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A B S T R A C T

A novel series of 4-thiomorpholinophenyl-thiosemicarbazones (3a–p) was synthesized and characterized by 
spectroscopic techniques. The compounds were evaluated for inhibitory activity against acetylcholinesterase 
(AChE) and butyrylcholinesterase (BChE), key enzymes associated with neurodegenerative disorders. All de
rivatives exhibited potent inhibition, with nanomolar IC50 values ranging from 11.36 to 34.17 nM (AChE) and 
33.42 to 79.77 nM (BChE), comparable to standard drugs galantamine and tacrine. Compound 3l, bearing a 
benzyl group, showed the strongest dual inhibition (AChE IC50 = 11.36 nM) and compound 3n exhibited the 
highest BChE selectivity (Ki = 33.42 ± 2.38 nM). Anticancer activity was assessed against SH-SY5Y neuro
blastoma and HEK-293 cell lines. Compound 3l demonstrated selective cytotoxicity against SH-SY5Y cells (IC50 
= 21.11 ± 0.42 μM) with minimal toxicity toward HEK-293 cells (IC50 = 69.49 ± 4.27 μM, SI = 3.3), comparable 
to sorafenib. Molecular docking showed multiple π–π and hydrogen-bond interactions of 3l with AChE (Tyr-72, 
Tyr-337, Trp-286, His-447, Phe-295, Tyr-124) and 3n with BChE (Trp-231, Phe-329, Pro-285, Gln-119, Thr-120). 
MM-GBSA calculations indicated favorable binding energies (− 70.74 and − 67.09 kcal/mol) driven by van der 
Waals and lipophilic forces. Molecular dynamics simulations confirmed stable complexes with RMSD ~1.4 Å for 
ligands, ~2.0 Å for proteins, persistent interactions, and reduced flexibility (RMSF ~1.5 Å). ADME analysis 
suggested acceptable drug-like properties. These results highlight 3l and 3n as promising scaffolds for dual 
cholinesterase inhibition and selective anticancer activity.

1. Introduction

Alzheimer’s disease (AD), the most prevalent type of dementia, af
fects 60–70 % of cases globally. It is a progressive neurodegenerative 
disorder marked by cognitive decline, memory loss, disorientation, and 
behavioral changes, which substantially impact daily functioning [1]. 
Key neuropathological features include extracellular amyloid-β plaques, 
intracellular tau neurofibrillary tangles, and widespread neuronal and 
synaptic loss, mitochondrial dysfunction [2,3], especially in the 

hippocampus and cortex. Although its exact cause is unclear, oxidative 
stress, inflammation, and neurotransmitter imbalances contribute to AD 
pathogenesis [4–9].

Currently approved AD drugs, including acetylcholinesterase (AChE) 
inhibitors (donepezil, rivastigmine, galantamine) and the NMDA (N- 
methyl-D-aspartate receptor) receptor antagonist memantine, provide 
only symptomatic relief without halting disease progression. AChE in
hibitors are widely used in mild to moderate AD based on the cholinergic 
hypothesis, which links cognitive decline to cholinergic neuron loss in 
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the basal forebrain [10–14].
Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are 

crucial enzymes that hydrolyze the neurotransmitter acetylcholine 
(ACh) in the central nervous system. In the early stages of AD, AChE 
activity predominates, whereas BChE activity increases as the disease 
progresses, indicating the therapeutic relevance of dual AChE/BChE 
inhibition. Therefore, the development of selective or dual cholines
terase inhibitors has become a crucial pharmacological strategy to 
enhance cholinergic signaling, improve synaptic function, and poten
tially slow cognitive deterioration in AD patients [15–20].

Interestingly, the concept of cholinesterase inhibition extends 
beyond neurodegenerative diseases and has shown relevance in certain 
cancers, including neuroblastoma. Neuroblastoma is a pediatric extra
cranial solid tumor initiating from neural crest cells, primarily affecting 
children under the age of five. It exhibits a heterogeneous clinical course 
ranging from spontaneous regression to aggressive progression with 
poor prognosis. Current treatments for high-risk neuroblastoma, such as 
chemotherapy, surgery, radiation, and immunotherapy, often result in 
significant toxicity and long-term side effects [21–26]. Thus, there is a 
evolving interest in identifying compounds that exhibit both anti- 
neuroblastoma activity and neuroprotective potential [27,28].

Cholinesterases have been implicated in cancer cell proliferation, 
differentiation, and apoptosis, with emerging evidence suggesting their 
role in tumor progression and drug resistance. Several studies have 
demonstrated that AChE and BChE are differentially expressed in certain 
tumor types, including neuroblastoma, and may serve as potential 
therapeutic targets [14,29–31]. As such, compounds with cholinesterase 
inhibitory activity could exert cytotoxic effects on neuroblastoma cells, 
offering a dual therapeutic approach for both neurodegenerative and 
oncological indications [32,33].

Thiosemicarbazones are a class of Schiff base derivatives recognized 
for their various biological activities, including antimicrobial, antiviral, 
antitumor [34], and enzyme inhibitory properties against diverse targets 
[35–41]. Their pharmacological versatility is largely attributed to their 
metal-chelating capacity, structural flexibility, and their interactions 
with various biological targets. Several thiosemicarbazone derivatives 
have been reported to inhibit cholinesterase enzymes and induce cyto
toxic effects in different cancer cell lines, making them promising can
didates for multitarget drug development [35,42–50] (Fig. 1) 
Incorporation of heterocyclic moieties such as morpholine and thio
morpholine into the thiosemicarbazone scaffold has been explored to 

improve pharmacokinetic and pharmacodynamic properties. Morpho
line derivatives, due to their moderate polarity, favorable solubility, and 
capacity to form hydrogen bonds, are widely utilized in drug design to 
enhance bioavailability and metabolic stability [51–56]. Similarly, thi
omorpholine, a sulfur-containing analog of morpholine, offers addi
tional potential due to the presence of a softer sulfur atom that may 
enhance lipophilicity and increase interactions with hydrophobic re
gions of target proteins. Moreover, the presence of sulfur in thio
morpholine can facilitate alternative binding modes via sulfur-mediated 
interactions, potentially improving binding affinity and selectivity to
ward enzymatic or cellular targets [57–59]. Thus, the integration of 
morpholine and particularly thiomorpholine rings into thio
semicarbazone frameworks represents a promising modification to 
modulate biological activity, improve membrane permeability, and 
enhance multi-target engagement in both enzyme inhibition and anti
cancer applications.

In this context, we report the synthesis and comprehensive evalua
tion of a novel series of 4-thiomorpholinophenyl-thiosemicarbazone 
3a–p derivatives. These compounds were characterized by NMR, 
HRMS and IR spectroscopic methods and evaluated for their inhibitory 
activities against AChE and BChE, as well as their cytotoxic effects on 
SH-SY5Y human neuroblastoma and Human Embryonic Kidney 293 
(HEK-293) cells. In addition, molecular docking and molecular dy
namics simulations were performed to elucidate the binding interactions 
and structural stability of the ligand-protein complexes.

2. Results and discussions

2.1. Chemistry

The targeted compounds 3a–p was synthesized via the condensation 
reaction of 4-thiomorpholinobenzaldehyde (1) with various substituted 
thiosemicarbazides 2a–p in methanol under reflux for 4–6 h with cat
alytic amount of acetic acid, as depicted in Scheme 1. The successful 
synthesis of 4-thiomorpholinophenyl-thiosemicarbazone derivatives 
3a–p was confirmed by detailed analysis of their 1H and 13C NMR 
spectral data. In the 1H NMR spectra of representative compounds, the 
appearance of two distinct singlets corresponding to NH-protons in the 
range of 11.23–11.90 ppm and 8.86–10.30 ppm, along with a singlet at 
7.90–8.06 ppm attributed to azomethine (-CH=N-) proton, confirms the 
successful condensation of thiosemicarbazide with the aldehydic group. 

Fig. 1. Reported compounds as Anti-Alzheimer’s agents having thiosemicarbazone and sulfonyl moieties [60–68]
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Additionally, signals observed in the aliphatic region (2.53–3.85 ppm) 
are consistent with methylene (-CH2-) protons of thiomorpholine ring.

The 13C NMR spectra further support the structural assignment, 
displaying characteristic downfield signals in the range of δ 
177.62–175.63 ppm for the thiocarbonyl carbon (C=S) and δ 
160.31–137.7 ppm for the imine carbon (C=N), confirming the forma
tion of the thiosemicarbazide moiety.

2.2. Cholinesterase inhibition studies

To assess the cholinesterase inhibitory potential of the synthesized 
compounds (3a–p), their in-vitro inhibitory activities against AChE and 

BChE were evaluated using a modified Ellman’s method. IC50 values 
determined for both enzymes, alongside inhibition constants (Kᵢ) 
calculated from kinetic data to provide a more precise measurement of 
enzyme-ligand binding affinity. The correlation coefficients (R [2]) 
indicate the goodness of fit for the kinetic data to the applied inhibition 
models. Reference drugs galantamine and tacrine were also tested under 
identical conditions for comparative purposes. The results are summa
rized in Table 1.

The cholinesterase inhibition data presented in Table 1 demonstrate 
that the synthesized 4-thiomorpholinophenyl-thiosemicarbazone de
rivatives 3a–p exhibit a wide range of inhibitory activities against both 
AChE and BChE with several compounds outperforming the reference 

Scheme 1. Synthesis of 3a–p via condensation of 4-thiomorpholinobenzaldehyde and thiosemicarbazides.

Table 1 
IC50 and Ki values of synthesized 3a–p compounds against AChE and BChE.

IC50 (nM)* Ki (nM)

Compounds R group AChE r2 BChE r2 AChE BChE

3a Phenyl 18.74 ± 2.26 0.938 72.65 ± 6.69 0.932 14.76 ± 1.26 59.27 ± 4.78
3b 4-fluorophenyl 23.70 ± 1.22 0.949 79.77 ± 7.11 0.947 21.25 ± 2.54 53.87 ± 5.62
3c 3-chlorophenyl 20.61 ± 1.39 0.943 65.64 ± 6.33 0.976 16.15 ± 0.92 54.18 ± 8.64
3d 2,3-dichlorophenyl 16.82 ± 2.21 0.917 44.30 ± 5.19 0.973 12.76 ± 0.98 36.14 ± 5.04
3e 4-bromophenyl 30.26 ± 2.10 0.933 76.41 ± 6.43 0.943 24.34 ± 2.35 68.74 ± 6.01
3f 4-bromo-2-fluorophenyl 17.26 ± 0.96 0.966 46.16 ± 5.88 0.928 14.31 ± 1.07 39.27 ± 4.48
3g 4-methylphenyl 19.53 ± 1.33 0.940 52.78 ± 5.16 0.995 17.71 ± 2.93 39.17 ± 4.58
3h 2,6-dimethylphenyl 19.43 ± 2.52 0.963 69.23 ± 4.48 0.975 15.42 ± 1.08 57.11 ± 7.26
3i 3-methoxyphenyl 34.17 ± 2.01 0.927 76.06 ± 4.99 0.946 30.52 ± 3.16 65.08 ± 9.06
3j 4-methoxyphenyl 22.21 ± 3.16 0.946 58.44 ± 6.13 0.972 18.57 ± 2.14 51.32 ± 4.67
3k 3-nitrophenyl 23.71 ± 2.25 0.914 69.73 ± 6.42 0.954 20.63 ± 1.45 60.82 ± 3.57
3l Benzyl 11.36 ± 0.98 0.947 40.45 ± 7.38 0.922 11.15 ± 0.75 35.80 ± 3.87
3m 4-chlorobenzyl 28.55 ± 3.42 0.918 66.81 ± 7.21 0.966 22.68 ± 1.25 61.84 ± 5.38
3n 4-methylbenzyl 12.81 ± 1.31 0.951 44.54 ± 4.13 0.925 11.25 ± 1.18 33.42 ± 2.38
3o Phenethyl 19.41 ± 3.61 0.990 59.21 ± 5.11 0.948 15.24 ± 1.82 52.76 ± 8.28
3p Cyclohexyl 18.90 ± 2.54 0.957 56.32 ± 3.89 0.954 15.28 ± 1.07 51.07 ± 6.74
Galantamine Reference drug 33.85 ± 3.79 0.957 68.07 ± 6.81 0.989 25.87 ± 3.68 58.71 ± 6.37
Tacrine Reference drug 66.73 ± 4.94 0.951 78.73 ± 6.56 0.963 50.27 ± 4.06 63.90 ± 5.75

* Inhibition assays for each compound were performed in triplicate (n = 3), and the reported values represent the mean of these measurements.
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drugs galantamine and tacrine. In general, most compounds showed 
stronger inhibition of AChE than BChE, suggesting a degree of selec
tivity, although some derivatives demonstrated potent dual inhibition 
profiles. Notably, compound 3l (benzyl) exhibited the lowest IC50 for 
AChE (11.36 nM) and one of the best Ki values (11.15 ± 0.75 nM), 
indicating high binding affinity and strong interface with the enzyme 
active site. This compound also showed noteworthy BChE inhibition, 
suggesting a favorable dual inhibitory profile. Alkyl-substituted com
pound 3n (4-methylbenzyl) exhibited the lowest Ki value against BChE 
(33.42 ± 2.38 nM) among all synthesized derivatives, highlighting its 
strong binding affinity and potent inhibitory effect on BChE. Alkyl- 
substituted other compounds also displayed remarkable inhibition, 
further supporting the idea that bulky or hydrophobic moieties 
contribute positively to activity.

Halogenated derivatives, such as 3d (2,3-dichlorophenyl), also 
demonstrated strong dual enzyme inhibition, with low nanomolar IC50 
and Ki values, highlighting the role of electron-withdrawing substituents 
in improving binding affinity, likely due to favorable hydrophobic and 
π–π stacking interactions within the enzyme gorge. In contrast, methoxy- 
substituted derivatives like 3i (3-methoxyphenyl) and 3j (4-methox
yphenyl) showed moderate activity, with slightly higher IC50 values 
compared to halogenated or benzyl-containing analogs.

Interestingly, some non-aromatic or partially aromatic compounds 
such as 3o (phenethyl) and 3p (cyclohexyl) showed moderate inhibi
tion, suggesting that full aromaticity may enhance π-π interactions with 
key residues within the cholinesterase active site. The correlation co
efficients (R [2]) for all data ranged from 0.91 to 0.99, confirming the 
robustness and reliability of the kinetic analyses and dose-response 
modeling. Overall, the benzyl-containing derivative 3l and the 4-meth
ylbenzyl-substituted compound 3n emerged as the most promising in
hibitors in the series, exhibiting the lowest Kᵢ values for AChE and BChE, 
respectively. They are highlighting the critical role of benzyl and alkyl 
benzyl groups in enhancing enzyme binding through hydrophobic 
interactions.

2.3. Cytotoxicity studies

To assess the anticancer potential of the synthesized 4-thiomorpholi
nophenyl-thiosemicarbazone derivatives 3a–p, their cytotoxic effects 
were evaluated against the human neuroblastoma cell line (SH-SY5Y) 
and the non-cancerous human embryonic kidney cell line (HEK-293) 
using the crystal violet assay. IC50 values (μM) were calculated for both 
cell lines to determine the concentration required to reduce cell viability 
by 50 %. In addition, the selectivity index (SI) was determined by 
dividing the IC50 value in HEK-293 cells by that in SH-SY5Y cells (HEK- 
293/SH-SY5Y), allowing for an estimation of each compound’s tumor 
selectivity. The results are given in Table 2.

The cytotoxicity results reveal that most of the tested compounds 
exhibit moderate to good activity against SH-SY5Y neuroblastoma cells, 
with varying degrees of selectivity over normal HEK-293 cells. Notably, 
several compounds demonstrate superior or comparable selectivity 
indices to the reference drug sorafenib (SI = 3.3), indicating their po
tential as selective antitumor agents.

The most striking result was observed with compound 3l (benzyl 
group), which exhibited an IC50 of 21.11 ± 0.42 μM in SH-SY5Y cells, 
while maintaining low toxicity toward HEK-293 cells (IC50 = 69.49 ±
4.27 μM), resulting in the highest selectivity index among all test com
pounds (SI = 3.3), identical to that of sorafenib. This suggests that 3l has 
a highly favorable cytotoxicity profile, combining potent anticancer 
activity with minimal off-target toxicity.

Compound 3n (4-methylbenzyl) also demonstrated a high level of 
selectivity, with an SI of 2.4, due to its strong activity in SH-SY5Y cells 
(IC50 = 34.13 ± 1.36 μM) and relatively low toxicity in HEK-293 cells 
(IC50 = 80.48 ± 5.41 μM). While slightly less selective than 3l, this 
compound remains one of the most promising candidates in terms of 
safety and efficacy.

Halogenated derivatives such as 3e (4-bromophenyl) and 3f (4- 
bromo-2-fluorophenyl) also displayed relatively high SI values 
(1.7–1.9), indicating a favorable selectivity trend among bromine- 
containing analogs. These findings suggest that electron-withdrawing 
halogen substituents may contribute to increased cytotoxicity in tumor 
cells, possibly via enhanced membrane permeability or increased in
teractions with intracellular targets.

This reduced selectivity may be due to higher polarity or steric 
hindrance from the methoxy groups, limiting differential uptake or 
targeting. Most other compounds exhibited intermediate SI values 
ranging from 1.2 to 1.6, including 3b, 3h, 3o, and 3p, which indicates a 
moderate level of tumor preference but room for structural optimiza
tion. Notably, while compound 3b had a decent SI of 1.6, its moderate 
IC50 in SH-SY5Y (33.49 μM) makes it a viable scaffold for further 
derivatization.

Overall, compounds 3l and 3n emerged as the most favorable can
didates due to their combination of low IC50 values in neuroblastoma 
cells and favorable selectivity indices. These results support the hy
pothesis that specific benzyl substituents may enhance selective cyto
toxicity toward cancer cells while tumbling harm to healthy cells.

Furthermore, to strengthen the SAR interpretation beyond hydro
phobic contributions, molecular orbital distribution and electrostatic 
potential mapping were considered. Compounds 3l and 3n, which 
showed the lowest Kᵢ values, displayed greater HOMO density localized 
on the benzyl/alkyl-benzyl aromatic system, supporting more efficient 
π–π donor interactions with Trp/Tyr residues in the active gorge. In 
contrast, methoxy-substituted analogs, which exhibited weaker activity, 
displayed more polarized electron density and increased steric bulk, 
reducing optimal aromatic stacking geometry. Halogenated derivatives 

Table 2 
IC50 (μM) of 3a–p for HEK-293 and SH-SY5Y cells with corresponding SI.

IC50 [μM] Selectivity 
index

Compounds R group HEK-293 SH-SY5Y HEK-293/SH- 
SY5Y

3a Phenyl 81.31 ±
6.00

53.88 ±
1.71

1.5

3b 4-fluorophenyl 54.44 ±
2.24

33.49 ±
2.17

1.6

3c 3-chlorophenyl 51.50 ±
3.76

41.41 ±
1.34

1.2

3d 2,3-dichlorophenyl 46.85 ±
1.79

35.56 ±
2.31

1.3

3e 4-bromophenyl 53.64 ±
4.52

28.31 ±
0.85

1.9

3f 4-bromo-2- 
fluorophenyl

64.07 ±
0.64

34.12 ±
0.91

1.8

3g 4-methylphenyl 47.26 ±
4.02

35.47 ±
2.95

1.3

3h 2,6-dimethylphenyl 60.59 ±
3.28

37.29 ±
2.98

1.6

3i 3-methoxyphenyl 58.55 ±
0.58

40.59 ±
1.23

1.4

3j 4-methoxyphenyl 58.39 ±
2.38

44.88 ±
2.32

1.3

3k 3-nitrophenyl 70.34 ±
1.08

51.63 ±
5.67

1.3

3l Benzyl 69.49 ± 
4.27

21.11 ± 
0.42

3.3

3m 4-chlorobenzyl 48.36 ±
4.02

37.86 ±
1.76

1.3

3n 4-methylbenzyl 80.48 ± 
5.41

34.13 ± 
1.36

2.4

3o Phenethyl 53.62 ±
4.27

34.13 ±
1.23

1.5

3p Cyclohexyl 52.46 ±
1.57

36.52 ±
2.38

1.4

Sorafenib Reference drug 13.26 ±
0.14

3.92 ±
0.02

3.3
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such as 3d benefited from strong electron-withdrawing substituents, 
increasing lipophilic surface area and enhancing halogen-bond- 
supported anchoring within the enzyme cleft (Fig. 2).

2.4. Molecular docking studies

In this study, induced fit docking (IFD) and Molecular Mechanics 
Generalized Born Surface Area (MM-GBSA) ΔG binding free energy 
calculations were performed to evaluate the binding affinities and 
interaction profiles of the most active synthesized compounds (3l and 
3n) against AChE and BChE enzymes. Tacrine, a well-known cholines
terase inhibitor, was included as a reference drug to benchmark the 
docking and binding energy results. The IFD scores and detailed MM- 
GBSA energy decomposition analysis results are given in Table 3.

Table 3 summarizes the IFD docking scores and MM-GBSA energy 
components for compounds 3l, 3n, and tacrine with AChE and BChE 
enzymes. Both compounds 3l and 3n demonstrate superior IFD docking 
scores compared to tacrine, especially notable in the case of 3l with 
AChE (− 10.686 kcal/mol vs. -10.575 kcal/mol) and 3n with BChE 
(− 9.077 kcal/mol vs. -7.501 kcal/mol). This suggests a stronger pre
dicted binding affinity for these novel compounds. The MM-GBSA 
binding free energy (ΔG Bind) calculations further reinforce these ob
servations, with 3l and 3n exhibiting significantly more favorable 
binding energies than tacrine for both enzymes. For instance, 3l-AChE 
shows a ΔG Bind of − 70.74 kcal/mol, substantially better than tacrine- 
AChE’s − 54.29 kcal/mol, indicating a more stable complex formation. 
Breaking down the energy components reveals that van der Waals (vdW) 
and lipophilic (Lipo) interactions are major contributors to the enhanced 
binding of 3l and 3n. Specifically, the vdW energies for 3l and 3n 
complexes are approximately − 59 kcal/mol, almost double the vdW 
contribution of tacrine complexes (~ − 31 kcal/mol), emphasizing 
strong hydrophobic contacts. Conversely, the Coulomb (electrostatic) 
interaction terms show unfavorable positive values for tacrine with 
AChE and especially BChE, suggesting less favorable electrostatic 
complementarity. In contrast, 3l and 3n present negative Coulomb 
contributions, indicating stronger electrostatic interactions with the 
enzyme active sites. Other energy terms such as covalent, hydrogen 
bonding, and solvation energies vary but appear less impactful relative 
to the dominant vdW and lipophilic forces.

Overall, the computational analysis strongly suggests that com
pounds 3l and 3n have higher predicted binding affinities and more 
favorable interaction profiles than tacrine with both AChE and BChE, 
highlighting their potential as potent cholinesterase inhibitors.

Fig. 3 shows the 2D and 3D ligand–protein interactions and binding 
modes of the 3l–AChE and 3n–BChE complexes.

In Fig. 3a, the 2D interaction map of the 3l–AChE complex reveals a 
highly interactive binding profile dominated by hydrogen bonding and 
aromatic π–π stacking. The sulfur atom of the thiosemicarbazide moiety 
forms a hydrogen bond with Phe-295, while the terminal amino group 
interacts with Tyr-124. These polar interactions help stabilize the 

molecule at the entrance of the active site. However, the most remark
able feature is the presence of five pi-pi stacking interactions. The ben
zylidene ring participates in two stacking interfaces with Tyr-337 and 
His-447, and the benzyl ring engages in three stacking contacts with 
Tyr-72 and Trp-286. The extensive π-system of compound 3l enables it 
to align perfectly with aromatic residues deep within the AChE gorge, 
stabilizing the complex through cumulative non-covalent forces. Fig. 3b, 
which shows the 3D binding mode of 3l in AChE, further supports this 
observation. The hydrogen bonds (yellow dashed-lines) and π–π stacking 
interactions (turquoise dashed-lines) are well distributed across the 
binding pocket. The π–π stacking distances range from 4.14 to 5.31 Å, 
indicating optimal spacing for aromatic overlap. The binding surface 
analysis shows near-complete overlap between the ligand (blue cloud) 
and the protein pocket (grey cloud), suggesting an excellent steric and 
electronic complementarity. Only a small portion of the benzyl ring is 
slightly solvent-exposed, indicating deep insertion into the active site.

In Fig. 3c, the 2D ligand–protein interaction diagram of the 3n–BChE 
complex shows a slightly different binding profile. Although compound 
3n engages in fewer π–π stacking interactions than 3o, it compensates 
through strong hydrogen bonding and focused aromatic contacts. The 
nitrogen atoms of the thiosemicarbazide moiety form hydrogen bonds 
with Pro-285 and Gln-119, while the sulfur atom interacts with Thr-120. 
The 4-methylbenzyl ring establishes two π–π stacking interactions with 
Trp-231, and the benzylidene ring stacks once with Phe-329. Although 
fewer in number, these stacking interactions are formed with strategi
cally important residues, likely stabilizing the ligand in the mid-gorge 
region of BChE. Fig. 3d, presenting the 3D LPI of the 3n–BChE com
plex, confirms tight binding with complete overlap of ligand and protein 
surfaces. The hydrogen bond lengths (2.49–2.70 Å) and π–π stacking 
distances (4.17–5.49 Å) fall within favorable ranges.

In conclusion, compound 3l showed strong AChE inhibition through 
multiple π–π interactions with Tyr-337, His-447, Tyr-72, and Trp-286, 
and hydrogen bonds with Phe-295 and Tyr-124. Its deep binding 
within the active site explains its high affinity. Compound 3n, on the 

Fig. 2. Representation of structural diversity and its influence on biological activity through chemical modifications.

Table 3 
IFD docking and MM-GBSA energy decomposition analysis of the most active 
compounds versus tacrine.

Docking and MM-GBSA ΔG 
parameters (kcal/Mol)

3l-AChE 3n- 
BChE

Tacrine- 
AChE

Tacrine- 
BChE

Induced fit docking (IFD) score − 10.686 − 9.077 − 10.575 − 7.501
Binding free energy − 70.74 − 67.09 − 54.29 − 58.29
Coulomb (electrostatic) 

contribution − 14.57 − 19.20 8.42 42.45
Covalent interaction energy 5.38 9.04 1.96 2.21
Hydrogen bond contribution − 0.44 − 0.92 − 0.51 − 0.74
Lipophilic interaction 

contribution − 36.07 − 30.54 − 16.82 − 14.65
Solvation energy (GB model) 42.70 37.18 − 9.69 − 48.54
Van der Waals interaction 

contribution − 58.98 − 58.88 − 31.04 − 30.96
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other hand, formed hydrogen bonds with Pro-285, Gln-119, and Thr- 
120, and π–π interactions with Trp-231 and Phe-329 in BChE, support
ing its selectivity.

2.5. Molecular dynamics simulations

Molecular dynamics simulations were conducted on 3l–AChE and 
3n–BChE complexes for 100 ns. The molecular dynamics simulation 
analysis of 3l–AChE complex is given in Fig. 4.

Fig. 4a illustrates the percentage distribution of 2D interactions be
tween the ligand and amino acid residues. The benzyl moiety of the 
ligand engages in multiple π–π stacking interactions with Tyr-124 
(during 38 % of simulation time), Trp-286 (28 % of sim.), and Phe- 
297 (29 % of sim.). Additional π–π interactions are observed between 
the phenyl ring attached to the thiomorpholine moiety and residues Trp- 
86 (14 % of sim.) and Tyr-337 (12 % of sim.). Moreover, Tyr-124 forms a 
hydrogen bond with the thiosemicarbazide group. Lastly, the thio
semicarbazide moiety also interacts with Phe-295 through a water- 
mediated hydrogen bond. Fig. 4b represents the RMSD (Root Mean 
Square Deviation) values of protein Cα (pale blue), ligand atoms fit on 
protein (red) and ligand’s(pink). As observed, the ligand atoms exhibit 
an RMSD of approximately 1.4 Å, whereas the protein Cα atoms show a 
value around 2.2 Å. The average RMSD of the ligand relative to the 
protein is approximately 2.5 Å. Fig. 4c illustrates the fluctuations of the 
protein Cα atoms throughout the simulation. The green lines indicate the 
amino acid residues involved in interactions with the ligand. As 
observed, although the average RMSF (Root Mean Square Fluctuation) 

of the protein is around 1.5 Å, the residues interacting with the ligand 
exhibit lower fluctuations compared to the other residues. Fig. 4d pre
sents the amino acid residues that interact with the ligand throughout 
the simulation, along with the types of interactions involved. Green lines 
represent hydrogen bonds, blue indicates water-bridged hydrogen 
bonds, and purple denotes hydrophobic interactions. As shown, Tyr-124 
exhibits the highest interaction percentage at 120 %, indicating that it 
engages with the ligand through multiple interaction modes simulta
neously, namely, hydrophobic contacts and hydrogen bonding, with 
different regions of the ligand. This elevated percentage suggests 
persistent and overlapping interactions throughout the simulation. In 
addition, notable hydrophobic interactions are also observed with Trp- 
86, Trp289, Phe-297, Tyr-337, and Tyr-341. Overall, the results depic
ted in Fig. 4 comprehensively illustrate the stability and interaction 
profile of the ligand–protein complex during the simulation. The ligand 
demonstrates consistent binding behavior, supported by low RMSD 
values and strong, persistent interactions with key residues such as Tyr- 
124. The reduced flexibility (RMSF) of interacting residues further in
dicates a stabilizing effect of the ligand within the binding pocket. 
Collectively, these findings highlight the ligand’s favorable binding 
characteristics and its potential as a stable and effective inhibitor.

The molecular dynamics simulation analysis of 3n–BChE complex is 
given in Fig. 5. Fig. 5a illustrates the percentage distribution of 2D in
teractions between the ligand and amino acid residues. The thio
semicarbazide functionality provides various hydrogen and water- 
bridged hydrogen bond interactions. Water-bridged hydrogen bond in
teractions were observed with Asn-289 (14 % of sim.) and Asp-70 (25 % 

Fig. 3. Molecular docking-based ligand–protein interaction diagrams and binding modes of selected complexes: (a) 2D interaction of 3l with AChE, (b) 3D binding 
pose of 3l in AChE active site, (c) 2D interaction of 3n with BChE, (d) 3D binding pose of 3n in BChE active site.
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of sim.), while a direct hydrogen bond was formed with Ser-287 (16 % of 
sim.). Additionally, the phenyl rings of the ligand formed π-π stacking 
interactions with Phe-329 (43 % of sim.) and Phe-73 (44 % of sim.), 
further contributing to the stability of the ligand–protein complex.

Fig. 5b displays the RMSD plots. As observed, the ligand maintains an 
RMSD of approximately 1.4 Å, while the protein Cα atoms exhibit an 
RMSD around 2.0 Å. The RMSD of the ligand fit on the protein increases 
to approximately 2.4 Å by 35 ns and subsequently rises to an average of 
4.6 Å for the remainder of the simulation. Fig. 5c illustrates the fluctu
ations of the protein Cα atoms throughout the simulation, with an 
average RMSF of approximately 1.4 Å. Notably, some of the residues 
interacting with the ligand are located within regions of higher flexi
bility, which likely contributes to the elevated ligand RMSD values 
observed in Fig. 5b. Fig. 5d represents the fractional interaction histo
gram. As shown, hydrophobic interactions are predominant throughout 

the simulation. In particular, residues Phe-73, Trp-82, Trp-231, Val-288, 
and Phe-329 play major roles in these hydrophobic contacts. On the 
other hand, water-bridged hydrogen bond interactions are also observed 
with Asn-68, Asp-70, and Asn-289.

Overall, the molecular dynamics simulation results demonstrate that 
the 3n–BChE complex exhibits a relatively stable binding profile, sup
ported by low RMSD values and persistent non-covalent interactions. 
The dominance of hydrophobic interactions, along with key hydrogen 
and water-bridged hydrogen bonds, particularly involving residues such 
as Phe-73, Phe-329, Asp-70, and Asn-289, contributes significantly to 
the ligand’s stable association within the active site. Moreover, the 
increased flexibility of certain interacting residues correlates with the 
observed ligand mobility, highlighting dynamic adaptability within the 
binding pocket. These findings suggest that compound 3n maintains 
favorable and sustained interactions with BChE, reinforcing its potential 

Fig. 4. MD analysis of 3l–AChE: (a) 2D ligand–residue interactions, (b) RMSD of protein Cα and ligand, (c) RMSF of protein residues, (d) interaction histogram.
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as an effective inhibitor candidate.

2.6. Docking validation

Redocking validation was conducted using the co-crystallized li
gands of both proteins, where the original co-crystal poses were visu
alized in green, and the redocked conformations were rendered in 
magenta (Fig. 6). For AChE (PDB ID: 4EY7, ligand: Donepezil), the 
redocked pose aligned almost perfectly with the crystallographic 
conformation, yielding an RMSD of 0.1492 Å, while for BChE (PDB ID: 
6ESJ, ligand: Propidium), an RMSD of 0.8093 Å was obtained.

Considering that RMSD values below 2.0 Å are widely accepted as an 
indication of a reliable and well-reproduced docking protocol, the ob
tained sub-angstrom deviations, especially the 0.15 Å alignment in 
AChE, reflect excellent structural overlap and high docking accuracy 

[69]. These results confirm that the docking settings used in this study 
are robust, reproducible, and suitable for further ligand evaluation.

3. Conclusion

This study reports the successful synthesis and characterization (IR, 
1H and 13C NMR) of a new series of 4-thiomorpholinophenyl-thiosemi
carbazones (3a–p) for lead discovery. All derivatives exhibited several 
degrees of inhibition ranging between 11.36 and 34.17 nM (AChE) and 
between 40.45 and 79.77 nM (BChE) as compared to standard drugs 
galantamine (IC50 values of 33.85 and 68.07) and tacrine (IC50 values 
of 66.73 and 78.73 nM, respectively). Compound 3l exhibited the lowest 
IC50 for AChE (11.36 nM) has a benzyl substitution, indicating high 
binding affinity and solid interaction with the enzyme active site. This 
compound also showed significant BChE inhibition, suggesting a 

Fig. 5. MD analysis of 3n–BChE: (a) 2D ligand–residue interactions, (b) RMSD of protein Cα and ligand, (c) RMSF of protein residues, (d) interaction histogram.
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favorable dual inhibitory profile. Compound 3n exhibited the lowest Ki 
value against BChE (33.42 ± 2.38 nM) among all synthesized de
rivatives, with alkyl substituent, highlighting its strong binding affinity 
and potent inhibitory effect on BChE. Additionally, the anticancer ac
tivity of 4-thiomorpholinophenyl-thiosemicarbazines (3a–p) was eval
uated using crystal violet assay against SH-SY5Y and HEK-293 cell 
lines. IC50 values and selectivity indices were calculated to assess cyto
toxicity and tumor selectivity. Compound 3 l (with a benzyl group) 
showed the most promising results, displaying strong cytotoxicity 
against SH-SY5Y cells (IC50 of 21.11 ± 0.42 μM) and low toxicity toward 
HEK-293 cells (IC50 = 69.49 ± 4.27 μM), yielding the highest selectivity 
index among all test compounds (SI = 3.3), comparable to sorafenib. 
This highlights its potent and selective anti-cancer potential.

Molecular docking and molecular dynamics simulations further 
elucidated the binding mechanisms underlying the potent cholinesterase 
inhibition of compounds 3l and 3n. Compound 3l exhibited strong in
teractions with AChE, forming multiple π–π stacking contacts with Tyr- 
72, Tyr-337, Trp-286, and His-447, as well as hydrogen bonds with Phe- 
295 and Tyr-124, consistent with its lowest IC50 value (11.36 nM). 
Similarly, compound 3n showed selective binding to BChE, engaging in 
π–π interactions with Trp-231 and Phe-329, and hydrogen bonds with 
Pro-285, Gln-119, and Thr-120. MM-GBSA calculations indicated more 
favorable binding free energies for both compounds compared to 
tacrine, driven largely by van der Waals and lipophilic interactions, 
while Coulomb contributions also supported strong electrostatic 
complementarity. Molecular dynamics simulations demonstrated stable 
ligand-protein complexes, with low RMSD and reduced flexibility 
(RMSF) of key interacting residues such as Tyr-124, Trp-86, and Phe-297 
for 3l–AChE, and Phe-73, Trp-82, Trp-231, and Phe-329 for 3n–BChE. 
These results confirm the persistence of critical hydrogen bonding, 
water-bridged hydrogen bonding, and hydrophobic contacts throughout 
the simulation, highlighting the structural basis of dual cholinesterase 
inhibition and supporting the experimental IC50 findings. Molecular 
dynamics simulations confirmed stable complexes with RMSD ~1.4 Å 
for ligands, ~2.0 Å for proteins, persistent interactions, and reduced 
flexibility (RMSF ~1.5 Å). ADME analysis suggested acceptable drug- 
like properties. These results highlight 3l and 3n as promising scaf
folds for dual cholinesterase inhibition and selective anticancer activity.

4. Experimental section

4.1. Synthesis and characterization

4-thiomorpholinyl-based thiosemicarbazones were synthesized 
using commercial available reagents from Sigma-Aldrich and solvents 
from Merck without further purification. Reaction monitoring was 
performed by thin-layer chromatography (TLC) on aluminum-backed 
silica gel plates. 1H and 13C NMR spectra were recorded in DMSO‑d6 
at 25 ◦C on a Bruker Ascend 600 MHz spectrometer. All chemical Shifts 
are reported in ppm, and J-values are expressed in Hz. HRMS (High 
Resolution Mass Spectrometry) analyses were performed using a 
Thermo Fischer Scientific Triple Quadrupole Orbitrap instrument.

4.2. Synthesis of Thiosemicarbazones (3a–p)

The desired compounds 3a–p were synthesized in two steps by 
previously reported method [34,39] with some modification of using 
ecofriendly solvent (H2O). In the first step, thiomorpholine (2 mmol) 
was reacted with 4-fluorobenzaldehyde (2 mmol) in water at 90 ◦C for 
12 h. K2CO3 was used as base. The resulting intermediate 4-thiomorpho
linobenzaldehyde was isolated in good yield and used for next step 
without further purification. In the second step, intermediate was then 
reacted with substituted thiosemicarbazides 2a-p in ethanol using acetic 
acid as a catalyst under reflux for 4 h. The reaction progress was tracked 
using TLC, and the obtained thiosemicarbazones 3a–p was filtered and 
rinsed with ethanol, yielding products in moderate to good amounts.

4.2.1. (E)-N-(4-Chlorophenyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbothioamide (3a)

Color: yellow; Yield: 90 %; M.P.: 208–210 ◦C; FT-IR (KBr, cm¡1): 
3135 (N–H), 2976, 2827 (C-H), 1593 (C=N), 1263 (C=S), 1059 (C–N); 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.64 (1H, s), 9.97 (1H, s), 8.06 (1H, 
s), 7.78–7.69 (2H, m), 7.68–7.55 (2H, m), 7.37 (2H, t, J 7.8), 7.01–6.87 
(2H, m), 3.75–3.62 (4H, m), 2.71–2.58 (4H, m); 13C NMR (150 MHz, 
DMSO‑‑d6) δ 175.65, 151.51, 143.91, 139.66, 129.62, 128.47, 126.09, 
125.55, 123.78, 115.25, 50.52, 25.50; ESI-HRMS calcd. For 
C18H20N4S2: 357.1207. Found: 357.1196 [M + H]+.

4.2.2. (E)-N-Phenyl-2-(4-thiomorpholinobenzylidene)hydrazine-1- 
carbothioamide (3b)

Color: yellow; Yield: 86 %; M.P.: 203–205 ◦C; FT-IR (KBr, cm¡1): 
3141 (N–H), 2979, 2909 (C-H), 1543 (C=N), 1268 (C=S), 1057 (C–N); 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.66 (1H, s), 9.98 (1H, s), 8.05 (1H, 
s), 7.72 (2H, d, J 8.4), 7.56 (2H, dd, J 8.6, 5.0), 7.20 (2H, t, J 8.6), 6.94 
(2H, d, J 8.4), 3.77–3.57 (4H, m), 2.74–2.58 (4H, m); 13C NMR (150 
MHz, DMSO‑‑d6) δ 176.03, 160.81, 159.21, 151.52, 143.99, 136.03, 
136.02, 129.62, 128.44, 128.39, 123.77, 115.23, 115.16, 115.01, 50.52, 
25.50; ESI-HRMS calcd. For C18H19FN4S2: 375.1113. Found: 375.1102 
[M + H]+.

4.2.3. (E)-N-(3-Chlorophenyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbothioamide (3c)

Color: yellow; Yield: 83 %; M.P.: 203–205 ◦C; FT-IR (KBr, cm¡1): 
3123 (N–H), 2964, 2830 (C-H), 1591 (C=N), 1269 (C=S), 1063 (C–N); 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.77 (1H, s), 10.05 (1H, s), 8.06 (1H, 
s), 7.80 (1H, t, J 2.1), 7.73 (2H, d, J 8.6), 7.62 (1H, dd, J 7.9, 2.0), 7.39 
(1H, t, J 8.0), 7.24 (1H, dd, J 8.0, 2.1), 6.95 (2H, d, J 8.7), 3.85–3.55 
(4H, m), 2.80–2.58 (4H, m); 13C NMR (150 MHz, DMSO‑‑d6) δ 175.40, 
151.58, 144.41, 141.17, 132.55, 129.99, 129.74, 125.34, 125.16, 
124.37, 123.58, 115.19, 50.49, 25.48; ESI-HRMS calcd. For 
C18H19ClN4S2: 391.0817. Found: 391.0807 [M + H]+.

4.2.4. (E)-N-(2,6-dichlorophenyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbothio amide (3d)

Color: yellow; Yield: 79 %; M.P.: 175–177 ◦C; FT-IR (KBr, cm¡1): 

Fig. 6. Molecular docking validation images of related ligands.
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3264 (N–H), 2958, 2835 (C-H), 1574 (C=N), 1285 (C=S), 1078 (C–N), 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.90 (1H, s), 10.07 (1H, s), 8.06 (1H, 
s), 7.76 (1H, d, J 8.0), 7.69 (2H, d, J 8.4), 7.56 (1H, d, J 8.1), 7.40 (1H, t, 
J 8.0), 6.95 (2H, d, J 8.4), 3.78–3.60 (4H, m), 2.71–2.58 (4H, m); 13C 
NMR (150 MHz, DMSO‑‑d6) δ 176.17, 151.56, 144.27, 139.20, 132.02, 
129.58, 128.71, 128.38, 128.01, 123.52, 115.25, 50.47, 25.45. ESI- 
HRMS calcd. For C18H18Cl2N4S2: 425.0428. Found: 425.0420 [M + H]+.

4.2.5. (E)-N-phenyl-2-(4-thiomorpholinobenzylidene)hydrazine-1- 
carbothioamide (3e)

Color: yellow; Yield: 83 %; M.P.: 204–206 ◦C; FT-IR (KBr, cm¡1): 
3306 (N–H), 3023, 2826 (C-H), 1593 (C=N), 1261 (C=S), 1002 (C–N), 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.73 (1H, s), 10.01 (1H, s), 8.06 (1H, 
s), 7.78–7.67 (2H, m), 7.62–7.57 (2H, m), 7.56–7.52 (2H, m), 7.01–6.88 
(2H, m), 3.77–3.61 (4H, m), 2.73–2.56 (4H, m); 13C NMR (150 MHz, 
DMSO‑‑d6) δ 175.51, 151.56, 144.26, 139.10, 131.26, 131.24, 129.69, 
128.02, 123.64, 117.71, 115.21, 50.50, 25.49; ESI- HRMS calcd. For 
C18H19BrN4S2: 435.0312. Found: 435.0304 [M + H]+.

4.2.6. (E)-N-(4-bromo-2-fluorophenyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbo thioamide (3f)

Color: off-white; Yield: 86 %; M.P.: 198–200 ◦C; FT-IR (KBr, 
cm¡1): 3297 (N–H), 2974, 2843 (C-H), 1549 (C=N), 1278 (C=S), 1065 
(C–N); 1H NMR (600 MHz, DMSO‑‑d6) δ 11.87 (1H, s), 9.84 (1H, s), 
8.05 (1H, s), 7.74–7.67 (2H, m), 7.64 (1H, dd, J 9.6, 2.2), 7.54 (1H, t, J 
8.4), 7.49–7.39 (1H, m), 7.00–6.91 (2H, m), 3.73–3.65 (4H, m), 
2.69–2.61 (4H, m); 13C NMR (150 MHz, DMSO‑‑d6) δ 176.74, 158.45, 
156.78, 151.58, 144.33, 131.97, 129.59, 127.59, 127.56, 127.51, 
123.60, 119.57, 119.41, 119.32, 119.26, 115.22, 50.48, 25.49; ESI- 
HRMS calcd. For C18H18BrFN4S2: 453.0218. Found: 453.0211 [M +
H]+.

4.2.7. (E)-2-(4-thiomorpholinobenzylidene)-N-(p-tolyl)hydrazine-1- 
carbothioamide (3g)

Color: yellow; Yield: 84 %; M.P.: 202–204 ◦C; FT-IR (KBr, cm¡1): 
3126 (N–H), 2974, 2906 (C-H), 1540 (C=N), 1200 (C=S), 1059 (C–N); 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.59 (1H, s), 9.90 (1H, s), 8.04 (1H, 
s), 7.78–7.67 (2H, m), 7.49–7.39 (2H, m), 7.16 (2H, d, J 8.1), 7.00–6.87 
(2H, m), 3.73–3.62 (4H, m), 2.68–2.60 (4H, m), 2.31 (3H, s); 13C NMR 
(150 MHz, DMSO‑‑d6) δ 175.74, 151.49, 143.74, 137.09, 134.70, 
129.58, 128.94, 126.09, 123.84, 115.26, 50.53, 25.50, 21.07; ESI- 
HRMS calcd. For C19H22N4S2: 371.1364. Found: 371.1354 [M + H]+.

4.2.8. (E)-N-phenyl-2-(4-thiomorpholinobenzylidene)hydrazine-1- 
carbothioamide (3h)

Color: light brown solid; Yield: 82 %; M.P.: 225–227 ◦C; FT-IR 
(KBr, cm¡1): 3303 (N–H), 2952, 2910 (C-H), 1534 (C=N), 1199 
(C=S), 1028 (C–N); 1H NMR (600 MHz, DMSO‑‑d6) δ 11.55 (1H, s), 
9.72 (1H, s), 8.03 (1H, s), 7.73 (2H, d, J 8.6), 7.11 (3H, q, J 5.2), 6.92 
(2H, d, J 8.7), 3.78–3.57 (4H, m), 2.76–2.54 (4H, m), 2.20 (6H, s); 13C 
NMR (150 MHz, DMSO‑‑d6) δ 176.67, 151.39, 143.13, 137.83, 136.98, 
129.46, 127.99, 127.23, 124.21, 115.34, 50.61, 25.50, 18.59; ESI- 
HRMS calcd. For C20H24N4S2: 385.1520. Found: 385.1510 [M + H]+.

4.2.9. (E)-N-Phenyl-2-(4-thiomorpholinobenzylidene)hydrazine-1- 
carbothioamide (3i)

Color: yellow; Yield: 91 %; M.P.: 176–178 ◦C; FT-IR (KBr, cm¡1): 
3127 (N–H), 2960, 2831 (C-H), 1592 (C=N), 1276 (C=S), 1069 (C–N), 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.66 (1H, s), 9.92 (1H, s), 8.06 (1H, 
s), 7.78–7.67 (2H, m), 7.32 (1H, t, J 2.2), 7.26 (1H, t, J 8.0), 7.21 (1H, dt, 
J 8.2, 1.3), 6.98–6.90 (2H, m), 6.77 (1H, ddd, J 8.2, 2.6, 1.1), 3.77 (3H, 
s), 3.73–3.64 (4H, m), 2.68–2.58 (4H, m); 13C NMR (150 MHz, 
DMSO‑‑d6) δ 175.33, 159.44, 151.51, 143.98, 140.75, 129.65, 129.15, 
123.70, 117.94, 115.23, 111.41, 110.99, 55.61, 50.51, 25.48; ESI- 
HRMS calcd. For C19H22N4OS2: 387.1313. Found: 387.1303 [M + H]+.

4.2.10. (E)-N-(4-Methoxyphenyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbothioamide (3j)

Color: light yellow; Yield: 82 %; M.P.: 205–207 ◦C; FT-IR (KBr, 
cm¡1): 3319 (N–H), 2903, 2829 (C-H), 1593 (C=N), 1266 (C=S), 1076 
(C–N); 1H NMR (600 MHz, DMSO‑‑d6) δ 11.56 (1H, s), 9.87 (1H, s), 
8.04 (1H, s), 7.75–7.67 (2H, m), 7.48–7.35 (2H, m), 6.99–6.86 (4H, m), 
3.77 (3H, s), 3.72–3.64 (4H, m), 2.68–2.61 (4H, m); 13C NMR (150 
MHz, DMSO‑‑d6) δ 176.09, 157.28, 151.47, 143.61, 132.56, 129.55, 
127.90, 123.90, 115.27, 113.67, 113.65, 55.70, 50.54, 25.51; ESI- 
HRMS calcd. For C19H22N4OS2: 387.1313. Found: 387.13034 [M + H]+.

4.2.11. (E)-N-(3-Nitrophenyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbothioamide (3k)

Color: bright orange; Yield: 87 %; M.P.: 193–195 ◦C; FT-IR (KBr, 
cm¡1): 3155 (N–H), 2815 (C-H), 1593 (C=N), 1260 (C=S), 1025 
(C–N), 1H NMR (600 MHz, DMSO‑‑d6) δ 11.92 (1H, s), 10.30 (1H, s), 
8.67 (1H, t, J 2.2), 8.13 (1H, ddd, J 8.1, 2.0, 1.0), 8.09 (1H, s), 8.07–8.01 
(1H, m), 7.80–7.71 (2H, m), 7.65 (1H, t, J 8.1), 7.01–6.90 (2H, m), 
3.75–3.65 (4H, m), 2.69–2.60 (4H, m); 13C NMR (150 MHz, DMSO‑‑d6) 
δ 175.42, 151.63, 147.71, 144.87, 140.92, 132.04, 129.82, 129.61, 
123.45, 119.93, 119.85, 115.16, 50.46, 25.47. ESI-HRMS calcd. For 
C18H19N5O2S2: 402.1058. Found: 402.1051 [M + H]+.

4.2.12. (E)-N-Benzyl-2-(4-thiomorpholinobenzylidene)hydrazine-1- 
carbothioamide (3l)

Color: brown; Yield: 91 %; M.P.: 173–175 ◦C; FT-IR (KBr, cm¡1): 
3322 (N–H), 2999, 2910 (C-H), 1592 (C=N), 1270 (C=S), 1067 (C–N), 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.41 (1H, s), 8.93 (1H, t, J 6.3), 7.99 
(1H, s), 7.69–7.57 (2H, m), 7.41–7.28 (4H, m), 7.28–7.18 (1H, m), 
6.99–6.85 (2H, m), 4.84 (2H, d, J 6.3), 3.71–3.62 (4H, m), 2.69–2.56 
(4H, m); 13C NMR (150 MHz, DMSO‑‑d6) δ 177.48, 151.40, 143.22, 
140.12, 129.24, 128.61, 128.60, 127.70, 127.15, 124.06, 115.34, 50.57, 
46.96, 25.50; ESI-HRMS calcd. For C19H22N4S2: 371.1364. Found: 
371.1355 [M + H]+.

4.2.13. (E)-N-(4-Chlorobenzyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbothioamide (3m)

Color: yellow; Yield: 93 %; M.P.: 170–172 ◦C; FT-IR (KBr, cm¡1): 
3323 (N–H), 2999, 2907 (C-H), 1593 (C=N), 1270 (C=S), 1086 (C–N); 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.43 (1H, s), 8.96 (1H, t, J 6.3), 7.98 
(1H, s), 7.69–7.59 (2H, m), 7.44–7.32 (4H, m), 6.99–6.85 (2H, m), 4.81 
(2H, d, J 6.3), 3.72–3.62 (4H, m), 2.70–2.58 (4H, m); 13C NMR (150 
MHz, DMSO‑‑d6) δ 177.50, 151.43, 143.34, 139.21, 131.65, 129.59, 
129.26, 128.55, 124.01, 115.33, 50.56, 46.30, 25.51; ESI-HRMS calcd. 
For C19H21ClN4S2: 405.0974. Found: 405.0967 [M + H]+.

4.2.14. (E)-N-(4-Methylbenzyl)-2-(4-thiomorpholinobenzylidene) 
hydrazine-1-carbothioamide (3n)

Color: yellow; Yield: 92 %; M.P.: 161–163 ◦C; FT-IR (KBr, cm¡1): 
3315 (N–H), 2998, 2906 (C-H), 1594 (C=N), 1271 (C=S), 1091 (C–N); 
1H NMR (600 MHz, DMSO‑‑d6) δ 11.38 (1H, s), 8.86 (1H, t, J 6.3), 7.98 
(1H, s), 7.72–7.56 (2H, m), 7.25 (2H, d, J 7.8), 7.13 (2H, d, J 7.8), 
6.99–6.83 (2H, m), 4.79 (2H, d, J 6.2), 3.73–3.60 (4H, m), 2.74–2.60 
(4H, m), 2.28 (3H, s); 13C NMR (150 MHz, DMSO‑‑d6) δ 177.36, 151.39, 
143.15, 137.03, 136.17, 129.22, 129.15, 127.74, 124.08, 115.35, 50.58, 
46.74, 25.51, 21.18; ESI-HRMS calcd. For C20H24N4S2: 385.1520. 
Found: 385.1511 [M + H]+.

4.2.15. (E)-N-Phenethyl-2-(4-thiomorpholinobenzylidene)hydrazine-1- 
carbothioamide (3o)

Color: off-white; Yield: 88 %; M.P.: 205–207 ◦C; FT-IR (KBr, 
cm¡1): 3309 (N–H), 2999, 2926 (C-H), 1597 (C=N), 1271 (C=S), 1058 
(C–N); 1H NMR (600 MHz, DMSO‑‑d6) δ 11.33 (1H, s), 8.38 (1H, t, J 
5.8), 7.95 (1H, s), 7.65–7.51 (2H, m), 7.34 (2H, t, J 7.5), 7.31–7.27 (2H, 
m), 7.26–7.21 (1H, m), 7.01–6.89 (2H, m), 3.76 (2H, ddd, J 9.5, 7.7, 
5.9), 3.71–3.63 (4H, m), 2.96–2.87 (2H, m), 2.70–2.60 (4H, m); 13C 
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NMR (150 MHz, DMSO‑‑d6) δ 176.86, 151.42, 142.94, 139.78, 129.11, 
129.08, 128.95, 126.68, 124.03, 115.37, 50.57, 45.40, 35.44, 25.53; 
ESI-HRMS calcd. For C20H24N4S2: 385.1520. Found: 385.1512 [M +
H]+.

4.2.16. (E)-N-Cyclohexyl-2-(4-thiomorpholinobenzylidene)hydrazine-1- 
carbothioamide (3p)

Color: off-white; Yield: 83 %; M.P.: 204–206 ◦C; FT-IR (KBr, 
cm¡1): 3306 (N–H), 2986, 2813 (C-H), 1507 (C=N), 1253 (C=S), 1068 
(C–N), 1H NMR (600 MHz, DMSO‑‑d6) δ 11.22 (1H, s), 7.95 (1H, s), 
7.86 (1H, d, J 8.6), 7.66–7.55 (2H, m), 6.98–6.87 (2H, m), 4.25–4.12 
(1H, m), 3.72–3.61 (4H, m), 2.71–2.60 (4H, m), 1.92–1.82 (2H, m), 1.72 
(2H, dt, J 13.3, 3.6), 1.61 (1H, dt, J 12.9, 3.6), 1.43 (2H, qd, J 12.3, 3.5), 
1.29 (2H, qt, J 12.7, 3.4), 1.15 (1H, ddt, J 16.0, 12.4, 6.2); 13C NMR 
(150 MHz, DMSO‑‑d6) 175.64, 151.38, 143.11, 129.22, 123.95, 115.37, 
52.87, 50.57, 32.39, 25.63, 25.47, 25.38. ESI-HRMS calcd. For 
C18H26N4S2: 363.1677. Found: 363.1669 [M + H]+.

4.3. Cell culture, cell viability, and homogenization assay

The human neuroblastoma cell line SH-SY5Y (ATCC CRL-2266) and 
human embryonic kidney cell line HEK 293 (ATCC CRL-1573) were 
cultured in DMEM/F-12 medium supplemented with 10 % heat- 
inactivated FBS and 1 % antibiotics at 37 ◦C in a humidified 5 % CO2 
atmosphere. For cell viability analysis, cells (5 × 10 [3]/well) were 
seeded in 96-well plates, allowed to adhere overnight, and treated with 
varying compound concentrations for 24 h. Viability was assessed by 
crystal violet staining, elution of bound dye with sodium citrate/ethanol 
solution, and absorbance measurement at 600 nm, with results 
expressed relative to untreated controls [31]. For homogenization, cells 
(1 × 10 [6]/mL) were plated in 75 cm2 flasks, harvested after 24 h, and 
lysed in buffer (0.1 M phosphate, 2 mM EDTA, 0.2 % Triton X-100, 0.3 
mM ε-ACA, 1 mM DTT, 0.5 mM PMSF). Homogenization was achieved 
by sonication on ice, and total protein content was quantified using the 
BCA assay with BSA as a standard [70].

4.3.1. Cholinesterase assay
We performed cholinesterase analysis according to previously pub

lished article [71–73].

4.4. Molecular docking and dynamics studies

Molecular docking and dynamics simulations were performed using 
Schrödinger Molecular Modeling Software (2025–1) with the Maestro 
interface (v14.3) and Desmond. Protein and ligand preparations fol
lowed established group protocols [74,75]. The 3D structures of AChE 
(PDB ID: 4EY7) and BChE (PDB ID: 6ESJ) were obtained from the Pro
tein Data Bank and optimized using Schrödinger’s Protein Preparation 
Wizard, assigning bond orders, adding hydrogens, and minimizing the 
structures with the OPLS4 force field. Docking employed Glide XP and 
Induced Fit Docking (IFD), with receptor grids centered on the active 
site residues (grid box size: 20 × 20 × 20 Å) to accommodate ligand 
flexibility. For each ligand, 20 docking poses were generated, and top 
poses were selected based on IFD scores. Prime MM-GBSA calculations 
with the VSGB solvation model were used to estimate binding free en
ergies, including contributions from van der Waals, electrostatic, lipo
philic, covalent, hydrogen bonding, and solvation energies. This 
comprehensive setup ensured accurate evaluation of ligand–protein in
teractions and binding affinities [76].

MD simulations used Desmond (Release 2024–3) with protein-ligand 
complexes in an orthorhombic box solvated by TIP4P water and 
neutralized with counter ions and 0.15 M NaCl. The OPLS4 force field 
was applied. After energy minimization and equilibration (NVT and 
NPT), a 100 ns production run was conducted at 300 K and 1.01325 bar 
using Nosé-Hoover thermostat and Martyna-Tobias-Klein barostat. Sta
bility and conformational changes were monitored via RMSD and RMSF 

[75,77].

4.5. Statistical analysis

Data are presented as mean or fold change ± SD. Statistical com
parisons were made using one-way ANOVA with Tukey’s post hoc test 
(multiple groups). Analyses were performed in GraphPad Prism 9.0. 
Statistical significance was defined as p < 0.05 (p < 0.05: *, < 0.01: **, 
< 0.001: ***, < 0.0001: ****).

4.6. Limitations of the study

While this study offers important insights through synthesis, bio
logical evaluation, and computational analysis, in vivo studies could not 
be conducted as it was designed as a fundamental investigation.
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M. Santos, B. Andrade, E.V. de Lima, J.R. Clarke, R.N. Castro, R.O.D. Moura, A. 
E. Kümmerle, Discovery of novel thiosemicarbazone-acridine targeting 
butyrylcholinesterase with antioxidant, metal complexing and neuroprotector 
abilities as potential treatment of Alzheimer’s disease: in vitro, in vivo, and in silico 
studies, Eur. J. Med. Chem. 281 (2025) 117030, https://doi.org/10.1016/j. 
ejmech.2024.117030.
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[21] D. Vicente-Zurdo, B. Gómez-Gómez, I. Romero-Sánchez, N. Rosales-Conrado, M. 
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as cholinesterase inhibitors and targeting neuroblastoma: design, synthesis, in vitro 
and in silico biological evaluations, Bioorg. Chem. 164 (2025) 108869, https://doi. 
org/10.1016/j.bioorg.2025.108869.

[32] S. Roytrakul, J. Jaresitthikunchai, N. Phaonakrop, S. Charoenlappanit, 
S. Thaisakun, N. Kumsri, T. Arpornsuwan, Secretomic changes of amyloid beta 
peptides on Alzheimer’s disease related proteins in differentiated human SH-SY5Y 
neuroblastoma cells, Peerj 12 (2024) e17732, https://doi.org/10.7717/ 
peerj.17732.

[33] M.E. Arslan, H. Turkez, A. Mardinoglu, In vitro neuroprotective effects of farnesene 
sesquiterpene on alzheimer’s disease model of differentiated neuroblastoma cell 
line, Int. J. Neurosci. 131 (8) (2021) 745–754, https://doi.org/10.1080/ 
00207454.2020.1754211.

[34] H. Aftab, S. Ullah, A. Khan, M. Al-Rashida, T. Islam, K.A. Dahlous, S. Mohammad, 
H. Kashtoh, A. Al-Harrasi, Z. Shafiq, Design, synthesis, in vitro and in silico studies 
of novel piperidine derived thiosemicarbazones as inhibitors of dihydrofolate 
reductase, Sci. Rep. 14 (1) (2024) 22645.

[35] J. Eshal, H.Z. Tariq, J. Li, H. Aftab, H. Şenol, P. Taslimi, N. Sadeghian, R. 
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Computer design, synthesis, and bioactivity analyses of drugs like fingolimod used 
in the treatment of multiple sclerosis, Bioorg. Med. Chem. 25 (2) (2017) 483–495, 
https://doi.org/10.1016/j.bmc.2016.11.015.

[71] F.S. Tokali, P. Taslimi, B. Tuzun, A. Karakus, N. Sadeghian, I. Gulcin, Novel 
Quinazolinone derivatives: potential synthetic analogs for the treatment of 
Glaucoma, Alzheimer’s disease and diabetes mellitus, Chem. Biodivers. 20 (10) 
(2023) e202301134, https://doi.org/10.1002/cbdv.202301134.
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