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The present study focused on the synthesis and characterization
of novel pyrazole carboxamide derivatives (SA1-12). The
inhibitory effect of the compounds on cholinesterases (ChEs;
AChE and BChE) and carbonic anhydrases (hCAs; hCA I and hCA
II) isoenzymes were screened as in vitro. These series com-
pounds have been identified as potential inhibitors with a KI

values in the range of 10.69�1.27–70.87�8.11 nM for hCA I,
20.01�3.48–56.63�6.41 nM for hCA II, 6.60�0.62-14.15�
1.09 nM for acetylcholinesterase (AChE) and 54.87�7.76–137.20
�9.61 nM for butyrylcholinesterase (BChE). These compounds

have a more effective inhibition effect when compared to the
reference compounds. In addition, the potential binding
positions of the compounds with high affinity for ChE and hCAs
were demonstrated by in silico methods. The results of in silico
and in vitro studies support each other. As a result of the
present study, the compounds with high inhibitory activity for
metabolic enzymes, such as ChE and hCA were designed. The
compounds may be potential alternative agents used as
selective ChE and hCA inhibitors in the treatment of Alzheimer’s
disease and glaucoma.

1. Introduction

Carbonic anhydrase (CA, EC 4.2.1.1) is an essential enzyme
involved in cellular metabolism, and it contains zinc as a

cofactor. It exists in various organisms, with at least 16 isozymes
identified in tissues and cell fluids, particularly in mammals. CA
II and CA IX are the most active isozymes in catalyzing carbon
dioxide hydration, with CA II predominantly present in red
blood cells and organs such as the lung, kidney and eye.[1–3] The
reversible reaction between carbon dioxide and bicarbonate,
catalyzed by CA, plays a crucial role in pH regulation across
different tissues, organs, and organisms.[4–6] It has been scientifi-
cally established that CA, which is widely present in organisms,
is composed of eight genetically diverse families.[7–9] Among the
mammalian isozymes, hCA I is prominent in humans and and
holds a physiological importance in various processes including
electrolyte secretion, pH regulation, tumor formation, and
biosynthetic processes.[10–12] hCA II, commonly found in the
eyes, significantly contributes to aqueous humor secretion by
impacting carbon dioxide hydration and ion balance. Glaucoma,
characterized by increased intraocular pressure (IOP) leading to
irreversible visual impairment, is influenced by risk factors such
as race, severe myopia, ocular hypertension, age, and family
history.[13–15]

Metabolic enzymes can undergo changes in activity due to
diseases, medication use, and metabolic disorders. Pharmaco-
logically induced alterations in the catalytic activity of hCA
enzymes can occur through the administration of antiglaucoma
agents, antiepileptics, diuretics, antiobesity drugs, medications
for high altitude sickness, and anticancer/antimetastatic drugs
targeting hypoxic tumors.[16–18] The pharmacological effects of
these drugs are attributed to the involvement of different hCA
isoforms in various physiological processes. Despite their
structural and functional similarities, these isoforms play distinct
roles and are targeted by specific drugs.[19–21] Certain sulfona-
mides, both systemic and topical, have been utilized as
antiglaucoma agents in the treatment of glaucoma for a
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considerable period. These agents act as carbonic anhydrase
inhibitors, effectively regulating intraocular pressure (IOP). A
systemic compound known as acetazolamide (AAZ) has been
proposed as a means to decrease IOP by reducing the secretion
of aqueous humor. However, since oral medications may inhibit
other hCA isoenzymes in the body, they have been associated
with diverse side effects. Hence, it is crucial to design and
develop novel agents that exhibit varying levels of affinity for
each hCA isoenzyme to mitigate these adverse effects.

Acetylcholine (ACh) was discovered due to its role as a
neurotransmitter in both the central and peripheral cholinergic
synapses, where it releases a substance that inhibits the
chronotropic effect of inhibitory nerves on the heart. ACh is the
first known neurotransmitter and is involved in various
functions in the peripheral and central nervous systems,
including attention, motivation, arousal, memory, learning, and
muscle contraction. It is well known that individuals with
Alzheimer’s disease (AD) have low levels of ACh in their
brains.[22–27] The enzymes responsible for the hydrolysis of ACh
are cholinesterases (ChEs), namely acetylcholinesterase (EC
3.1.1.7; AChE), and butyrylcholinesterase (EC 3.1.1.8; BChE).
Among these enzymes, AChE is more specific for the neuro-
transmitter ACh compared to BChE.[28–30] AChE exhibits greater
specificity towards the neurotransmitter ACh compared to
BChE.[31–33] These enzymes, found in various tissues, neurons,
and across many species, including humans, swiftly hydrolyze
ACh, a quaternary amine, into choline (Ch) and acetic acid
within milliseconds.[34–36] Notably, BChE plays a significant
physiological role in hydrolyzing higher choline esters like
butyrylcholine. Cholinesterase inhibitors (ChEIs) are crucial in
maintaining adequate ACh levels by reducing the catalytic
activity of AChE and BChE, which are responsible for ACh
breakdown.[37–39] ChEIs are extensively used for treating demen-
tia, particularly in AD patients, as they decrease ACh hydrolysis.
Currently, there are several widely employed ChEIs for ther-
apeutic purposes, including donepezil, galantamine, neostig-
mine, physostigmine, rivastigmine, and tacrine.[40–42] However,
these medications carry potential serious side effects, such as
vasodilation, bradycardia, weight loss, bronchoconstriction, and
miosis.[43]

Pyrazoles as a five-membered heterocycle containing two
adjacent nitrogen atoms play a crucial role in the biological
activity of many small molecule drugs. They have the ability to
modify polarity, hydrogen bond, and modulate lipophilicity at
specific sites in the host or pathogen, leading to the inhibition
of biological processes associated with disease progression. As
a result, pyrazole heterocycles have become essential building
blocks in drug design and materials science research.[44–47] In
many studies, pyrazole derivatives have been reported as
potential treatments for neurodegenerative disorders such as
Alzheimer’s and Parkinson’s disease. Pyrazole-based hybrid
structures also have anticancer, cytotoxicity and selective
carbonic anhydrase inhibitory activities. Therefore, the design
and synthesis of compounds containing pyrazole rings have
attracted the attention of researchers.[48,49] In addition, the
presence of this fundamental construction unit in different
structures leads to diversified applications in several fields, such

as technology, agriculture, and dyes industry. Furthermore, the
pharmacological potential of the pyrazole moiety has been
demonstrated by its presence in pharmacological agents of
various therapeutic categories. The anti-inflammatory Celecoxib
and Mepirazole, the anti-obesity drug Rimonabant, the anti-
psychotic CDPPB, Lonazolac, Difenamizole, Betazole, and Fezol-
amine are some examples of drugs that contain this moiety and
exhibit diverse therapeutic activities, including anti-inflamma-
tory, analgesic, and antidepressant effects, amongst others
(Figure 1).[50–57] Of the other hand, this heterocyclic ring have
gained significant interest as antimicrobial and anticancer
agents in recent years since the discovery of natural pyrazole C-
glycosides such as Pyrazofurin (Figure 1).[58,59]

In the light of this information, it is clear that the use of
carbonic anhydrase isoenzymes and cholinesterase enzyme
inhibitors is a common approach in the treatment of glaucoma
and AD. Therefore, the design, development and synthesis of
new compounds with alternative inhibitory potential against
carbonic anhydrase isoenzymes, AChE and BChE have attracted
the attention of researchers. It is important that compounds
exhibiting high inhibitory potential have appropriate chemical
structures and bioactive properties in order to interact
effectively with the active site of these enzymes. Therefore,
designing compounds with optimal properties that facilitate
targeted enzyme inhibition has become a focus. There are
limited studies in the literature on the screening of inhibitory
potentials of pyrazole carboxamide derivatives on ChEs and
carbonic anhydrase isoenzymes. In the study, the novel pyrazole
carboxamide derivatives (SA1-12) were designed, synthesized
and were thoroughly characterized using various spectroscopic
and analytic methods, including FT-IR, 1H-NMR, 13C-NMR, and
melting point analysis. The inhibitory effect of synthesized
compounds against ChEs and hCA isoenzymes was assessed as
in vitro and in silico studies.

Figure 1. Natural and synthetic drugs and clinical candidates containing the
pyrazole moiety.
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2. Results and Discussion

2.1. Chemistry

Numerous studies have shown that pyrazole scaffolds possess
potent inhibitory activities against cholinesterase and carbonic
anhydrase hCA I, hCA II enzymes.[60,61] Moreover, İn our previous
studies ureido-substituted derivatives with sulfamethazine
backbone showed good inhibitory activity against acetylcholi-
nesterase (AChE) and butyrylcholinesterase (BChE).[62] Addition-
ally, in another study we conducted, it was found that bis-
ureido-substituted sulfaguanidines exhibited potent inhibition
on hCA I, hCA II and significant inhibitory activity on the
acetylcholinesterase (AChE) enzyme.[63] Based on this informa-
tion, in this work we synthesized novel pyrazole derivatives
linked to sulfamethazine (SM) or sulfaguanidine (SG) in order to
investigate their inhibitory activities against ChEs and hCA
isoenzymes. For this purpose, a series of novel pyrazole
carboxamide derivatives were prepared in this study by the
reaction of diazotization with appropriate sulfonamide deriva-
tives a (1–2) followed by the reaction with malononitrile in a
sodium acetate in water at 0–5 °C. Next, the obtained
intermediate c (1–2) was treated with substituted semicarba-
zides d (1–6) (that were prepared according to the procedure
described by Hron and Jursic)[64] in EtOH at 60 °C temperature
for 6 hours giving the desired pyrazole carboxamide derivatives
(SA1-12) with 62–85% yield. (Scheme 1).

The resulting sulfamethazine (SM) or sulfaguanidine (SG)
derivatives, pyrazole carboxamide derivatives (SA1-12), were
characterized using FT-IR, 1H-NMR, 13C-NMR, and melting point
analysis. Compounds SA1-12 were observed to be a single spot
in the ethyl acetate/petroleum ether (7/3) solvent system in
thin layer chromatography and to have a single melting point,

and no other impurities other than the product were found in
the spectra.

The structural evidence obtained by infrared spectroscopy
of synthesized pyrazole carboxamide derivatives is fully con-
sistent with their assignments. Notably, the significant bands
appear within the ranges of 1128–1347 (S=O), 1693–1719
(C=O), and 3232–3480 (� NH� ) cm� 1. The 1H-NMR spectrum of
compounds SA1-6 (sulfamethazine (SM) derivatives), gave
singlet proton at δ 2.23–2.24 ppm corresponding to methyl
protons of sulfamethazine. Also, compounds SA-3 and SA-4
showed a singlet peak at δ 2.26 and 2.28 ppm, respectively.
Two broad spectrums were observed with the compounds at δ
6.02-6.12 and 6.37–6.48 ppm, corresponding to the � NH2

groups on the pyrazole ring. These peaks confirm the cycliza-
tion product of our synthesized compounds. The aromatic
spectrums were observed around δ 6.72–8.03 ppm. Another
specific peak of � NH� was observed as singlet peak around δ
9.42–9.99 ppm. Also, 13C-NMR of compounds SA1-6 (sulfame-
thazine (SM) derivatives) displayed the methyl carbon at δ
22.97–23.37 ppm and carbonyl carbons at δ 167.71–
167.82 ppm, confirming the structure. On the other hand,
compounds SA7-12 (sulfaguanidine (SG) derivatives) exhibited
a broad spectrum at δ 6.20–6.25 ppm, corresponding to the
� NH2 spectrum of the pyrazole ring. Another broad spectrum
was also observed at δ 6.73–6.74 ppm, indicating the presence
of the guanidine group. Furthermore, the singlet for � NH� was
observed at δ 9.47–9.99 ppm.

2.2. Biological Evaluation

Pyrazoles play a vital role in the composition of various
heterocyclic compounds, offering a broad range of biological

Scheme 1. General synthetic route for the synthesis of pyrazole carboxamide derivatives. Reagents and conditions:(i) HNO2 / HCl, H2O, 0 to 5°C; (ii)
Malononitrile, MeOH, sodium acetate, 0 to 10°C; (iii) EtOH, reflux, 6h.
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activities and medicinal properties. The pyrazole compounds
exhibit specific properties including antiviral, antitumor, anti-
depressant, anti-inflammatory, and antioxidant activities. In the
medical sector, pyrazoles are utilized as key components in
drugs such as Celebrex, Zerbaxa and Viagra.[65–67] Therefore, it is
important to design alternative pyrazole derivatives with differ-
ent selectivity towards ChEs and hCA isoenzymes.

A series of novel pyrazole carboxamide derivatives contain-
ing sulfonamide scaffold were synthesized and their inhibition
activity against ChEs and hCA isoenzymes was evaluated. The
structure of the new pyrazole carboxamide derivatives synthe-
sized as a ChEs and hCA isoenzymes inhibitor is presented in
Figure 2.

Numerous studies in the literature focus on the synthesis of
pyrazole derivatives and their inhibitory effects on ChEs and
hCAs. In a recent study, novel pyrazole derivatives were
synthesized, and it was demonstrated that these compounds
exhibit effective inhibition against AChE enzymes as well as
cytosolic hCA I and II. The pyrazole derivatives showed an
inhibitory effect with KI values in the range of 48.94�9.63–
116.05�14.95μM for AChE, 1.03�0.23–22.65�5.36 μM for hCA
I and 1.82�0.30–27.94�4.74 μM for hCA II.[68] In a study, some
new some pyrazole derivatives were synthesized. The synthe-
sized compound groups showed effective inhibition profiles
with KI values of 5.13–67.39 nM against hCA I and hCA II.[69] A
series of pyrazole-based carbohydrazide hybrids were synthe-
sized. The synthesized derivatives showed an inhibitory effect
with KI values in the range 572.8-10000 nM (hCA I), 6.8–
10000 nM (hCA II), and 10.1–10000 nM (hCA IX).[48] In other

literature studies, the results were expressed as follows: The
fluorosulfate-containing pyrazole heterocycles compounds
showed strong BuChE and hBChE inhibition with IC50 of 0.79 μM
and 6.59 μM.[70] Coumarin-pyrazole hybrids have potential AChE
inhibitory activities with IC50 values of 4.41�0.53 and 5.04�
0.96 μg/ml.[71] The δ-sultone-fused pyrazole and tricyclic
pyrazole compounds were identified as high selective BChE
inhibitors with IC50 of 8.3 and 7.7 nM[72] and IC50 in the range of
1–6 μM, respectively.[73] In the literature studies mentioned
above, the inhibition effect of prazole-containing compounds
on ChEs and hCA isoenzymes was found to be high. In the
present study, the inhibition effect of carboxamide derivatives
containing pyrazole rings on the enzymes is compatible with
the literature studies and is more effective.

The sulfonamides are generally non-competitive CA inhib-
itors. Moreover, examining the initial rate kinetics of CA-
catalyzed 4-nitrophenyl acetate hydrolysis displayed that mainly
primary sulfonamide inhibitors were non-competitive.[74] Since
the sulfonamides in this study are different types than they are
secondary, they can also cause competitive and non-compet-
itive inhibition. Enzyme kinetic analyses were conducted on
pyrazole carboxamide derivatives against ChEs and hCA iso-
enzymes to ascertain inhibition type and KI values. Inhibition
types encompass reversible and irreversible categories, with
subtypes like uncompetitive, competitive, non-competitive, and
mixed inhibition. These inhibition subtypes are discerned
through Lineweaver-Burk plots.[3-6] This enzyme kinetics study
indicates that derivatives act as reversible, competitive and
non-competitive inhibitors of hCA I and hCA II enzymes.
Compounds SA1-3 and SA8 showed competitive inhibition
effect for hCA I enzyme, while all other compounds showed
non-competitive inhibition effect. Moreover, compound SA1
caused competitive inhibition for the hCA II enzyme while the
others (SA2-12) exhibited non-competitive inhibition. Com-
pound SA12 functions as a non-competitive inhibitor for the
BChE enzyme, while all other compounds (SA1-SA11) are non-
competitive inhibitors for this enzyme and all compounds (SA1-
SA12) are non-competitive inhibitors for the AChE enzyme. In
this context, we present the inhibitory effects of pyrazole
carboxamide derivatives (SA1-12) on the activity of ChEs and
hCA isoenzymes in vitro. The corresponding results are summar-
ized in Table 1. Besides, IC50 plots and KI curves of the
compounds (SA1-12) are presented as supporting information
(Supplementary Material Figures S1–24).

The present study synthesized a series of novel pyrazole
carboxamide derivatives, and their inhibitory effects on meta-
bolic enzymes were investigated. The derivatives demonstrated
significant inhibitory activity against both ChEs and hCAs, acting
at the nanomolar (nM) level. The KI values for hCA I ranged from
10.69�1.27–70.87�8.11 nM, while for hCA II, they ranged from
20.01�3.48–56.63�6.41 nM. Notably, the newly synthesized
derivatives exhibited more effective inhibition than the refer-
ence compound AAZ (KIs of 412.13�8.96 nM and 98.28�
1.69 nM for hCA I and II, respectively) hCAs. Among the
synthesized compounds, SA9 displayed the highest inhibitory
potential against hCA I with a KI value of 10.69�1.27 nM which
is approximately 38 times more potent than the AAZ. On the

Figure 2. Structure of a novel pyrazole carboxamide derivative synthesized
as a ChEs and hCA isoenzymes inhibitor.
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other hand, compound SA7 showed lower potency with a KI

value of 70.87�8.11 nM. For hCA II, compound SA9 exhibited
high inhibitory potential with a KI value of 20.01�3.48 nM
which is approximately 38 times more potent than the AAZ. On
the other hand, compound SA2 showed lower potency with a
KI value of 56.63�6.41 nM (Table 1). The KI values for AChE
ranged from 6.60�0.62–14.15�1.09 nM, while for BChE, they
ranged from 54.87�7.76–137.20�9.61 nM. Notably, the syn-
thesized derivatives exhibited more effective inhibition than the
reference compound THA (KIs of 112.03�12.42 nM and
172.03�32.42 nM for AChE and BChE, respectively) against
ChEs. Among the synthesized compounds, compound SA6
displayed the highest inhibitory potential against AChE with a
KI value of 6.60�0.62 nM which is approximately 17 times more
potent than the THA. On the other hand, compound SA9
showed inhibitory potency with a KI value of 14.15�1.09 nM
which is approximately 8 times more potent than the THA. For
BChE, compound SA4 exhibited high inhibitory potential with a
KI value of 54.87�7.76 nM which is approximately 3.1 times
more potent than the THA. On the other hand, compound
SA12 showed lower potency with a KI value of 137.20�9.61 nM
(Table 1). Upon evaluating the results, all compounds showed
an inhibitory effect against both ChE’s and hCAs. It is under-
stood that one of the prominent among these compounds,
non-competitive inhibitor SA9 hCA I and II isoenzymes, is more
selective against hCA I’. At the same time, this compound has a
high inhibitory effect on ChEs and is more selective to AChE
than BChE.

The inhibition data obtained from the results of this study
show that the synthesized derivatives are more effective than
the reference compounds. In addition, these derivatives exhibit
similar or higher inhibitory effects than many compounds

reported in the literature. These significant effects in inhibitory
activity increase the potential of new pyrazole derivatives to be
promising candidates for further research in enzyme inhibition.
In addition, these data are essential regarding of the impor-
tance of structural modifications of new compounds that can
be used in treating glaucoma and AD and to guide future
research and alternative drug development studies in these
areas.

The structure-activity relationship (SAR) study showed
against ChEs and hCAs potent inhibitory activity of compounds
containing the pyrazole carboxamide derivatives sulfametha-
zine (SM; SA1-6) group and sulfaguanidine (SG; SA7-12) group.
We can say that the change may result from the R2 variable
substitution pattern on the pyrazole carboxamide. Among these
compounds, compound SA6 (KI: 6.60�0.62 nM) exhibited the
most potent inhibition of AChE with the presence of the 3,4-
diCl group. At the same time, the SA12 compound with a 3,4-
diCl group was found to be effective among the SG group
compounds with a Ki value of 7.69�0.73. In contrast, com-
pound SA4 displayed the most potent inhibition of BChE with
the presence of the 3-Me group. When the activities of the
compounds on hCA I and II isoforms are examined, it is seen
that the presence of methyl groups at positions 3 and 4
increases the activity. Compound SA9 showed the most potent
inhibition of both hCA I (KI: 10.69�1.27 nM) and hCA II ((KI:
20.01�3.48nM) isoforms with the presence of the 4-Me group.
If you pay attention, it can be said that the compounds that
show the most potent inhibitory properties against ChEs are in
the SM group, while against hCAs, they are in the SG group.
Since Sulfonamides in general show inhibitory effects as a class
of compounds studied for their inhibitory effects on hCA, the
results obtained show that these compounds are more selective

Table 1. Inhibition data of important metabolic enzymes with the novel pyrazole carboxamide derivatives (SA1-12) and reference compounds THA and
AAZ.

Compound
ID

AChE a BChE a hCA I a hCA II a

IC50

(nM)
KI

(nM)
IC50

(nM)
KI

(nM)
IC50

(nM)
KI

(nM)
IC50

(nM)
KI

(nM)

SA1 27.86�0.53 7.36�0.79 77.38�4.47 79.58�13.73 52.19�8.19 53.78�8.15 61.06�6.85 48.54�9.24

SA2 32.82�0.99 7.34�0.63 140.40�2.65 72.31�11.84 25.61�2.50 19.76�3.30 43.51�1.29 56.63�6.41

SA3 38.11�1.41 12.01�1.37 111.20�4.59 79.10�8.88 16.26�0.48 14.84�2.44 32.02�2.54 42.88�5.32

SA4 36.19�0.29 8.98�0.49 132.80�1.53 54.87�7.76 22.80�1.13 26.05�3.04 42.58�3.03 51.86�7.46

SA5 34.00�1.27 7.56�0.75 113.20�2.59 73.79�8.31 35.11�1.53 36.26�4.73 32.70�1.90 31.74�5.62

SA6 32.67�1.01 6.60�0.62 127.70�3.52 68.94�7.02 33.27�1.57 30.87�5.52 33.56�1.30 31.40�4.95

SA7 41.48�1.25 8.19�0.54 158.20�2.84 93.61�7.31 47.74�0.97 70.87�8.11 32.33�1.73 47.70�6.92

SA8 42.12�1.60 6.78�0.46 165.00�5.19 65.12�7.29 23.09�2.15 26.90�3.50 26.45�1.03 30.48�4.52

SA9 41.40�0.83 14.15�1.09 162.10�2.88 74.37�8.94 10.95�0.01 10.69�1.27 22.45�0.06 20.01�3.48

SA10 40.26�1.10 10.41�0.81 155.00�2.47 92.14�10.40 18.54�0.22 14.59�2.71 21.58�0.55 20.06�3.23

SA11 37.93�0.49 10.40�1.08 145.50�3.53 86.34�9.43 20.17�0.73 18.07�2.89 28.88�0.86 32.89�5.46

SA12 38.20�1.32 7.69�0.73 145.00�2.03 137.20�9.61 23.89�1.49 25.86�4.30 35.54�1.13 45.97�6.97

THA[b] 162.31�3.62 112.03�12.42 208.03�13.36 172.03�32.42 – – – –

AAZ [c] – – – – 246.60�2.00 412.13�8.96 102.30�0.39 98.28�1.69

[a] The test results were expressed as means of triplicate assays�SEM. [b] Tacrine.[c] Acetazolamide.

Wiley VCH Dienstag, 20.02.2024

2402 / 336292 [S. 916/924] 1

Chem. Biodiversity 2024, 21, e202301824 (5 of 13) © 2023 Wiley-VHCA AG, Zurich, Switzerland

doi.org/10.1002/cbdv.202301824 Research Article
 16121880, 2024, 2, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/cbdv.202301824 by B
ilecik Seyh E

debali, W
iley O

nline L
ibrary on [05/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



towards the hCA enzyme compared to AChE and BChE. Another
exciting aspect is that although the compounds tested here do
not contain a free sulfonamide group (-SO2NH2)

[75] that binds
directly to the Zn2+ metal center of hCAs, compounds SA3 (for
hCA I) and SA1 (for hCA II) were still able to inhibit these
enzymes, as seen in molecular docking studies. In silico
molecular docking simulations have shown that in addition to
hydrogen bonding and specific favorable hydrophobic inter-
actions, these target compounds can inhibit the enzyme by
fitting into the entrance of the active site such that the aryl
group is displaced.

2.3. Molecular Docking Studies

The binding of the synthesized compounds should occur at the
active site.[76] Therefore, a molecular docking study of the most
active compounds showing competitive inhibition on the
enzymes was performed. Therefore, we conducted in silico
docking studies utilizing the Small-Molecule Drug Discovery
Suite 2023–2 for SA6, SA4, SA3, and SA1 as representatives of
molecules in the series to understand these inhibitors’ expected
binding interactions with AChE, BChE, hCA I, and hCA II
enzymes, respectively. Fortunately, a multitude of X-ray crystal
structures of ChEs and hCAs and are at our disposal, and we
meticulously assessed their binding site interactions to deter-
mine suitable structures for employment in docking simula-
tions. Subsequently, we opted for the 3D structures of ChEs and
hCAs and that were bound with the reference drugs tacrine
(THA, PDB IDs of 7XN1[77] and 4BDS[78] for AChE and BChE,
respectively) and AAZ (AZM, PDB IDs of 1AZM[79] and 3HS4[80] for
hCA I and hCA II, respectively) for further examination based on
the chemical scaffolds of the cocrystallized ligands and the
conformations of the binding site residues. The effectiveness of
the docking setup was validated by re-docking the co-crystal-
lized native ligands THA and AZM into the enzyme binding
sites. The reliability of the docking methodology was demon-
strated by minimal RMSD values (0.26, 0.12, 0.22, and 0.99 Å for
7XN1, 4BDS, 1AZM, and 3HS4, respectively), as well as the ability
of the docking poses of the co-crystalized ligands to replicate
all essential interactions.

Here, SA6, SA4, SA3, and SA1 have established primary
contacts through H-bonding and pi-pi stacking interactions.
These inhibitors have docking scores of � 9.686, � 5.306,
� 2.958, and � 6.376 kcal/mol with 7XN1, 4BDS, 1AZM, and
3HS4, respectively. Herein, the potent inhibitor SA6 versus
AChE has made H-bonds with Trp86 (water-mediated 2.46 Å)
and Ser125 (water-mediated 1.93 Å), Tyr337 (2.14 Å), Tyr341
(3.41 Å), and a water molecule at a distance of 2.43 Å. In
addition, it has formed pi-pi stacking interactions with Tyr72,
Trp86, Tyr337, and Tyr341 (Figure 3). The most active com-
pound against BChE, SA4, has formed H-bonds with Gly116
(water-mediated 2.43 Å), Ala328 (2.03 Å), and a water molecule
at a distance of 2.43 Å. Furthermore, it has formed a pi-pi
stacking interaction with Trp82 residue, as shown in Figure 4.
Compound SA3 and hCA I have exhibited pi-pi stacking
interaction with Phe91 residue (Figure 5). Compound SA1 has

made an H-bond with Thr200 (1.97 Å) residue and a water
molecule (2.17 Å) in the center of hCA II’s active site, while
Phe131 residue interacted through pi-pi stacking, as depicted in
Figure 6. In conclusion, these inhibitors’ docking scores and
binding poses have proven their potency against ChEs and
hCAs.

ADME/T-related parameters were determined for novel
pyrazole carboxamide derivatives (SA1-12), and the results are
summarized in Table 2. Additionally, diagrams showing “drug-
likeness” descriptors for SA6, SA4, SA3, and SA1 against AChE,
BChE, hCA I, and hCA II, respectively, are given in Figure 7.

Materials and Methods

General Synthetic Procedure for the Compounds SA1-12

In order to create a diazonium solution of sulfamethazine (SM) and
sulfaguanidine (SG), a mixture of 50 mmol of these substances,
15 ml of concentrated hydrochloric acid, and 30 ml of water was
cooled to 0–5 °C. Sodium nitrite (60 mmol) in 20 ml of water was

Figure 3. (a) 3D and (b) 2D binding interaction patterns of compound SA6
(3,5-diamino-N-(3,4-dichlorophenyl)-4-((4-(N-(4,6-dimethylpyrimidin-2-
yl)sulfamoyl)phenyl)diazenyl)-1H-pyrazole-1-carboxamide) with active site
residues of acetylcholinesterase enzyme (RCSB PDB code 7XN1).
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then added dropwise to the mixture over a period of 15–
20 minutes while it was continuously stirred. After stirring for
around 20 minutes at the same low temperature, a diazonium
solution was created and added to a separate solution of
malononitrile (prepared by dissolving 50 mmol of malononitrile in
15 ml of methanol) by adjusting the pH to 6–7 using saturated
sodium acetate. The resulting mixture was stirred at a low temper-
ature (0–5 °C) for 3 hours, then kept overnight at room temperature
in the dark. After filtering the mixture and washing it several times
with cold water, it was crystallized from ethanol and used for the
next step of the reaction without purification. Then, diazo-
containing malononitrile derivatives (1 mmol) dissolved in 10 ml of
ethanol and substituted semicarbazides (1 mmol) (N-(4-
fluorophenyl)hydrazinecarboxamide for SA-1 and SA-7; N-(4-
Chlorophenyl)hydrazinecarboxamide for SA-2 and SA-8; N-(p-tolyl)-
hydrazinecarboxamide for SA-3 and SA-9; N-(m-tolyl)-
hydrazinecarboxamide for SA-4 and SA-10; N-(3-Chlorophenyl)-
hydrazinecarboxamide for SA-5 and SA-11; N-(3,4-
dichlorophenyl)hydrazinecarboxamide for SA-6 and SA-12) were
added and the mixture was refluxed for around 6 hours with TLC
monitoring. The solution was then filtered off and washed several
times with water. Finally, the resulting product was dried under
vacuum, stored in a dark location, and fully characterized using FT-
IR, 1H-NMR, 13C-NMR, and melting point analysis (Scheme 1).

Besides, 1H-NMR and 13C-NMR spectra of compounds (SA1-12) are
presented as supporting information (Supplementary Material
Figures S25–48).

3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-
yl)sulfamoyl)phenyl)diazenyl)-N-(4-fluorophenyl)-1H-pyrazole-1-
carboxamide (SA1)

Yield: 65%; Color: orange solid; Melting Point: 237–238 °C; FT-IR
(cm� 1): 3462, 3436, 3363, 3340 (NH), 1709 (C=O), 1608, 1338, 1150
(symmetric) (S=O), 1078; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.71
(s, 1H, � NH� ), 8.01 (d, J=9.0 Hz, 2H, Ar� H), 7.89 (d, J=9.0 Hz, 2H,
Ar� H), 7.67–7.64 (m, 2H, Ar� H), 7.18 (t, J=8.5 Hz, 2H, Ar� H), 6.74 (s,
1H, Ar� H), 6.46 (br.s, 2H, � NH2), 6.03 (br.s, 2H, � NH2), 2.24 (s, 6H,
� CH3);

13C-NMR (DMSO-d6, 125 MHz, δ ppm): 167.71, 160.06, 158.05,
156.55, 155.88, 150.68, 139.10, 133.96, 129.49, 123.08, 120.88,
115.86, 115.68, 115.20, 22.97.

Figure 4. (a) 3D and (b) 2D binding interaction patterns of compound SA4
(3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-
N-(m-tolyl)-1H-pyrazole-1-carboxamide) with active site residues of butyr-
ylcholinesterase enzyme (RCSB PDB code 4BDS).

Figure 5. (a) 3D and (b) 2D binding interaction patterns of compound SA3
(3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-
N-(p-tolyl)-1H-pyrazole-1-carboxamide) with active site residues of carbonic
anhydrase I isoenzyme (RCSB PDB code 1AZM).
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3,5-diamino-N-(4-Chlorophenyl)-4-((4-(N-(4,6-
dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-1H-pyrazole-
1-carboxamide (SA2)

Yield: 62%; Color: orange solid; Melting Point: 243–244 °C; FT-IR
(cm� 1): 3452, 3440, 3354, 3334 (NH), 1713 (C=O), 1618, 1339, 1151
(symmetric) (S=O), 1079; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.79
(s, 1H, � NH� ), 8.01 (d, J=8.5 Hz, 2H, Ar� H), 7.89 (d, J=8.5 Hz, 2H,
Ar� H), 7.68 (d, J=8.0 Hz, 2H, Ar� H), 7.39 (d, J=8.0 Hz, 2H, Ar� H),
6.74 (s, 1H, Ar� H), 6.48 (br.s, 2H, � NH2), 6.02 (br.s, 2H, � NH2), 2.24 (s,
6H, � CH3);

13C-NMR (DMSO-d6, 125 MHz, δ ppm): 167.74, 156.56,
155.86, 150.49, 148.04, 136.74, 129.49, 128.89, 128.24, 122.55,
120.82, 120.17, 115.66, 115.18, 23.37.

3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-
yl)sulfamoyl)phenyl)diazenyl)-N-(p-tolyl)-1H-pyrazole-1-
carboxamide (SA3)

Yield: 77%; Color: orange solid; Melting Point: 249–250 °C; FT-IR
(cm� 1): 3445, 3363, 3286 (NH), 1711 (C=O), 1617, 1338, 1150
(symmetric) (S=O), 1077; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.49
(s, 1H, � NH� ), 8.01 (d, J=8.5 Hz, 2H, Ar� H), 7.89 (d, J=8.5 Hz, 2H,
Ar� H), 7.50 (d, J=8.5 Hz, 2H, Ar� H), 7.14 (d, J=8.0 Hz, 2H, Ar� H),

6.74 (s, 1H, Ar� H), 6.41 (br.s, 2H, � NH2), 6.05 (br.s, 2H, � NH2), 2.26 (s,
3H, � CH3), 2.24 (s, 6H, � CH3);

13C-NMR (DMSO-d6, 125 MHz, δ ppm):
167.80, 156.59, 155.90, 150.47, 139.17, 135.06, 133.60, 129.68,
129.63, 129.49, 120.86, 115.09, 114.57, 113.75, 22.98, 20.94.

3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-
yl)sulfamoyl)phenyl)diazenyl)-N-(m-tolyl)-1H-pyrazole-1-
carboxamide (SA4)

Yield: 71%; Color: yellow solid; Melting Point: 229–231 °C; FT-IR
(cm� 1): 3476, 3411, 3363, 3293 (NH), 1705 (C=O), 1621, 1345, 1135
(symmetric) (S=O), 1075; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.47
(s, 1H, � NH� ), 8.02 (d, J=8.5 Hz, 2H, Ar� H), 7.91 (d, J=8.5 Hz, 2H,
Ar� H), 7.48 (s, 1H, Ar� H), 7.41 (d, J=7.5 Hz, 1H, Ar� H), 7.21 (t, J=

8.0 Hz, 1H, Ar� H), 6.92 (d, J=7.5 Hz, 1H, Ar� H), 6.72 (s, 1H, Ar� H),
6.43 (br.s, 2H, � NH2), 6.10 (br.s, 2H, � NH2), 2.28 (s, 3H, � CH3), 2.24 (s,
6H, � CH3);

13C-NMR (DMSO-d6, 125 MHz, δ ppm): 167.72, 156.55,
155.90, 150.42, 139.18, 138.53, 137.52, 129.50, 128.86, 125.20,
121.25, 120.88, 117.87, 115.32, 113.75, 23.37, 21.24.

3,5-diamino-N-(3-Chlorophenyl)-4-((4-(N-(4,6-
dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-1H-pyrazole-
1-carboxamide (SA5)

Yield: 68%; Color: dark yellow solid; Melting Point: 239–240 °C; FT-IR
(cm� 1): 3480, 3415, 3370, 3334 (NH), 1703 (C=O), 1622, 1347, 1135
(symmetric) (S=O), 1075; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.47
(s, 1H, � NH� ), 8.02 (d, J=8.5 Hz, 2H, Ar� H), 7.91 (d, J=8.5 Hz, 2H,
Ar� H), 7.48 (s, 1H, Ar� H), 7.41 (d, J=7.5 Hz, 1H, Ar� H), 7.21 (t, J=

8.0 Hz, 1H, Ar� H), 6.92 (d, J=7.5 Hz, 1H, Ar� H), 6.72 (s, 1H, Ar� H),
6.43 (br.s, 2H, � NH2), 6.10 (br.s, 2H, � NH2), 2.28 (s, 3H, � CH3), 2.24 (s,
6H, � CH3);

13C-NMR (DMSO-d6, 125 MHz, δ ppm): 167.72, 156.55,
155.90, 150.42, 139.18, 138.53, 137.52, 129.50, 128.86, 125.20,
121.25, 120.88, 117.87, 115.32, 113.75, 23.37, 21.24.

3,5-diamino-N-(3,4-dichlorophenyl)-4-((4-(N-(4,6-
dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-1H-pyrazole-
1-carboxamide (SA6)

Yield: 65%; Color: orange solid; Melting Point: 232–234 °C; FT-IR
(cm� 1): 3440, 3357, 3323 (NH), 1719 (C=O), 1640, 1344, 1157
(symmetric) (S=O), 1076; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.99
(s, 1H, � NH� ), 8.03-8.00 (m, 3H, Ar� H), 7.90 (d, J=8.5 Hz, 2H, Ar� H),
7.66 (d, J=8.5 Hz, 2H, Ar� H), 7.56 (d, J=8.0 Hz, 1H, Ar� H), 6.73 (s,
1H, Ar� H), 6.40 (br.s, 2H, � NH2), 6.10 (br.s, 2H, � NH2), 2.24 (s, 6H,
� CH3);

13C-NMR (DMSO-d6, 125 MHz, δ ppm): 167.82, 156.55, 155.84,
149.40, 138.12, 131.38, 130.95, 129.49, 126.01, 122.16, 121.01,
120.91, 120.17, 115.33, 114.65, 113.76, 22.99.

3,5-diamino-4-((4-(N-carbamimidoylsulfamoyl)phenyl)diazenyl)-
N-(4-fluorophenyl)-1H-pyrazole-1-carboxamide (SA7)

Yield: 75%; Color: orange solid; Melting Point: 240–241 °C; FT-IR
(cm� 1): 3452, 3419, 3334, 3296 (NH), 1702 (C=O), 1610, 1256, 1128
(symmetric) (S=O), 1091; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.70
(s, 1H, � NH� ), 7.89 (d, J=8.5 Hz, 2H, Ar� H), 7.80 (d, J=8.5 Hz, 2H,
Ar� H), 7.73-7.68 (m, 2H, Ar� H), 7.23-7.18 (m, 2H, Ar� H), 6.74 (br.s,
4H, guanidine), 6.21 (br.s, 4H, � NH2);

13C-NMR (DMSO-d6, 125 MHz, δ
ppm): 158.55, 154.83, 150.56, 143.25, 133.91, 126.99, 123.06, 121.31,
115.88, 115.67, 114.71.

Figure 6. (a) 3D and (b) 2D binding interaction patterns of compound SA1
(3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-
N-(4-fluorophenyl)-1H-pyrazole-1-carboxamide) with active site residues of
carbonic anhydrase II isoenzyme (RCSB PDB code 3HS4).
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3,5-diamino-4-((4-(N-carbamimidoylsulfamoyl)phenyl)diazenyl)-
N-(4-Chlorophenyl)-1H-pyrazole-1-carboxamide (SA8)

Yield: 83%; Color: orange solid; Melting Point: 251–253 °C; FT-IR
(cm� 1): 3436, 3390, 3313, 3299 (NH), 1693 (C=O), 1265, 1137
(symmetric) (S=O), 1095; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.80
(s, 1H, � NH� ), 7.89 (d, J=8.5 Hz, 2H, Ar� H), 7.80 (d, J=8.0 Hz, 2H,
Ar� H), 7.72 (d, J=8.0 Hz, 2H, Ar� H), 7.42 (d, J=8.0 Hz, 2H, Ar� H),
6.74 (br.s, 4H, guanidine), 6.25 (br.s, 4H, � NH2);

13C-NMR (DMSO-d6,

125 MHz, δ ppm): 158.54, 155.22, 150.17, 143.23, 136.91, 129.07,
126.98, 122.55, 121.32, 120.57, 115.60, 114.86.

3,5-diamino-4-((4-(N-carbamimidoylsulfamoyl)phenyl)diazenyl)-
N-(p-tolyl)-1H-pyrazole-1-carboxamide (SA9)

Yield: 78%; Color: orange solid; Melting Point: 256–257 °C; FT-IR
(cm� 1): 3433, 3396, 3320, 3303 (NH), 1697 (C=O), 1622, 1260, 1134

Table 2. Physicochemical, pharmacokinetic, and drug-likeness properties of novel pyrazole carboxamide derivatives (SA1-12) by SwissADME platform.

Compound
ID

Physicochemical parameters Pharmacokinetic parame-
ters

Drug-likeness properties

MW
(g/mol)

Heavy
atoms

Rotatable
bonds

H-bond
acceptors

H-
bond
donors

MLogP GI
absorption

BBB
permeation

Lipinski rule Bioavailability

SA1 524.53 37 8 9 4 1.57 Low No No; 2 viola-
tions:
MW>500,
NorO>10

0.17

SA2 540.99 37 8 8 4 1.67 Low No No; 2 viola-
tions:
MW>500,
NorO>10

0.17

SA3 520.57 37 8 8 4 2.08 Low No No; 2 viola-
tions:
MW>500,
NorO>10

0.17

SA4 520.57 37 8 8 4 2.08 Low No No; 2 viola-
tions:
MW>500,
NorO>10

0.17

SA5 540.99 37 8 8 4 1.67 Low No No; 2 viola-
tions:
MW>500,
NorO>10

0.17

SA6 575.43 38 8 8 4 2.15 Low No No; 2 viola-
tions:
MW>500,
NorO>10

0.17

SA7 460.45 17 8 8 6 1.12 Low No No; 2 viola-
tions:
NorO>10,
NHorOH>5

0.17

SA8 476.90 17 8 7 6 1.24 Low No No; 2 viola-
tions:
NorO>10, Hor-
OH>5

0.17

SA9 456.48 17 8 7 6 1.24 Low No No; 2 viola-
tions:
NorO>10, Hor-
OH>5

0.17

SA10 456.48 17 8 7 6 1.24 Low No No; 2 viola-
tions:
NorO>10, Hor-
OH>5

0.17

SA11 476.90 17 8 7 6 1.24 Low No No; 2 viola-
tions:
NorO>10, Hor-
OH>5

0.17

SA12 511.35 17 8 7 6 1.74 Low No No; 3 viola-
tions:
MW>500,
orO>10, NHor-
OH>5

0.17
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(symmetric) (S=O), 1092; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.49
(s, 1H, � NH� ), 7.86 (d, J=8.5 Hz, 2H, Ar� H), 7.79 (d, J=8.5 Hz, 2H,
Ar� H), 7.51 (d, J=8.0 Hz, 2H, Ar� H), 7.15 (d, J=8.0 Hz, 2H, Ar� H),
6.73 (br.s, 4H, guanidine), 6.20 (br.s, 4H, � NH2), 2.26 (s, 3H, � CH3);
13C-NMR (DMSO-d6, 125 MHz, δ ppm): 158.53, 155.07, 150.51,
147.17, 141.86, 135.07, 133.60, 129.64, 127.00, 121.27, 120.85,
120.59, 114.87, 20.94.

3,5-diamino-4-((4-(N-carbamimidoylsulfamoyl)phenyl)diazenyl)-
N-(m-tolyl)-1H-pyrazole-1-carboxamide (SA10)

Yield: 69%; Color: orange solid; Melting Point: >300 °C; FT-IR
(cm� 1): 3462, 3434, 3346, 3320 (NH), 1702 (C=O), 1610, 1252, 1132
(symmetric) (S=O), 1094; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.47
(s, 1H, � NH� ), 7.87 (d, J=8.5 Hz, 2H, Ar� H), 7.79 (d, J=8.5 Hz, 2H,
Ar� H), 7.49 (s, 1H, Ar� H), 7.41 (d, J=8.0 Hz, 1H, Ar� H), 7.22 (t, J=

7.5 Hz, 1H, Ar� H), 6.93 (d, J=7.5 Hz, 1H, Ar� H), 6.74 (br.s, 4H,
guanidine), 6.23 (br.s, 4H, � NH2), 2.29 (s, 3H, � CH3);

13C-NMR (DMSO-
d6, 125 MHz, δ ppm): 158.49, 155.06, 150.46, 143.19, 138.53, 137.54,
129.10, 127.01, 125.20, 121.24, 120.53, 117.91, 117.21, 114.86, 21.63.

3,5-diamino-4-((4-(N-carbamimidoylsulfamoyl)phenyl)diazenyl)-
N-(3-Chlorophenyl)-1H-pyrazole-1-carboxamide (SA11)

Yield: 85%; Color: orange solid; Melting Point: 249–250 °C; FT-IR
(cm� 1): 3445, 3335, 3323, 3232 (NH), 1713 (C=O), 1623, 1254, 1129

(symmetric) (S=O), 1096; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.85
(s, 1H, � NH� ), 7.88 (s, 1H, Ar� H), 7.85 (d, J=6.0 Hz, 2H, Ar� H), 7.79
(d, J=8.5 Hz, 2H, Ar� H), 7.60 (d, J=8.5 Hz, 1H, Ar� H), 7.36 (t, J=

8.5 Hz, 1H, Ar� H), 7.16 (d, J=8.0 Hz, 1H, Ar� H), 6.73 (br.s, 4H,
guanidine), 6.22 (br.s, 4H, � NH2);

13C-NMR (DMSO-d6, 125 MHz, δ
ppm): 158.52, 155.03, 150.56, 143.23, 139.38, 133.48, 130.82, 127.00,
124.11, 121.32, 120.30, 119.36, 115.41, 114.82, 113.41.

3,5-diamino-4-((4-(N-carbamimidoylsulfamoyl)phenyl)diazenyl)-
N-(3,4-dichlorophenyl)-1H-pyrazole-1-carboxamide (SA12)

Yield: 68%; Color: orange solid; Melting Point: 234–236 °C; FT-IR
(cm� 1): 3452, 3429, 3337, 3302 (NH), 1712 (C=O), 1615, 1252, 1132
(symmetric) (S=O), 1092; 1H-NMR (DMSO-d6, 500 MHz, δ ppm): 9.99
(s, 1H, � NH� ), 8.04 (s, 1H, Ar� H), 7.87 (d, J=8.5 Hz, 2H, Ar� H), 7.79
(d, J=9.0 Hz, 2H, Ar� H), 7.66 (d, J=6.0 Hz, 1H, Ar� H), 7.57 (d, J=

9.0 Hz, 1H, Ar� H), 6.74 (br.s, 4H, guanidine), 6.23 (br.s, 4H, � NH2);
13C-NMR (DMSO-d6, 125 MHz, δ ppm): 158.48, 155.02, 150.55,
143.25, 138.13, 131.39, 130.95, 127.00, 126.00, 122.13, 121.33,
120.99, 120.60, 114.81, 114.49.

Figure 7. Diagrams showing “drug-likeness” descriptors for compounds (a) SA1 (3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-
N-(4-fluorophenyl)-1H-pyrazole-1-carboxamide), (b) SA3 (3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-N-(p-tolyl)-1H-pyrazole-1-
carboxamide), (c) SA4 (3,5-diamino-4-((4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-N-(m-tolyl)-1H-pyrazole-1-carboxamide), and (d) SA6 (3,5-
diamino-N-(3,4-dichlorophenyl)-4-((4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)diazenyl)-1H-pyrazole-1-carboxamide) from novel synthesized pyrazole
carboxamide derivatives. The colored zone is a suitable physicochemical space for oral bioavailability. LIPO, lipophilicity; SIZE, molecular weight; POLAR,
polarity; INSOLU, insolubility; INSATU, insaturation; FLEX, flexibility.
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Biological Evaluation

AChE/BChE Inhibition Activity

The estimation of the ChEs activities was performed by a modified
version of the Ellman’s method,[81,82] using acetylthiocholine iodide
for AChE and butrylcholine iodide for BChE as the substrates.
Acetylcholinesterase from Electrophorus electricus (C2888) and
Butyrylcholinesterase from equine serum (C1057) were provided
from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). The
activity data were monitored spectrophotometrically at 412 nm.[83,84]

hCA Isoenzymes Activity

First, purification of hCA I and hCA II used in this study was
performed using a modified procedure based on previous
literature.[63] To evaluate the inhibitory effects, the esterase activities
of hCA isoforms according to Verpoorte’s method[85,86] were
assessed using the p-nitrophenylacetate substrate, which is con-
verted by both isoforms to the p-nitrophenolate ion, as previously
described in our studies.[87]

In Vitro Inhibition Studies

The inhibition effects of the novel pyrazole carboxamide derivatives
(SA1-12) were determined with different inhibitor concentrations
(at least five) against hCA, hCA II, AChE and BChE. The IC50 of the
derivatives was calculated from Activity (%)–[inhibitor] graphs for
derivatives. The inhibition types and KI values were found by
Michaelis-Menten graphs[88,89] and Lineweaver and Burk’s
curves.[90,91]

Molecular Docking Studies

Molecular docking analyses were carried out to investigate the
synthesized inhibitors against ChE and hCA complexes using the
Small-Molecule Drug Discovery Suite 2023–2 for Mac (Schrödinger,
LLC, NY, USA). The protein crystal structures, namely PDB IDs
7XN1,[77] 4BDS,[78] 1AZM,[79] and 3HS4[80] for AChE, BChE, hCA I, and
hCA II, respectively, were retrieved from the RCSB protein data
bank. These structures were processed using default settings with
the Protein Preparation Workflow panel.[92] The resultant protein-
ligand complexes were then defined as the binding site. The
structures of these pyrazole carboxamide derivatives were sketched
using the ChemDraw program V21 for Mac (PerkinElmer, Inc.,
Waltham, MA, USA). The LigPrep tool in the OPLS force field[93,94]

was employed to prepare the three-dimensional structures of the
inhibitors as per default options. Furthermore, the appropriate
ionization states at pH 7.4�0.5 were determined using Epik.[95,96]

The Receptor Grid Generation module[97] was utilized to establish
the receptor grids by centering on the co-crystallized ligands within
the protein structures.[98,99] The validity of the ChEs and hCAs
binding site was also confirmed using SiteMap software,[100] which
determined the best score for the target ligands, THA and AZM.
The initial docking simulation was executed by means of the Glide
Ligand Docking panel[101,102] employing the Standard Precision (SP)
mode.[103] Following the docking simulation, each docked confor-
mation underwent post-docking minimization. Subsequently, the
docked conformations obtained from the previous step were
utilized to perform the docking procedure using the Extra Precision
(XP) method.[104] Additionally, the ADME/T-related parameters of the
all derivatives (SA1-12) were determined using the SwissADME
platform[105] (Table 2).

Statistical Studies

The data analysis and graph generation were performed using
GraphPad Prism version 8 for Mac (GraphPad Software, La Jolla,
California, USA). The goodness of fit for enzyme inhibition models
was compared using the extra sum-of-squares F test and the AICc
approach. The results were presented as the mean� standard error
of the mean, along with 95% confidence intervals. Statistical
significance was determined when the p-value was less than 0.05.

4. Conclusions

In conclusion, the focus has been on the synthesis and
evaluation of novel pyrazole carboxamide derivatives as inhib-
itors of ChEs and hCAs. The synthesized compounds also
showed high inhibitory effects on ChEs and hCA isoenzymes. In
particular, newly developed derivatives exhibited higher inhib-
itory activity than reference compounds. When the results were
analyzed, it was revealed that the R1 and R2 variants in the
pyrazole carboxamide structure caused a change in the
inhibition activity on these enzymes. The results of in vitro and
in vivo studies have been shown to support each other and the
binding affinities of the strongest inhibitors at the active sites of
target enzymes. The observed differences in activity and
selectivity between derivatives are attributed to structural
differences with unique steric and binding properties. In this
study, it is thought that this enzyme-specific inhibitor design
will contribute to the development of alternative potential
agents that can be used in the treatment of diseases such as
glaucoma and AD.
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