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and biological evaluation of
tacrine-sulphonamide hybrids as a potent
acetylcholinesterase inhibitor

Mangari Madhusudhan Reddy,a Eeda Koti Reddy,a Abhithaj J,b Radul R. Dev,b

V. S. Nagarajesh Kadambaria and Shaik Anwar *a

Novel tacrine-based sulphonamide derivatives were designed and evaluated for their ability to inhibit

acetylcholinesterase (AChE) using molecular docking and in vitro assays. Docking studies revealed strong

interactions with key active-site residues, including Trp86, Trp286, Tyr337, and Phe338, mediated

through p–p stacking, p-cation interactions, hydrogen bonding, and hydrophobic contacts. Among the

synthesized compounds, 6g, 6i, 6j, and 6k exhibited superior binding affinities, with compound 6j

demonstrating the highest docking score of −9.18 kcal mol−1 and a binding energy of

−97.92 kcal mol−1. In vitro screening using Ellman's method confirmed potent AChE inhibition, with IC50

values in the nanomolar range. Structure–activity relationship analysis indicated that methyl-substituted

piperidine derivatives significantly enhanced inhibitory potency, with compounds 6j and 6k achieving

IC50 values of 7.40 nM and 11.33 nM, respectively.
Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder and the leading cause of dementia worldwide,
accounting for approximately 60–70% of all dementia cases.1

Pathologically, AD is characterized by the accumulation of
extracellular amyloid-beta (Ab) plaques and intracellular
neurobrillary tangles composed of hyperphosphorylated tau
protein. These hallmark lesions disrupt synaptic function,
impair neuronal communication, and ultimately lead to wide-
spread neuronal death and brain atrophy.2 Clinically, AD
primarily affects individuals over the age of 65 and manifests as
a gradual decline in cognitive abilities, including memory loss,
impaired judgment, language decits, and behavioural distur-
bances such as apathy, agitation, and depression.3,4

The burden of AD is immense and continues to grow; every
three seconds, someone, somewhere, develops dementia. In
2019, approximately 55 million people worldwide were esti-
mated to be living with dementia, a gure projected by the
World Health Organization (WHO) to rise to 139million by 2050
due to aging populations and increased life expectancy.5 This
alarming trend underscores the urgent need for effective ther-
apeutic strategies, early diagnostic tools, and coordinated
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global public health initiatives to mitigate the impact of AD on
individuals, families, and healthcare systems.

Acetylcholinesterase (AChE) is a crucial biochemical enzyme
that regulates acetylcholine-mediated neuronal transmission in
the central nervous system.6 It possesses a distinctive structure
featuring two binding sites connected by a narrow gorge region
and has historically served as a primary pharmacological target
for the treatment of Alzheimer's disease.7 AChE catalyzes the
hydrolysis of acetylcholine (ACh) into choline and acetate,
thereby terminating ACh-mediated synaptic transmission in the
central nervous system (CNS) with exceptionally high catalytic
efficiency. Structurally, AChE comprises three key features: the
catalytic active site (CAS), the gorge, and the peripheral anionic
site (PAS). The gorge region connects the CAS to the PAS and the
enzyme surface.8,9

Tacrine, the rst acetylcholinesterase inhibitor (AChEI)
approved for clinical use in the treatment of Alzheimer's
disease, marked a signicant milestone in neurodegenerative
therapeutics. Despite its eventual withdrawal from the market
due to dose-dependent hepatotoxicity, in recent years,
numerous multifunctional tacrine-based compounds have been
synthesized, retaining their acetylcholinesterase (AChE) inhib-
itory properties. Earlier studies explored various hybrid mole-
cules derived from tacrine, aiming to enhance their therapeutic
potential. Researchers are concentrating on various tacrine
derivatives, including tacrine-2-amide derivatives,10a tacrine-
melatonin molecule.10b donepezil-tacrine scaffold,10c tacrine-
caffeic acid hybrids10d, tacrine-8-hydroxy quinoline hybrids,10e

Cyst amine-tacrine-dimer,10f tacrine-melatonin molecule,10g bis-
tacrine's,10h pyrano-tacrines,10i pyrano[2,3-c] pyrazole-tacrine
RSC Adv., 2026, 16, 18061–18072 | 18061
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Fig. 2 Biologically active tacrine-2 amides and its derivatives.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 8
:4

8:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
hybrids,10j tacrine-lophine hybrids,10k quinone-tacrine
hybrids,10l NO-donor-tacrine hybrids,10m are few examples,
despite its limitations, it continues to serve as a key framework
in efforts to design and develop innovative acetylcholinesterase
(AChE) inhibitors, tacrine remains a foundational scaffold in
medicinal chemistry for the design of novel AChEIs.11 Its well-
characterized pharmacophore and ability to interact with both
the catalytic active site (CAS) and the peripheral anionic site
(PAS) of AChE make it an attractive core structure for the
development of multitarget-directed ligands (MTDLs). This
review provides a comprehensive overview of tacrine-based
MTDLs reported in the literature since 2015, with a particular
focus on merged hybrid compounds in which tacrine is struc-
turally integrated with a second pharmacophore to enhance
therapeutic efficacy and broaden biological activity.12,18–26

The molecular architecture of these novel hybrids was based
on a dual-binding strategy designed to exploit the synergistic
potential of established acetylcholinesterase (AChE) inhibitors,
tacrine and donepezil, together with pharmacologically versa-
tile sulfonamide scaffolds. Tacrine is a potent AChE inhibitor,
but its clinical utility is limited by hepatotoxicity. Hybridization
with sulfonamides, a class known for antimicrobial and neu-
roprotective properties, offers a promising avenue for enhanced
efficacy and safety. Molecular modeling and kinetic studies
indicate that these hybrid ligands effectively span the 20 Å
length of the AChE enzymatic gorge.13,14

In the tacrine-sulfonamide series, the tacrinemoiety anchors
within the catalytic active site (CAS) via p–p stacking with Trp84
and Phe330, while the sulfonamide group extends toward the
peripheral anionic site (PAS), stabilized by hydrogen bonding
with Tyr70 or Asp72. Structure–activity relationship (SAR)
analysis identied the six-membered ring system as the optimal
scaffold, with the most potent derivative achieving an IC50 of
0.009 mM-representing a six-fold increase (Fig. 1) in potency over
tacrine and a 220-fold increase over galantamine.15,17

In parallel, a series of aryl-sulfonamide-donepezil hybrids
yielded a standout lead compound. Structurally, this molecule
integrates the benzyl-piperidine pharmacophore of donepezil
with a biphenyl-sulfonamide moiety through a single-carbon
linker (n = 1). This lead exhibited an IC50 of 1.6 mM against
AChE and demonstrated robust inhibition (60.7%) of self-
induced amyloid-b aggregation, thereby validating sulfon-
amide hybridization as a high-impact strategy for developing
multifunctional agents against neurodegenerative
pathology.13,16

The synthesis of these hybrid compounds typically involves
modular strategies using readily available starting materials,
Fig. 1 Biologically active tacrine-sulfonamide hybrid derivatives.13,15

18062 | RSC Adv., 2026, 16, 18061–18072
enabling structural diversity and systematic optimization. Their
acetylcholinesterase inhibition proles are evaluated in
comparison with tacrine, and detailed structure–activity rela-
tionship (SAR) analyses are presented to identify key molecular
features contributing to potency, selectivity, and reduced
toxicity. Where applicable, molecular modelling and docking
studies are included to elucidate binding interactions within
the AChE active site, highlighting the roles of p–p stacking,
hydrogen bonding, and hydrophobic contacts in stabilizing the
enzyme-inhibitor complex.27,28

Traditionally, most research on tacrine derivatives has
focused on amine substitutions. In contrast, our earlier studies
explored modications at the C2 position of the cyclohexyl ring
and the C6 position of the aromatic ring of tacrine. We found
that C2-substituted tacrine derivatives, known as tacrine-2-
amides (Fig. 2), interact effectively with the peripheral anionic
site (PAS) of acetylcholinesterase (AChE). Our previous work
demonstrated that tacrine-2-amides with a three-carbon linker
exhibited strong AChE inhibition (IC50 = 5.17 nM), while a 6-
bromo tacrine-2-amide with the same linker length showed
comparable activity (IC50 = 7.14 nM).29–34

In the present study, we extend this research by evaluating
tacrine-2-sulphonamide derivatives. We also assess their
cholinesterase inhibitory activity, physicochemical properties,
and molecular binding interactions.
Results and discussion

A series of novel tacrine-sulfonyl piperazine derivatives was
synthesized using commercially available starting materials.
Scheme 1 Substrate scope of tacrine 6a–6k.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The synthetic route involved three key steps (Scheme 1): (i)
sulfonylation to form a sulphonamide bond between sulfonyl
chlorides (1) and the Boc-protected piperazine (2) to obtain
intermediate 3; (ii) Boc deprotection of the N-Boc piperazine
using 4 M HCl in 1, 4-dioxane to yield intermediate 4; and (iii)
acid-amine coupling with tacrine-2-acid using TBTU as the
coupling reagent and DIPEA as the base in NMP as the solvent.
This sequence resulted in the formation of eleven nal
compounds (6a–6k) in good yields. The structures of these
derivatives were conrmed by 1H NMR, 13C NMR, and HRMS.

Molecular docking

The three-dimensional structure of recombinant human
acetylcholinesterase (hAChE) complexed with donepezil (PDB
ID: 4EY7) was retrieved from the Protein Data Bank (PDB) and
prepared using the Protein Preparation Wizard in the Schrö-
dinger Suite. Preprocessing steps included the removal of
crystallographic water molecules, correction of structural
anomalies, and proper assignment of bond orders, hydrogen
atoms, disulde bridges, and zero-order bonds for coordinated
metal ions. During the renement phase, missing side-chain
atoms were added to complete the protein model.31 Energy
minimization was performed using the OPLS_4 force eld to
resolve steric clashes present in the original PDB structure,
employing an all-atom restrained minimization protocol.

Following optimization of the protein structure, receptor
grid generation was carried out by dening a cubic grid box
(∼20 Å) centered on the coordinates of the co-crystallized ligand
to accurately represent the binding site. Tacrine-based sulpho-
namide derivatives were designed, and their structures were
drawn using ChemSketch or ChemDraw. The ligands were then
prepared and optimized using the LigPrep module. Ionization
states were generated with the Epik module at physiological pH,
incorporating all possible tautomers and stereoisomers. Energy
minimization of the optimized ligand structures was performed
using the OPLS_4 force eld.35

In addition to these derivatives, the 3D structures of tacrine
and donepezil (the co-crystallized ligand, extracted from the
prepared hAChE structure) were also optimized for validation
and comparison. The AChE active site comprises ve key
regions: the oxyanion hole (Gly121, Gly122, Ala201), the cata-
lytic triad (Ser203, His447, Glu334), the choline-binding site
Table 1 Ligand interaction diagram showing tacrine derivatives at the a

S.No.
Compound
name

Glide score
(kcal mol−1)

Binding ene
(kcal mol−1

1 6a −5.84 −47.68
2 6d −5.29 −43.25
3 6e −1.33 −64.98
4 6g −7.82 −94.79
5 6h −7.66 −23.96
6 6i −3.55 −81.28
7 6j −9.18 −97.92
8 6k −6.97 −90.65
9 Tacrine −10.59 −54.02
10 Donepezil −10.57 −97.4

© 2026 The Author(s). Published by the Royal Society of Chemistry
(Trp84, Tyr133, Tyr337, Phe330), the acyl-binding pocket
(Phe295, Phe297, Asp74, Trp279, Phe330, Tyr70), and the
peripheral anionic site (PAS) (Tyr70, Trp295, Phe330). The PAS
plays a critical role in modulating amyloid-b (Ab) bril aggre-
gation, and inhibitors targeting this region have been shown to
reduce Ab aggregation and enhance peptide clearance more
effectively than those binding solely to the catalytic triad.36,37

Tacrine and donepezil were docked for comparison, as they
are commonly used as positive controls in vitro acetylcholines-
terase (AChE) assays, and their binding energies are summa-
rized in Table 1. Tacrine exhibited a Glide score of
−10.59 kcal mol−1 and a binding energy of −54.02 kcal mol−1.
Its interaction with AChE was stabilized by p–p stacking
interactions with Tyr341 and p-cation interactions with Tyr337
and Trp86. Donepezil showed a Glide score of
−10.57 kcal mol−1 and a stronger binding energy of
−97.4 kcal mol−1, forming p–p interactions with Trp86 and
Trp286, and p-cation interactions with Tyr337, Phe338, and
Phe295.

Among the designed tacrine-sulphonamide derivatives,
compound 6j displayed good affinity for AChE, with a Glide
score of −9.18 kcal mol−1 and a binding energy of
−97.98 kcal mol−1. It formed two p–p interactions with Trp286
and two strong hydrogen bonds with Ala343. Compound 6g also
showed notable affinity, with a Glide score of −7.82 kcal mol−1

and a binding energy of −94.79 kcal mol−1, exhibiting p–p

interactions with Trp86 and p-cation interactions with Trp86,
Tyr337, and Phe338, similar to the interaction prole of done-
pezil. Compound 6k had a Glide score of −6.97 kcal mol−1 and
a binding energy of −90.65 kcal mol−1, forming p–p interac-
tions with Trp286 and hydrogen bonds with Tyr72 and Phe295.
Additionally, compound 6i demonstrated strong hydrogen
bonding interactions with Tyr124 and Ser125.

The binding affinities of these compounds were further
stabilized by van der Waals contacts and hydrophobic interac-
tions with residues lining the active site, including Trp86,
Gly120, Gly122, Tyr124, Val294, Phe295, Phe297, Phe338, and
Tyr341, which are key residues of the PAS.38,39 These hydro-
phobic interactions contributed signicantly to the overall
binding stability.

Overall, molecular docking studies revealed that binding was
stabilized through a combination of stacking interactions (p–p
ctive center of ACh

rgy
) Interactions

TRP286, TYR124 and ARG296
TYR124 2HBonds
TRP286, SER125 1HBond
TRP86, TRP86, TYR337 and PHE338, 1 HBond in PHE295
TRP286, HIS447, a HBond interaction at GLY122
TYR124, SER125 have HBond interaction
TRP286 pi–pi interaction, HBond at ALA343
TRP286, TYR72 and PHE295
Tyr341, Tyr337 and Trp86
TRP286, TRP86, TYR337, PHE338, PHE295 has HBond

RSC Adv., 2026, 16, 18061–18072 | 18063
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Fig. 3 Binding pattern of synthesized compounds.
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and p-cation), hydrogen bonding, and hydrophobic contacts.
The designed compounds exhibited interactions with critical
residues such as Trp86, Trp286, His447, Phe338, Tyr337, and
Tyr341. Among the tested molecules, compounds 6g, 6i, 6j, and
6k demonstrated the highest binding affinity toward AChE
(Fig. 3).
AChE inhibition screening and IC50 determination

The synthesized novel tacrine derivatives were evaluated for
acetylcholinesterase (AChE) inhibitory activity using Ellman's
method. For initial screening, compounds were tested at
a concentration of 200 nM (based on an optimized ligand
concentration of 208 nM from a prior study) and incubated with
the enzyme for 45 minutes before measuring residual activity
using the substrate. Percent enzyme activity in the presence of
each derivative was calculated relative to the native (no-ligand)
control. Inhibition was quantied by plotting absorbance versus
18064 | RSC Adv., 2026, 16, 18061–18072
time, and percent inhibition was determined from the resulting
curves. Subsequently, concentration response experiments were
conducted to determine IC50 values.40,41

All tested compounds exhibited potent AChE inhibition,
with IC50 values in the nanomolar range (Table 2). These
biochemical results corroborate the in silico binding affinities
and support further investigation of the most active derivatives.
All synthesized sulphonamide derivatives demonstrated
enhanced inhibitory proles compared to tacrine. The IC50

value presented is the mean ± standard deviation of at least
three separate experiments. Compound 6a (p-methylphenyl
sulphonamide, IC50 = 31.39 nM), the strong potency highlights
the benecial role of an electron-donating methyl group. This
likely enhances hydrophobic interactions within the active site
gorge of AChE, stabilizing binding. Compounds 6b and 6c (p-/
m-nitrophenyl sulphonamides, IC50 = 412.84 nM and 211.68
nM), the nitro group, being strongly electron-withdrawing,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 In vitro AChE profile of Tacrine derivatives

S. No. Compound name AChE IC50 (nM) Modication Interpretation

1 6a 31.39 � 4.12 Electron-donating methyl Enhances hydrophobic t
2 6b 412.84 � 4.46 Electron-withdrawing nitro Reduces p–p interactions
3 6c 211.68 � 3.64
4 6d 436.07 � 5.82 Methoxy group Steric/polar disruption
5 6e 356.95 � 3.12 Unsubstituted phenyl

substitution
Baseline activity

6 6f 53.01 � 2.90 Extended aromaticity Strong p–p stacking
7 6g 188.02 � 1.76 Polar heterocycle Hydrogen bonding but

weaker hydrophobic t
8 6h 53.38 � 2.62 Methylated piperidine

derivatives
The methyl groups on the
piperidine ring likely
enhance lipophilicity +
conformational
optimization

9 6i 50.76 � 2.46
10 6j 7.40 � 1.46
11 6k 11.33 � 2.26

12 Tacrine 94.69 � 3.74 NA NA
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reduces electron density on the aromatic ring. This may weaken
p–p stacking or hydrophobic interactions with aromatic resi-
dues in the enzyme, explaining the reduced potency.
Compound 6d (p-methoxyphenyl sulphonamide, IC50 = 436.07
nM), despite being electron-donating, the –OCH3 group intro-
duces steric hindrance and polarity that may disrupt optimal
binding orientation, leading to weaker inhibition compared to
the –CH3 group. The compound 6e (unsubstituted phenyl sul-
phonamide, IC50 = 356.95 nM), the lack of substituents results
in moderate activity, suggesting that substituent-driven elec-
tronic and steric effects are key to optimizing potency. The
compounds 6f and 6g (naphthyl and morpholine sulphona-
mides, IC50 = 53.01 nM and 188.02 nM), the naphthyl group
provides extended aromatic surface area, enhancing p–p

stacking with aromatic residues in AChE. The morpholine
moiety introduces polarity and hydrogen-bonding potential, but
at the cost of reduced hydrophobic t, explaining its weaker
activity. The compounds 6h–6k (methyl-substituted piperi-
dines, IC50 = 53.38 nM, 50.76 nM, 7.40 nM, and 11.32 nM
respectively), these derivatives show dramatic improvements in
potency, especially 6j (7.40 nM) and 6k (11.32 nM) is due to the
methyl groups on the piperidine ring likely enhance lip-
ophilicity, improving penetration into the hydrophobic active
site. They may also enforce conformational rigidity, orienting
the sulphonamide moiety for optimal binding. The sharp
increase in potency suggests that ne-tuning steric bulk and
hydrophobicity on the piperidine scaffold is a highly effective
strategy. In summary, the SAR analysis reveals that hydrophobic
and steric optimization on the piperidine ring is the most
effective strategy for enhancing AChE inhibition, while electron-
withdrawing substituents on the sulphonamide moiety reduce
potency. This provides a clear roadmap for rational design of
next-generation inhibitors.
Fig. 4 Docking score vs. IC50.
Correlation between docking scores and IC50 values

The docking and biological evaluation of the designed
compounds revealed a generally consistent relationship
between computational predictions and experimental potency,
© 2026 The Author(s). Published by the Royal Society of Chemistry
with notable exceptions. Compound 6j (Glide score −9.18,
binding energy −97.92) exhibited the lowest IC50 value of
7.40 nM, demonstrating excellent agreement between strong
docking affinity and inhibitory activity. Similarly, compound 6k
(Glide score −6.97, binding energy −90.65) showed robust
binding interactions and a low IC50 of 11.33 nM, reinforcing the
predictive value of docking scores. In contrast, compound 6d
(Glide score −5.29, binding energy −43.25) displayed a mark-
edly higher IC50 (436.07 nM), consistent with its weaker docking
prole. Compound 6e (Glide score −1.33, binding energy
−64.98) presented a high IC50 value of 356.95 nM despite
favourable binding energy, suggesting that docking predictions
may not fully capture conformational exibility or solubility
effects inuencing enzyme inhibition. Compound 6a (Glide
score −5.84, binding energy −47.68) demonstrated a moderate
IC50 (31.39 nM), aligning reasonably with its computational
prole, while compound 6i (Glide score −3.55, binding energy
−81.28) exhibited a comparatively low IC50 (50.76 nM), implying
that hydrogen bond interactions may compensate for weaker
docking scores. Overall, these ndings highlight that while
docking simulations provide valuable preliminary insights into
binding affinity, experimental IC50 validation remains essential
to account for structural and physicochemical factors not fully
captured in silico (Fig. 4).
RSC Adv., 2026, 16, 18061–18072 | 18065
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Table 3 ADME properties of synthesized compounds

CNS Mol wt SASA HBD HBA QPPCaco QP log BB QPPMDCK % Of HOA PSA QP log HERG Criteria passed

6a −2 464.58 770.94 1.5 9.5 243.878 −1.271 178.131 85.996 102.35 −5.111 4
6b −2 495.55 779.74 1.5 10.5 28.58 −2.41 17.519 63.44 146.9 −5.121 2
6c −2 495.55 750.1 1.5 10.5 69.66 −1.86 45.435 71.24 338.87 −4.969 1
6d −2 480.58 777.06 1.5 10.25 242.503 −1.334 177.278 84.70 110.64 −5.134 3
6e −2 526.65 828.13 1.5 9.5 262.18 −1.28 182.268 82.38 120.68 −5.142 3
6f −2 500.61 812.49 1.5 9.5 224.03 −1.365 162.55 75.96 101.95 −5.81 2
6g −2 459.56 728.2 1.5 9.7 183.21 −1.17 183.21 82.92 114.42 −3.848 3
6h −2 494.61 789.92 1.5 10.25 319.09 −1.22 225.89 88.64 106.06 −4.972 4
6i −2 540.68 869 1.5 9.5 322.38 −1.31 226.84 84.34 97.21 −6.226 5
6j −2 514.64 805.56 1.5 9.5 352.64 −1.13 236.91 81.14 95.32 −5.721 5
6k −2 473.59 728.37 1.5 9.7 291.6 −1.09 204.55 85.09 110.22 −3.899 5

Table 4 In silico toxic profiles of the synthesised compounds

Abbreviations: Hep: hepatotoxicity, Neu: neurotoxicity, Nep: nephrotoxicity, Res: respiratory toxicity, Car: cardiotoxicity, Can: carcinogenicity, Imm:
immunotoxicity, Mut: mutagenicity, Cyt: cytotoxicity, BBB: BBB-barrier, Eco: ecotoxicity, Cli: clinical toxicity, Nut: nutritional toxicity, Cho:
choleostasis, Cir: cirrhosis, Hpt: hepatitis, Sta: steatosis; note: indicates predicted toxicity (T); indicates predicted non-toxicity (NT) based
on ProTox 3.0 and ToxSTAR platforms.
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In silico predictions of physico–chemical properties of the
synthesised compounds

The ADME properties of the conformers were predicted using
the QikProp module. Accurate prediction of ADME proles at
the early stages of drug development can signicantly reduce
both the time and cost associated with preclinical and clinical
studies. Prior to molecular docking, the ligands were ltered
based on their structural and pharmacokinetic characteristics.
The drug-like behaviour of the tacrine derivatives was evaluated
through in silico analysis. Key parameters, including molecular
weight (MW), partition coefficient (log P), number of hydrogen
18066 | RSC Adv., 2026, 16, 18061–18072
bond donors (HBD) and acceptors (HBA), polar surface area
(PSA), and solvent-accessible surface area (SASA), were assessed
and compared with reference values, as summarized in Table 3.
All derivatives satised the criteria for drug-likeness, conform-
ing to Lipinski's Rule of Five and Jorgensen's Rule of Three.
Notably, compounds targeting the central nervous system (CNS)
typically exhibit lower values for these parameters compared to
drugs acting on peripheral systems.42–44

In silico toxic proles of the synthesised compounds

The in silico toxicity proles of compounds 6a–6k and the
standard were evaluated using ProTox-3.0 and ToxSTAR. Most
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The RMSD and RMSF graph of Ca (blue in colour), ligand displacement (pink and in colour).

Table 5 Binding free energy of the AChE-derivative

Derivatives Binding energy Coulomb Covalent Bond Lipo Solv_GB

6a −100.68 � 5.05 23.68 � 14.17 4.37 � 1.78 −1.96 � 0.48 −28.18 � 1.51 27.02 � 15.62
6d −95.70 � 5.38 29.07 � 9.29 3.59 � 0.79 −1.14 � 0.60 −28.65 � 1.00 −21.75 � 9.95
6e −52.65 � 5.11 34.67 � 17.74 4.18 � 1.62 −1.54 � 0.24 −11.15 � 2.05 −35.28 � 15.37
6f −80.86 � 5.65 18.20 � 14.21 3.60 � 2.71 −1.64 � 0.58 −25.83 � 2.07 −12.97 � 14.03
6h −106.53 � 9.47 24.49 � 18.45 6.01 � 3.07 −1.63 � 0.34 −31.36 � 2.38 −21.48 � 15.83
6i −51.023 � 7.49 17.51 � 22.39 4.55 � 3.01 −0.864 � 0.53 −16.09 � 3.55 −12.37 � 18.85
6j −70.17 � 11.09 19.91 � 18.67 2.87 � 1.65 −1.61 � 0.32 −23.38 � 3.95 −13.68 � 18.97
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compounds showed similar patterns, with consistent predic-
tions of respiratory toxicity, BBB permeability, and liver-
associated toxicities. Compound 6a was largely inactive except
for respiratory toxicity, BBB permeability, and clinical toxicity
(Table 4). Compounds 6b and 6d raised greater concern due to
predicted carcinogenicity and mutagenicity. Compounds 6e
and 6i, along with the standard, showed additional neurotox-
icity or immunotoxicity. Several compounds (6h, 6i, 6k, and
standard) also indicated liver toxicity for cholestasis, cirrhosis,
or steatosis, though hepatitis was absent. Overall, risks for
hepatotoxicity, nephrotoxicity, cardiotoxicity, cytotoxicity, and
mutagenicity were low, but the recurring predictions of respi-
ratory toxicity, BBB permeability, and liver-related effects
highlight the need for further experimental validation before
therapeutic consideration.
RMSD and RMSF

The binding stability of tacrine derivatives with acetylcholin-
esterase (AChE) was investigated through molecular dynamics
(MD) simulations conducted over 200 ns. Conformational
changes in the AChE-ligand complexes during the simulation
were analysed using root mean square deviation (RMSD). Larger
RMSD deviations indicate signicant structural shis within
the AChE, suggesting potential instability of the complex. The
average RMSD for the protein in complex with the top-scoring
derivatives was found to be 1.87 ± 0.20 Å, indicating overall
structural stability. MD results revealed no signicant changes
in the global structure or binding orientation of the derivatives
throughout the simulation.45,46 The average root mean square
uctuation (RMSF) value for the AChE derivative complex was
0.84 ± 0.56 Å, reecting stable residue-level exibility during
© 2026 The Author(s). Published by the Royal Society of Chemistry
ligand interaction. RMSF proles for all complexes are illus-
trated in Fig. 5. Throughout the MD simulation, the derivatives
maintained ionic interactions, hydrogen bonds, and water
bridges with key active site residues (Fig. 5). Binding energies
were calculated using the MM-GBSA method from selected
frames of the MD trajectory. Ten representative frames from the
200 ns simulation were used to estimate the binding free energy
of the AChE-derivative complexes. The results are summarized
in Table 5.

The seven derivatives are analysed for their conformational
changes and binding energy by MD simulation. All showed
good binding energy >50 kcal mol−1. Derivatives 6a and 6i have
binding energy >100 kcal mol−1. Thus, all 7 derivatives were
selected for the AChE assay. The binding stability of tacrine
derivatives with AChE was studied through molecular dynamics
simulation for 200 ns. AChE and corresponding derivatives
conformation changes from their initial structures throughout
the simulation can be analysed using RMSD. Greater deviations
in RMSD suggest a signicant conformational shi occurring
within the AChE during the simulation, indicating an unstable
AChE derivative complex. Average protein RMSD for the AChE
and top-scoring derivatives is found to be 1.87 ± 0.20 A°. MD
studies indicate that there are no signicant changes observed
in terms of the overall structure and orientation of derivatives
binding during the simulation.

Compound 6h exhibited the strongest binding energy
(−106.53 kcal mol−1), primarily driven by signicant lipophilic
stabilization (−31.36) and moderate coulombic contributions,
suggesting that hydrophobic interactions play a central role in
its affinity. Compound 6a also demonstrated high binding
energy (−100.68 kcal mol−1), with balanced coulombic and
solvation effects, indicative of stable electrostatic and solvation–
RSC Adv., 2026, 16, 18061–18072 | 18067
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driven interactions. Compound 6d showed slightly weaker
binding (−95.70 kcal mol−1) but with enhanced Coulombic
stabilization compared to 6a, reecting stronger charge–charge
interactions. Compounds 6f and 6j displayed moderate binding
energies (−80.86 and −70.17 kcal mol−1, respectively), domi-
nated by lipophilic contributions, implying a greater reliance on
hydrophobic contacts than electrostatics. In contrast,
compounds 6e and 6i exhibited the weakest binding energies
(−52.65 and −51.02 kcal mol−1), characterized by poor lipo-
philic stabilization and unfavorable solvation terms, suggesting
that these derivatives are likely less potent binders (Table 5).
Conclusions

In this study, we report the synthesis of tacrine–sulphonamide
hybrids and their evaluation as acetylcholinesterase (AChE)
inhibitors. Methyl-substituted piperidine derivatives exhibited
signicantly enhanced inhibitory potency, with compounds 6j
(IC50 = 7.40 nM) and 6k (IC50 = 11.33 nM) emerging as the most
promising candidates. Computational studies revealed strong
binding interactions with key active-site residues, including
Trp86, Trp286, Tyr337, and Phe338, mediated by p–p stacking,
p-cation interactions, hydrogen bonding, and hydrophobic
forces. The sulphonamide derivatives showed stronger inhibi-
tion compared to the amide derivatives reported in our previous
studies. This enhanced activity may be attributed to the elec-
tronic effects of the sulphonyl group, which is more electron-
withdrawing than the carbonyl group, thereby increasing
hydrogen-bonding potential and modulating polarity. More-
over, sulphonamides oen act as stronger hydrogen-bond
donors and acceptors than amides, which can improve inter-
actions with both catalytic and peripheral residues in AChE.
Overall, these ndings demonstrate that tacrine-based sulpho-
namide derivatives, particularly compounds 6j and 6k, are
highly potent AChE inhibitors with considerable potential for
further therapeutic development.
Experimental section
ADME prediction

The Qikprop module of the Schrodinger program is used to
predict the ADME properties of the derivatives. The derivatives
are ltered out before docking based on their structural and
pharmacokinetic proles. Features used to lter the derivatives
based upon Lipinski rules and other pharmacokinetic param-
eters, such as percentage of HOA > 80, HBA <10, top 70% of
QPPCaco, top 70% of QPPMDCK, molecular weight < 500
dalton, QPlogHERG < −5. The derivatives that pass at least 3 of
the features are considered for docking and molecular
dynamics simulation.
MD simulations

To investigate the stability and affinity of the derivatives and
standard bound AChE complexes, the protein complex with the
ligand was subjected to 200 ns MDS using the Desmond
module. The built structures were positioned within an
18068 | RSC Adv., 2026, 16, 18061–18072
orthorhombic box, and TIP3P water molecules were used as
solvent in a system with the OPLS 2005 force eld. Adequate
quantities of Na+/Cl− ions were included to neutralize the
system. The temperature and pressure were optimized to 300 K
and 1 atmosphere, respectively, via isotropic scaling (Martyna–
Tobias–Klein) and Nose–Hoover temperature coupling. Inter-
mediate structures were preserved every 100 ps for the compu-
tation of the subsequent parameters: (i) root mean square
deviations (RMSD) of the protein and ligands, (ii) RMSF of
proteins and derivatives, (ii) ligand interactions, and (iii) post-
MDS MM-GBSA utilizing the thermal.py script.47

Acetyl cholinesterase assay

The AMPLITE™ AChE assay kit (AAT Bioquest, Inc., Sunnyvale,
CA) was used to identify the in vitro inhibitory effects of the
newly synthesized tacrine-sulfonyl piperazine derivatives. The
assay system is based on Ellman's method.48 The assay kit
contained acetylcholinesterase (AChE) from electric eel (EC
3.1.1.7), assay buffer (pH 7.4), 5,5-dithiobis-2-nitrobenzoic acid
(DTNB, known as Ellman's reagent), and the substrate acetyl-
thiocholine (AChT). A 100 mL reaction mixture was prepared by
mixing the enzyme (0.3 U), 500 mM AChT solution in ddH2O,
and 500 mM DTNB in the assay buffer. Enzyme activity was
determined by measuring the increase in absorbance at 405 nm
at 2 minutes intervals at 37 °C for 20 minutes. Tacrine deriva-
tives were dissolved in DMSO and preincubated at room
temperature with the enzyme for 20 minutes, followed by the
addition of AChT and DTNB. The IC50 value, representing the
inhibitor concentration required for 50% inhibition, was
determined for each derivative by measuring enzyme activity at
different inhibitor concentrations over 20 minutes.

Synthesis

All reactions were carried out with commercial grade-solvents.
Thin-layer chromatography (TLC) was performed on silica gel
plates (60F-254) using UV-light (254 and 365 nm). All interme-
diates were used without column chromatography purication,
whereas nal compounds were column puried. NMR (400
MHz for 1H NMR and 13C NMR) spectra were recorded in DMSO
with TMS as the internal standard. Chemical shis are reported
in ppm, and coupling constants are given in Hz. Data for 1H
NMR are recorded as follows: chemical shi (ppm), multiplicity
(s, singlet; d, doublet; dd, doublet of doublet; t, triplet; q,
quartet; m, multiplet, coupling constant (Hz), and integration.
Data for 13C NMR are reported in terms of chemical shi (d,
ppm). High-resolution mass spectra (HRMS) were recorded on
Micro Mass ESI-TOF MS.

General procedure for the synthesis

Step-1. To a stirred solution of 1-Boc-piperazine 2 (1.0 eq.) in
N-methyl-2-pyrrolidone (8.0 vol) was added N,N-di-
isopropylethylamine (3.0 eq.) at 0 °C followed by the addition of
corresponding sulfonyl chloride 1a–1g (1.1 eq.) at 0 °C, and then
the reactionmass was stirred at room temperature(30–35 °C) for
3 h. The Progress of the reaction was monitored by TLC (mobile
phase is pure ethyl acetate, product Rf range is 0.1–0.2). Aer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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completion of the reaction, the reaction mass was diluted with
water (40 mL), extracted with ethyl acetate three times. The
combined organic layers were dried over sodium sulphate,
concentrated at 40 °C and crystallized in hexane to obtain 2a to
2k in 70–85% yield.

Step-2. To a stirred solution of compound 3 (1.0 eq.) in di-
chloromethane (10 vol) at 5–10 °C was added 4 M hydrogen
chloride in dioxane (2 vol) and stirred for 3 h at room temper-
ature (30–35 °C). Aer completion of the reaction, the reaction
mixture was concentrated under reduced pressure at 35–38 °C,
co-distilled at 40 °C with hexane and ltered to obtain 3a to 3k.

Step-3: general procedure for the synthesis of nal
compounds 6a–6k. To a stirred solution, compound 5 (200 mg,
0.825 mmol, 1.0 eq.) in N-methyl-2-pyrrolidone was cooled to 0 °
C and N,N-diisopropylethylamine (213.4 mg, 1.65 mmol, 2.0
eq.), O-(benzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium tetra-
uoroborate (TBTU, 291.6 mg, 0.908 mmol, 1.1 eq.) and the
reaction mixture was stirred for 15 min at same temperature. To
this reaction mass was added compound 3 (1.1. eq.) and stirred
at room temperature (30–35 °C) for 6 h. The reaction mixture
was diluted with water and extracted with ethyl acetate twice.
The combined organic layers were dried over sodium sulphate,
concentrated under reduced pressure at 40 °C and puried by
column chromatography (100–200 mesh silica from Avra
Laboratories) using 10% methanol in dichloromethane, the
TLC mobile phase was 15% methanol in MDC with Rf is 0.3–0.4
range to obtain nal compounds 6a–6k.

Compound 6a: (9-amino-1,2,3,4-tetrahydroacridin-2-yl)[4-(p-
toluenesulfonyl)piperazin-1-yl]methanone. Compound 6a was
synthesized in accordance with the typical process by taking
a solution of compound 5 (200 mg, 0.825 mmol, 1.0 eq.) was 3
(251.33 mg, 0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg,
1.65 mmol, 2.0 eq.), TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in
NMP (4 mL). offwhite colour solid: 72% yield (276 mg); 1H-NMR
(400 MHz, DMSO-d6): d 8.24 (d, J = 8.4 Hz, 1H, Ar–H), 7.73–7.59
(m, 4H, Ar–H), 7.50 (d, J = 8.0 Hz, 1H, Ar–H), 7.39 (t, J = 7.6 Hz,
1H, Ar–H), 7.22–7.15 (m, 2H, Ar–H), 6.75 (broad Hump s, 2H,
NH2), 3.64 (d, J= 6.0 Hz, 4H, piperazine-CH2), 3.12–2.85 (m, 8H,
piperazine-CH2 + benzylic-CH2 + CH), 2.62 (m, 2H, CH2), 2.42 (s,
3H, Ar–CH3), 1.90–1.65 (m, 2H, aliphatic CH2),

13C-NMR (400
MHz, DMSO-d6): d 172.8, 154.1, 143.8, 132.0, 129.9, 129.7, 127.6,
123.8, 122.3, 118.2, 116.0, 110.9, 107.8, 46.2, 45.9, 45.8, 45.5,
44.3, 40.4, 35.0, 30.2, 26.3, 24.9, 21.0. HRMS (ESI): calculated for
C25H28N4O3S [M + H]+: 465.19549; found: 465.19617.

Compound 6b: (9-amino-1,2,3,4-tetrahydroacridin-2-yl)(4((4-
nitrophenyl)sulfonyl)piperazin-1-yl)methanone. Compound 6b
was synthesized in accordance with the typical process by taking
a solution of 5 (200 mg, 0.825 mmol, 1.0 eq.) was 3 (279.46 mg,
0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg, 1.65 mmol, 2.0
eq.), TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in NMP (4 mL).
Yellow color solid: 90% yield (368 mg); 1H-NMR (400 MHz,
DMSO-d6): d 8.48 (d, J= 8.4 Hz, 2H, Ar–H), 8.05–8.01 (m, 2H, Ar–
H), 7.61 (d, J = 7.6 Hz, 1H, Ar–H), 7.50 (d, J = 8.0 Hz, 1H, Ar–H),
7.49 (t, J = 7.2 Hz, 2H, Ar–H), 7.29–7.25 (m, 1H, Ar–H), 6.44 (s,
2H, NH2), 3.69–3.57 (m, 4H, piperazine-CH2), 3.17–2.80 (m, 6H,
piperazine-CH2 + benzylic-CH2), 2.79–2.53 (m, 2H, CH +
aliphatic CH2), 1.88 (d, J = 12.0 Hz, 1H, CH2), 1.74–1.63 (m, 1H,
© 2026 The Author(s). Published by the Royal Society of Chemistry
CH2).
13C-NMR (400 MHz, DMSO-d6): d 173.1, 156.2, 150.1,

148.4, 145.9, 140.8, 129.1, 128.1, 127.4, 124.8, 122.7, 121.8,
116.8, 107.5, 46.1, 45.7, 44.3, 40.4, 35.5, 32.2, 26.7, 25.6. HRMS
(ESI): calculated for C24H25N5O5S [M + H]+: 496.16492; found:
496.16573.

Compound 6c: (9-amino-1,2,3,4-tetrahydroacridin-2-yl)(4((2-
nitrophenyl)sulfonyl)piperazin-1-yl)methanone. Compound 6c
was synthesized in accordance with the typical process by taking
a solution of 5 (200 mg, 0.825 mmol, 1.0 eq.) was 3 (279.46 mg,
0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg, 1.65 mmol, 2.0
eq.), TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in NMP (4 mL).
Light yellow color solid 78% yield (319.08 mg. 1H-NMR (400
MHz, DMSO-d6) d 8.21–8.19 (d, J = 8.4 Hz, 1H, Ar–H), 8.05–034
(d, J = 7.2 Hz, 2H, Ar–H), 7.96–7.94 (d, J = 9.2 Hz, 2H, Ar–H),
7.88 (t, J = 7.6 Hz, 1H, Ar–H), 7.66 (t, J = 7.6 Hz, 1H, Ar–H), 7.58
(t, J = 7.4 Hz, 1H, Ar–H), 6.75 (br s, 2H, NH2), 3.71–3.61 (m, 4H,
piperazine-CH2), 3.22–3.12 (m, 4H, piperazine CH2), 2.96–2.88
(m, 1H, aliphatic CH), 2.68–2.54 (m, 4H, aliphatic 2 × CH2),
1.98–1.75 (m, 2H, aliphatic CH2).

13C-NMR (400MHz,DMSO-d6):
d 173.1, 147.9, 135.0, 132.5, 130.5, 129.3, 129.0, 125.6, 124.3,
123.4, 122.2, 116.4, 107.8, 46.0, 45.7, 44.7, 40.9, 35.3, 31.0, 26.6,
25.2. HRMS (ESI): calculated for C24H25NO5S [M + H]+:
496.16492; found: 496.16561.

Compound 6d: (9amino1,2,3,4tetrahydroacridin2-yl)(4((4-
methoxyphenyl)sulfonyl)piperazin-1-yl)methanone. Compound 6d
was synthesized in accordance with the typical process by taking
a solution of 5 (200 mg, 0.825 mmol, 1.0 eq.) was 3 (265.86 mg,
0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg, 1.65 mmol, 2.0
eq.), TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in NMP (4 mL).Off
white colour solid 90% yield (357.0 mg); 1H-NMR (400 MHz,
DMSO-d6): d 8.15 (d, J= 8.0 Hz, 1H, Ar–H), 7.72–7.68 (m, 2H, Ar–
H), 7.62 (d, J = 8.0 Hz, 1H, Ar–H), 7.50 (t, J = 8.0 Hz, 1H, Ar–H),
7.29 (t, J = 8.0 Hz, 1H, Ar–H), 7.20–7.16 (m, 2H, Ar–H), 6.51 (s,
2H, NH2), 3.87 (s, 3H, OCH3), 3.65 (m, 4H, piperazine-CH2),
2.99–2.80 (m, 8H, piperazine-CH2 + benzylic-CH2 + CH), 1.95–
1.64 (m, 4H, aliphatic CH2),

13C-NMR (400 MHz, DMSO-d6):
d 173.1, 162.9, 155.9, 148.7, 129.8, 128. 4,
126.3122.9121.9116.7114.6107.6, 55.7, 46.3, 45.8, 44.3, 40.4,
35.5, 31.9, 26.7, 25.6. HRMS (ESI): calculated for C25H28N4O4S
[M + H]+: 481.19040; found: 481.19152.

Compound 6e: (4-([1,10-biphenyl]-4-ylsulfonyl)piperazin-1-yl)(9-
amino-1,2,3,4-tetrahydroacridin-2-yl)methanone. Synthesized
from 5 (200 mg, 0.825 mmol, 1.0 eq.), was 3 (306.78 mg,
0.908 mmol, 1.1 equiv.), DIPEA (213.4 mg, 1.65 mmol, 2.0 eq.),
and TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in NMP (4 mL). Off-
white solid: 75% yield (326 mg). 1H-NMR (400 MHz, DMSO-d6):
d 8.42–8.40 (d, J = 8.4 Hz, 1H, Ar–H), 7.98–7.96 (d, J = 8.0 Hz,
2H, Ar–H), 7.89–7.87 (d, J= 8.4 Hz, 2H, Ar–H), 7.84–7.76 (m, 2H,
Ar–H), 7.63–7.52 (m, 4H, Ar–H), 7.49–7.39 (m, 2H, Ar–H), 7.35
(br s, 2H, NH2), 3.71–3.61 (m, 4H, piperazine-CH2), 3.15–2.92
(m, 5H, piperazine-CH2 and aliphatic-CH), 2.67–2.55 (m, 4H,
aliphatic 2 × CH2), 1.99–1.72 (m, 2H, aliphatic CH2).

13C-NMR
(400 MHz, DMSO-d6): d 172.2, 155.0, 150.8, 142.8, 138.2,
132.9, 129.2, 128.7, 128.4, 128.2, 127.6, 127.1, 125.6, 125.5,
123.6, 114.7, 46.2, 45.8, 44.3, 44.1, 43.0, 34.3, 27.1, 25.6. HRMS
(ESI): calcd for C30H31N4O3S [M + H]+: 527.21114; found:
527.21217.
RSC Adv., 2026, 16, 18061–18072 | 18069
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Compound 6f: (9-amino-1,2,3,4-tetrahydroacridin-2-yl)(4-
(naphthalen-2-ylsulfonyl)piperazin-1-yl)methanone. Synthesized
from 5 (200mg, 0.825 mmol, 1.0 eq.), 3 (283.14 mg, 0.908 mmol,
1.1 equiv.), DIPEA (213.4 mg, 1.65 mmol, 2.0 eq.), and TBTU
(291.6 mg, 0.908 mmol, 1.10 eq.) in NMP (4 mL). Off-white solid:
80% yield (331 mg). 1H-NMR (400 MHz, DMSO-d6): d 8.48–8.39
(d, J = 7.6 Hz, 1H, Ar–H), 8.39 (s, 1H, Ar–H), 8.22–8.21 (d, J =
4.4 Hz, 1H, Ar–H), 8.11–8.09 (d, J = 8.0 Hz, 2H, Ar–H), 7.91–7.73
(m, 4H, Ar–H), 7.64–7.54 (m, 2H, Ar–H), 7.33 (br s, 2H, NH2),
3.69–3.61 (m, 4H, piperazine CH2), 3.10–2.90 (m, 5H, pipera-
zine-CH2 and aliphatic CH), 2.62–2.54 (m, 4H, aliphatic 2 ×

CH2), 1.92–1.69 (m, 2H, aliphatic CH2).
13C-NMR (400 MHz,

DMSO-d6): d 172.2, 154.8, 150.9, 142.8, 137.4, 134.5, 132.8,
132.2, 129.5, 129.4, 129.1, 128.8, 127.9, 127.7, 125.8, 125.4,
123.7, 123.0, 122.8, 114.7, 108.2, 48.4, 46.2, 45.9, 45.5, 34.3, 27.2,
25.7. HRMS (ESI): calcd for C28H28N4O3S [M + H]+: 501.19549;
found: 501.19666.

Compound 6g: (9-amino-1, 2, 3, 4-tetrahydroacridin-2-yl)(4-
(morpholinosulfonyl)piperazin-1-yl)methanone. Compound 6g
was synthesized in accordance with the typical process by taking
a solution of 5 (200 mg, 0.825 mmol, 1.0 eq.) was 3 (245.87 mg,
0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg, 1.65 mmol, 2.0
eq.), TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in NMP (4 mL).
Light brown color liquid 80% yield (303.50 mg). 1H-NMR (400
MHz, DMSO-d6): d 8.42 (d, J= 8.4 Hz, 1H, Ar–H), 8.14 (s, 1H, Ar–
H), 7.84 (t, J = 8.0 Hz, 1H, Ar–H), 7.77 (d, J = 8.0 Hz, 1H, Ar–H),
7.58 (t, J = 7.6 Hz, 1H, Ar–H), 3.67–3.60 (m, 8H, morpholine-
OCH2 + piperazine-CH2), 3.28–2.96 (m, 11H, morpholine-N-CH2

+ piperazine-CH2 + benzylic-CH2 + CH), 2.74–2.60 (m, 2H, CH2),
2.04–1.77 (m, 2H, CH2).

13C-NMR (400 MHz, DMSO-d6): d 172.3,
154.6, 151.3, 137.9, 132.7, 125.3, 123.0, 119.9, 114.9, 108.3, 65.7,
46.5, 46.2, 46.0, 44.8, 41.0, 34.5, 27.6, 25.8, 23.9. HRMS (ESI):
calculated for C22H29N5O4S [M + H]+: 460.20130; found:
460.20227.

Compound 6h: (9-amino-1, 2, 3, 4-tetrahydroacridin-2-yl)(4-((4-
methoxyphenyl)sulfonyl)-3-methylpiperazin-1-yl)methanone.
Compound 6h was synthesized in accordance with the typical
process by taking a solution of 5 (200 mg, 0.825 mmol, 1.0 eq.)
was 3 (277.69 mg, 0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg,
1.65 mmol, 2.0 eq.), TBTU (291.6 mg in NMP(4 mL).
0.908 mmol, 1.10 eq.) in NMP (4 mL). Off white color solid 80%
yield (326.65 mg). 1H-NMR (400 MHz, DMSO-d6): d 8.37 (1H, d, J
= 7.6, Ar–H), 7.99 (2H, s, NH2), 7.53 (1H, d, J = 8.4, Ar–H), 7.15–
7.09 (2H, m, Ar–H), 4.24–3.98 (2H, m, piperazine protons-CH2),
3.84 (3H, s, OCH3), 3.58 (6H, t, J = 11.6, piperazine methylene
protons CH2), 3.05–2.96 (1H, m, CH), 2.75–2.60 (2H, m, CH2),
2.10 (3H, s, piperazine methyl protons-CH3), 1.19–1.15 (4H, m,
CH2); HRMS (ESI): calculated for C26H30N4O4S [M + H]+:
495.20605; found: 495.20732.

Compound 6i: (4-([1,1-biphenyl]-4-ylsulfonyl)-3-methyl-
piperazin-1-yl)(9-amino-1,2,3,4-tetrahydroacridin-2-yl)methanone.
Compound 6i was synthesized in accordance with the typical
process by taking a solution of 5 (200 mg, 0.825 mmol, 1.0 eq.)
was 3 (319.52 mg, 0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg,
1.65 mmol, 2.0 eq.), TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in
NMP (4 mL). Off white color solid 78% yield (225.80 mg); 1H-
18070 | RSC Adv., 2026, 16, 18061–18072
NMR (400 MHz, DMSO-d6): d 8.13 (1H, t, J = 6.8, Ar–H), 7.90
(2H, s, NH2), 7.76 (2H, d, J = 8.0, Ar–H), 7.61 (1H, d, J = 8.4, Ar–
H), 7.53–7.43 (6H, m, Ar–H), 7.27 (1H, d, J = 7.2, Ar–H), 6.44
(3H, s, piperazine CH and CH2), 4.34–4.17 (3H, m, CH2), 3.67
(1H, d, J = 9.6, CH), 3.22–3.04 (3H, m, CH2), 2.93–2.83 (2H, m,
CH2), 2.76–2.56 (3H, m, CH), 1.98 (3H, s, piperazine-CH3), 1.06–
0.91 (4H, m, CH2).

13C-NMR (400 MHz, DMSO-d6): d 174.0, 173.9,
173.7, 156.4, 148.3, 146.1, 144.3, 138.9, 138.2, 129.2, 128.6,
127.7, 127.5, 127.1, 121.9, 107.6, 107.5, 49.2, 49.1, 45.6, 45.5,
44.6, 35.6, 32.3, 27.0, 26.6, 26.2,14.6,14.2,14.0. HRMS (ESI):
calculated for C31H32N4O3S [M + H]+: 541.22679; found:
541.22806.

Compound 6j: (9-amino-1,2,3,4-tetrahydroacridin-2-yl)(3-
methyl-4-(naphthalen-2-yl)sulfonyl)piperazin-1-yl)methanone.
Compound 6j synthesized from 5 (200 mg, 0.825 mmol, 1.0 eq.),
3 (295.87 mg, 0.908 mmol, 1.1 equiv.), DIPEA (213.4 mg,
1.65 mmol, 2.0 eq.), and TBTU (291.6 mg, 0.908 mmol, 1.10 eq.)
in NMP (4 mL). Light brown solid: 82% yield (348 mg). 1H-NMR
(400 MHz, DMSO-d6): d 8.54 (s, 1H, Ar–H), 8.22–8.20 (d, J =

8.0 Hz, 1H, Ar–H), 8.16–8.13 (d, J = 7.6 Hz, 2H, Ar–H), 7.88–7.85
(m, 1H, Ar–H), 7.76–7.67 (m, 4H, Ar–H), 7.50–7.46 (m, 2H, Ar–
H), 6.40 (br s, 2H, NH2), 4.24–4.21 (m, 1H, piperazine CH), 3.73–
3.62 (m, 3H, piperazine CH2), 3.10–2.66 (m, 8H, piperazine CH2,
aliphatic CH and aliphatic 2 × CH2), 2.04–1.85 (m, 2H,
aliphatic-CH2), 1.04 (s, 3H,CH3);

13C NMR (400 MHz, DMSO-d6):
d 156.4, 156.3, 148.2, 146.1, 134.3, 131.8, 129.7, 129.3, 128.9,
128.0, 127.9, 127.8, 127.7, 122.6, 122.3, 121.8, 116.8, 49.2, 49.0,
48.9, 32.3, 22.8, 14.6, 14.2, 14.1, 7.9, 7.7. HRMS (ESI): calcd for
C29H30N4O3S [M + H]+: 515.21114; found: 515.21232.

Compound 6k: (9 amino 1,2,3,4 tetrahydroacridin 2-yl)(3
methyl4 (morpholinosulfonyl)piperazin1-yl)methanone.
Compound 6k was synthesized in accordance with the typical
process by taking a solution of 5 (200 mg, 0.825 mmol, 1.0 eq.)
was 3 (258.60 mg, 0.908 mmol, 1.1 equiv.) and DIPEA (213.4 mg,
1.65 mmol, 2.0 eq.), TBTU (291.6 mg, 0.908 mmol, 1.10 eq.) in
NMP (4 mL). Light brown color liquid 80% yield (312.76 mg);
1H-NMR (400 MHz, DMSO-d6): d 8.23–8.14 (m, 1H, Ar–H), 7.64
(d, J = 8.4 Hz, 1H, Ar–H), 7.52 (t, J = 7.6 Hz, 1H, Ar–H), 7.31 (t, J
= 6.8 Hz, 1H, Ar–H), 6.62 (s, 2H, NH2), 4.33 (m, 1H, CH), 3.95–
3.87 (m, 2H, CH2), 3.65–3.63 (m, 4H, morpholine-CH2), 3.44–
3.37 (m, 2H, CH2), 3.20–3.11 (m, 2H, benzylic protons-CH2),
3.00–2.94 (m, 3H, CH and CH2), 2.78–2.62 (m, 6H, methylene
protons-CH2), 1.24–1.14 (m, 3H, methyl group-CH3).

13C-NMR
(400 MHz, DMSO-d6): d 173.8, 173.6, 155.8, 149.0, 128.5,
126.9, 125.3, 123.0, 116.7, 107.5, 65.5, 49.6, 45.9, 45.6, 449, 41.0,
40.4, 35.7, 31.8, 25.7, 15.0, 14.5, 14.4. HRMS (ESI): calculated for
C23H31N5O4S [M + H]+: 474.21695; found: 474.21806.
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