exhibit numerous biological activities such as anti-asthmatic, diuretic, anticancer,
antibacterial, anti-HIV, and anticonvulsant properties”**°. In addition, nitrogen-containing heterocyclic compounds are widely found
both in nature and in pharmaceutical products, exhibiting significant biological activities such as anticancer, antimicrobial, analgesic,
and anti-inflammatory properties”®. In recent years, various Schiff bases containing N, O, S, and P atoms in their structures have been
synthesized and evaluated in biological applications®”*°. Schiff bases are known to have a broad biological activity profile in the
pharmaceutical industry due to the imine group in their structure®. The synthesis of thiophene-based Schiff bases, in particular, has
attracted increasing attention recently due to their biological importance®**®,

Schiff bases, characterized by the azomethine (-CH=N) functional group, are widely recognized for their diverse biological and
industrial applications, including antibacterial, antihypertensive, antipyretic, anticancer, anti-inflammatory, and anti-HIV activ-
ities®"*?, Particularly, thiophene-based Schiff bases, which incorporate sulfur into their heterocyclic framework, exhibit significant
pharmacological potential due to their electron-rich nature, structural flexibility, and bioisosteric relationship with benzene, making
them highly relevant in drug discovery and material science®”. The presence of thiophene enhances lipophilicity, bioavailability, and
metabolic stability, which is why it forms the core structure of various marketed drugs such as olanzapine (antipsychotic), dorzo-
lamide (anti-glaucoma), duloxetine (antidepressant), tiotropium (bronchodilator), and clopidogrel (antithrombotic agent)®* ¢
(Scheme 1). Given these developments, further research into thiophene derivatives may lead to the development of more effective
and selective enzyme inhibitors for therapeutic use.

Furthermore, Schiff bases containing phosphonate groups have gained considerable interest due to their structural similarity to a-
amino acids, where the carboxyl group is replaced by a phosphonic acid moiety, enabling them to act as enzyme inhibitors, antic-
ancer agents, antioxidants, antiviral compounds, and plant growth regulators®” >°. Given their extensive pharmacological and in-
dustrial significance, the synthesis and characterization of novel thiophene and phosphonate-based Schiff bases hold promising
prospects for future advancements in medicinal chemistry, material science, and pharmaceutical applications.

In this study, four compounds previously reported in the literature and two new derivatives containing phosphate groups were
synthesized for the first time. Compounds 4-7 were synthesized in the literature by different methods’®~**. The synthesis of com-
pounds 4-5 was synthesized for the first time with an environmentally friendly method in a shorter time, without solvents, and with
high yields. According to literature data, compounds containing sulfur in their structure are known to possess various biological
activities’. In this context, considering the potential biological activities of Schiff bases, new thiophene-based Schiff bases were first
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Scheme 1. Some commercially available drugs contain a thiophene ring.

synthesized, followed by the preparation of their reduction products®. Based on the hypothesis that incorporating multiple biolo-
gically active cores within a molecule could contribute to the development of new compound classes with significant biological
activities*®, the a-aminophosphonate derivatives of the synthesized thiophene-based Schiff bases were also synthesized””. Then, the
effect of the synthesized compounds (4-9) on biological activity was investigated. The inhibitory effects of a total of six synthesized
compounds on a-glucosidase and tyrosinase enzymes were evaluated for the first time; the results revealed that especially the newly
synthesized phosphate derivatives could show significant inhibitory effects on these enzymes. The selected molecular scaffolds in-
clude heterocycles containing thiazole, benzothiazole, and phosphorus, which have been comprehensively reported for their bio-
logical activities. These heterocyclic structures were chosen based on their well-documented enzyme inhibition properties, strong
binding affinities to key enzymatic residues, and favorable pharmacokinetic characteristics that enhance drug-likeness. To further
validate the effectiveness of the synthesized compounds, in vitro enzyme inhibition assays were conducted, and molecular docking
simulations were performed to elucidate the binding mechanisms. Additionally, ADME (Absorption, Distribution, Metabolism, and
Excretion) studies were carried out to evaluate their pharmacokinetic profiles and drug likeness. This comprehensive approach
integrates experimental findings with computational modeling, providing valuable insights into the potential therapeutic applications
of the synthesized compounds.

2. Materials and methods
2.1. Chemicals and apparatus

The chemicals used in this study were obtained from Sigma-Aldrich and Merck (USA). Enzymes, substrates, inhibitors, and other
reagents used in enzyme activity studies were obtained from Sigma-Aldrich. Melting points of the solid products were measured with
Gallenkamp melting point instruments. 'H NMR and '3C NMR spectra were performed on 400 (100)-MHz Varian and Bruker
spectrometers, and elemental analyses were performed on a Leco CHNS-932 instrument.

2.2. General synthesis of Schiff bases

Schiff bases 7-11 were synthesized using the protocols indicated in the literature’”*. Thiophene-2-carboxyaldehyde (1)
(1 mmol) was added to 4-methoxyaniline (2) and p-toluidine (3) (1 mmol), and then the reaction mixture was exposed to microwave
radiation at 900 W for 5min (Scheme 2). The progress of the reactions was followed by TLC. Both the H and '°C NMR spectra
pointed to the formation of a single product.

2.2.1. Synthesis of 4-methoxy /methyl -N-(thiophen-2-ylmethylaniline (6 —7)

4-methoxy/methyl-N-N-N-(thiophen-2-ylmethyl)aniline (6-7) was synthesized by making some modifications to the procedures
given in the literature®®*°. After N-(4-methoxy/methylphenyl)-1-(thiophen-2-yl) methanimine (4—5) (1 equiv.) was dissolved in
THF/H,0 (1:1, 20 mL), NaBH, (8 equiv.) was added slowly at 0 °C (Scheme 3). The reaction mixture was stirred at room temperature
for 6 h. The progress of the reaction was monitored by TLC, and after the reaction was complete, the solvent was removed using a
rotary evaporator, and the compound was purified by crystallization.
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Scheme 2. General procedure for the synthesis of Schiff bases 4-5.
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Scheme 3. General procedure for the synthesis of 4-methoxy/methyl-N-(thiophen-2-ylmethyl)aniline (6 —7).

2.2.2. Synthesis of a-aminophosphonates (8 —9)

The Schiff base compounds 4-5 (1 equiv.) were dissolved in ethanol, and diphenyl phosphonate (1 equiv.) was added gradually at
room temperature. The reaction mixture was stirred continuously until a white precipitate formed. After the precipitation process, the
filtrate was carefully separated, and the solid residue was allowed to air dry at ambient temperature (Scheme 4). This transformation
proceeds via an aza-Pudovik (hydrophosphonylation) reaction, involving the nucleophilic addition of diphenyl phosphonate to the
electrophilic C=N bond of the Schiff base, a well-established approach for the synthesis of a-aminophosphonates under mild con-
ditions®”-°,

2.3. Enzyme activity studies

2.3.1. Determination of a-glucosidase activity

The a-glucosidase enzyme inhibition effects for new Schiff base derivatives (4-9) were analysed with a microtiter plate reader in
accordance with the method previously described in the literatiire®’. In this reaction, 4-Nitrophenyl-a-p-glucopyranoside was pre-
ferred as substrate. The enzyme solution was freshly prepared in cold deionised water containing 0.15-0.3 units/mL alpha-gluco-
sidase. In the analysis procedure, 50 pL. of phosphate buffer solution (1.0 M, pH 6.8), 50 uL. of the new compound at different
concentrations, and 10 uL of enzyme solution were added to the microplate well. After the mixture was incubated at 25 °C for 15 min,
the reaction was initiated by adding 20 pL of 5 mM substrate solution. To determine the enzymatic activity, the absorbance change in
the wells was recorded at A,,; nm wavelength for 10 min.

2.3.2. Determination of tyrosinase enzyme activity
The tyrosinase enzyme inhibition potentials of the compounds were measured at 492 nm wavelength using a microtiter plate
reader.””. Fungal tyrosinase enzyme was used in the experiments. For the enzyme activity assay, 125 uL of reaction medium was

O. /O H
s NOR ©/ P
/ o)
()~
ZBNS R
4R = 4-OCH, —
5R = 4-CH,
8 R = 4-OCH,
9 R = 4-CH,

Scheme 4. General procedure for the synthesis of a-aminophosphonates compounds 8-9.
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prepared in 50 mM phosphate buffer (pH 6.8). The solution contained 0.5 mM r-DOPA and 50 pL of compound solution at different
concentrations. The reaction was carried out by incubation at 37 °C for 7 min.

In both tests, the compounds were dissolved in DMSO at a concentration of 1 mg/mL and then diluted with distilled water to the
appropriate concentration. In the control groups, an amount of %10 (v/v) DMSO equal to the ratio of the compound solutions in the
reaction mixture was also included. In the experiments, acarbose was used as a positive control for a-glucosidase, and kojic acid was
used as a positive control for tyrosinase enzyme.

The enzyme inhibition potentials of the compounds were calculated using slope formulas from the % activity and concentration
plots. Enzyme activity was determined as percentage (%) activity relative to the inhibitor-free control group, based on Formula 1.

Sample absorbance change

100

%Activity =
Control absorbance change (€D)

The inhibitory effects of the compounds on a-glucosidase and tyrosinase activity were expressed as concentrations inhibiting 50%
of the enzyme activity (ICsp).

2.4. Theoretical studies

2.4.1. Global reactivity descriptors

The molecular geometry optimization and harmonic vibration frequency calculations were performed using the density functional
theory (DFT) approach with the B3LYP®*** functional and the cc-pVDZ>® basis set. Global reactivity parameters are substantial
quantum chemical descriptors that help in understanding the chemical reactivity and kinetic stability of molecules. These parameters
offer estimation into the electronic characteristics of molecules and their interactions with biological receptors. All quantum chemical
calculations were conducted using the Gaussian 16 software.

2.4.2. Molecular docking analysis

A molecular docking study was performed using Molegro Virtual Docker”” to investigate the binding interactions of the
most potent compounds within the active sites of a-glucosidase and tyrosinase. During the conformational search process, the
MolDock SE algorithm was applied, and 10 independent simulations were conducted for each ligand. The default settings of
the program were used for other docking parameters. The crystal structures of tyrosinase (PDB Kimligi:2Y9X c¢oziiniirliik:
2.78 A) and a-glucosidase (PDB Kimligi: 3A4A, ¢oziiniirliik: 1,60 A enzymes were obtained from the Protein Data Bank (PDB).
During the molecular docking process, the grid center was created at the coordinates (X: —10.00, Y: —28.92, Z: —43.83) for
tyrosinase and (X: 15.04, Y: —8.48, Z: 18.10) for a-glucosidase. The grid spacing was fixed at 0.300 A for both enzymes.
Finally, the enzyme-ligand complexes with the best binding energy were visualized in two-dimensional and three dimensions
using Discovery Studio Visualizer software.

56

2.4.3. ADMET prediction

Computer-aided ADMET calculations assist in evaluating a compound's potential for drug development and contribute to more
cost-effective drug discovery and development processes. One of the web-based tools designed for analyzing ADMET properties,
ADMETIab 2.0°7, was used to determine the ADMET profiles of all compounds. Additionally, certain ADMET parameters were
calculated using the online platform http://www.swissadme.ch®®,

3. Results and discussion
3.1. Chemical results

The structures of new synthesized compounds 4-9 were characterized by 'H NMR, '3C NMR, and elemental analysis data.
Two new thiophene-based Schiff bases were synthesized by using Thiophene-2-carboxyaldehyde (1), 4-methoxyaniline (2),
and p-toluidine (3), and reacting them with microwave irradiation without using a solvent. This method is a cheap, fast, and
environmentally friendly method, and both compounds (4-5) were obtained successfully with a high yield (96%). The
characteristic proton in the H-C=N bond in compound number 4 formed a peak at 8.60 ppm in '"H NMR spectra, and the
characteristic proton in the H-C =NH-C=N bond in compound number 5 formed a peak at 8.61 ppm. In addition, the 151.13
and 152.31 ppm peaks in the '*C NMR spectra indicate the carbon atoms in the H-C=N bond in compounds number 4 and 5,
respectively.

The reduction reactions of the synthesized Schiff bases (4-5) were also investigated, and 4-methoxy/methyl-N-(thiophen-2-yl-
methyl)aniline (6-7) compounds were obtained with 94% and 95% yield, respectively. The disappearance of specific imine peaks and
the emergence of -CH, peaks at 4.51 (s, 2 H, CH») and 4.50 (s, 2 H, CH,) ppm as a result of the reduction reaction of imine compounds
4 and 5 indicate that the reduction reactions were successful. When the *3C NMR spectra were also examined, it was seen that the
newly formed -CH, peaks gave signals at 44.50 and 49.54 ppm.

In the compounds obtained by adding diphenyl phosphonate to Schiff bases, -CH-PO(OPh), peaks appeared at 5.36 and 5.43 ppm.
When the 3C NMR spectra were also examined, the newly formed -CH, peaks gave signals at 53.95 and 52.28 ppm.
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3.2. Physical properties and spectral data of synthesized compounds (4—9)

N-(4-methoxyphenyl)-1-(thiophen-2-yl)methanimine (4): Yield: 96%, brown solid, m.p. 49-51 °C. 'H NMR (400 MHz, CDCl5)
8 8.60 (s, 1 H), 7.52 — 7.45 (m, 2H), 7.28 — 7.23 (m, 2H), 7.16 - 7.12 (m, 1 H), 6.97 — 6.92 (m, 2H), 3.84 (s, 3H). '*C NMR
(100 MHz, CDCl3) & 158.32, 151.13, 144.36, 143.20, 131.59, 129.76, 127.72, 122.29, 114.39, 55.49. Chemical Formula:
C12H;;NOS. Elemental Analysis: C, 66.33; H, 5.10; N, 6.45. Found: C, 66.30; H, 5.14; N, 6.49.

1-(thiophen-2-yl)-N-(p-tolyl)methanimine (5): Yield: 96%, yellow solid, m.p. 65-66 °C. 'H NMR (400 MHz, CDCl;) & 8.61 (s,
1H), 7.58-7.45 (m, 2 H), 7.25 - 7.13 (m, 5 H), 2.40 (s, 3 H). 13C NMR (100 MHz, CDCl3) 8 152.31, 148.85, 143.03, 135.94, 131.96,
130.07, 129.80, 127.75, 120.96, 21.08. Chemical Formula: C;,H;;NS. Elemental Analysis: C, 71.61; H, 5.51; N, 6.96 Found: C,
71.64; H, 5.47; N, 6.98.

4-methoxy-N-(thiophen-2-ylmethyl)aniline (6): Yield: 94%, white solid, m.p. 73-75 °C. (m.p. 70-72)*'. "H NMR (400 MHz,
CDCl3) 6 7.26 (d, J = 4.7Hz, 1 H), 7.11 - 6.98 (m, 2H), 6.86 (d, J = 8.4Hz, 2H), 6.72 (t,J = 14.9 Hz, 2 H), 4.51 (s, 2 H), 3.80 (s,
3 H). 13¢ NMR (100 MHz, CDCl3) 8 152.57, 143.44, 141.91, 126.89, 124.96, 124.57, 114.91, 114.65, 55.77, 44.50. Chemical
Formula: C,,H;3NOS. Elemental Analysis: C, 65.72; H, 5.98; N, 6.39. Found: C, 65.76; H, 5.94; N, 6.41.

4-methyl-N-(thiophen-2-ylmethyl)aniline (7): Yield: 95%, orange solid, m.p. 82-84 °C (m.p. 85-86)"'. 'TH NMR (400 MHz,
CDCl3) 8 11.52 (s, 1 H, NH), 7.23 -7.11 (m, 4 H), 7.05 (d, J = 8.2 Hz, 2 H), 6.87 - 6.79 (m, 1 H), 4.50 (s, 2 H), 2.24 (s, 3 H). 13¢ NMR
(100 MHz, CDCl5s) 8 139.44, 131.77, 131.40, 130.38, 130.25, 128.14, 127.44, 123.65, 49.54, 21.12. Chemical Formula: C,,H;3NS.
Elemental Analysis: C, 70.90; H, 6.45; N, 6.89; S, 15.77. Found: C, 70.95; H, 6.41; N, 6.92.

Diphenyl (((4-methoxyphenyl)amino)(thiophen-2-yl)methyl)phosphonate (8): Yield: 89%, white solid, m.p. 129.5 °C. H
NMR (400 MHz, CDCl53) 8§ 7.35-7.25 (m, 6 H), 7.23 -7.11 (m, 4 H), 7.02 (dd, J = 8.6, 4.0 Hz, 3H), 6.84 - 6.67 (m, 4 H), 5.36 (d, J =
23.9Hz, 1H), 3.81 - 3.70 (m, 3H). 3C NMR (100 MHz, CDCl3) § 153.43, 150.42d, 150.30d, 139.70, 139.56, 138.65, 129.74 d,
127.32d,127.00, 126.92, 125.86d, 125.8d, 120.70d, 120.42 d, 115.90, 114.84, 55.64, 53.95d. Chemical Formula: C,,H,>NO4PS
Elemental Analysis: C, 63.85; H, 4.91; N, 3.10 Found: C, 63.81; H, 4.96; N, 3.15.

Diphenyl (thiophen-2-yl(p-tolylamino)methyl)phosphonate (9): Yield: 91%, white solid, m.p. 147.7 °C. 'H NMR (400 MHz,
CDCl3) 6 7.35 - 7.26 (m, 6 H), 7.23 - 7.11 (m, 4H), 7.02 (t, J = 7.1 Hz, 5H), 6.68 (t, J = 5.4Hz, 2H), 5.43 (d, J = 24.2Hz, 1 H),
2.27 (s, 3H). '3C NMR (100 MHz, CDCls) 8 150.38d, 150.28d, 143.40, 143.26, 138.58, 129.88, 129.77, 128.74, 127.33d, 127.01,
126.94, 125.86d, 125.41d, 120.72d, 120.44d, 114.40, 52.28d, 20.50. Chemical Formula: C,4H,,NOsPS Elemental Analysis: C,
66.19; H, 5.09; N, 3.22 Found: C, 66.13; H, 5.13; N, 3.26.

3.3. Engyme activity studies’s results

The in vitro enzyme inhibitory activities of the synthesized compounds 4-9 against a-glucosidase and tyrosinase were evaluated.
The data obtained revealed that the compounds exhibited different inhibitory effects on a-glucosidase and tyrosinase enzymes
(Table 1). Acarbose was used as positive control for a-glucosidase, and kojic acid was used as positive control for tyrosinase enzyme.

When the inhibitory effects of the synthesized compounds 4-9 on the tyrosinase enzyme were evaluated, it was determined that
compound 9 did not show any inhibitory effect. However, ICy, values of compounds 5 and 7 were calculated as 173.29 uM and
231.05 pM, respectively. For compounds 4-8, IC, values ranged between 128.30 and 69.32 uM. Among the synthesized compounds,
compound 8 containing methoxy and a-aminophosphonate groups exhibited the lowest IC,, value against tyrosinase (69.32uM)
within the series; however, its inhibitory activity remained weaker than that of the standard inhibitor kojic acid (Table 1). When
compounds 8 and 9 containing the a-aminophosphonate group were compared, the addition of a methoxy group instead of a methyl
group led to an increase in inhibition activity. The observation that the methoxy group increases the inhibition activity compared to
the methyl group is in agreement with the literature describing the structural interactions of a-aminophosphonate compounds in
enzyme inhibition. a-Aminophosphonates have strong binding ability thanks to their phosphonate groups in their interactions with
enzymes, and the electron distribution of these groups plays a critical role in determining their inhibitory effects®®. The electron-
donating property of the methoxy group may enhance the polarity of the compound, leading to stronger interactions with the
enzyme's active site®’. Furthermore, studies on the binding capacities of aminophosphonate derivatives to specific enzymes such as
PARP1 have shown that even minor structural changes can significantly alter the binding affinity and thus the inhibition activity®'.
Similarly, Rao et al. reported that the biological activity of derivatives containing electron-donating groups increased®”. Previous
studies have shown that hydroxyl and methoxy groups in polyphenols bind to the active site of tyrosinase and form chelates with

Table 1
Inhibitory effects of all compounds on a-glucosidase and tyrosinase enzymes.

Compound Tyrosinase ICso (M) a-Glucosidase ICso (UM)
4 128.30 223.59

5 173.29 364.81

6 110.02 231.05

7 231.05 693.15

8 69.32 173.29

9 - 239.02

Kojic acid 7.46 -

Acarbose - 79.63
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copper ions, thus suppressing the activity of the enzyme®. Therefore, the stronger inhibition of enzyme activity with the addition of
the methoxy group can be explained by the changes in the electronic properties of the compound and the mechanisms of interaction
with the enzyme. Table 1 further demonstrates that the newly synthesized compounds exhibit weaker inhibitory activity against
tyrosinase compared to kojic acid.

ICsp values of 4, 5, and 6 molecules, which are Schiff bases, were calculated as 223.59, 364.81, and 231.05 puM, respectively. On
the other hand, ICsy values of 8 and 9 molecules, which are a-aminophosphonates, were calculated as 173.29 and 239.02 uM,
respectively. According to the calculated ICg, values, molecule 8 containing methoxy and a-aminophosphonate groups showed the
lowest ICg, value among the synthesized compounds against a-glucosidase; nevertheless, its activity was weaker than that of the
reference inhibitor acarbose. Modification of thiophene-derived Schiff bases with aminophosphonate groups has been shown to
increase a-glucosidase inhibition. This is attributed to the electron-donating nature of the aminophosphonate group, which increases
the binding affinity by establishing stronger interactions with the enzyme active site.°’. In the literature, there are various studies
showing that a-aminophosphonates increase the inhibitory effect against a-glucosidase enzyme. For example, Kandula et al. syn-
thesised a-aminophosphonate derivatives containing piperazine and 1,2,3-triazole and investigated the inhibitory effects of these
compounds against a-glucosidase. In their study, it was determined that the inhibition effect of all synthesised molecules against a-
glycosidase was weaker compared to a-aminophosphonate derivatives. They also found that a-aminophosphonate derivatives showed
a stronger inhibitory effect than acarbose (ICs,: 79.1 = 0.05puM), which is used as a reference inhibitory substance in the litera-
ture®”. Similarly, Kumar et al. reported that aminophosphonate groups form stronger bonds with enzymes through hydrogen bonding
and electrostatic interactions°®. These results support that modification of thiophene-derived Schiff bases with aminophosphonates
enhances a-glucosidase inhibition and such compounds may be considered as preliminary lead structures for further optimization
toward anti-diabetic agents.
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Fig. 1. The frontier molecular orbitals of compounds obtained at the B3LYP/cc-pVDZ level.
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Table 2
Global reactivity parameters in (eV) for 4-9 compounds.
HOMO LUMO Gap 1P EA u n o x ®

4 -5.480 -1.732 3.748 5.480 1.732 -3.606 1.874 0.534 3.606 3.469
5 -5.782 -1.814 3.968 5.782 1.814 -3.798 1.984 0.504 3.798 3.636
6 -5.061 -0.537 4.524 5.061 0.537 -2.799 2.262 0.442 2.799 1.731
7 -5.330 -0.573 4.757 5.330 0.573 -2.951 2.379 0.420 2.951 1.831
8 -5.205 -0.797 4.409 5.205 0.797 -3.001 2.204 0.454 3.001 2.043
9 -5.483 -0.803 4.680 5.483 0.803 -3.143 2.340 0.427 3.143 2.111

*Softness, o, is given in (eV) .

3.4. Molecular modeling studies’s results

3.4.1. Global reactivity descriptors

Global reactivity parameters (GRPs) are determined based on the energies of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). These orbitals play a crucial role in quantum chemistry, influencing various
molecular properties, including ionization potential (I), electron affinity (A), electronegativity (), chemical potential (1), chemical
hardness (n), chemical softness (0), and electrophilicity (w). A compound's chemical reactivity can be analyzed by studying the
energy values of the HOMO and LUMO. The difference in energy between these orbitals serves as a key factor in understanding their
reactivity®”. Fig. 1 displays the 3D representations of the HOMO and LUMO for the compounds. Table 2 provides the global reactivity
descriptors for compounds 4-9, offering valuable insights into their electronic characteristics. A higher Eyomo value signifies a
greater electron-donating ability, whereas a lower E;ymo value indicates a stronger tendency to accept electrons. Among the ex-
amined compounds, compound 5 has the highest Eyponmo at —5.782 eV, reflecting its strong electron-donating nature. Conversely,
compound 6 exhibits the lowest Ejyyo at —0.537 eV, making it a more effective electron acceptor. Additionally, compound 5
possesses the highest electronegativity (), while compound 6 has the lowest x value. The calculated electronegativity ranking
follows the order: 5 > 4 > 9 > 8 > 7 > 6. Furthermore, compound 5 demonstrates the highest electrophilicity index (w), re-
inforcing its superior electrophilic behavior and its efficiency as an electron acceptor, whereas compound 6 primarily acts as an
electron donor. Table 2 also reveals that the global hardness (1) values of the studied compounds are significantly greater than their
global softness (0) values. These results indicate that compounds 4-9 exhibit increased softness, reduced chemical stability, and
enhanced reactivity compared to the other compounds analyzed.

3.4.2. Molecular electrostatic potential (MEP) maps

In a MEP map, red areas signify electron-rich regions with the highest negative potential, making them ideal for electrophilic
attack. Conversely, blue regions indicate electron-deficient areas with positive potential, which are more susceptible to nucleophilic
attack. Additionally, green areas correspond to regions with neutral potential. The potential follows a decreasing trend in the order:
red < orange < yellow < green < blue®®. The molecular electrostatic potential of the compounds was calculated using the B3LYP/
cc-pVDZ approach, based on the optimized structure file (.chk). Fig. 2 presents the MEP map of the compounds 4-9. An analysis of the

Fig. 2. Molecular electrostatic potential (MEP) map of compounds obtained at the B3LYP/cc-pVDZ level.
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Table 3
Details regarding the binding interactions of compounds 4 and 8 within the a-glucosidase active site.
Types Category 4 8
Hydrogen bond Conventional Hydrogen Bond Ser241, Asp242 Arg315, Ser241, Tyr158
Electrostatic Pi-anion - Asp242
Hydrophobic Pi—pi stacked Tyrl58 Tyrl58
Pi-alkyl Arg315, Tyr158, Lys156 Arg315, Tyr158, Lys156
Alkyl Leul77 Leul77
Sulfur Phe314 -
Docking Score -94.2087 -184.62
Table 4
Details regarding the binding interactions of compounds 6 and 8 within the tyrosinase active site.
Types Category 6 8
Hydrogen bond Conventional Hydrogen Bond Met280 Asn260
Electrostatic Pi-anion - Glu256
Hydrophobic Pi—pi stacked His263 His263
Pi-alkyl His244, Val283, Ala286 His85, Val283, Ala286
Alkyl Val248 Val283
Sulfur His61, His263 His263
Docking Score -102.29 -115.453

(@)
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A:280
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A:240
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A58 s A313
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A:157 & 7
A:239 ) =)
A311
Interactions
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THR
- Conventional Hydrogen Bond :] Alkyl A:310 @ Af::‘s
[: Carbon Hydrogen Bond [:] Pi-Alkyl i
A:307
[ Pi-sulfur
Interactions
D van der Waals - Pi-Pi T-shaped
- Conventional Hydrogen Bond D Alkyl
:] Carbon Hydrogen Bond I: Pi-Alkyl
[ Pi-Anion

Fig. 3. The molecular docking results of the compound 4 & a-glycosidase, a) the surfaces around ligand (3D) and b) 2D forms, the molecular docking results of the
compound 8 & a-glycosidase, ¢) the surfaces around ligand (3D) and d) 2D forms.
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Fig. 4. The molecular docking results of the compound 6 & Tyrosinase a) the surfaces around ligand (3D) and b) 2D forms, the molecular docking results of the
compound 8 & Tyrosinase c) the surfaces around ligand (3D) and d) 2D forms.

MEP maps for compounds 4-9 reveals that the benzene and thiophene rings contain the highest electron density. In contrast, the
regions with the lowest electron density are found on the hydrogen atoms on the imine groups.

3.5. Molecular docking studies

To better understand the inhibitory mechanisms of compounds with low ICg, values, molecular docking studies were carried out
for compounds 6 and 8 against the active site of tyrosinase, and for compounds 4 and 8 against the active site of glycosidase. The
docking results, including binding affinities and interaction profiles, are comprehensively summarized in Tables 3 and 4. Binding
models showing molecular interactions between tyrosinase and glycosidase enzymes and selected compounds are presented in Fig. 3
and Fig. 4.

Compound 4 exhibited a docking score of -94.2087. It established conventional hydrogen bonds with Ser241 and Asp242 and
engaged in hydrophobic interactions with Tyr158, Arg315, Lys156, Leul77, and Phe314. Compound 8 demonstrated a docking score
of —184.62. It formed conventional hydrogen bonds with Arg315, Ser241, and Tyr158, while hydrophobic interactions with Tyr158,
Arg315, Lys156, and Leul77. Additionally, compound 8 displayed an electrostatic interaction with Asp242. The docking results show
partial qualitative agreement with the observed ICsq trends, rather than a direct quantitative correlation. Residues such as Tyr158
and His280, together with loops 310-315, are located at the entrance to the active site of the glycosidase enzyme®”. These residues

10
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Fig. 5. Bioavailability radars of all synthesized compounds (4 - 9).

narrow the enzyme's access pathway, restricting the entry of other molecules into the active site. Detailed interaction analysis reveals
that these regions contribute to binding through multiple stabilizing interactions, which may support activity but do not solely
determine experimental potency.

The molecular docking analysis of ligands 6 and 8 with the tyrosinase enzyme revealed that both compounds interact with key
amino acid residues within the active site through hydrogen bonding, electrostatic interactions, and hydrophobic interactions. These
interactions are essential for elucidating the binding mechanism and provide valuable insights into the molecular recognition be-
tween the ligands and the enzyme. Copper ions located in the catalytic region play a crucial role in the activity of the tyrosinase
enzyme. These ions are stabilized by histidine residues. As illustrated in Fig. 4, compounds 6 and 8 engage with the enzyme's active
site as well as the region near the copper ion. The amino acids His61, His85, His94, His259, His263, and His296 within the active site
of the tyrosinase enzyme play a key role in the binding of tropolone to this region®”. Analysis of the docking results for compounds 6
and 8 revealed notable similarities with the reference molecule tropolone, as they docked through interactions with the active site
residues His61, His85, and His263. These findings indicate a qualitative consistency between the in vitro results and the in silico
binding modes.

3.6. ADME prediction results

ADME examines the processes of drug absorption, distribution, metabolism, and excretion in an organism using mathematical
models. Since pharmacodynamic research plays a crucial role in the drug development process, it has a significant impact on drug
design”®.

Fig. 5 displays the bioavailability radar plots for the synthesized compounds (4-9). The shaded pink area delineates the desirable
range for six key parameters: lipophilicity (Lipo), molecular weight (Size), topological polar surface area (Polar), water insolubility
(Insolu), degree of unsaturation (Insatu), and molecular flexibility (Flex). Furthermore, this investigation encompassed a compre-
hensive evaluation of the compounds’ physicochemical attributes, including their lipophilicity, aqueous solubility, pharmacokinetic
behavior, drug-likeness potential, and toxicity profiles. Radar deviations are primarily due to the saturation descriptor, which can
negatively affect solubility and thus oral exposure; however, since oral bioavailability is multifactorial, this trend can be considered
indicative.

All the compounds exhibited notable structural flexibility, featuring between 2 and 9 rotatable bonds (RBs). Each compound had
fewer than 10 hydrogen bond acceptors (HBAs) and less than 5 hydrogen bond donors (HBDs), reflecting a favorable HBD-to-HBA
balance, which is beneficial for oral bioavailability. The topological polar surface area (TPSA) values of the compounds were all
within the optimal range of 0-140, supporting both efficient gastrointestinal absorption and oral bioavailability. Except for
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compounds 8 and 9, all other molecules displayed satisfactory gastrointestinal absorption. Regarding solubility, all compounds
—except compounds 8 and 9— showed good water solubility, with Log S values ranging from —3.43 to —6.67. Synthetic accessibility
(SA) scores ranged from 1 (very easy) to 10 (extremely difficult), indicating that most compounds are relatively easy to synthesize,
handle, and formulate.

In silico ADME predictions suggested that compounds 4, 5, 6 and 7 may possess blood-brain barrier (BBB) permeability. This
property should be interpreted cautiously, as BBB penetration is not necessarily required for the intended therapeutic applications.
Recent studies have reported that BBB-permeable small molecules may interact with central nervous system (CNS) targets; therefore,
further experimental evaluation is recommended to better understand the CNS exposure and safety profile of these compounds”' 7.
In this context, the predicted BBB permeability of compounds 4, 5, 6 and 7 highlights a pharmacokinetic aspect that may be explored
and clarified in future studies rather than representing a definitive therapeutic advantage or limitation. Additionally, all compounds
except 8 and 9 were predicted to be P-glycoprotein (P-gp) substrates. Compounds 8 and 9 also exhibited more than 99% plasma
protein binding (PPB), which is typically associated with a low therapeutic index due to reduced levels of unbound drug in plasma,
although these values still comply with drug-likeness criteria. The skin permeability (Log Kp) values of the compounds ranged
between -4.35 and -5.44 cm/s, where a lower value indicates reduced skin permeability. For instance, compound 6 showed the
lowest skin permeability (Log Kp = -5.44 cm/s), while compound 9 exhibited higher permeability (Log Kp = -2.12 cm/s) (Table 5).
Overall, according to Lipinski, Ghose, Veber, and Muegge guidelines, all compounds possessed the necessary physicochemical
properties required for drug development.

4. Conclusion

This study reports the synthesis of a series of thiophene-based Schiff bases by microwave method, their reduction and the suc-
cessful synthesis of a-aminophosphonate derivatives. The structures of all synthesized compounds were characterized using NMR
spectroscopy and elemental analysis techniques. In addition to the synthetic studies, the inhibitory effects of these compounds on a-
glucosidase and tyrosinase enzymes were investigated. Compounds 6 and 8, which are thiophene-based Schiff bases, exhibited a
moderate level of tyrosinase inhibition when compared to the standard inhibitor kojic acid, with ICso values of 110.02 and 69.32 pM,
respectively. Our findings reveal a new class of enzyme inhibitors that exhibit biological activity on a-glucosidase and tyrosinase
enzymes. Density Functional Theory (DFT) studies were conducted to better understand the electronic and molecular properties of
the compounds. Based on the results obtained from in vitro studies, molecular docking studies were conducted to gain a more detailed
understanding of the interactions between the two most active compounds and the active sites of the target enzymes. The results
obtained from in vitro and in silico studies revealed that the synthesized compounds have strong interactions with the active sites of
the target enzymes. Furthermore, ADME studies were performed for all compounds. The obtained results demonstrate that these
compounds have the potential for pharmaceutical development. The combination of both experimental and computational results
shows that these new thiophene-based heterocyclic compounds (4-9) have promising potential as effective enzyme inhibitors. These
findings provide a significant contribution to the field of multi-target drug discovery, providing new candidate compounds for the
treatment of diabetes and skin diseases. Structural optimization studies will continue to increase selectivity and minimize off-target
effects. Thus, it is aimed to take an important step towards the development of more effective therapeutic agents.
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