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ABSTRACT

NOVEL THIAZOLE-CARBOHYDRAZONE DERIVATIVES:
SYNTHESIS, CHARACTERIZATION AND MULTIMODAL
EVALUATION AS ACHE INHIBITORS
MSC THESIS
SONER OZDEMIR
BOLU ABANT IZZET BAYSAL UNIiVERSITESI
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: PROF. DR. CEVHER ALTUG)
BOLU, 28 JULY 2025
XV + 83

The progression of Alzheimer’s disease underscores the urgent need for
novel acetylcholinesterase (AChE) inhibitors capable of modulating cholinergic
signaling with high specificity and low side effects. In this study, a series of ten 3-
methyl-2-(phenylimino)-2,3-dihydrothiazole-4-carbohydrazone derivatives 24 a—j
were designed to integrate the thiazole core and carbohydrazone pharmacophore
known for dual-site engagement of AChE. These novel compounds were fully
characterized by FT-IR, 'H and *C NMR, LC-QTOF-MS and LC-MS, confirming
their structures and high purity. In vitro enzyme assays revealed submicromolar
AChE inhibition for 21 (ICs0=0.105uM), 23 (0.233 uM), and notably 24b
(0.052 uM), 24d (0.066 uM), 24f (0.076 uM), and 24h (0.114 uM), with negligible
BChE activity (ICso>1mM). Selected derivatives (24b and 24f) also inhibited
MAO-A (IC50=0.072 and 0.091 uM) and MAO-B (0.064 and 0.081 uM),
demonstrating a promising multi-target profile. Molecular docking against human
AChE corroborated these findings, predicting strong binding (—9.0 to -9.7 kcal/mol)
at both catalytic and peripheral anionic sites. These results establish the
thiazole-carbohydrazone scaffold as compelling leads for further optimization and
in vivo evaluation in Alzheimer’s disease.

KEYWORDS: Thiazole. Molecular Docking. Acetylcholinesterase. Hantzsch
Thiazole Synthesis

v



OZET

YENI TIYAZOL-KARBOHIDRAZON TUREVLERI: SENTEZI,
KARAKTERIZASYONU VE ACHE iNHIBITORLERI OLARAK COK
YONLU DEGERLENDIRILMESI
YUKSEK LiSANS TEZi
SONER OZDEMIR

BOLU ABANT IZZET BAYSAL UNIVERSITESI
LISANSUSTU EGITiM ENSTITUSU
KIMLYA ANA BiLiM DALI
(TEZ DANISMANI: PROF. DR. CEVHER ALTUG))
BOLU, 28 TEMMUZ 2025
XV + 83

Alzheimer hastaliginin ilerleyici ve tedaviye direncli dogasi, yliksek
Ozgulliige sahip ve yan etkisi diisiik yeni asetilkolinesteraz (AChE) inhibitorlerine
olan ihtiyaci giderek artirmaktadir. Bu tez kapsaminda, tiyazol cekirdegi ve
karbohidrazon farmakoforunu bir arada i¢eren on adet yeni 3-metil-2-(fenilimino)-
2,3-dihidrotiyazol-4-karbohidrazon tiirevi (24 a—j) tasarlanmis ve sentezlenmistir.
Tiim bilesiklerin yapisal dogrulamalar1 FT-IR, 'H NMR, *C NMR, LC-QTOF-MS
ve LC-MS teknikleriyle gerceklestirilmis, safliklar1 ve kimyasal yapilarn teyit
edilmistir. In vitro enzim testleri, ara iiriinler 21 (ICso = 0.105 uM) ve 23 (0.233 uM)
ile birlikte 6zellikle 24b (0.052 uM), 24d (0.066 uM), 24f (0.076 uM) ve 24h
(0.114 uM) bilesiklerinin submikromolar diizeyde AChE inhibisyonu gosterdigini
ortaya koymustur. Tiim bilesikler, BChE {izerinde anlamli bir etki gostermemistir
(ICso>1mM). Ayrica segilen tiirevler (24b ve 24f), MAO-A (ICs=0.072 ve
0.091 uM) ve MAO-B (0.064 ve 0.081 uM) enzimlerini de inhibe ederek c¢oklu
hedefli inhibitér profiline sahip olduklarint gostermistir. Molekiiler docking
caligmalari, sentezlenen karbohidrazon tiirevlerinin (24a—j), katalitik ve periferik
anyonik bolgelerle giiclii etkilesimler kurarak AChE’ye yiiksek baglanma afinitesi
sergiledigini dogrulamistir. Bu bulgular, tiyazol-karbohidrazon iskeletinin
asetilkolinesteraz inhibitér tasariminda umut vadeden adaylar sundugunu ve
Alzheimer tedavisine yonelik daha ileri farmakokinetik ve biyolojik ¢aligmalar i¢in
giiclii bir temel olusturdugunu gostermektedir.

ANAHTAR KELIMELER: Tiyazol. Molekiiler Docking. Asetilkolinesteraz.

Hantzsch Tiyazol Sentezi
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1. INTRODUCTION

1.1 Thiazole

Thiazole is a distinctive heterocyclic ring system characterized by the
presence of both sulfur and nitrogen atoms. This makes it highly versatile in various
chemical reactions (Figure 1.1). While unsubstituted thiazole does not typically
occur in nature, its ring structure is found in natural compounds, including alkaloids
cyclopeptides and metabolites (Parthasarathy et al., 2021). The nonbonding pair of
electrons on the sulfur in the thiazole is displaced, meeting the requirements of
Hiickel’s rule for a minimum of six pi electrons, which is essential for its stability
and reactivity (Alajarin et al., 2006). Thiazole can undergo a wide range of
reactions, such as donor—acceptor interactions (Breitung et al., 2000),
intramolecular nucleophilic substitutions (Shen et al., 2009), photochemical
reactions (D’Auria et al. 2009), arylation (Sadigova et al., 2004), cycloaddition
(Shen et al., 2009), oxidation (Y. Huang et al., 2010), transformation (Obushak et
al., 2004), and dimerization (Arduengo et al., 1997). These diverse reactivity
pathways contribute to thiazole's importance in both synthetic and natural

chemistry.

Figure 1.1 2D-3D Representation of thiazole ring

The acidic proton of thiazole at the c-2 position of the thiazole ring
significantly increases its chemical reactivity making this heterocycle a versatile
and attractive scaffold for the synthesis of structurally diverse compounds. This

structural feature enables thiazoles to undergo a variety of chemical transformations



giving rise to numerous derivatives  of interest in  both medicinal
and synthetic chemistry owing to their broad spectrum of chemical, physical, and
pharmacodynamic characteristics thiazole-based molecules have been extensively
studied structural modifications at different positions. On the thiazole ring have
yielded compounds exhibitinga wide range of biological activities covering
antioxidant, anti-tubercular, antibacterial, antifungal, diuretic, anticancer, and anti-
inflammatory effects these versatile bioactivities highlight the essential role of
thiazole derivatives in the identification and development of new therapeutic

agents. (Reyadh et al., 2021).

1.2 Hantzsch Thiazole Synthesis (HTS) Definition and History

The HTS is a well-established method in organic chemistry designed for the
preparation of thiazole derivatives. This reaction includes a-haloketones with
thioureas or thioamides, leading to the formation of thiazole rings. The reaction was
first reported by Arthur Hantzsch in 1881, and it has since become a cornerstone in
the synthesis of thiazole derivatives due to its simplicity and efficiency (Tomassetti

et al., 2021).
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Photo 1.1 HTS and Mechanism



The classical HTS typically employs a-haloketones (6) and thioureas (5) as
the primary reactants to yield thiazole (7) (Photo 1.1). The reaction starts through
the attack by the nucleophile of sulfur atom in thiourea on the carbon atom of the
a-haloketone, then cyclization and elimination of a halide ion by Sn2 process. This
mechanism highlights the strong nucleophilicity of sulfur, which is a key feature
that facilitates the formation of the thiazole ring (Zhao et al., 2022). The versatility
of this reaction has allowed for the incorporation of various substituents on the
thiazole ring, leading to a diverse array of thiazole derivatives with potential
biological applications (Tomassetti et al., 2021; Zhao et al., 2022). Over the years,
numerous modifications and improvements to the Hantzsch thiazole synthesis have
been reported. For instance, the use of ionic liquids and deep eutectic solvents, has
been explored to enhance reaction efficiency and reduce environmental impact
(Zhao et al., 2022). Additionally, microwave-assisted synthesis has been employed
to accelerate the reaction and improve yields, demonstrating the adaptability of the
HTS to modern synthetic techniques (Kamila et al., 2012).

In conclusion, the HTS is a pivotal reaction in organic chemistry that has
significantly contributed to the field of medicinal chemistry. It’s historical
significance, coupled with its continued relevance in the synthesis of medicinally
active scaffolds, underscores the importance of this reaction in the development of

new therapeutic agents.

1.3 Some Synthesis Strategies of Thiazoles

The synthesis of thiazoles has been a focal aspect in organic chemistry
because of the biological significance of these compounds. Various synthetic
strategies have been developed over the years, with the HTS being one of the most

prominent methods (Photo 1.1).

1.3.1 Cook—-Heilbron Thiazole Synthesis

The Cook—Heilbron thiazole synthesis provides an efficient route to 5-
aminothiazoles by condensing a-aminonitriles (8) with sulfur donors such as
carbon disulfide (9) or isothiocyanates typically carried out at ambient temperature
in aqueous or mixed solvent systems this transformation proceeds under
mild conditions and delivers thiazole products in good yields its operational

simplicity broad substrate tolerance and ability to introduce diverse substituents



make the cook-heilbron protocol a valuable tool for both academic and industrial

applications in heterocycle synthesis and drug discovery (J. J. Li, 2003).
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Photo 1.2 Reaction mechanism of Cook—Heilbron thiazole synthesis

1.3.2 Gabriel Thiazole Synthesis

The Gabriel synthesis, as applied to thiazoles, is another method for
producing aryl, alkoxy or alkyl substituted thiazoles at the 5,2 or both positions.
This reaction specifically involves the treatment of a-acylaminoketones (10) with
phosphorus pentasulfide (P:Ss) under controlled conditions (C. B. Mishra et al.,
2015).
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Photo 1.3 Reaction mechanism of Gabriel thiazole synthesis



1.3.3 Recent Advances in Thiazole Synthesis

Tang et al. devised a copper-catalyzed cyclization method to synthesize
thiazoles, beginning with oximes (11), anhydrides (12), and potassium thiocyanate
(13). After investigating different reaction conditions, the authors identified optimal
conditions, which involved using toluene as the solvent with copper (I) iodide as
the catalyst, and 2 eq. of potassium thiocyanate as the sulfur source (Tang et al.,

2016).
R3

HO
\N N %<
| Cul S
> S
/k/RZ (R3C0O,)0 KSCN toluene, N,, 120 °C Ry
Ry

11 12 13

Photo 1.4 Thiazoles from oximes

Wang et al. synthesized a range of thiazole derivatives by reacting amines
(14), aromatic aldehydes (15), and elemental sulfur (16) via an oxidation reaction,
which was catalyzed by copper salts and facilitated by molecular oxygen (Wang et

al., 2018).

O
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Photo 1.5 Thiazoles from aldehydes and amines

1.4 Important Drugs Synthesized by HTS

The thiazole ring is found in a diverse array of both natural and synthetic
molecules, exhibiting a spectrum of biological effects and can be synthesized via
HTS. An example of a thiazole-containing natural compound is thiamine. This vital
nutrient is fundamentally involved in maintaining the normal functioning related to

the nervous system. It achieves this by facilitating the synthesis of acetylcholine, a



key neurotransmitter involved in nerve signal transmission and various cognitive
processes (Siddiqui et al., 2009). Sulfathiazole is a thiazole containing synthetic
compound and member of the sulfa drug family, widely recognized for its
antimicrobial properties and can be made via HTS. It is specifically prescribed for
short durations to effectively combat microbial infections by inhibiting bacterial
growth and interfering with essential metabolic processes in microorganisms
(Meseli et al., 2021). Clomethiazole is a pharmaceutical drug commonly prescribed
for managing sleep disturbances. It is particularly effective in promoting restful
sleep by exerting a sedative effect on the central nervous system, making it a
valuable option for individuals experiencing insomnia or other related sleep
disorders (Gann et al., 2005). Amiphenazole is a drug utilized in the treatment of
barbiturate or opiate poisoning. It works by stimulating the respiratory center in the
brain, helping to counteract the depressive effects these substances have on the
central nervous system, thereby supporting recovery and improving breathing in
affected individuals (Dotevall & Herner, 1957). Thiabendazole is an antifungal
drug and mold control agent that works by inhibiting a helminth-specific
mitochondrial enzyme, disrupting the tricarboxylic acid (TCA) cycle. This
interference halts the production of adenosine triphosphate (ATP), depriving the
helminths of energy, which leads to their death. Additionally, it is effective in
controlling mold growth due to its ability to inhibit fungal cell metabolism (Schaffel
et al., 2000). Acotiamide is a selective acetylcholinesterase inhibitor also used in
the treatment of functional dyspepsia (Modri¢ et al., 2022). As a derivative of
thiazole, it has inspired the synthesis of biologically effective thiazole based

compounds aimed at cholinesterase inhibition (Figure 1.2)

Thiabendazole

Thiamin (Vitamin B1) Clomethiazole
OH
Y NH
o H 2
\ s NN N S
) in—{ | # J\ 5¢ \( 4 |
N ~ N o S / N
—° Y
o H,N H,N
Acotiamide Sulfathiazole Amiphenazole

Figure 1.2 Thiazole based some important drugs



1.5 Some Applications of 2,4-Disubstituted Thiazoles

2.,4-Disubstituted thiazoles have received considerable attention in
medicinal chemistry because the nature and positioning of the substituents at the 2-
and 4-positions of the thiazole ring critically influence their pharmacological
profiles, yielding a broad array of biological activities and therapeutic potentials.
(Davis et al., 2012).

2,4-Disubstituted thiazoles are particularly renowned for their antimicrobial
potential, with extensive research confirming their robust activity against both
fungal and bacterial pathogens. For instance, Copper (II) complexes of Schiff bases
incorporating 2,4-disubstituted thiazoles were synthesized by Bharti et al. and
assessed for their antimicrobial properties (Figure 1.3), finding promising results
against various microbial strains (Bharti et al., 2010). Similarly, According to
Chimenti et al., newly synthesized 2,4-disubstituted thiazoles exhibited promising
activity against Candida species, highlighting their potential as antifungal drugs
(Chimenti et al., 2011).

NN =
b= Q ~
HN NH
O\ / - \ /O
Cu Cu

Figure 1.3 Copper (1) complexes synthesized by Bharti et al.

2,4-Disubstituted thiazoles have also been investigated for their anticancer
properties. Gomha et al. reported the synthesis of novel thiazole derivatives

incorporating the thiazole moiety, which showed potent anticancer activity in vitro



(Gomha & Khalil, 2012). This underscores the potential of 2,4-disubstituted
thiazoles as candidates for cancer therapy.

The inhibition of protein kinases is another important application of 2,4-
disubstituted thiazoles. These compounds have been identified as potential
inhibitors of various kinases, which play crucial roles in cell signaling and cancer
progression. For example, research by Walter et al. focused on identifying CLK1
inhibitors based on a 2,4-disubstituted thiazole scaffold (Figure 1.4), suggesting
that optimized derivatives could serve as potent and selective kinase inhibitors
(Walter et al., 2017). This highlights the relevance of thiazole derivatives in

targeting specific pathways involved in cancer and other diseases.

NG TY O T

Figure 1.4 CLK1 inhibitors based on thiazole moiety

In addition to their antimicrobial and anticancer properties, 2,4-disubstituted
thiazoles have been studied for their antioxidant activities. Caci¢ and Molnar
synthesized novel thiazolidine derivatives and evaluated their antioxidant potential,
finding that certain thiazole derivatives exhibited significant free radical scavenging
activity (Cagi¢ & Molnar, 2011). This suggests that these compounds could be
beneficial in preventing oxidative stress-related diseases.

The antiviral potential of 2,4-disubstituted thiazoles has also been explored.
Research indicates that these compounds may possess activity against various viral
infections, including those caused by HIV and other viruses (Figure 1.5). Pendiukh
highlighted the diverse biological activities of thiazoles, including their antiviral
properties, suggesting that further investigation could lead to the development of
new antiviral agents (Pendiukh et al., 2024). This area of research is particularly

relevant given the ongoing need for effective antiviral therapies.
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Figure 1.5 2 4-disubstituted thiazoles with possible antiviral potential

The structural diversity of 2,4-disubstituted thiazoles makes them valuable
scaffolds in drug design. Their potential to bind to diverse biological sites allows
for the development of novel therapeutic agents. For instance, the work by Mishra
and Sachan emphasized the importance of thiazole derivatives in medicinal
chemistry, noting their potential as bioactive agents in various therapeutic areas (1.
Mishra & Sachan, 2022). The thiazole moiety has been identified as an essential
component in several clinically approved drugs, further underscoring its
significance in drug discovery.

2,4-Disubstituted thiazoles can also serve as bioisosteres for other
pharmacophores, such as imidazoles and oxazoles. This property allows medicinal
chemists to modify existing drug candidates to improve their efficacy and reduce
side effects. For example, the review by Sharma et al. discussed the potential of
thiazole derivatives as bioisosteres, highlighting their applications in the design of
new therapeutic agents (Sharma et al., 2022). This versatility in drug design is a key
advantage of incorporating thiazole motifs into pharmaceutical compounds.

The antiparasitic activity of 2,4-disubstituted thiazoles has also been
documented. Research indicates that these compounds may exhibit efficacy against
various parasitic infections, including those caused by protozoa and helminths. The

work by Borcea et al. emphasized the importance of thiazole derivatives in the



development of antiparasitic agents, suggesting that further studies could lead to
the discovery of new treatments for parasitic diseases (Borcea et al., 2021).
Beyond their biological applications, 2,4-disubstituted thiazoles have found
utility in material science. Their unique structural properties allow them to be
incorporated into various materials, including liquid crystals and polymers. The
review by Sadashiva highlighted the potential of thiazole derivatives (Figure 1.6)
in creating advanced materials engineered for specific functional uses (Singh et al.,
2024). This interdisciplinary approach broadens the scope of thiazole research

beyond traditional medicinal chemistry.

E«ka v

Figure 1.6 2,4-disubstituted thiazoles reported by Singh et al.

1.6 Definition Of Hydrazides and Carbohydrazones
Hydrazide and carbohydrazones are two important classes of organic
compounds that play significant roles in medicinal chemistry and organic synthesis.

Hydrazides are nitrogen-containing compounds that consist of a hydrazine

o)
)k NH,
R N
H

Figure 1.7 Structure of Hydrazide

functional group.
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They are known for their versatility in organic synthesis, serving as key
precursors used in the synthesis of diverse nitrogen-based heterocyclic compounds,
including pyrazoles and triazoles (Natarajan et al., 2024). The chemical versatility
of hydrazides largely stems from the presence of the N—N linkage, allowing them
to undergo various types of reactions, such as cycloaddition and condensation
reactions with carbonyl compounds (N. Huang et al., 2024). For instance, the
condensation of hydrazides with carbonyl compounds leads to the formation of
pyrazolines, which are valuable bioactive molecules with diverse pharmacological
properties (Y. Li et al., 2020; Natarajan et al., 2024). Additionally, hydrazides have
been utilized in the synthesis of agrochemicals and pharmaceuticals, highlighting
their importance in drug discovery and development (Chen et al., 2022; N. Huang
et al., 2024).

Carbohydrazones possess a carbonyl-linked azomethine group, which
contributes to their notable activities, such as anticancer, antimicrobial and anti-

inflammatory properties (Easwaran potti et al., 2007; Y. Li et al., 2020; Sener et al.,

2017).
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Figure 1.8 Structure of Carbohydrazone

The formation of Carbohydrazones is often facilitated by the condensation
reaction of hydrazides with various aldehydes, leading to compounds that exhibit
significant pharmacological effects (Y. Li et al., 2020). For example,
carbohydrazones have been explored as potential inhibitors of tyrosine phosphatase
protein which is a target for obesity (Y. Li et al., 2020). The incorporation of
different substituents on the hydrazide or carbonyl moieties can enhance their
potency and selectivity against specific biological targets (Easwaran potti et al.,
2007; Y. Li et al., 2020). This versatility makes carbohydrazones attractive

candidates for further research in medicinal chemistry.
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1.7 Definition Of AChE and Monoamine Oxidase

AChE is an enzyme that plays a critical role in the control of cholinergic
activity neurotransmission through the hydrolysis of the neurotransmitter
acetylcholine. This enzyme is primarily located at cholinergic synapses across the
central and peripheral nervous systems, functioning as a key regulatory component
in synaptic signaling. By catalyzing the breakdown of acetylcholine into acetic acid
and choline, AChE terminates synaptic transmission, thus allowing for the efficient
recycling of choline and the modulation of neurotransmitter dynamics at the
synapse (Ariantari & Putri, 2023; Nkpaa et al., 2021; Pérez-Sanchez et al., 2021).
The activity of this enzyme is essential for proper neurotransmission and is
implicated in various physiological and medical conditions, such as
neurodegenerative diseases including Alzheimer's disease (Doroszkiewicz &
Mroczko, 2022). The therapeutic potential of targeting AChE has been extensively
studied. Inhibitors of AChE, namely rivastigmine, donepezil and galantamine are
commonly employed in clinical settings to manage symptoms of Alzheimer’s
disease by prolonging the action of acetylcholine in the synaptic cleft (Ye et al.,
2020). In terms of active binding sites, AChE possesses a unique catalytic triad
consisting of serine, histidine, and glutamate residues located in the enzyme's active

site (Figure 1.9).
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Figure 1.9 Crystal Structure of AChE (Purple) and ligand binding cavity

(Turquoise)

These are fundamental to the enzyme's function, facilitating the hydrolysis
reaction that breaks down acetylcholine into acetic acid and choline (Jacquet et al.,
2021). Its enzymatic function is facilitated by essential structural features, including
distinct ligand binding cavity: the catalytic anionic site and the peripheral anionic
site. The catalytic anionic site is located at the lower part of a 20 A deep gorge and
plays an essential role in substrate binding and catalysis. The catalysis is executed
by a catalytic triad consisting of three critical amino acid residues, glutamate
(Glu334), histidine (His447), and serine (Ser203). These residues are involved in
the nucleophilic attack on the acetylcholine substrate, facilitating its hydrolysis
(Grodner et al., 2024; Kumawat et al., 2021). The peripheral anion-binding site is
positioned at the entrance of the active site gorge and consists of several aromatic
amino acids, including Tyr70, Asp72, Tyr124, Trp286, and Tyr341. This site serves
a dual purpose: firstly, it binds cationic ligands like acetylcholine or inhibitors,
providing a pre-catalytic assembly stage that increases the likelihood of enzymatic
activity (Grodner et al., 2024; Kumawat et al., 2021). Secondly, it functions in an
allosteric capacity to modulate the enzymatic activity of AChE. The binding of

13



ligands to the peripheral anionic site can induce conformational changes that may
either inhibit or activate enzyme activity (Karunakaran et al., 2022).

Monoamine oxidase A (MAO-A) and B (MAO-B) are enzymes located in
the brain that are responsible for the breakdown of key neurotransmitters such as
serotonin, dopamine, and norepinephrine (Watkins & Jane, 2006). MAO-A
predominantly metabolizes serotonin and norepinephrine, whereas MAO-B is more
selective for dopamine(Shih et al., 1999). Both isoforms are considered important
therapeutic targets in the treatment of neurological disorders such as depression,

Parkinson’s disease, and Alzheimer’s disease.

1.8 Definition Of Molecular Docking

Molecular docking is a sophisticated computational technique that has
gained prominence in the fields of biochemistry, molecular biology, and
pharmacology, primarily due to its ability to predict the interactions between
biomolecules, particularly proteins and small molecules, such as ligands. This
technique is integral to the drug discovery process, as it provides insights into how
potential therapeutic agents can bind to their target proteins, thereby influencing
biological activity. The significance of molecular docking lies in its capacity to
simulate and visualize the binding interactions, which are crucial for understanding
the mechanisms of action of drugs and for the rational design of new
pharmacological agents (B. Billones & T. Bangalan, 2019; Pinzi & Rastelli, 2019).
The definition of molecular docking can be articulated as an optimization problem
that seeks to determine the most favorable orientation and conformation of a ligand
when it binds to a specific protein target. This process entails assessing multiple
binding modes and conformations to determine the most energetically favorable
interactions between the ligand and the protein. Molecular docking encompasses a
variety of methodologies that can differ significantly based on the chemical and
biochemical characteristics of the ligands and receptors involved (Murugesan &
kaleeswaran, 2024; Umar et al., 2019). It is important to note that molecular
docking is not merely a single technique but rather a collection of approaches that
utilize different algorithms and scoring functions to predict binding affinities and
orientations (Bag et al., 2023). The docking process typically begins with the
preparation of three-dimensional models of both the ligand and the protein. This

preparation may involve the optimization of the ligand's geometry, the assignment
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of partial charges, and the identification of rotatable bonds. The protein structure is
often obtained from experimental sources, methods such as X-ray crystallography
and nuclear magnetic resonance (NMR) spectroscopy, and may require refinement
to ensure that it is suitable for docking studies (Burle et al., 2023). Once the
structures are prepared, the docking software generates a series of possible ligand
conformations and orientations within the protein's binding site. These
conformations are then scored using various scoring functions that estimate the
binding energy, allowing researchers to rank the potential binding modes based on
their predicted affinities (Gentile et al., 2020; Taghizadeh et al., 2022). In practical
applications, molecular docking serves as a foundational tool in structure-based
drug design, allowing facilitating the screening of large compound libraries by
researchers to identify potential drug candidates that exhibit high binding affinity
for their target proteins. The ability to perform virtual screening of compound
libraries significantly accelerates the drug discovery process, as it enables
researchers to prioritize compounds for experimental validation based on their
predicted binding affinities (Ferreira et al., 2015; Fikes & Srougi, 2023). This
computational approach is particularly valuable in the early stages of drug
development, where it can help to identify lead compounds that warrant further
investigation (John Oluwafemi Teibo et al., 2021). The evolution of molecular
docking has been marked by the development of advanced algorithms and software
tools, such as AutoDock, Vina, and Glide, which facilitate the efficient exploration
of ligand conformational space and the prediction of binding poses (Maheswari &
Kalaiselvi, 2024; Pinzi & Rastelli, 2019).

In summary, molecular docking is a computational technique that provides
invaluable insights into the interactions between proteins and ligands, facilitating
the identification and optimization of potential drug candidates. Its application in
drug design underscores its importance in modern biomedical research, enabling
the development of targeted therapies that can effectively combat various diseases.
As the field continues to evolve, molecular docking will undoubtedly remain a

critical tool in the quest for new and effective therapeutic agents (Meng et al., 2011).
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2. MATERIALS and METHOD

2.1 Experimental

The commercial chemicals and reagents used in this study were obtained
from Sigma-Aldrich. Thin-layer chromatography (TLC) was carried out on Merck
silica gel F-254 plates, and visualization of the spots was achieved using a
potassium permanganate solution. Melting points (Mp) were determined using an
uncorrected MELTEMP apparatus with open glass capillaries. FT-IR spectra were
recorded using a Perkin Elmer Spectrum FTIR-ATR spectrophotometer. Nuclear
magnetic resonance (NMR) spectra of all synthesized compounds were measured
at room temperature using a Bruker Avance Neo 500 MHz NMR spectrometer in
DMSO-ds and CDCIs. The coupling constants (J) are reported in Hertz (Hz), and
chemical shifts are expressed in parts per million (ppm). The splitting patterns are
designated as follows: singlet (s), doublet (d), multiplet (m), doublet of doublets
(dd), and triplet of doublets (td). LC-MS measurements were obtained from ZQ
micromass ESI (+). The HRMS measurements were obtained from Agilent 6530
Accurate-Mass Q-TOF LC/MS.

2.2 General Synthesis Procedures
2.2.1 Synthesis Of 1-Methyl-3-Phenyl Thiourea (19)

B

To a round-bottomed flask, phenylisothiocyanate (17) (40 mmol, 5.408 g,

5
C\N/
H

rd

N
H
19

1.0 equiv) was dissolved in 20 mL of dry acetonitrile. Methylamine hydrochloride
(18) (48 mmol, 3.240 g, 1.2 eq.) was added, followed by the dropwise addition of
triethylamine (48 mmol, 4.857 g, 1.2 eq.) under vigorous stirring at room
temperature. Upon completion of the reaction, as monitored by TLC (EtOAc:Hex
1:3), the reaction mixture was poured into 40 mL of ice-cold water. The pH was
adjusted to 7 using 1 M HCI. The resulting precipitate was collected by filtration,
washed with cold water, and recrystallized from EtOAc/Hex. White solid, (%91)
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'H and '*C NMR data of this compound compared with the literature (Wibowo et
al., 2020).

"HNMR (500 MHz, CDCls) § 8.30 (s, 1H), 7.44 — 7.41 (m, 2H), 7.31 - 7.28
(m, 1H), 7.24 — 7.21 (m, 2H), 6.11 (s, 1H), 3.12 (s, 3H). 1*C NMR (126 MHz,
CDCl3) 6 181.4, 136.2, 130.1, 127.3, 125.4,77.3, 77.1, 76.8, 32.0.

"H NMR (500 MHz, CDCl3) § 7.89 (s, 1H), 7.43 (t,J= 7.8 Hz, 2H), 7.31 (t,
J="1.5Hz, 1H), 7.21 (d, J = 7.7 Hz, 2H), 6.04 (s, 1H), 3.13 (d, J = 4.7 Hz, 3H).
(lit.) '*C NMR (126 MHz, CDCl3) § 181.7, 136.0, 130.2, 127.5, 125.5, 32.1. (lit.)

2.2.2 Synthesis Of Ethyl 3-Methyl-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carboxylate (21)

| o
Q'NYSNJ/‘%/\
21

Compound 19 (34.494 mmol, 5.733 g, 1.0 eq.) was dissolved in 20 mL of
dry EtOH in a round-bottomed flask. Ethyl bromopyruvate (20) (34.494 mmol,
6.622 g, 1.0 eq.) was added dropwise under vigorous stirring at room temperature.
After the addition was complete, the reaction mixture was refluxed for 3 hours. The
progress of the reaction was monitored by thin-layer chromatography (TLC) using
ethyl acetate/hexane (1:3) as the mobile phase. Upon completion, the reaction
mixture was poured into 40 mL of ice-cold water, and the pH was adjusted to 7
using 1 M Na2COs solution. The resulting precipitate was collected by vacuum
filtration, washed with cold water, and recrystallized from an EtOAc/Hex mixture
to afford the pure product.

Yellow powder, (88%); M.P. 110-111 °C, Rf: 0.78 (1:3 EtOAc:Hex), Vmax
(ATR, cm™) 1716 (COOEt), 1606 (C=N). '"H NMR (500 MHz, CDCI3) & 7.4-7.31
(m, 2H), 7.14-7.05 (m,1H), 7.09-7.03 (m,1H), 7.08-7.01 (m,1H), 6.95 (s, 1H,
Thiazole),4.34 (q, J/=7.1 Hz, 2H, CH>), 3.76 (s,3H, N-CH3), 1.38 (t, /=7.2 Hz, 3H,
CH3). *C NMR (125 MHz, CDCls) § 159.1 (C=0), 158.5 (C=N), 151.3 (C-N),

130.4 (Thiazole C), 129.6 (C), 123.4 (C), 121.4 (C), 110.6 (Thiazole CH), 61.4
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(CH2), 33.3 (N-CH3), 14.1 (CH3). LC/MS C13H14N202S m/z (ESI+) 263.3 (M+H
100%). HR/MS Calculated C13H14N202S [M+H]"262.0776, found 262.07877

2.2.33-Methyl-2-(Phenylimino)-2,3- Dihydrothiazole -4-
Carbohydrazide (23)

N

23

Compound 21 (26.726 mmol, 7.011 g, 1.0 eq.) was dissolved in 40 mL of
dry ethanol in a round-bottomed flask. Hydrazine monohydrate (22) (50-60%,
200.445 mmol, 10.024 g, 7.5 eq.) was added dropwise under vigorous stirring at
room temperature. After the addition was complete, the reaction mixture was stirred
at room temperature for 6 hours. The progress of the reaction was monitored by
TLC and EtOAc:Hex (1:1) as the mobile phase. After the reaction was completed
the resulting precipitate was collected by vacuum filtration, washed with cold
ethanol then recrystallized from ethanol to afford the pure product.

White powder, (88%); M.P. 194-195 °C, Rf: 0.10 (1:3 EtOAc:Hex), Vmax
(ATR, cm-1) 1676 (CONH), 1606 (C=N). 'H NMR (500 MHz, DMSO) § 9.84
(s,1H, CONH), 7.32 (t, J/=7.8 Hz,2H), 7.02 (t, /=7.4 Hz 1H), 6.98-6.94 (m,2H),
6.63 (s,1H, Thiazole), 4.53 (s,2H, NH2>), 3.46 (s,3H, N-CH3). *C NMR (125 MHz,
DMSO) & 159.6 (C=0), 158.8 (C=N), 151.8 (C-N), 133.7 (Thiazole C), 130.0 (C),
123.2 (C), 121.5 (C), 102.1 (Thiazole CH), 32.9 (N-CH3). LC/MS C11H12N4OS m/z
(ESI+) 289.4 (M+Nat+H,O 100%) 290.4 (M+Na+H,O+*C 12%), HR/MS
Calculated C11H2N4OS [M+H]"248.07318, found 248.07444

2.2.4General Synthesis of 3-Methyl-N'-(Aryl)-2-(Phenylimino)-2,3-
Dihydrothiazole -4- Carbohydrazone (24a-j)

Compound 23 (1.0 mmol, 1 eq.) and the corresponding aldehyde (1.0 mmol,

1 eq.) were dissolved in 10 mL of ethanol and refluxed overnight. The progress of

the reaction was monitored by thin-layer chromatography (TLC). After completion,

18



the reaction mixture was allowed to cool to room temperature. The resulting
precipitate was collected by vacuum filtration, recrystallized and washed with cold

ethanol then dried to afford the pure product.

2.2.5 3-Methyl-N'-(4-Nitrobenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24a)

/
o ;
B ) N.\,_
ORYALEg L

24a

Orange powder, (62%); M.P. 170-171 °C, Rf: 0.58 (1:2 EtOAc:Hex), Vmax
(ATR, cm-1) 3120 (-NH), 1651 (CONH), 1606 (C=N), 1338 (NO,). '"H NMR (500
MHz, DMSO) 6 12.30 (s,1H, CONH), 8.44 (s, 1H, N=CH), 8.29 (d, /=8.4 Hz,2H),
7.98 (d, J=8.4, 2H), 7.33 (t, J/=7.8, 2H), 7.04 (d, J=7.4, 1H), 7.01 (d, J = 6.5 Hz,
1H), 6.98 (d, J = 7.7 Hz, 2H), 3.37 (s, 3H, N-CH3). *C NMR (125 MHz, DMSO)
8 158.7 (C=N), 156.3 (CONH), 151.7 (C-N),148.5 (C-NO»), 146.5 (N=CH), 140.6
(CH-Ph), 133.2 (Thiazole C), 130.0 (C), 128.6 (C), 124.5 (C), 123.4 (C), 121.5 (C),
105.6 (Thiazole CH), 33.1 (N-CH3). LC/MS CisH15NsO3S m/z (ESI+) 382.5 (M+H
100%) 383.5 HR/MS Calculated CisHisNsOsS [M+H]"™ 381.08956, found
381.09124

2.2.6 3-Methyl-N'-(4-Methoxybenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24b)
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Off-white powder, (61%); M.P. 180-181 °C, Rf: 0.63 (1:2 EtOAc:Hex),
Vmax (ATR, cm-1) 3020 (-NH), 1622 (CONH), 1604 (C=N), 1249 (OCHs). 'H
NMR (500 MHz, DMSO) § 11.91 (s,1H, CONH), 8.31 (s, 1H, N=CH), 7.68 (d,
J=8.3 Hz,2H), 7.34 (t, J=7.7, 2H), 7.05-6.98 (m, SH), 6.92 (s,1H, Thiazole), 3.81
(s, 3H, O-CHs), 3.51 (s, 3H, N-CHs). '3C NMR (125 MHz, DMSO) § 161.6 (C=N),
158.8 (CONH), 156.1 (C-N),151.7 (C-OMe), 149.0 (N=CH), 133.7 (CH-Ph), 130.3
(Thiazole C), 129.3 (C), 126.9 (C), 123.3 (C), 121.5 (C), 114.8 (C), 104.2 (Thiazole
CH), 55.7 (O- CHz), 33.1 (N-CHs). LC/MS C1oH1sN40,S m/z (ESI+) 367.5 (M+H
100%) 368.5 HR/MS Calculated CioH1sN4O2S [M+H]" 366.11677, found
366.11505

2.2.7 3-Methyl-N'-(4-Methylbenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24c¢)

| o]

24c¢

White powder, (72%); M.P. 190-191 °C, Rf: 0.63 (1:2 EtOAc:Hex), Vmax
(ATR, cm-1) 3024 (-NH), 1641 (CONH), 1618 (HC=N), 1608 (C=N). 'H NMR
(500 MHz, DMSO) 6 11.96 (s,1H, CONH), 8.33 (s, 1H, N=CH), 7.63 (d, J=7.7
Hz,2H), 7.39-7.23 (m, 4H), 7.04 (t, J/=7.4 Hz,1H), 6.99 (d, J=7.7 Hz,2H), 6.94
(s,1H, Thiazole), 3.51 (s, 3H, N-CH3), 2.35 (s, 3H, Ph-CH3). 3C NMR (125 MHz,
DMSO) 6 158.7 (C=N), 156.1 (CONH), 151.7 (C-N),149.2 (N=CH), 140.7 (C),
133.6 (CH-Ph), 131.7 (Thiazole C), 130.0 (C), 129.9 (C), 127.7 (C), 123.3 (C),
121.5 (C), 104.5 (Thiazole CH), 33.1 (N-CH3), 21.5 (Ph-CH3). LC/MS C19H18N4OS
m/z (ESI+) 351.5 (M+H 100%). HR/MS Calculated CioHisN4OS [M+H]"
350.12165, found 350.12013

2.2.8 3-Methyl-N'-(2,4-Dichlorobenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24d)
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24d

Yellow crystals, (69%); M.P. 198-199 °C, Rf: 0.55 (1:2 EtOAc:Hex), Vmax
(ATR, cm-1) 3039 (-NH), 1651 (CONH), 1620 (C=N). 'H NMR (500 MHz,
DMSO) 6 12.21 (s,1H, CONH), 8.72 (s, 1H, N=CH), 8.00 (d, /=8.9 Hz,1H), 7.71
(d, /=2.1 Hz 1H), 7.56-7.49 (m, 1H), 7.34 (t, J=7.7 Hz,2H), 7.02 (dt, J=22.0, 7.6
Hz,4H), 3.52 (s, 3H, N-CH3). 3*C NMR (125 MHz, DMSO) & 158.7 (C=N), 156.2
(CONH), 151.7 (C-N),143.9 (N=CH), 135.8 (C), 134.5 (CH-Ph), 133.3 (Thiazole
(), 130.8 (C), 130.0 (C), 129.9 (C), 128.5 (C), 123.4 (C), 121.5 (C), 105.4 (Thiazole
CH), 33.1 (N-CH3). LC/MS Ci1sH14C12N4OS m/z (ESI+) 405.4 (M 100%). HR/MS
Calculated C1sH14C12N4OS [M+H] 404.02654, found 404.02803

2.2.9 3-Methyl-N'-(2,3-Dichlorobenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24e)

N
= -N
ohia' )
24e

Yellow needle crystals, (57%); M.P. 198-199 °C, Rf: 0.58 (1:2 EtOAc:Hex),
Vmax (ATR, cm-1) 3051 (-NH), 1647 (CONH), 1600 (C=N). 'H NMR (500 MHz,
DMSO) 6 12.30 (s,1H, CONH), 8.79 (s,1H, N=CH), 7.97 (d, J=7.9 Hz,1H), 7.74-
7.71 (m, 1H), 7.46 (t, J/=8.0 Hz, 1H), 7.36-7.32 (m,2H), 7.06-7.02 (m, 2H), 7.00-
6.97 (m, 2H), 3.52 (s, 3H, N-CH3). 3C NMR (125 MHz, DMSO) § 158.7 (C=N),
156.2 (CONH), 151.7 (C-N),144.7 (N=CH), 134.1 (C), 133.2 (CH-Ph), 132.9
(Thiazole C), 132.3 (C), 131.6 (C), 130.0 (C), 129.0 (C), 126.0 (C), 123.4 (C), 121.5
(C) 105.5 (Thiazole CH), 33.2 (N-CH3). LC/MS CigH14C12N4OS m/z (ESI+) 405.4
(M 100%). HR/MS Calculated CisHi4CL:N4OS [M+H]" 404.02654, found
404.02788
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2.2.10 3-Methyl-N'-(2,6-Dichlorobenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24f)

Ill o cl

N
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24f Cl

Yellow powder (64%); M.P. 195-196°C, Rf: 0.57 (1:2 EtOAc:Hex), Vmax
(ATR, cm-1) 3120 (-NH), 1660 (CONH), 1610 (C=N). 'H NMR (500 MHz,
DMSO) & 12.30 (s,1H, CONH), 8.59 (s,1H, N=CH), 7.58 (s,1H), 7.57 (s,1H), 7.46
(d, /=8.1 Hz, 1H), 7.33 (d, /=7.7 Hz,2H), 7.06-7.02 (m,2H), 6.99 (d, /=7.9 Hz,2H),
3.52 (s, 3H, N-CH3). 3C NMR (125 MHz, DMSO0), 158.7 (C=N), 156.2 (CONH),
151.7 (C-N),144.5 (N=CH), 134.4 (C), 133.1 (CH-Ph), 131.8 (Thiazole C), 130.6
(C), 130.0 (C), 129.7 (C), 123.4 (C), 121.51 (C), 105.6 (Thiazole CH), 33.2 (N-
CHs3). LC/MS CisHi14CloN4OS m/z (ESI+) 405.3 (M 100%) HR/MS Calculated
CisH14C1aN4OS [M+H] 404.02654, found 404.02786

2.2.11 3-Methyl-N'-(3-Hydroxybenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24g)

\ O
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24¢g

Off-white powder (55%); M.P. 186-187°C, Rf: 0.44 (1:2 EtOAc:Hex),
Vmax (ATR, em-1) 3392 (OH), 3051 (-NH), 1620 (CONH), 1604 (C=N). 'H NMR
(500 MHz, DMSO) & 11.98 (s,1H, CONH), 9.69 (s,1H, OH), 8.27 (s,1H, N=CH),
7.34 (t, J=7.7 Hz,2H), 7.27 (t, J=7.8 Hz ,1H), 7.20 (s,1H), 7.11 (d, J=7.6 Hz,2H),
7.04 (t, J=7.4 Hz,1H), 7.00-6.91 (m,3H), 6.89-6.83 (m,1H), 3.51 (s, 3H, N-CHs).
13C NMR (125 MHz, DMSO) § 158.8 (C=N), 158.1 (CONH), 156.1 (C-N),151.7
(N=CH), 149.2 (C), 135.6 (CH-Ph), 130.4 (Thiazole C), 130.0 (C), 123.4 (C), 121.5
(C), 119.4 (C), 118.2 (C), 113.1 (C), 104.6 (Thiazole CH), 33.1 (N-CH3). LC/MS
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C1sH16N402S m/z (ESI+) 353.4 (M+H 100%) HR/MS Calculated C1sH1sN40,S [M]
352.0994, found 352.10113

2.2.12 3-Methyl-N'-((3-MethylThiophen-2-yl) Methylene)-2-
(Phenylimino)-2,3-Dihydrothiazole-4-Carbohydrazone (24h)

V)

Beige crystals (40%); M.P. 200-201°C, Rf: 0.61 (1:2 EtOAc:Hex), Vmax
(ATR, cm-1) 3041 (-NH), 1624 (CONH), 1606 (C=N). 'H NMR (500 MHz,
DMSO) 6 11.98 (s,1H, CONH), 8.62 (s,1H, N=CH), 7.60 (d, J/=5.1 Hz,1H), 7.34 (t,
J=7.8 Hz,2H), 7.06-6.91 (m,5H), 3.50 (s,3H, N-CH3), 2.32 (s,3H, CH3). 1*C NMR
(125 MHz, DMSO) 6 158.8 (C=N), 155.80 (CONH), 151.7 (C-N),143.2 (N=CH),
141.1 (C), 138.3 (CH-Ph), 133.6 (Thiazole TZ C), 132.5 (C), 131.4 (C), 130.0 (C),
128.9 (C), 1234 (C), 121.5 (C), 104.3 (Thiazole CH), 33.1 (N-CHz3), 14.0
(Thiophene-CH3). LC/MS C17H16N4OS2 m/z (ESI+) 357.4 (M+H 100%) HR/MS
Calculated C17H1sN4OS2 [M]356.07655, found 356.07844
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24h

2.2.13 3-Methyl-N'-(3-Benzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24i)

Off-white powder, (78%); M.P. 211-212 °C, Rf: 0.52 (1:2 EtOAc:Hex),
Vmax (ATR, cm-1) 3040 (-NH), 1622 (CONH), 1604 (C=N). '"H NMR (500 MHz,
DMSO) & 11.95 (s,1H, CONH), 8.37 (s,1H, N=CH), 7.74 (s,2H), 7.47 (dd,
J=5.4,1.9 Hz 3H), 7.36-7.32 (m,2H), 7.06-7.02 (m,1H), 7.01-6.98 (m,2H), 6.94
(s,1H), 3.51(s,3H,N-CH3).1*C NMR (125 MHz, DMSO) § 158.7 (C=N),156.2

23



(CONH),151.7 (C-N), 149.1 (N=CH), 134.4 (C), 133.5 (CH-Ph), 130.8 (Thiazole
C), 130.0 (C), 129.3 (C), 127.7 (C), 123.4 (C), 121.5 (C), 104.7 (Thiazole CH), 33.1
(N-CH3). LC/MS CisH16N4OS m/z (ESI+) 337.4 (M+H 100%) HR/MS Calculated
C15H16N4OS [M]336.10448, found 336.10486

2.2.14 3-Methyl-N'-(4-Hydroxybenzylidene)-2-(Phenylimino)-2,3-
Dihydrothiazole-4-Carbohydrazone (24j)

White powder (59%); M.P. 190-191°C, Rf: 0.43 (1:2 EtOAc:Hex), Vmax
(ATR, cm-1) 3325 (OH), 3055 (-NH), 1618 (CONH), 1606 (C=N). '"H NMR (500
MHz, DMSO) § 11.76 (s,1H, CONH), 9.93 (s,1H, OH), 8.26 (s,1H, N=CH), 7.57
(d, J=8.3 Hz,2H), 7.34 (s,2H), 7.03 (s,1H), 6.99 (d, J/=7.8 Hz,2H), 6.88 (s,1H), 6.85
(s,2H), 3.50 (s, 3H, N-CH3). 3C NMR (125 MHz, DMSO) § 160.2 (C=N), 158.8
(CONH), 155.9 (C-N),151.7 (N=CH), 149.5 (C), 133.7 (CH-Ph), 130.0 (Thiazole
C), 129.5(C), 125.3 (C), 123.3 (C), 121.5 (C), 116.2 (C), 104.0 (Thiazole CH), 33.0
(N-CH3). LC/MS CisH16N4O,S m/z (ESI+) 353.4 (M+H 100%). HR/MS Calculated
CisH16N402S [M] 352.0994, found 352.1015

2.3 Molecular Docking Studies

Molecular docking studies were performed by using AutoDock Vina which
evaluates the Gibbs free energy of ligands based on their binding affinity (Trott &
Olson, 2010). For interaction analysis, Biova Discovery Studio Visualizer
(v21.1.0.20298; Dassault Systémes, San Diego 2021) and UCSF Chimera
(Pettersen et al., 2004) were used. DeepSite was used to identify the binding site of
the AChE (Jiménez et al., 2017). The co-crystallized complex file was obtained
from the Protein Data Bank (PDB; www.rcsb.org) accession no: 4EY7 (Cheung et
al., 2012). The docking protocols applied in this study followed those described in

literature Stefano forli and his colleagues (Forli et al., 2016).
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For the validation of the molecular docking method used, the well known
method, re-docking was performed. The co-crystallized ligand (donepezil) was
extracted from the crystal structure and subsequently re-docked into the active site
using the same docking parameters applied throughout this study. Docking
calculations were performed using UCSF Chimera 1.6 with integrated AutoDock

Vina tools.

Figure 2.10 Co-crystallized and re-docked pose of Donepezil in AChE

The docking grid box was centered at coordinates (-14.075,-43.682, 27.588-
X,Y,Z) with a box size of 20 x 20 x 20 A. The number of binding modes was set to
10, with an exhaustiveness level of 8 to ensure adequate sampling of possible
binding conformations. Prior to docking, protein structure integrity was evaluated
using the Dunbrack 2010 rotamer library, and missing side chains or alternative
conformations were corrected accordingly. Protonation states of the protein and the
ligand were assigned using Gasteiger charges and prepared with ANTECHAMBER
tools to ensure proper atom typing and charge distribution.

After docking, the best-scoring binding pose of donepezil was superimposed
onto its original crystallographic conformation using UCSF Chimera 1.6. Heavy
atoms (non-hydrogen atoms) were considered for alignment and the Root Mean

Square Deviation was calculated. The RMSD between the docked and crystal
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structure was determined as 0.253 A, which indicates an excellent overlap and

highly accurate reproduction of the experimentally observed binding conformation.

Figure 2.2 Superimpozed pose of donepezil (turquoise) and re-docked (purple)

An RMSD value below 2.0 A is widely accepted as a successful re-docking
validation, and the obtained value strongly supports the reliability, accuracy, and

applicability of the docking protocol used in this study.

2.4 Biological Activity Studies

2.4.1 In Vitro ChE Enzymes Inhibition Assay

According to the modified Ellman approach outlined in our team's earlier
work, the AChE and BChE inhibitory activities of the obtained compounds were
evaluated (Ellman et al., 1961; Saglik et al., 2016) The enzymes utilized in the
experiment were human AChE (CAS No. 9000-81-1) and human BChE (CAS No.
9001-08-5).

2.4.1 In Vitro MAO Enzymes Inhibition Assay

The fluorometric approach, which was outlined in our team's earlier studies
that were reported, was used to evaluate the synthesized compounds' inhibitory
effects against MAO-A and MAO-B (Osmaniye et al., 2022). The enzymes
employed in the experiment were recombinant human MAO-A and MAO-B

enzymes
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3. RESULTS

As supported by existing scientific evidence, the synthesis of 3-methyl-N'-
(aryl)-2-(phenylimino)-2,3-dihydrothiazole-4-carbohydrazone derivatives 24a-j
was achieved.

The first step of the synthesis is the preparation of thiourea, namely 1-
methyl-3-phenylthiourea (19) starting of phenylisothiocyanate (17) and
methylamine hydrochloride (18), using the solvent acetonitrile and triethylamine as
a base. Thin-layer chromatography was used to monitor the reaction's progress

(TLC), and completion was achieved within 3 hours.

q CH4CN ©\ S

— —_—

N¢C 7~  CH;NH,.HCI EtN, r.t N ’C‘N/
3h, %91 H H

17 18 19

Photo 3.1 Synthesis of Compound 19

FT-IR analysis of compound 19 showed two characteristic secondary amine

peaks at 3259 cm ™ and 3157 cm™!, along with a C=S stretching band at 1149 cm™.

The second step involved the cyclization of compound 19 to form a thiazole.
The reaction proceeded smoothly in ethanol as the solvent, using ethyl
bromopyruvate 20 under reflux conditions, and 3 hours were sufficient for the
synthesis of compound 21. The addition of ethyl bromopyruvate to a solution of
compound 19 is exothermic; therefore, it is important to perform the addition at
room temperature until the heat of the reaction is dissipated. Otherwise, the

formation of side products was observed.

S (@]

I EtOH Y
N/C\N/ Br/ﬁH}\O/\
H H o Reflux

3h,%88
19

Photo 3.2 Synthesis of compound 21
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In FT-IR analysis, compound 21 showed a characteristic ester carbonyl peak
at 1716 cm™.

The synthesis of the final intermediate compound was completed by
reacting compound 21 with hydrazine monohydrate (22) at room temperature,
furnishing compound 23. The reaction was performed in ethanol under ambient
conditions using a large excess of 22. Experimental trials showed that the absence
of excess 22 is not sufficient to fully convert the starting material into the target
compound. On the other hand, the initial temperature of the reaction during the
addition of 22 to the solution of compound 21 is critical. Rapid addition causes an

uncontrolled exothermic reaction, turning the mixture into a tar-like mass.

, O | o
NN EtOH N__N
~
\g J o\ FRNTNR T §(J/‘(N’N"'z
6h,%70 S H
21 2 23

Photo 3.3 Synthesis of compound 23

FT-IR analysis of compound 23 revealed that the absence of the ester
carbonyl peak is strong evidence of complete conversion. Additionally, the
presence of an amide peak at 1676 cm™ and an asymmetric N-H stretching band
between 3300-3500 cm™! confirms the formation of compound 23. The synthesis
of the target molecules 24a—j under reflux conditions allowed for easy isolation and
work-up. The physical and spectroscopic properties of all compounds were
determined using FT-IR, '"H NMR, *C NMR, LC-MS, HR-MS, and melting point
(Mp) analysis. Since the formation of carbohydrazones proceeds via a condensation
reaction, the presence of water has a negative effect on the reaction progress.
Therefore, the dryness of ethanol is essential to achieve good yields. Otherwise, the
reaction requires significantly more time to reach completion compared to when
dry ethanol is used. Additionally, the substituents on the aromatic aldehydes
influence the reaction time. Aldehydes bearing electron-withdrawing groups
(EWGs), especially at the ortho position, completed the reaction within a few hours.
In contrast, aldehydes containing electron-donating groups (EDGs) required

substantially more time for full conversion.
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Photo 3.4 Synthesis of carbohydrazone derivatives (24a-j)

Compound

24a
24b
24c
24d
24e
24f
24¢g
24h
24i
24j

Ar
4-O2NCeH4
4-MeOCsH4
4-H3CCsH4
2,4-DiCIC¢H3
2,3-DiCIC¢H3
2,6-DiCIC¢H3
3-HOC¢H4
3-MeThienyl
CeHs
4-HO-C¢H4

% Yield
62
61
72
69
57
64
55
40
78
59

Melting Point °C
170-171
180-181
190-191
198-199
198-199
195-196
186-187
200-201
211-212
190-191

Table 3.1 Yields and substituents of compounds 24a-j

Compounds Affinity for AChE binding (Kcal/Mol)

21
23
24a
24b
24c¢
24d
24e
24f
24g
24h
24i
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Donepezil

Table 3.2 Docking results between AChE and synthesized compounds.

ICs0 values (uM)
Compounds AChE BChE MAO-A MAO-B
enzyme enzyme enzyme enzyme
21 0.105+0.004 >1000 0.142+0.006 0.117+0.005
23 0.233+0.011 >1000 >100 0.162+0.006
24a >100 >100 >100 >100
24b 0.052+0.002 >100 0.072+0.003 0.064+0.002
24c¢ >100 >100 0.185+0.007 0.249+0.011
24d 0.066+0.002 >1000 >100 0.083+0.004
24e 0.310+0.014 >100 >100 >100
24f 0.076+0.003 >1000 0.091+0.004 0.081+0.003
24g >100 >100 >100 >100
24h 0.114+0.004 >1000 >1000 >100
24i 0.192+0.008 >100 0.202+0.009 0.139+0.005
24j >100 >100 >100 0.208+0.009
Donepeil 0.020 lli0.000 ] ] ]
Tacrine ] 0.0064+0.000 ) )
2
Moclobemid
- - 6.0613+0.262 -
e
Selegiline - - - 0.0374+0.0016

Table 3.3 ICso value of the selected compounds against the AChE, BChE, MAO-
A and MAO-B enzymes.
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4. DISCUSSION

4.1 Spectroscopic Analysis

Comprehensive spectroscopic analyses, including FT-IR, *C NMR, 'H
NMR, LC-MS, and LC-QTOF-MS, provided strong and conclusive evidence for
the accurate structural determination and characterization of the synthesized
compounds. Among them, compound 24¢ 3-methyl-N'-(4-methylbenzylidene)-2-
(phenylimino)-2,3-dihydrothiazole-4-carbohydrazide = was  selected as a
representative example for detailed discussion. Careful evaluation of all
spectroscopic data confirmed that the observed signals were fully consistent with
the proposed structure, thereby verifying the successful synthesis of the target
molecule.

The FT-IR spectrum of compound 24c¢ (Figure 4.1) showed peaks at 1641
cm’!' corresponding to the amide carbonyl group (CONH), at 1618 cm! for the
azomethine group (HC=N) and at 1608 cm™! for imine (C=N) stretch.
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Figure 4.1 FT-IR of compound 24c

The structural elucidation based on '"H NMR spectroscopy was carried out
by analyzing the chemical shifts, splitting patterns, and integration values
corresponding to the hydrogen atoms present in the molecule. The chemical shift
of the amidic NH proton in compound 24¢ was observed at 11.96 ppm, while in

other derivatives it appeared within the 11.91-12.30 ppm range. The characteristic
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imine proton (N=CH) was detected at 8.33 ppm, with corresponding signals for
other compounds falling within the 8.30-8.80 ppm range, depending on the
substituents. The N-methyl protons were identified as a singlet at 3.51 ppm in
compound 24c¢, and generally appeared in the 3.30-3.55 ppm range across the
series. In addition to the expected aromatic proton signals, compound 24¢ showed
a singlet at 2.35 ppm corresponding to para-methyl protons on the aromatic ring
(Figure 4.2). Compound 24¢ contains a total of 18 hydrogen atoms, and the
integration of the 'H NMR signals confirmed this, demonstrating consistency with

the proposed molecular structure.
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Figure 4.2 '"H NMR of compound 24¢

The *C NMR spectra of compound 24c¢ and related derivatives revealed
characteristic chemical shifts consistent with the proposed structures. The iminic
carbon of the thiazole ring was observed in the range of 158—159 ppm, while the
carbonyl carbon appeared between 156—157 ppm. The aliphatic N-methyl group
showed signals in the 32—-34 ppm range. Additionally, the thiazole ring carbon was
detected between 104—-105 ppm. In compound 24¢, a signal at 21.53 ppm was
attributed to the para-methyl group on the aromatic ring (Figure 4.3). These
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chemical shifts collectively support the structural integrity of the synthesized

compounds.
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Figure 4.3 °C NMR of compound 24¢

The LC-QTOF-MS spectrum of compound 24¢ was acquired in ESI” and
spectrum showed a prominent peak at m/z 351.13 corresponding to [M+H]".
Additional minor peak at 352.13 which can be attributed to isotopic patterns or
adducts (Figure 4.4). The experimental monoisotopic mass (351.13) matched the
theoretical value which is 350.12, confirming the molecular formula C19HsN4OS.

Spectra

Ionization Mode

Fragmentor Voltage

x10 4
1.754

1.5
1.25-
14
0.75-
0.5
0.251

Collision Energy

90 0 ESI

C19 H18 N4 O S: + Scan (rt: 0.08898 min) Samp9.d

351.12860
([C19 H18 N4 O S]+H)+

352.13353
([C19 H18 N4 O S]+H)+

352 3525 353 3535 354

Counts vs. Mass-to-Charge (m/z)
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The LC/MS spectra of compound 24¢ (C19H1sN4OS; MW =350.40 g mol™)
was analyzed on a ZQ Micromass mass spectrometer. The base peak at m/z 351.50
[M+H]"  (100%) corresponds to the protonated molecular ion
(350.40+1.01=351.41). No significant sodium or potassium adducts were observed.
The expected molecular ion, clean isotopic pattern, and characteristic fragment

peaks collectively confirm the correct molecular composition of 24c.
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Figure 4.5 LC/MS of compound 24¢

The synthesis of compound (21) proceeds through a multistep mechanism
beginning with the S-alkylation of 1-phenyl-3-methylthiourea (19) by ethyl
bromopyruvate (20). In the first step, the nucleophilic sulfur atom attacks the
electrophilic a-carbon of ethyl bromopyruvate, displacing bromide and forming a
thioether intermediate. This is followed by an intramolecular nucleophilic attack in
which the lone pair of the methyl-substituted nitrogen attacks the adjacent ester
carbonyl carbon. This step initiates 5-exo-trig cyclization, leading to a cyclic
intermediate. Subsequent proton transfers and elimination of HBr further stabilize
the structure. Final rearrangement and reformation of the carbon-nitrogen bond
yield the 2,3-dihydrothiazole-4-carboxylate structure of (21) which is depicted in
Photo 4.1.
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Photo 4.1 Proposed Reaction Mechanism for Thiazole Ring Formation

The synthesis of carbohydrazone derivatives 24a—j proceeds via a classical
condensation reaction between carbohydrazide compound 23 and various aromatic
aldehydes 15. The reaction initiates with the nucleophilic attack of the -NHa group
on the carbonyl carbon of the aldehyde, forming a intermediate. Then this
intermediate undergoes proton transfers that facilitate the departure of a water
molecule, ultimately leading to the formation of a carbon-nitrogen double bond.
The resulting products, 24a—j, possess a hydrazone functional group conjugated to
the thiazole ring system. The reaction is performed under reflux in dry ethanol, as
the presence of water hinders condensation by shifting the equilibrium toward the
reactants. The electronic properties of the substituents on the aromatic aldehydes
significantly influences the reaction rate; aldehydes bearing electron-withdrawing

groups, particularly in the ortho position, promote faster reaction completion
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compared to those with electron-donating groups. The formation of 24a—j is thus
governed by both electronic factors and reaction conditions, enabling the efficient

generation of structurally diverse hydrazone derivatives.
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Photo 4.2 Proposed Hydrazide Condensation Reaction Mechanism

4.2 Molecular Docking Analysis

The molecular docking studies of the synthesized compounds
21,23,24b,24d,24e,24f,24h and 24i with AChE revealed consistent binding
patterns. For example, thiazole ring of compound 24b forms interaction with Trp-
86 in the catalytic anionic site of AChE. Its substituted phenyl ring also forms
interactions with Tyr-341 and Trp-286 in the peripheral anionic site (Figure 4.6).
These results demonstrate that 24b is capable of simultaneously occupying both the
catalytic site and the peripheral anionic region of AChE. The molecular docking
scores of all newly synthesized compounds against AChE are summarized in Table
3.2. As evident from the data, compounds featuring the carbohydrazone moiety
exhibit enhanced binding affinities, likely due to stronger interactions with the
enzyme’s peripheral anionic site. Furthermore, variations in the substituents on the
phenyl ring linked to the carbohydrazone scaffold also appear to significantly
modulate these docking scores. Although these binding modes resemble those of
donepezil, differences in rotatable bonds, torsion angles, substituent identity and
overall electronic environment produce variability across the synthesized series.

Nevertheless, the conserved interactions indicate that the carbohydrazone moiety is
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critical for enhancing peripheral anionic site whereas the phenylimino-2,3-

dihydrothiazole core forms interaction with the catalytic anionic site.

.
o120 o \ / —\
D=\, %

Figure 4.6 A) Interactions between hydrogen donors and acceptors at the AChE
binding site with 24b. B) Binding orientation of ligand 24¢ within the AChE active
site C) Diagram of ligand 24b interactions with AChE residues. D) Diagram of 24b

interactions.

4.3 Structure-Activity Relationship

The synthesized derivatives 21, 23, and 24a—j were evaluated for their
inhibitory potency against human AChE, BChE, MAO-A, and MAO-B. Donepezil,
tacrine, moclobemide, and selegiline served as reference inhibitors.

AChHE inhibition: Intermediates 21 (ICso=0.105 uM) and 23 (0.233 uM)
show modest activity. Among the hydrazones, compounds 24b (0.052 uM), 24d
(0.066 uM), 24f (0.076 uM), and 24h (0.114 uM) inhibit AChE in the sub-0.2 uM
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range approaching donepezil’s potency (0.0201 uM). Compounds 24a,24¢,24g and
24j are inactive (ICso > 100 uM).

BChE inhibition: None of the new analogs show significant BChE
inhibition.

MAO-A inhibition: Compound 24b exhibits the strongest MAO-A
inhibition (0.072 uM), followed by 24f (0.091 uM) and 24i (0.202 uM).
Intermediates and most analogs (23,24-a,d,e,g,h,j) are inactive (ICso> 100 uM).

MAO-B inhibition: The best MAO-B inhibitors are 24b (0.064 uM) and 24f
(0.081 uM); compound 23 shows moderate activity (0.162 uM). Selegiline
(0.0374 uM) remains the most potent reference.

4-Methoxy (24b): delivers the highest dual AChE/MAO-A,B potency
(ICs50=0.052/0.072/0.064 pM), suggesting that the methoxy group enhances both
hydrophobic and H-bond interactions in both active sites. 24i retains good AChE
(0.192 uM) and moderate MAO activity (MAO-B 0.139 uM), indicating that a
benzylidene group still supports binding but less effectively than methoxy.

Dichloro (24d,24f) show strong AChE inhibition (0.066 and 0.076 M) and
dual MAO inhibition (24f: MAO-A 0.091 uM, MAO-B 0.081 uM). Halogens likely
engage in van der Waals interactions within the gorges. 2-,3-Dichloro analog (24e)
inactive or weak, highlighting the critical importance of chlorine positioning for
optimal binding.

Hydroxy-Substitution (24g, 24j) Free OH groups abolish AChE activity
(ICs0>100 uM) and generally MAO-A activity, likely due to unfavorable

desolvation and steric hindrance in the active-site cavities.
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5. CONCLUSION

The primary aim of this study was to synthesize and characterize a novel
intermediate, ethyl 3-methyl-2-(phenylimino)-2,3-dihydrothiazole-4-carboxylate,
and its corresponding carbohydrazone derivatives through a multi-step synthetic
approach. Initially, 1-methyl-3-phenylthiourea and ethyl bromo pyruvate were
reacted to yield compound 21 (ethyl 3-methyl-2-(phenylimino)-2,3-
dihydrothiazole-4-carboxylate.

Compound 21 was then converted into its corresponding hydrazide
derivative. Subsequently, the hydrazide was further modified to produce the desired
carbohydrazone derivatives. According to the literature, the thiazole scaffold is
present in several known cholinesterase inhibitors. Therefore, the newly
synthesized compounds were evaluated for their potential to inhibit
acetylcholinesterase (AChE) activity a key therapeutic target in the treatment of
neurodegenerative disorders such as Alzheimer's disease. Additionally, in silico
molecular docking studies were conducted to predict the interactions of the
synthesized derivatives with the active site of the AChE enzyme, providing
valuable insights into their binding affinities, potential interactions, and possible
mechanisms of action.

Series of novel compounds fully characterized. In vitro profiling identified
24b and 24f as the most potent dual AChE and MAO-A,B inhibitors. The
carbohydrazone linkage and specific aryl substituents are critical for strong and
multi target engagement. The absence of BChE inhibition across all analogs
underscores their selectivity. These findings validate the thiazole-hydrazone
scaffold as a promising candidate for further lead optimization in neurodegenerative

research.
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Figure 4.43 FT-IR of 24e
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Figure 4.46 LC/MS of 24e
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Figure 4.47 LC-QTOF-MS spectrum of compound 24e
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Figure 4.51 LC/MS of 24f
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Spectra
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Figure 4.52 LC-QTOF-MS spectrum of compound 24f
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Figure 4.57 LC-QTOF-MS spectrum of compound 24¢g
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Figure 4.61 LC/MS of 24h
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Figure 4.61 LC-QTOF-MS spectrum of compound 24h
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Figure 4.65 LC/MS of 24i
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Figure 4.66 LC-QTOF-MS spectrum of compound 24i
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Figure 4.70 LC/MS of 24j
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Figure 4.71 LC-QTOF-MS spectrum of compound 24;
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