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A B S T R A C T   

One of the major features of medicinal chemistry, is the synthesis of novel compounds, and the assessment of 
their biological activities for potential therapeutic applications. As a contribution to this filed of interest, the 
present work examines the effects of newly synthesized pyrazoline derivatives. To this end, four pyrazoline 
derivatives were synthesized and evaluated for their antioxidant activities and enzymatic inhibitory in vitro 
against acetylcholinesterase (AChE) and tyrosinase. All the synthetized compounds 2a–2d all displayed a 
moderate to potent antioxidant activity. For the enzymatic inhibitory activity, compound 2a exerted the most 
potent acetylcholinesterase inhibition with an IC50 value of (IC50 = 3.93 ± 0.52 µM) which is twice greater than 
the standard drug, Galantamine (IC50 = 6.27 ± 1.15 µM), whereas, compound 2a was determined as the best 
inhibitor among the synthesized compounds for the tyrosinase enzyme with an IC50 value of (32.65 ± 2.30 μM). 
Density Functional Theory (DFT) calculations were performed to determine the compound’s properties, and 
molecular docking studies were conducted to discuss potential interactions between the most active compound 
(2a) and active sites of proteins AChE (PDB: 1ACL) and tyrosinase (PDB: 2Y9X). Based on in silico predictions of 
Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) and pharmacokinetic parameters, it is 
suggested that these compounds could potentially exhibit favorable oral bioavailability. The paper offers 
promising insights into the therapeutic potential of these pyrazoline derivatives, particularly compound 2a. It 
encourages further investigation into the practical application of these findings, possibly leading to new thera
peutic avenues in the treatment of diseases associated with acetylcholinesterase and tyrosinase.   

1. Introduction 

Reactive oxygen species (ROS) — including superoxide anion radical 
(O2

•− ), hydroxyl radical (OH•), alkoxyl radical (RO•), and lipid peroxi
dation — are involved in various processes essential to human body 
function, such as signal transduction and the biochemical synthesis of 
significant cellular compounds [1]. However, their excessive presence 
can create an imbalance between the free radicals and their neutrali
zation, potentially leading to numerous types of biological damage that 
can cause diseases such as Alzheimer’s, inflammatory disorders, cancer, 

and neurodegenerative diseases [2]. Therefore, to prevent the harm 
caused by free radicals and ROS, the utilization of antioxidants, whether 
synthetic or natural, is essential [3]. The field of drug discovery stands at 
the forefront of medical science, continuously striving to uncover novel 
strategies for combating diseases that afflict humanity. Enzymes are 
attractive targets for drug therapy because of their essential roles in 
biological processes involved in diseases’ pathophysiology [4]. The 
research conducted by Hopkins and Groom [5] revealed that 47 % of all 
marketed small-molecule drugs inhibit enzymes as their molecular 
target. Because of this susceptibility to inhibition by small-molecule 
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drugs, enzymes are commonly the target of new drug discovery and 
design efforts at major pharmaceutical and biotechnology companies 
today [6]. Alzheimer’s disease (AD) is a complex and progressive 
neurodegenerative disorder with a lack of cognition in new learning and 
holding information in mind that is characterized by the progressive and 
irreversible loss of neurons located in specific brain areas which pose a 
significant global health challenge [7]. With the aging population on the 
rise, the prevalence of AD has reached unprecedented levels, where the 
number is expected to reach 152 million by 2050 [8], making it 
imperative to comprehend its intricate mechanisms and explore avenues 
for effective intervention. It is well known that acetylcholinesterase is 
the key enzyme in acetylcholine degradation into its inactive form, 
leading to reduced communication and signaling between nerve cells 
[9]. Accordingly, the use of acetylcholinesterase (AChE) inhibitors such 
as donepezil, rivastigmine, and galantamine is one of the most 
well-known treatments for Alzheimer’s disease, via the blockage of the 
acetylcholinesterase responsible for destroying acetylcholine which 
causes an increase in the concentration of the neurotransmitter acetyl
choline in the brain, and this, in turn, improves memory [7]. Skin hy
perpigmentation, characterized by the excessive production and 
accumulation of melanin pigment within the skin, poses a significant 
cosmetic concern and often results from various factors, including UV 
radiation exposure, hormonal imbalances, and skin aging [10,11]. 
Tyrosinase, a copper-containing metalloenzyme plays a pivotal role in 
the melanogenesis process that takes place in the epidermis by cata
lyzing the hydroxylation of L-tyrosine to L-DOPA, and the oxidation of 
L-DOPA to dopaquinone reactions [12,13]. These reactions are essential 
for the production of melanin which exerts skin protective functions 
against harmful ultraviolet radiation and prevention of cancer devel
opment [14]. Thus, inhibiting tyrosinase becomes imperative to miti
gate the adverse consequences stemming from an excess of melanin 
production [15] (Fig. 1). 

Nitrogen-containing heterocyclic compounds have recently attracted 
much attention in biological, medicinal chemistry, and drug design 
research [16]. They are found in a vast variety of natural compounds, 

such as nicotine, vitamin B1, and Penicillin, and their versatility is due to 
their unique pharmaceutical properties [17,18]. Among the various 
classes of N-heterocycle compounds, pyrazoline derivatives are one of 
the most biologically active molecules [19,20], which are present in 
several drugs and have demonstrated a range of biological activities 
such as antibacterial [21–23], antifungal [24], antidepressant [25], 
anticancer [26], Anticholinesterase [27,28], and anti-inflammatory 
properties [29]. They also exhibit promising potential as anticancer 
agents due to their ability to inhibit enzymes that facilitate cell division 
[30,31]. Recently, pyrazoline derivatives have gained attention as po
tential antioxidant agents due to their capability to prevent oxidative 
damage by quenching free radicals [32,33]. 

In silico approaches have emerged as powerful tools in biological 
fields, enabling researchers to analyze and predict the behavior of 
complex biological systems using computer algorithms and simulations, 
offering a cost-effective and time-efficient solution [34]. Additionally, 
molecular docking is a computational method used to predict the 
binding affinity of a small molecule ligand to a protein target, poten
tially useful for drug discovery [35,36]. Given the pharmacological 
importance of pyrazoline derivatives, this study aimed to evaluate the 
antioxidant and inhibitory activity against acetylcholinesterase (AChE) 
and tyrosinase of four pyrazoline derivatives (Fig. 2). DFT calculations 
of the target compounds at the B3LYB/6–31 G (d,p) level were per
formed to investigate their reactivity and biological significance. The 
drug-likeness and ADMET properties of the title compounds were also 
examined and discussed. Moreover, a molecular docking analysis was 
conducted to investigate the interactions between the compounds and 
proteins. 

2. Experimental 

2.1. Material and methods 

In the present study, all the chemicals and reagents were purchased 
from Sigma Aldrich or Merck and used as received without further pu
rification. 2- Acetonaphthone (99 %), p-Tolualdehyde (97 %), 4-Chloro
benzaldehyde (97 %), 4-Isopropylbenzaldehyde (98 %), 2,4- 
Dihydroxybenzaldehyde (98 %), Hydrazine monohydrate (98 %), 
ethanol (99.5 %), NaOH (reagent grade, ≥ 98 %, pellets (anhydrous)), 
DMSO (ACS reagent, ≥ 99.9 %), (HCl (ACS reagent, 37 %), Ethyl acetate 
(99.8 %), Formic acid (reagent grade, ≥ 95 %), DPPH (2,2-diphenyl-1- 
picrylhydrazyl), ABTS (2,2-Azinobis-(3- Ethylbenzthiazolin-6-Sulfonic 
Acid 98 %), Copper (II) chloride (powder, 99 %), Ammonium acetate 
(reagent grade, ≥ 98 %), Potassium persulfate (ACS reagent, ≥ 99.0 %), 
neocuproine (≥ 98.0 %), a-tocopherol ≥ 95.5 %, electric eel AChE 
(Type-VI-S, EC 3.1.1.7, 425.84 U/mg), 5,5′-Dithiobis(2-nitrobenzoic 
acid) (DTNB) (98 %), Acetylthiocholine iodide (≥ 99.0 %), galantamine, 
Nitro Blue Tetrazolium (NBT), 3,4-dihydroxy-L-phenylalanine (LDOPA) 
(≥ 98.0 %), Kojic acid, tyrosinase from mushroom (EC 232–653–4, 250 
KU, ≥ 1000 U/mg solid). 

All reactions and Purity of the synthesized compounds were checked 
by Analytical thin layer chromatography (TLC) carried out on perco
lated TLC plates (silica gel 60F254, Merck) and the spots were visualized 
by UV light and stained with either phosphomolybdic acid or p-ani
saldehyde. Melting points of the compounds were determined on a 
capillary melting point apparatus and are uncorrected. 1H and 13C NMR 
spectra are recorded on a Brüker spectrometer respectively at 400 and at 
100 MHz in CDCl3 and DMSO (internal standard TMS, δ = 0.0 ppm) at 
room temperature. The following abbreviations were used to explain the 
multiplicities: s = singlet, dd = doublet, m = multiplet. Infrared spectra 
were recorded in KBr on Perkin-Elmer AC-1 spectrophotometer. Mi
croanalyses were performed on Carlo Erba EA- 1108 element analyzer 
and were within the  ± 0.4 % of the theoretical values. Column chro
matography was performed on silica gel (Merck, 60–120 mesh). 

Fig. 1. Visual representation of the study’s design strategy.  
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2.2. Synthesis 

The synthesis of pyrazolines derivatives was carried out in two steps. 
Our synthetic route begins by the preparation of the (P-and o, p- 
substituted benzyliden)-acrylonaphtones (1a–1d) by condensation of 
substituted benzaldehydes and 2- Acetonaphthone in ethanol and 10 % 
sodium hydroxide using an ice bath, according to the reported proced
ure [37]. Then the obtained chalcones (1a–1d) (0.001 mol) was mixed 
with 8 ml of hydrazine hydrate in 20 ml of EtOH, which offers the 
appropriate 2-pyrazolines derivatives (2a–2d) after refluxed for 12 h. 
The obtained spectroscopic results and physical properties are in full 
agreement with literature reports [38], the resultant data as shown in 
Table 1.  

• 3-(naphtalen-2-yl) ¡5- (2,4-dihydroxyphenyl)¡2-pyrazoline 
(2a)  
✓ UV (nm): 218 (ε: 2.848);  
✓ FT-IR (KBr, cm− 1):3178 (N–H), 2930.45 (C–H), 1630.04 (C––N), 

1275.24- 1076.56 (C–N);  
✓ 1H NMR (400 MHz, DMSO) δ: 3.29 (dd, J = 18.4, 4.8 Hz, 1H), 3.81 

(dd, J = 18.4, 11.9 Hz, 1H), 5.51(dd, J = 11.9, 4.8, 1.0 Hz, 1H), 
7.27–7.47 (m, 5H Ar), 7.48–7.51 (m, 3H Ar), 7.58–7.62 (m, 2H 
Ar),10.08 (2H, s, OH).  

✓ 13C NMR (100 MHz, DMSO) δ: 41.95 (CH2), 58.8, 125.6, 126.6, 
127.05, 128.8 (10 CH-Ar), 130.6, 131.0, 138.9, 147.7 (6 C-Ar), 
154.7 (C––N).  

✓ Anal. calcd. for C19H22N2O2: C, 74.00; H, 6.54; N, 9.08. Found: C, 
73.96; H, 6.50; N, 9.04 %.  

• 3-(naphtalen-2-yl) ¡5- (4-chlorophenyl)¡2-pyrazoline (2b)  
✓ UV (nm): 227 (ε: 3.957);  
✓ FT-IR (KBr, cm− 1): 3288.04 (N–H), 2925.48 (C–H), 1635 

(C––N), 1290.14- 1089.58 (C–N), 777.172 (C–Cl);  
✓ 1H NMR (400 MHz, CDCl3) δ: 3.23 (dd, J = 18.4, 4.8 Hz, 1H), 3.70 

(dd, J = 18.4, 11.9 Hz, 1H), 4.96 (ddd, J = 11.9, 4.8, 1.0 Hz, 1H), 
7.33–7.44 (m, 5H Ar), 7.52–7.82 (m, 4H Ar), 7.84–7.87 (m, 2H 
Ar).  

✓ 13C NMR (100 MHz, CDCl3) δ: 41.98 (CH2), 58.89 (CHX), 125.71, 
126.75, 127.25, 128.91 (11 CH-Ar), 131.42, 131.72, 139.14, 
148.1 (5 C-Ar), 155.25 (C––N).  

✓ Anal. calcd. for C19H19ClN2: C, 73.42; H, 6.16; N, 9.01. Found: C, 
73.38; H, 6.12; N, 8.98 %.  

• 3-(naphtalen-2-yl) ¡5- (4-isopropylphenyl)¡2-pyrazoline (2c)  
✓ UV (nm): 223 (ε: 3.858);  
✓ FT-IR (KBr, cm− 1): 3187.06 (N–H), 2928.60 (C–H), 1633.04 

(C––N), 1280.24–1079.58 (C–N);  
✓ 1H NMR (400 MHz, CDCl3) δ: 1.23 (d, J = 6.9 Hz, 6H), 2.90 (sept, 

J = 6.9 Hz,1H), 3.32 (dd, J = 4.6,17.7 Hz, 1H), 3.82 (dd, J = 11.8, 
17.7 Hz, 1H), 5.52 (dd, J = 4.6, 17.7 Hz, 1H), 7.32–7.42 (m, 5H 
Ar), 7.54–7.79 (m, 4H Ar), 7.85–7.88 (m, 2H Ar).  

✓ 13C NMR (100 MHz, CDCl3) δ: 23.90, 23.92, 33.77 (CH(CH3)2), 
42.60 (CH2), 58.80 (CHX), 125.62, 126.69, 127.08, 128.81 (11 
CH-Ar), 130.62, 130.97, 137.94, 148.59 (5C-Ar), 155.25 (C––N).  

✓ Anal. calcd. For C22H26N2: C, 82.97; H, 8.23; N, 8.80. Found: C, 
82.93; H, 8.20; N, 8.76 %.  

• 3-(naphtalen-2-yl) ¡5- (4-methylphenyl)¡2-pyrazoline (2d)  
✓ UV (nm): 238 (ε: 3.135);  
✓ FT-IR (KBr, cm− 1): 3345.89 (N–H), 2921.63 (C–H), 1637.27 

(C––N), 1384.64 (C–N);  
✓ 1H NMR (400 MHz, CDCl3) δ: 1.20 (s, 3H), 3.27 (dd, J = 18.3, 4.8 

Hz, 1H), 3.82 (dd, J = 18.3, 11.8 Hz, 1H), 5.53 (dd, J = 11.8, 4.8, 
1.0 Hz, 1H), 7.30–7.45 (m, 5H Ar), 7.467.50 (m, 4H Ar), 
7.68–7.72 (m, 2HAr);  

✓ 13C NMR (100 MHz, CDCl3) δ: 23.85 (CH3), 42.40 (CH2), 57.70, 
125.60, 126.59, 127.02, 128.80 (11 CH-Ar), 130.59, 130.95, 
137.86, 148.48 (5 C-Ar), 155.8 (C––N).  

✓ Anal. calcd. for C20H22N2: C, 82.72; H, 7.64; N, 9.65, Found: C, 
82.68; H, 7.60; N, 9.61 %. 

2.3. Computational calculations 

The synthesized pyrazoline compounds were optimized in a vacuum, 
by the B3LYP method [39] with 6–31 G (d,p) level of theory of 
GAUSSIAN 09 package. Koopman theorem [40] and Pearson and Parr 
[41,42] were used to calculate several theoretical descriptors in order to 
study the chemical behavior of the synthesized compounds. 

2.4. Bioassays 

2.4.1. Determination of antioxidant activity 
The antioxidant activity of the synthesized pyrazolines derivatives 

was evaluated using four complementary assays namely: Free-radical 
scavenging activity by DPPH assay [43], Cupric reducing antioxidant 
capacity assay by neocuproine-Cu+ complexation (CUPRAC) [44], 
ABTS cation radical decolorization [45], as well as Superoxide assay 
[46], which performed using a 96 well microplate reader (Spectra Max, 
Molecular Devices, California, USA). DMSO was utilized as a control, 
whereas α-Tocopherol was utilized as antioxidant standards. The results 
obtained were reported as IC50 ( µg ml− 1), representing the concentra
tion at which 50 % inhibition occurred, except for the CUPRAC results, 
which were reported as A0.5 ( µg ml− 1), representing the concentration 
indicating 0.50 absorbance intensity 

2.4.2. Determination of acetylcholinesterase (AChE) inhibitory activity 
The Ellman spectrophotometric method with slight modification was 

utilized to measure the inhibitory activity of Acetylcholinesterase 
(AChE) [47]. The absorbance was measured at 412 nm. Galantamine 
was taken as a positive control. The percentage inhibition (%) was 
calculated as follows: 

inhibition (%) =
C − S

C
× 100 (1) 

Fig. 2. Synthesis pathway of the target compounds.  

I. Selatnia et al.                                                                                                                                                                                                                                 



Journal of Molecular Structure 1296 (2024) 136761

4

Where: C is the activity of enzyme without test sample and S is the ac
tivity of enzyme with test sample. 

2.4.3. Determination of tyrosinase inhibitory activity 
Tyrosinase inhibition activity was measured according to the method 

established by Chan et al. [48]. L-DOPA was used as substrate and kojic 
acid was used as standard inhibitors of tyrosinase. The percentage 
tyrosinase inhibition (%) was calculated according the following 
formula: 

inhibition (%) =
Absorbance control − Absorbance sample

Absorbance control
× 100 (2)  

2.4.4. Statistical analysis 
All bioassays were conducted three times. The data were expressed 

as mean  ± standard error (SEM). Statistical significance between 
means was determined using Student’s t-test, and values of p < 0.05 
were considered significant. 

2.5. Target prediction 

Potential target prediction was estimated for all 4 tested compound 
using Swiss Target prediction web server (http://www.swisstargetpredi 
ction.ch/) for homo sapiens receptor targets by searching using SMILES 

Table 1 
Chemical structures of the synthetized pyrazolines.  

Chemical structure of the target compounds Formula Color Mol wt. 
( g/mol) 

Yield (%) MP ( ◦C) 

C19H16N2O2 Brown cristal 304 62 39–40 

C19H15ClN2 White cristal 306.5 82 156–157 

C22H22N2 White cristal 314 70 95–96 

C20H18N2 White cristal 286 57 101–102  
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code for all test set one by one 

2.6. Molecular docking 

The pyrazoline derivatives structures 2a–2d were built and energy- 
minimized with Density Functional Theory (DFT) using functional 
Becke-3-Lee Yang Parr (B3LYP) method and 6–31 G (d, p) basis set. The 
crystallographic structures of acetylcholinesterase (PDB ID: 1ACJ) [49] 
and tyrosinase (PDB ID: 2Y9X) [50] were obtained from the RSCB data 
bank (https://www.rcsb.org). Molecular docking analyzes of the 
selected pyrazoline (2a), Kojic acid and Galantamine at the target pro
tein binding site was performed with AutoDock 4 software. Water 
molecules were removed, then polar hydrogen atoms and the Kollmann 
charges were added to the receptors. The grid box is of dimension 20 ×
20 × 20 points with a radius of 0.375 Å with coordinates x: − 11.174, y: 
− 30.719, and z: − 44.43 for anti-tyrosinase activity. For anticholines
terase activity it is of 20 × 20 × 20 points with a radius of 0.500 Å with 
coordinates x: 2.332, y: 65.332, and z: 70.915. The conformations with 
the lowest binding energy were selected and the interactions were 
analyzed using Discovery Studio Visualizer 19.1. 

2.7. Drug likeness properties and ADMET analysis 

Absorption, Distribution, Metabolism, Excretion, and Toxicity 
(ADMET), and it is a set of properties used to predict the pharmacoki
netics and pharmacodynamics of a compound. All synthesized pyrazo
line derivatives were screened by estimating their ADMET properties 
using SWISS ADME (www.swissadme.ch) and pkCSM (http://biosig.un 
imelb.edu.au/pkcsm/) servers. 

3. Results and discussion 

3.1. Synthesis 

The synthesis of pyrazoline derivatives 2a-2d, as illustrated in Fig. 2, 
was monitored using the TLC method. Initially, the Claisen–Schmidt 
condensation of substituted benzaldehydes and 2- Acetonaphthone in 
the presence of NaOH in EtOH resulted in (P-and o, p-substituted 
benzylidene)-acrylonaphthones (1a–1d). Subsequently, the intermo
lecular cyclization of compounds (1a-–1d) with hydrazine hydrate 
under reflux yielded the corresponding 2-pyrazoline derivatives (2a–2d) 
in good to excellent yields (65–86 %). The structural elucidation of the 
obtained compounds was confirmed by IR and NMR spectroscopy. 

The UV–vis spectra of the pyrazolines derivatives in ethanol showed 
absorption bands at (320–330 nm), (335–340 nm), and (405–410 nm) 
assignable respectively to n-π*, π-π* and n-σ* transitions. Substituted 
pyrazolines have strong fluorescence in different solvents. They also 
give excellent fluorescence properties in solid state because the conju
gation system contains two nitrogen atoms and one carbon atom while 
the other carbon atoms are SP3 hybrids. Their spectra showed a band for 

the C–N group at (1275–1284 cm-1) and a band (1630–1637 cm-1) for 
C––N. In the 1H NMR spectra of synthesized compounds, the three 
hydrogen atoms attached to the heterocyclic ring gave an ABX spin 
system in which the measured chemical shift and coupling constant 
values prove the 2-pyrazoline structure. In the 13C NMR spectra the 
carbon atoms chemical shift values of the heterocyclic ring C––N (145.8- 
155.25 ppm), C-4 (41.95–42.40 ppm) and C-5 (57.70–58.89 ppm) 
corroborate the 2-pyrazoline structures determined by 1H NMR spec
troscopic measurements. 

3.2. Quantum chemical calculations 

3.2.1. Geometry optimization 
The geometry optimization of the synthesized molecules was per

formed in vacuum, using Density Functional Theory (DFT) with the 
B3LYP method and a 6–31 G (d, p) basis set. Fig. 3 presents the most 
stable conformations of the pyrazoline molecules. The top panel displays 
top views, while the bottom panel shows side views. All the molecules 
maintain planar conformations, except for the carbon atoms with sp3 

hybridization, which retain tetrahedral geometry. Furthermore, planar 
geometry provides an external steric environment, a feature potentially 
useful for electron exchange with the external medium 

3.2.2. Mapping electrostatic potential (MEP) 
The surfaces of total electron density, determined by the electrostatic 

potentials of ligands 2a, 2b, 2c, and 2d, are shown in Fig. 4. The surfaces 
are notably similar, with all molecules exhibiting weak negative po
tentials in the most geometric zones, as no red area is observed. Sig
nificant negative potentials, indicated by yellow color, are located 
around aromatic cycles and oxygen atoms—sites that can attract 
nucleophilic substances. On the other hand, positive potentials, indi
cated by a blue color area, are situated around hydrogen atoms, desig
nating the electrophilic area around the molecular structures. The 
heterogeneity of these four potential molecular distributions results in 
different dipole moment values: 4.429, 2.908, 1.153, and 1.077 Debye 
for 2a, 2b, 2c, and 2d, respectively. The dipolar moment values for 2a 
and 2b are higher than those for 2c and 2d, due to high negative partial 
charges centered on chlorine and oxygen atoms. 

3.2.3. Frontier molecular orbitals (FMOs) 
Molecular orbitals and their energies provide essential insights into 

electronic properties and chemical reactions [51]. The EHOMO is related 
to the electron-donating ability and ionization potential, while the 
ELUMO relates to electron-accepting ability and electron affinity. Fig. 5 
presents the calculated frontier orbitals of the synthesized pyrazoline. 
Electrons of the HOMO are predominantly localized on the pyrazoline 
ring and phenyl ring moieties, while those of the LUMO are primarily 
found on the naphthalene moiety. Table 2 summarizes EHOMO, ELUMO, 
energy gap ΔE, and other key physicochemical parameters: ionization 
potential (I), global electrophilicity (ω), global softness (σ), chemical 

Fig. 3. Optimized structures of the target compounds.  
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potential (μ), electronegativity (χ), global hardness (η), and electron 
affinity (A). The energy gap is defined as the energy difference between 
ELUMO and EHOMO. Fig. 6 illustrates the comparison between the frontier 
levels and their corresponding energy values for all the molecules, with 
calculated energy values of 2.224, 2.339, 2.341, and 2.471 for 2a, 2b, 
2c, and 2d, respectively. These relatively low energy values suggest that 
the synthesized molecules can exchange electrons with the external 
medium. The low values of ELUMO affirm the electron-accepting ability, 
which may explain the good antioxidant performance of these mole
cules. Additionally, the high values of global hardness (η) and the low 
softness value (σ) denote the ability to exchange electrons with other 
species [52]. 

3.3. Evaluation of antioxidant activity 

All the synthesized target compounds were evaluated for their anti
oxidant activity, and the results are displayed in Table 3. DPPH activity 
results demonstrated that compounds 2a and 2b exhibited significant 
activity, presenting a minimum IC50 value of 48.21 ± 2.03 µM and 56.32 
± 1.62 µM, respectively. These results were compared to the standard, 
α-Tocopherol, with an IC50 of 13.02 ± 5.17 µM. Compounds 2c and 2d 
demonstrated moderate activity in comparison to the standard. 
Furthermore, all tested compounds displayed potent superoxide radical 
scavenging activity, where compounds 2a (9.53 ± 1.52 µM) and 2b 
(11.33 ± 1.01 µM) demonstrated superior antioxidant activity 

Fig. 4. Mapping electrostatic potential.  

Fig. 5. Calculated frontier molecular orbitals.  
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compared to α-Tocopherol (31.52 ± 2.22 µM). The IC50 value of com
pound 2c was comparable to that of α-Tocopherol. The ABTS assay 
findings indicated that all tested pyrazolines derivatives possess signif
icant antioxidant properties, with compound 2a (10.48 ± 0.14 µM) 
demonstrating the highest antioxidant activity. The CUPRAC assay 
revealed that pyrazolines 2a and 2b exhibited antioxidant activity 
(A0.50 = 23.81 ± 0.25 and 35.21 ± 0.91 µM, respectively) comparable 
to α-Tocopherol (A 0.50= 19.92 ± 1.46 µM), while compound 2d dis
played significantly lower antioxidant activity (A0.50 > 800 µM). 

From these results, compared to α-Tocopherol, it can be deduced:  

• There is no correlation between the various antioxidant activities 
tests evaluated, which may be due to the different mechanisms of 
action employed by the assays. 

• The synthesized pyrazoline derivatives exhibited significant antiox
idant activity.  

• Compound 2a demonstrated higher antioxidant activity than the 
standard in the superoxide radical scavenging assay, and nearly 
equal antioxidant activity to the standard in the DPPH, ABTS, and 
CUPRAC assays. This could be attributed to the presence of two 
(–OH) groups at the ortho and para positions. 

3.4. Evaluation of enzymatic inhibitory activity 

The in vitro mushroom tyrosinase and acetylcholinesterase inhibi
tory activities of the synthesized compounds (2a–2d) were determined, 
and the results are presented in Table 4. 

3.4.1. Evaluation of tyrosinase inhibitory activity 
It is well known that the natural substrates tyrosine and L-DOPA 

contain phenolic hydroxyl, which is essential for tyrosinase inhibitory 
action. According to tyrosinase inhibitory results, compound 2a 
exhibited the most potent anti-tyrosinase activity with an IC50 of 32.65 
± 2.30 µM, almost equivalent to the standard kojic acid IC50 = 25.23 ±
0.78 µM. This high anti-tyrosinase activity might be attributed to the 
presence of para and ortho‑hydroxyl groups in their structure. Com
pounds 2b and 2c were less active than kojic acid by a factor of 2, while 
compound 2d displayed 4-fold less potency compared to the reference 
used. 

3.4.2. Evaluation of acetylcholinesterase inhibitory activity 
Cholinesterase inhibitors provide a strategic approach for the treat

ment of neurodegenerative diseases such as Alzheimer’s and Parkin
son’s. These inhibitors prevent the breakdown of choline, a crucial 
neurotransmitter associated with memory, by blocking the cholines
terase enzyme. Acetylcholinesterase (AChE) plays a key role in this 
process by breaking down acetylcholine into its components, choline, 
and acetic acid. This process is critical for resetting the cholinergic re
ceptors in the body. Therefore, AChE has become a well-known target 
for treating Alzheimer’s disease symptoms. By inhibiting AChE activity, 
acetylcholine levels in the brain can be increased, thereby improving 
cognitive function. The development of AChE inhibitors from natural 
resources may provide a safer alternative to synthetic drugs for treating 
Alzheimer’s and other neurodegenerative diseases. 

Compared to galantamine, a standard drug for Alzheimer’s disease, 
compounds 2b-2d displayed moderate anti-AChE activity (IC50 =

21.65–59.65 µM). Pyrazoline 2a, on the other hand, showed two times 
the potency of galantamine, with an IC50 value of 3.93 ± 0.52 µM. 

3.5. Target prediction 

The top three targets—oxidoreductase (MAO-A, MAO-B) and hy
drolase (ACHE)—and four tested compounds were assessed using 
SwissTargetPrediction. This tool is a web-based platform that predicts 

Table 2 
Calculated HOMO and LUMO energies and some related physicochemical 
parameters.  

Compounds 2a 2b 2c 2d 
Electronic band energies 

EHOMO (eV) − 3.295 − 3.968 − 3.630 − 3.628 
ELUMO (eV) − 1.071 − 1.497 − 1.289 − 1.289 
Energy gap (Δ) (eV) 2.224 2.471 2.341 2.339  

Electrochemical parameters 

Dipolar moment (Debye) 4.425 2.908 1.077 1.153 
Ionization potential (I) 3.295 3.968 3.630 3.628 
Global electrophilicity(ω) 2.224 3.008 2.340 2.338 
Global softness (σ) 0.899 0.809 0.854 0.855 
Chemical potential (μ) − 2.183 − 2.732 − 2.459 − 2.458 
Electronegativity (χ) 2.183 2.732 2.459 2.458 
Global hardness (η) 1.112 1.235 1.170 1.169 
Electron affinity (A) 1.071 1.497 1.289 1.289  

Fig. 6. Comparison of the frontier levels and their related energy values.  

Table 3 
Antioxidant activity of the synthesized pyrazoline by the DPPH, CUPRAC, ABTS 
and superoxide anion radical assays.a  

Compounds DPPH 
assay 
IC50 (µM) 
a 

CUPRAC assay 
A0.50 (µM)a 

ABTS 
assay 
IC50 

(µM)a 

Superoxide anion 
radical assay 
IC50 (µM)a 

2a 48.21 ±
2.03 

23.81 ± 0.25 10.48 ±
0.14 

9.53 ± 1.52 

2b 56.32 ±
1.62 

35.21 ± 0.91 19.25 ±
0.72 

11.33 ± 1.01 

2c 156.32 ±
1.42 

170.25 ± 0.63 47.76 ±
1.45 

37.68 ± 0.20 

2d 163.68 ±
3.56 

> 800 43.63 ±
3.20 

74.36 ± 1.40 

α-Tocopherol 
b 

13.02 ±
5.17 

19,92 ± 1,46 7.59 ±
0.53 

31.52 ± 2.22  

a IC50 values represent the means ± SEM of three parallel measurements (p < 
0.05). 

b Reference compound. 

Table 4 
Tyrosinase and Acetylcholinesterase inhibitory activities of pyrazolines 
compounds.a  

Compounds Tyrosinase inhibitory assay 
IC50 ( µM)a 

Anticholinesterase inhibitory assay 
IC50 ( µM)a 

2a 32.65 ± 2.30 3.93 ± 0.52 
2b 54.68 ± 1.65 21.65 ± 1.96 
2c 63.85 ± 1.70 30.35 ± 3.01 
2d 106.56 ± 3.35 59.65 ± 2.54 
Kojic acid b 25.23 ± 0.78 NTc 

Galantamine b NTc 6.27 ± 1.15  

a IC50 values represent the means ± SEM of three parallel measurements (p < 
0.05). 

b Reference compound. 
c Not tested. 
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the targets of small molecules based on a machine learning algorithm, 
using chemical and protein sequence similarity. It can predict the targets 
of over 3000 proteins from 1800 organisms. For testing using Swis
sTargetPrediction, the user can input a chemical structure or a SMILES 
string of the small molecule. The tool then analyzes the structure and 
generates a list of predicted targets along with a confidence score for 
each prediction. The predicted targets include proteins, enzymes, and 
receptors. SwissTargetPrediction can aid in drug discovery by identi
fying potential targets for a given small molecule, studying off-target 
drug effects, and predicting potential side effects. While it is freely 
available and widely used, it is crucial to validate predictions generated 
by SwissTargetPrediction experimentally before drawing conclusions. 
Here, the best receptor target probabilities for all four tested compounds 
were Monoamine oxidase B&A and Acetylcholinesterase. Monoamine 
oxidase B (MAO-B) and Monoamine oxidase A (MAO-A) are enzymes 
that play a crucial role in monoamine neurotransmitter metabolism, 
such as dopamine, serotonin, and norepinephrine. Compounds that 
selectively target MAO-B are more specific and have fewer off-target 
effects than those targeting both MAO-A and MAO-B. These com
pounds typically have a higher affinity for MAO-B and are used to treat 
neurodegenerative disorders like Parkinson’s disease. MAO-B inhibitors 
like selegiline and rasagiline are commonly used to increase brain 
dopamine levels. Contrarily, compounds that target both MAO-A and 
MAO-B have broader therapeutic applications but may also have more 
side effects. These compounds are used to treat depression, anxiety, and 
other psychiatric disorders. MAO-A inhibitors, such as moclobemide and 
phenelzine, increase the levels of serotonin, norepinephrine, and 
dopamine in the brain. Compounds targeting MAO-B usually have a 
more selective mechanism of action, while those targeting both MAO-A 
and MAO-B have a broader range of therapeutic applications but may 
also have more side effects. The selectivity of a compound towards 
MAO-B or MAO-A can be determined by its chemical structure and 
binding affinity to the enzymes. It is also known that MAO-A and B are 
efficient targets for antidepressant drugs (Tables 5 and 6). 

3.6. Drug-likeness studies 

The drug-likeness of the synthesized pyrazolines was assessed ac
cording to Lipinski’s Rule of Five, a set of criteria determining a mole
cule’s drug-like qualities. These include a molecular weight less than 
500 g/mol, no more than 10 hydrogen bond acceptors, no more than 5 
hydrogen bond donors, a Log P value not exceeding 5, and a topological 
polar surface area (TPSA) less than 140 Å2 [53]. The physicochemical 
and drug-like properties, assessed via SwissADME online servers, are 
shown in Table 7. 

According to the Soft Drug-Like Rule, if a molecule exceeds two 
parameters, it may have poor absorption or permeability. Conversely, if 
only one parameter exceeds the limit, it is typically deemed acceptable 
[53]. With this rule and the data obtained, we conclude that compounds 
2a and 2d meet Lipinski’s criteria for drug-likeness with no violations. 
Compounds 2b and 2c exhibit one violation of Lipinski’s classical 
criteria (MLOGP > 4.15), thus they may still be categorized as drug-like 
compounds. 

Additionally, all synthesized pyrazolines align with the additional 
oral availability rules proposed by Veber. The estimated water solubility 
of the compounds studied is moderately soluble, with log S values 
ranging from − 4.55 to − 5.13 mg/mL. Furthermore, the consensus 

model-calculated lipophilicity properties of the compounds, as 
measured by Log Po/w in n-octanol and water, were found suitable, 
ranging from 2.95 to 4.76 [54]. The prediction results suggest all tested 
pyrazoline derivatives exhibit high gastrointestinal (GI) absorption (A >

Table 5 
Potential Probability for each best 3 targets with all 4 tested compounds.  

compound MAO-A MAO-B ACHE 

2a 0.509860935 0.576544658 0.509860935 
2b 0.387931035 0.411675028 0.387931035 
2c 0.553794489 0.553794489 0.285287513 
2d 0.201584698 0.371181767 0.169270502  

Table 6 
Pie chart for potential targets classification for each tested compound.  

Compounds Pie chart (type of targets) 

2a 

2b 

2c 

2d 
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30 %). 
Skin permeability plays a crucial role in transdermal drug delivery 

and is a key factor in assessing product effectiveness. The studied 
compounds show low skin permeability, indicating potential use in 
alleviating skin allergies. The Caco-2 permeability values (log Papp >
0.90) for compounds 2b, 2c, and 2d are predicted to be high. Com
pounds 2b, 2c, and 2d may exhibit AMES toxicity, indicating possible 
mutagenic and carcinogenic effects. Moreover, compound 2b may cause 
skin sensitization. 

Inhibition of potassium channels, encoded by hERG (the human 
Ether-à-go-go-Related Gene), is known to cause long QT syndrome and 
fatal ventricular arrhythmia in hERG I and II inhibitors [55]. The ob
tained results reveal that all tested pyrazolines lack hERG I inhibitory 
properties while inhibiting hERG II. 

The metabolism of small molecules depends heavily on the cyto
chrome (CYP) group of enzymes, which catalyze various oxidation 
processes and are responsible for biotransformation of approximately 
90 % of marketed drugs [56,57]. Therefore, evaluating compounds’ 
ability to inhibit cytochromes (CYP) is crucial for determining their 
metabolic activity. According to the obtained results, all tested com
pounds inhibit CYP1A2, CYP2C19, CYP2CP, and CYP3A4, except for 
compounds 2a and 2c. Compounds 2b and 2d were unable to inhibit the 
enzyme CYP2D6. 

Additionally, based on the results, the bioavailability score of all 
tested compounds is 0.55, suggesting potential as effective oral medi
cation. In summary, the synthesized pyrazoline derivatives are expected 
to exhibit a good pharmacokinetic profile and show promise as drugs, 
especially compound 2a. Six physicochemical properties—flexibility, 
lipophilicity, thickness, polarity, solubility, and saturation—are depic
ted in the bioavailability radar (Fig. 7) obtained from the SwissADME 
website. These compound properties ideally fall within the pink region 
of the radar graph, indicating their drug-like properties. According to 
Fig. 7, all synthesized pyrazolines, except for saturation in 2a, 2b, and 
2d, lie within this pink region. 

3.7. Gastrointestinal absorption and brain penetration prediction 

Gastrointestinal absorption and brain access are two critical ADME 
properties assisting drug development prediction at various stages. The 
’boiled egg’ diagram is a proposed tool for accurate predictions [58]. 
When examining the boiled egg model of the pyrazoline molecules 
(Fig. 8), it appears that all tested compounds fall within the acceptable 
range. The diagram depicts blue dots (compounds 2a and 2c), repre
senting molecules predicted to be excreted from the central nervous 
system by P-glycoprotein, and red dots (compounds 2b and 2d), and 
indicating molecules unlikely to be excreted. All compounds within the 
yellow zone suggest high gastrointestinal absorption and potential to 
cross the blood-brain barrier. 

3.8. Molecular docking study 

3.8.1. Docking against tyrosinase 
To elucidate the mechanism of synthesized pyrazoline 2a inhibition 

against mushroom tyrosinase and determine its favorable binding mode, 
a molecular docking study was performed. In silico docking results, 
including binding energy, best docked pose, and binding interactions of 
compound 2a with mushroom tyrosinase, are shown in Table 8 and 
Fig. 9. For reliability, the co-crystallized kojic acid ligand was re-docked 
into the 2Y9X target. 

Kojic acid (KA) is recognized for its potent anti-tyrosinase activity 
due to its ability to reduce o-dopaquinone back to L-Dopa and prevent 
melanin formation, aiding in skin hyperpigmentation treatment. The 
binding energy value of KA was − 5.5 kcal/mol, forming three strong 
hydrogen bonds with the KA hydroxyl groups and key residues His61 
(2.38 Å), His85 (3.05 Å), and Met280 (2.38 Å). The tested compound 
demonstrated a higher docking binding energy of − 8.6 kcal/mol than 
KA. This difference is attributed to the molecular weight. 

The literature indicates that His244, Glu256, Ala286, Asn260, 
Phe264, and Val283 are crucial residues in the tyrosinase enzyme’s 
active center cavity [59,60]. Histidine residues (His61, His85, His94, 
His259, His263, and His296), which bind with binuclear copper, are 
also significant as they interact with inhibitors because they usually 
cannot interact directly with the copper ions key to the inhibitory effect. 
Compound 2a, a strong in vitro tyrosinase inhibitor (IC50 = 32.65 ±
2.30 µM), demonstrated good binding energy, involving three 

Table 7 
ADMET parameters of the synthesized compounds.  

Parameters Compound 
2a 

Compound 
2b 

Compound 
2c 

Compound 
2d 

Physiochemical properties 

Formula C19H16N2O2 C19H15ClN2 C22H22N2 C20H18N2 

Molecular weight 
(< 500 Da) 

304.34 g/ 
mol 

306.79 g/ 
mol 

314.42 g/ 
mol 

286.37 g/ 
mol 

No. of heavy 
atoms 

23 22 24 22 

Fraction Csp3 0.11 0.11 0.23 0.15 
No. of rotatable 

bonds 
2 2 3 2 

No. of H–bond 
acceptors ≤ 9 

3 1 1 1 

No. of H-bond 
donors ≤ 10 

3 1 1 1 

Molar Refractivity 
< 130 

98.67 99.64 109.21 99.59 

TPSA < 130 64.85 A2 24.39 A2 24.39 A2 24.39 A2  

Lipophilicity 

LogPO/W(iLOGP) 1.94 3.04 3.50 2.99 
LogPO/W(XLOGP3) < 5 3.87 5.20 5.70 4.94 
LogPO/W(WLOGP) 2.60 3.85 4.32 3.50 
LogPO/W(MLOGP) 2.59 4.28 4.45 4.01 
LogPO/W(SILICOS-IT) 3.74 5.36 5.82 5.25 
Consensus LogPO/W 2.95 4.35 4.76 4.14  

Water Solubility 

Log S (ESOL) − 4.55 − 5.42 − 5.68 − 5.13 
Log S (Ali) − 4.93 − 5.46 − 5.98 − 5.19 
Log S (SILICOS-IT) − 6.11 − 7.88 − 8.08 − 7.66  

Drug-likeness 

Lipinski Yes, 
0 Violation 

Yes; 1 
violation: 
mlOGP >
4.15 

Yes; 1 
violation: 
mlOGP >
4.15 

Yes, 
0 Violation 

Ghose Yes Yes Yes Yes 
Veber Yes Yes Yes Yes 
Egan Yes Yes Yes Yes 
Muegge Yes No; 1 

violation: 
XLOGP > 5 

No; 1 
violation: 
XLOGP > 5 

Yes 

Bioavailability 
Score 

0.55 0.55 0.55 0.55  

Pharmacokinetics 

Cacao2 0.847 1.551 1.502 1.544 
Intestinal adsorption human 88.887 90.913 91.917 92.371 
Skin permeability − 2.777 − 2.816 − 2.845 − 2.818 
BBB permeability 0.096 0.426 0.528 0.476 
CYP2D6 substrate Yes Yes No Yes 
CYP3A4 substrate Yes Yes Yes Yes 
CYP1A2 inhibitor Yes Yes Yes Yes 
CYP2C19 inhibitor Yes Yes Yes Yes 
CYP2C9 inhibitor Yes Yes Yes Yes 
CYP2D6 inhibitor  No Yes No 
CYP3A4 inhibitor Yes Yes Yes Yes 
AMES toxicity No Yes Yes Yes 
hERG I inhibitor No No No No 
hERG II inhibitor Yes Yes Yes Yes 
Hepatotoxicity No No No Yes 
Skin Sensitisation No yes No No  
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conventional hydrogen bonds between the hydroxyl group H-atom, the 
N–H group H-atom, and the pyrazoline ring N-atom with Met280, 
Asn260, and His244 key residues, at intermolecular distances of 1.96 Å, 
2.06 Å, and 2.29 Å, respectively. A π–Sigma interaction is observed 
between both aromatic rings and the 3-(naphthalen-2-yl) ring with 
Val248 and Val283, respectively. A carbon-hydrogen bond is also 
formed with His259. Interestingly, compound 2a interacts with four key 
residues responsible for coordinating binuclear copper in the active site 
[61]. 

3.8.2. Docking against acetylcholinesterase 
The binding interaction of the selected synthesized pyrazoline 2a 

and galantamine against acetylcholinesterase (AChE) as a target enzyme 
was investigated using molecular docking. Table 8 and Fig. 10 depict the 
results of the tested compounds. Compound 2a demonstrated promising 
performance against AChE compared to standard galantamine, with 

docking scores of − 11.6 and − 9.2 kcal/mol, respectively, confirming 
experimental results. As indicated by the protein-ligand interaction 
(PLI) profiles (Fig. 10), compound 2a exhibited key interactions with 
amino acid residues such as Ser286 (2.83 Å) and Arg289 (2.44 Å) 
through hydrogen bonding, Phe331 (3.58 Å) through carbon-hydrogen 
binding, and Phe330 through π-π T-shaped bonding. It also forms π-π 
stacking interactions with Tyr334 and Trp279, and various amino acid 
interactions through van der Waals forces. 

4. Conclusion 

In this investigation, four novel pyrazoline derivatives, 2a, 2b, 2c, 
and 2d, were synthesized and their characteristics analyzed using 
spectroscopic methods. These derivatives were evaluated for their 
antioxidant capabilities as well as their inhibitory action against 
acetylcholinesterase (AChE) and Tyrosinase in vitro. The DFT/B3LYP 

Fig. 7. Bioavailability radar of synthesized pyrazolines compounds.  
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Fig. 8. The BOILED-Egg diagram of the pyrazoline compounds.  

Table 8 
Docking score, bond interactions-types and bond lengths of tyrosinase and AChE Protein (PDB ID: 2Y9X and 1ACL) with the selected compounds.  

Target enzyme Compound receptor Interaction type Distance 
(A◦) 

Docking score 
( Kcal/mol) 

RMSD average 
( A◦) 

2Y9X 2a His244 Conventional hydrogen bond 2.29 − 8.6 3.5383 
Asn260 2.09 
Met280 1.96 
Val248 π–sigma 3.70 

3.78 
Val283 π–sigma 3.51 
His259 Carbon hydrogen bond 3.77 

Kojic acid His61 Conventional hydrogen bond 2.38 − 5.5 1.5066 
Met280 2.57 
His85 3.05 
Ala286 π–Alkyl 4.97 
His263 π–π stacked 3.66 
Val283 π–sigma 3.90 

1ACL 2a Ser286 Conventional hydrogen bond 2.83 − 11.6 3.2344 
Arg289 2.44 
Phe331 Carbon hydrogen bond 3.58 
Tyr334 π–π stacked 3.94 

3.92 
Trp279 5.84 

4.59 
Phe330 π–π T-shaped 5.29 

4.95 
Galantamine Ser122 Conventional hydrogen bond 2.48 − 9.2 2.0937 

Gly118 Carbon hydrogen bond 3.33 
His:440 π–alkyl 5.48 
Tyr334 π–sigma 3.60  

I. Selatnia et al.                                                                                                                                                                                                                                 

http://www.rcsb.org/pdb/explore.do?structureId=4R5Y


Journal of Molecular Structure 1296 (2024) 136761

12

quantum chemical computation method was applied to gain a deeper 
understanding of the molecular structure and reactivity of these com
pounds. The empirical results indicated that all of the tested compounds 
exhibited moderate to robust antioxidant activity. A screening for 
tyrosinase inhibitory potential revealed IC50 values that varied between 
32.65 ± 2.30 and 106.56 ± 3.35 µM. Compound 2a stood out with a 
two-fold greater inhibitory effect against the AChE enzyme compared to 
the standard drug, with IC50 values of 3.93 ± 0.52 and 6.27 ± 1.15 µM, 
respectively. The synthesized compounds 2a–2d were also investigated 
for their potential as drug candidates through ADMET studies. The 
findings suggested that the synthesized pyrazoline derivatives could 
demonstrate promising pharmacokinetic profiles, making them potent 
drug candidates, particularly compound 2a. Lastly, a molecular docking 
study was conducted to determine the binding affinity of the most active 
compound (2a), along with kojic acid and galantamine, with the AchE 
and tyrosinase enzymes. The results highlighted that the selected pyr
azoline established several critical interactions, including conventional 
hydrogen bonding, carbon-hydrogen bonding, π–π T-shaped, π–alkyl, 
π–π stacking, and numerous van der Waals interactions, with the active 
sites of both AchE and tyrosinase enzymes. This finding indicates that 
the synthesized compounds, especially 2a, have promising drug-like 
properties and might serve as effective inhibitors of AChE and tyrosi
nase enzymes. 
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