
Journal of Molecular Structure 1315 (2024) 138978

Available online 10 June 2024
0022-2860/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Exploring 2-Pyrazoline derivatives as potent antidiabetic agents and 
cholinesterase inhibitors: Their synthesis and molecular docking studies 
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A R T I C L E  I N F O   

Keywords: 
2-pyrazoline 
Synthesis 
Antidiabetic 
Alzheimer 
Docking 

A B S T R A C T   

Herein, unique pyrazoline derivatives were synthesized, and their structures were elucidated by various spec
troscopic techniques. Moreover, potential in vitro acetylcholinesterase (AChE), butyrylcholinesterase (BChE), 
α-glucosidase, and α-amylase inhibition effects of the compounds were also investigated. Molecular docking 
studies were performed to further elucidate the enzyme inhibitory activities. The compound 2c (IC50 = 1.64 
±0.04 and 4.18±0.22 µM, respectively) exhibited the strongest inhibitory activity against AChE and BChE, while 
compounds 2 m (IC50 = 4.29±0.20 µM) and 2i (IC50 = 4.31±0.08 µM) showed promising AChE inhibitory ac
tivity. On the other hand, compounds 2a (IC50= 5.01±0.13 µM) and 2i (IC50 = 5.06±0.72 µM) significantly 
inhibited BChE. In addition, all compounds except 2c and 2f showed great inhibitory activity against α-amylase 
at lower concentrations compared to acarbose (IC50 = 72.57 ± 3.16 µM). Similarly, all compounds except 2k 
exhibited higher inhibitory activity than acarbose (IC50 = 207.08±12.20 µM) against α-glucosidase. Among the 
compounds, 2a (IC50 = 15.05±5.64 µM), 2b (IC50 = 14.34±5.05 µM), and 2e (IC50 = 11.72±0.46 µM) had 
excellent inhibitory activity at certain concentrations. The data obtained from the molecular docking studies 
supported inhibitory activity results. This study presents potential leads for the development of antidiabetic and 
Alzheimer’s therapeutics.   

1. Introduction 

Heterocyclic compounds carrying nitrogen atoms have always been 
the focus of attention of researchers due to their diverse and versatile 
bioactivities [1]. Pyrazolines, for example, have various pharmacolog
ical activities such as antidiabetic [2], anticancer [3], anticonvulsant 
[4], antioxidant [5], antibacterial [6], antipyretic [7], and cholines
terase enzyme inhibition [8]. Currently, numerous studies have been 
carried out for the synthesis of compounds possessing pyrazoline phar
macophore, especially for the treatment of diabetes and Alzheimer’s 
disease. Saeed et al. synthesized a novel series of pyrazolinyl-acyl 
thiourea derivatives as potent α-glucosidase and α-amylase inhibitors 
[9]. A series of 1,3,5-triaryl-2-pyrazoline derivatives which exhibited 
excellent α-glucosidase inhibitory activity was reported by Mehmood 

et al. [10]. Machado et al. explored a unique compound bearing pyr
azoline scaffold which could be defined as an anti-Alzheimer agent [11]. 
Unsal-Tan et al. synthesized a series of 2-pyrazoline derivatives as an 
inhibitor agent against AChE and BChE [12]. Previous studies have 
demonstrated that the steric and electronic properties of substituents are 
crucial factors in the design of the compounds. Specifically, the size of 
the substituents on the aryl group/s and their electron-donating and 
withdrawing properties play a major role in changing the biological 
activity [13]. 

Diabetes caused by unstable blood sugar levels is a common and 
severe chronic disease worldwide [14]. Diabetes mellitus (DM) is clas
sified as Type I or II based on the amount of insulin produced in cells or 
secreted by the pancreas [15]. Type II diabetes is more significant 
because it may be prevented and is more commonly diagnosed, and 
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caused by an imbalance between the amount of insulin released and the 
amount of insulin consumed [16]. Type II diabetes mellitus is a multi
factorial disease due to a confluence of hereditary and environmental 
factors, including dietary habits, age, and physical inactivity. The pri
mary strategy to prevent type II diabetes is control of blood sugar, which 
includes therapeutic approaches such as the reduction of postprandial 
hyperglycemia, defined as high blood sugar levels due to insufficient 
insulin production or inadequate response from cells. This could be 
achieved by inhibiting enzymes responsible for the digestion of carbo
hydrates localized in intestinal cells, such as α-amylase and α-glucosi
dase [17]. The α-amylase enzyme is responsible for the digestion of 
long-chain carbohydrates, while the α-glucosidase enzyme converts 
starch and disaccharides into glucose. Some commercially available 
drugs, such as metformin, acarbose, voglibose, and miglitol, were 
developed based on inhibiting both α-amylase and α-glucosidase 
[18–20]. Nevertheless, the emergence of side effects like abdominal 
pain, bloating, diarrhea, and flatulence necessitates the development of 
new drugs [21]. Therefore, it is necessary to design and synthesize more 
effective new compounds that provide optimal glycaemic control, 
enhanced safety profiles, and minimized side effects . 

Alzheimer’s disease (AD) is a neurodegenerative disorder that im
pairs neurocognitive function leading to memory loss, cognitive 
impairment, and a deterioration in language skills [22]. Presently, more 
than 55 million people worldwide struggle with AD, and the prevalence 
of the disease is increasing in parallel with the world’s aging population 
[23]. In literature, it is thought that Alzheimer’s disease will become a 
severe public health problem in the coming years with the aging of the 
world population [24]. While the detailed pathophysiology of Alz
heimer’s disease remains incompletely understood, it is characterized by 
progressive degeneration of brain cells, the cause of which is not fully 
elucidated. Various hypotheses have been proposed to explain its eti
ology, such as abnormal amyloid β plaque formation (Aβ), tau protein 
pathology, cholinergic neuron disorder, oxidative stress, and inflam
mation [25]. Clinical studies have shown that treatments aimed at 
increasing acetylcholine levels provide symptomatic improvement [26]. 
Inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase 
(BChE) is vital in treating cognitive disorders to block the hydrolysis of 
acetylcholine. Currently, available and notable cholinesterase inhibitors 
such as donepezil, galantamine, rivastigmine, and tacrine are used to 
improve the symptoms of Alzheimer’s disease [27]. However, these 
drugs have limited and temporary use and are not effective in preventing 
or delaying disease progression [28]. 

Several studies have been conducted in an attempt to define the 
relationship between diabetes and Alzheimer’s disease. While Alz
heimer’s and Type-2 DM were previously considered two independent 
metabolic diseases, over time, advances in the study of the pathophys
iology of these diseases have revealed that they share many common 
mechanisms such as insulin resistance, insulin growth factor (IGF) 
signaling, glycogen synthase kinase 3β signaling mechanism, oxidative 
stress, and inflammatory response. The formation of Alzheimer’s and 
Type-2 DM diseases has also been associated with mechanisms such as 
amyloid beta (Aβ) formation, neurofibrillary tangle formation, and 
regulation of acetylcholine esterase activation. Additionally, epidemio
logical studies have shown a strong relationship between cognitive 
impairment and type-2 DM due to impaired glucose absorption in neu
rons for energy production. As a result, scientists have labeled Alz
heimer’s as ‘Type-3 DM’ due to the common mechanisms between these 
two diseases at the cellular and molecular levels. Activation of neuronal 
stress signaling pathways is seen as one of the pathological causes of 
Alzheimer’s disease. Given the interconnectedness of Alzheimer’s and 
Type-2 DM, targeting such pathways with antidiabetic agents presents a 
promising approach. These agents hold potential for treating not only 
diabetes but also Alzheimer’s disease by addressing brain insulin 
signaling, cognitive impairment, and neurodegeneration [29–32]. 

Our study aims to examine the multiple biological activity potentials 
of pyrazoline-based compounds against diabetes and Alzheimer’s 

diseases, which are common worldwide. Specifically, we explored the 
inhibitory potentials of these compounds against carbohydrate hydro
lyzing enzymes (α-glucosidase, α-amylase) and cholinesterase enzymes 
(acetylcholinesterase, AChE and butyrylcholinesterase, BChE), which 
play crucial roles in diabetes and Alzheimer’s disease, respectively. 
Molecular features contributing to their effectiveness in the treatment of 
diabetes and Alzheimer’s disease have been revealed through structure- 
activity relationship analysis. In addition, possible binding modes of 
compounds with selected targets were evaluated computationally 
through molecular docking and molecular dynamic simulations. 

2. Result and discussion 

2.1. Chemistry 

In this study, the 4-(4-methylpiperidine)benzaldehyde compound 
(1) was synthesized by reacting 4-methylpiperidine with 4-fluorobenzal
dehyde in the presence of K2CO3 as a base in dimethylformamide (DMF) 
under reflux for 10 h (Scheme 1, pathway [I]). Then, compound (1) was 
subjected to a base-mediated Claisen-Schmidt aldol condensation with 
ketone derivatives in the presence of sodium hydroxide in methanol at 
room temperature for 12 h to obtain the corresponding chalcones (1a- 
1i) in 77–89% yield (Scheme 1, pathway [II]). In the last step, com
pounds (2a-2i) were synthesized via the cyclocondensation of chalcone 
compounds with phenylhydrazine hydrochloride in ethanol under 
heating conditions for 10–11 h in the presence of glacial acetic acid, 
yielding 65–81 % (Scheme 1, pathway [III]). IR, 1H NMR, 13C NMR, and 
mass spectra were used to elucidate the structures of the achieved 
compounds. Copies of spectra of the synthesized compounds are pro
vided in supplementary materials as Figures (1–54). 

2.2. Spectral data analysis 

The IR spectra of the chalcone derivatives (1a–1i) revealed the ex
istence of the characteristic carbonyl group (C = O), which is conjugated 
with an olefinic bond (CH––CH). C = O stretching band of the chalcone 
derivatives was observed in the 1641–1651 cm− 1 range. The C = N and 
C–N stretching bands were observed in the regions in the 1595–1597 
cm− 1 and 1226–1379 cm− 1, respectively. The absence of the carbonyl 
vibration band in the IR spectrum of pyrazoline compounds further 
supported the formation of the pyrazoline ring. 

In 1H NMR spectra of the compounds 1a-1i, peaks observed in the 
aromatic and aliphatic regions are consistent with the number and na
ture of the protons on the scaffold of the corresponding compound. The 
coupling constant values of olefinic protons of chalcones are observed as 
either J = 15–16 Hz or J = 7–9 Hz are typical for the trans and cis 
configuration about the carbon-carbon double bond, respectively [33]. 
For instance, the peak at 7.40 ppm (d, J = 15.7 Hz) for compound 1 h 
indicates the doublets attributed to unsaturated hydrogens, with the 
coupling constant (J) confirming trans stereochemistry. The pyrazoline 
ring possesses a unique splitting system known as ABX due to the 
geminal-vicinal couplings between the non-equivalent methylene pro
tons (Ha and Hb) and the methine proton (Hx), which resonated as a 
double doublets [34]. The peaks of the Ha, Hb, and Hx protons of the 
compounds were observed at 2.93–3.14 ppm, 3.74–3.87 ppm, and 
5.22–5.49 ppm as double doublets, respectively. The corresponding 
coupling constants values of these protons were determined to be Jgem =

16.9–17.6 Hz, Jtrans = 5.8–7.0 Hz, and Jcis = 12.1–12.6 Hz, respectively. 
It was determined that the peaks observed in the aliphatic region were 
suitable for the aliphatic protons of the compounds. Moreover, aromatic 
protons resonated with compatible integral values in the aromatic 
region. 

In the 13C NMR spectra, the formation of the pyrazoline ring was 
confirmed by the observation of peaks for the C14, C15, and C16 carbons 
of the pyrazoline ring in the ranges of 62.28–64.51 ppm, 42.80–43.70 
ppm, and 144.28–160.22 ppm, respectively. Additionally, the calculated 
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m/z values correlate well or compare favorably with the assigned mo
lecular structures. 

2.3. Biological activities 

2.3.1. Enzyme inhibitory activities 
The synthesized compounds were screened/evaluated against 

α-amylase, α-glucosidase, acetylcholinesterase, and 

butyrylcholinesterase at different concentrations (12.5, 25, 50, 100, and 
200 µM) in the presence of galantamine and acarbose as positive con
trols, respectively (Table 1). 

2.3.1.1. In vitro α-amylase and α-glucosidase inhibitory activity. All of the 
synthesized compounds bearing pyrazoline ring except derivatives 2d 
and 2f exhibited more potent activity with IC50 values ranging from 
28.97±0.80 µM to 42.67±0.73 µM when their amylase inhibitory 

Scheme 1. Synthesis pathways of pyrazoline compounds. Reagent and conditions: (I) K2CO3, DMF, reflux, 10 h; (II) NaOH, methanol, r.t., 12 h; (III) glacial acetic 
acid, ethanol, reflux, 10–11 h. 

Table 1 
In vitro α-glucosidase, α-amylase, and anticholinesterase inhibitory activities of 2(a-o).a  

Compound Ar α-Amylase Inhibitory Activity 
IC50 (µM) 

α-Glucosidase Inhibitory Activity 
IC50 (µM)b 

Anticholinesterase Inhibitory Activity 

AChE 
IC50 (µM)d 

BChE 
IC50 (µM)d 

2a 4-Chlorophenyl 31.08±1.26d 15.05±5.64 6.95±0.64 5.01±0.13 
2b 4-Fluorophenyl 39.13±0.67c 14.34±5.05 7.21±1.46 7.28±0.37 
2c 4-Bromophemyl 42.67±0.73c 22.72±5.03 1.64±0.04 4.18±0.22 
2d 4-Methylphenyl 112.41±9.20d 19.90±0.41 19.87±0.27 24.11±0.95 
2e 4-Nitrophenyl 52.48±0.54d 11.72±0.46 5.12±0.08 12.84±0.49 
2f 4-Cyanophenyl 102.65±1.70d 17.17±0.54 9.75±0.17 16.79±0.17 
2g 4-Methylthiophenyl 32.98±0.05c 21.22±0.26 11.69±0.30 10.07±0.41 
2h 5-Methylfuran-2-yl 35.39±1.06c 40.11±5.01 12.29±0.61 10.80±0.23 
2i 4-Methoxyphenyl 35.37±1.20c 116.87±2.29 4.31±0.08 5.06±0.72 
2j -Phenyl 38.20±1.04c 140.91±3.68 18.75±0.24 20.66±0.43 
2k 5-Chlorothiophen-2-yl 35.49±0.91c NA 6.26±0.19 6.24±0.11 
2l Furan-2-yl 42.49±1.27d 99.89±1.58 9.80±0.44 10.52±0.38 
2m 5-Bromothiophen-2-yl 28.97±0.80c 26.42±2.71 4.29±0.20 13.38±0.30 
2n Thiophen-2-yl 31.65±0.18c 143.23±0.23 12.12±0.41 5.34±0.04 
2o 5-Methylthiophen-2-yl 30.99±0.69c NA 13.75±0.59 6.90±0.12 
Galantamineb  NT NT 3.70±0.27 40.20±0.13 
Acarboseb  72.57 ± 3.16 207.08 ± 12.20 NT NT  

a Values expressed herein are mean ± SEM of three parallel measurements. p < 0.05. 
NT: not tested. 

b 25–50–100–200 µM. 
c 12.5–25–50–100 µM. 
d 50–100–200–400 µM 
⸎12.5–25–50–100 mM 
IC50: Half maximal inhibitory concentration. 
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activities were compared to acarbose (IC50 = 72.57 ± 3.16 µM). 
Except 2k, the pyrazoline derivatives exhibited increased activity 

against α-glucosidase compared to acarbose standard (IC50 = 207.08 
±12.20 µM) with IC50 values ranging from 11.72±0.46 to 143.23±0.23 
µM. Compounds 2a, 2b and 2e exhibited higher activity among the 
compounds, with IC50 values of 15.05±5.64, 14.34±5.05 and 11.72 
±0.46 µM, respectively. 

The structure-activity relationships (SAR) studies indicated that 
compounds 2a, 2b, 2c, 2e, and 2f substituted with an electron- 
withdrawing group, such as chlorine, fluorine, bromine, nitro, and 
cyano, respectively, at the 4th position of the phenyl ring, exhibited 
stronger inhibitory effect against α-glucosidase. On the contrary, com
pound 2i substituted with electron-donating group, like the methoxy, 
showed a decrease in activity. This suggests that electronic factors play a 
crucial role in modulating inhibitor potency. Additionally, steric effects 
may also contribute to these observed changes, although the electronic 
effects appear to be predominant [35,36]. 

2.3.2. In vitro anticholinesterase activity 
The anticholinesterase efficacy of 2a-2o derivatives was assessed 

against AChE and BChE, and the results were compared with galant
amine, utilized as a positive control. The compounds exhibited consid
erable inhibitory characteristics on cholinesterase enzymes, which are 
the essential targets in Alzheimer’s therapy. Compound 2c substituted 
with bromo was the most active against AChE (IC50 = 1.64±0.04) and 
BChE (IC50 = 4.18±0.22 µM) compared to galantamine with IC50 values 
of 3.70±0.27 and 40.20±0.13 µM, respectively. Compounds 2 m 
substituted with 5-bromothiophen-2-yl and 2i substituted with 4- 
methoxyphenyl also exhibited stronger AChE inhibitory activity 
compared to the other compounds with IC50 = 4.29±0.20 and 4.31 
±0.08 µM, respectively. On the other hand, the compounds 2a and 2i 
showed excellent BChE enzyme inhibitory activity with IC50 values of 
5.01±0.13 and 5.06±0.72 µM, respectively. 

When the inhibitory activities of compounds with substitution at the 
4th position of the phenyl rings were compared, it was observed a 
decline in inhibitory activity as the electronegativity of the halogens 
substituted on the phenyl ring decreased. Further, compound 2c with 
bromine at the 4th position of the phenyl ring was found to have the 
most effective cholinesterase enzyme inhibition. 

Replacement of the phenyl ring with a heteroaryl ring carrying an 
electronegative atom resulted in increased activity. Compound 2l (IC50 
= 9.80±0.44 µM, 10.52±0.38 µM, respectively) and 2n (IC50 = 12.12 
±0.41 µM, 5.34±0.04 µM, respectively) showed more potent AChE and 
BChE inhibitory activity than the compound 2j (IC50 = 18.75±0.24 µM, 
20.66±0.43 µM, respectively). 

2.3.3. Cytotoxicity of pyrazoline compounds on L929 cells 
The toxicity of the pyrazolines was performed using the MTT assay 

against mouse fibroblast cell lines (L929). Table 2 shows the results. All 
synthesized compounds were found to show no toxic effect against L929 
cells, except for compound 2 h (IC50 = 247.563 μM), compared to 
negative control. Only compound 2 h and paclitaxel reduced the pro
liferation of the cells by up to 50 % when tested at 250 μM and 10 μg/ 
mL, respectively. 

2.4. ADME properties prediction 

Absorption, distribution, metabolism, and elimination (ADME) 
properties are essential in the development of potential drug candidates. 
The SwissADME program is widely used to calculate the pharmacoki
netic and physicochemical parameters of synthetic molecules [37]. In 
this study, Lipinski and Veber’s rules, which define the ADME properties 
and physicochemical properties responsible for the transition of the 
compounds through the blood-brain barrier system, were applied using 
SwissADME. Analysis of the BOILD-Egg graph revealed that all synthe
sized pyrazoline compounds successfully penetrated the blood-brain 

barrier system, indicating their potential for biological activity (Fig. 1). 
Physicochemical calculations such as molecular weight (MW), lip

ophilicity (LogP), hydrogen bond donor number (HBD), hydrogen bond 
acceptor number (HBA), rotation bond number (RB), and topological 
polar surface area (TPSA) were also assessed. Compounds were then 
evaluated for drug-like properties according to their compliance with 
the Lipinski and Veber rules. Specifically, Lipinski rules include criteria 
such as MW ≤ 500, LogP ≤ 4.15, HBA ≤ 10, and HBD ≤ 5, while Veber 
rules entail criteria such as RB ≤ 10 and TPSA ≤ 140 [38,39]. It was 
found that all compounds evaluated for biological activities complied 
with the criteria outlined in both Lipinski and Veber rules, as determined 
by the analysis of ADME and physicochemical parameters using the 
SwissADME tool [40]. Results from the SwissADME program for the 
compounds are given in Table 3. 

2.5. Molecular docking analysis 

Molecular docking is a structure-based drug design technique that 
aims to forecast the binding orientation and binding strength of a 
particular compound within a designated target protein. The docking 
score with the lowest binding energy demonstrates that the compound 
has a higher binding affinity to the protein. 

In line with this information, according to the docking analysis, the 
molecular docking investigation of α-amylase and α-glucosidase en
zymes indicated that the binding energy of the reference compound 
(acarbose) was − 6.30 and − 4.66 kcal/mol, respectively. All the syn
thesis compounds exhibited stronger binding affinities within the 
binding energies range of − 9.18 kcal/mol to − 7.70 kcal/mol against 
α-amylase and − 8.08 kcal/mol to − 7.12 kcal/mol against α-glucosidase 
than positive compound of acarbose. In vitro analysis revealed that 
compounds 2a, 2b, and 2e, which were the most active among the 
tested compounds, exhibited inhibitory activity at concentrations of 
15.05±5.64, 14.34±5.05, and 11.72±0.46 µM against α-glucosidase, 
respectively. By this, the in silico molecular docking studies indicated 
that these active compounds established bonds with Arg411, Asp616, 
and Gly651 through hydrogen bonds while interacting with Trp376, 
Leu678, Leu677, and Leu 650 via pi-alkyl and pi-pi T-shaped bonds 
(Fig. 2). Specifically, compound 2a established bonds with Leu678 and 
Trp376 via phenyl moieties. Compound 2b interacted with Gly651 via 
fluoro atom, while compound 2e showed interactions with Arg451 and 
Trp375 via nitro group and phenyl ring, respectively. In conclusion, 
compounds 2a, 2b, and 2e exhibited various interactions with specific 
amino acid residues of the α-glucosidase enzyme. For instance, the 
aliphatic part of the piperidine ring of the mentioned compounds formed 

Table 2 
Cytotoxicity of the pyrazoline compounds 2(a-o)a.  

Compound Ar IC50 (µM) 

2a 4-Chlorophenyl NS 
2b 4-Fluorophenyl NS 
2c 4-Bromophemyl NS 
2d 4-Methylphenyl NS 
2e 4-Nitrophenyl NS 
2f 4-Cyanophenyl NS 
2g 4-Methylthiophenyl NS 
2h 5-Methylfuran-2-yl 247.563±1.413b 

2i 4-Methoxyphenyl NS 
2j -Phenyl NS 
2k 5-Chlorothiophen-2-yl NS 
2l Furan-2-yl NS 
2m 5-Bromothiophen-2-yl NS 
2n Thiophen-2-yl NS 
2o 5-Methylthiophen-2-yl NS 
Paclitaxel b  8.40±0.16  

a Values expressed herein are mean ± SEM of three parallel measurements. p 
< 0.05. 

NS: Not showed any cytotoxic effect on applied doses. 
b 5.6–31.25–62.5–125–250 µM. 
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alkyl and pi-alkyl interactions with residues such as Trp613, Phe649, 
Trp516, and His674. Additionally, the phenyl rings of these compounds 
interacted with other residues like Leu678, Trp376, and Leu677, 
demonstrating pi-pi T-shaped, alkyl, and pi-alkyl interactions. 
Commonly, the pyrazoline ring of all three compounds engaged in alkyl 
and pi-alkyl interactions with specific amino acid residues such as 
Leu678. As a result, docking studies have shown that pi-pi T-shaped, 
alkyl, and pi-alkyl interactions play a significant role in the binding 
process of synthesized compounds with the α-glucosidase enzyme. 
Particularly, the importance of these interactions in compounds con
taining electron-withdrawing groups suggests that electron- 
withdrawing groups may enhance these interactions by reducing the 
electron density on the structure. Therefore, it has been concluded that 
electron-withdrawing groups play a crucial role in biological activity. 

Moreover, all synthesis compounds demonstrated similar binding 
affinities against α-amylase with binding energies ranging from − 9.18 
kcal/mol to − 7.70 kcal/mol. Among these compounds, it was compound 
2f that displayed the most favorable binding affinity for α-amylase, with 
the lowest binding energy of − 9.18 kcal/mol. The compound exhibited 
hydrogen bond interactions with residues Asn105 and Ala106 via the 
cyano group, pi-alkyl bond interactions with Leu162, Leu165, Ala198, 
and His201 via the 4-methyl piperidine, and pi-pi stacked bond inter
action with Trp59 via the phenyl moeity in α-amylase (Fig. 2). It is worth 
mentioning that the amino acids responsible for these interactions 
during the molecular docking process are compatible with interaction 
sites previously reported in the literature [41,42]. 

In addition, compounds 2a-2o demonstrated high effectiveness with 
binding energies ranging from − 12.59 kcal/mol to − 9.68 kcal/mol 

Fig. 1. BOILED-Egg graph of the synthesized compounds.  

Table 3 
ADME and physicochemical parameters of the compounds.  

Molecule MW #Rotatable bonds #H-bond acceptors #H-bond donors TPSA MLOGP Log S GI absorption BBB permeant Pgp substrate 

2a 429.98 4 1 0 18.84 5.58 − 7.12 High Yes Yes 
2b 413.53 4 2 0 18.84 5.48 − 6.68 High Yes Yes 
2c 474.44 4 1 0 18.84 5.67 − 7.43 High Yes Yes 
2d 409.57 4 1 0 18.84 5.31 − 6.82 High Yes Yes 
2e 440.54 5 3 0 38.92 4.10 − 6.59 High Yes No 
2f 420.55 4 2 0 42.63 4.38 − 6.47 High Yes Yes 
2g 441.63 5 1 0 44.14 5.58 − 7.04 High Yes Yes 
2h 399.53 4 2 0 31.98 4.09 − 6.40 High Yes Yes 
2i 425.57 5 2 0 28.07 4.72 − 6.60 High Yes Yes 
2j 395.54 4 1 0 18.84 5.11 − 6.52 High Yes Yes 
2k 436.01 4 1 0 47.08 5.21 − 7.36 High Yes Yes 
2l 385.50 4 2 0 31.98 3.89 − 6.07 High Yes Yes 
2m 480.46 4 1 0 47.08 5.31 − 7.68 High Yes Yes 
2n 401.57 4 1 0 47.08 4.74 − 6.56 High Yes Yes 
2o 415.59 4 1 0 47.08 4.94 − 6.88 High Yes Yes  
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against AChE and − 10.87 kcal/mol to − 8.99 kcal/mol against BChE, in 
comparison to the positive control, galantamine (Table 4). Compound 2f 
demonstrated the most favorable binding affinity with the lowest 
binding energy of − 12.59 kcal/mol against AChE. In addition, com
pounds 2c, 2i, and 2 m, which was the most active compound, exhibited 
more vital AChE inhibitor activity at 1.64±0.04, 4.31±0.08 and 4.29 
±0.20 µM inhibitory concentrations than galantamine (IC50 = 3.70 
±0.27 µM) as given in Table 1. Similarly, these compounds exhibited a 
significantly higher binding affinity towards AChE than the positive 
control galantamine in silico molecular docking analysis, with a binding 

energy of − 11.15 kcal/mol, − 11.34 kcal/mol and − 11.35 kcal/mol, 
respectively. 

The critical catalytic functional site of human AChE comprises the 
catalytic triad, which includes Glu334, His447, and Ser203, as well as 
the anionic subsite consisting of Trp86, Tyr337, and Phe338. Addi
tionally, there is a peripheral anionic site featuring Tyr72, Trp286, and 
Tyr341 [43,44]. Compounds 2c, 2i, and 2 m, the most active among the 
series, exhibited non-covalent bonding interactions with these residues, 
essential in the catalytic functional site of human AChE. Also, these 
active compounds displayed hydrogen bond interactions with Pro88, 
Gly120, Tyr133, Glu202, and Ser203 residues in the AChE enzyme. 
Specifically, compound 2c contains a bromine atom, interacting with 
Trp117, Try133, Glu202, and Ile451. Compound 2 m interacts with 
Ser125 via the sulfur atom in the thiophene ring, and with Pro88 via the 
bromine attached to the thiophene ring. Compound 2i interacts with 
Gly120, Tyr133, Glu202, Ile451, Tyr117, and Ser203 via the methoxy 
group attached to the phenyl moiety. In conclusion, the phenyl rings of 
the three compounds formed pi-pi T-shaped interactions with the Trp86, 
Tyr337, and Phe338 amino acid residues located in the anionic site of 
the enzyme. Furthermore, the aliphatic site of the piperidine rings in 
these compounds interacted with common enzymes to form alkyl and 
pi-alkyl bonds. Electronegative atoms have played a role in the forma
tion of hydrogen interactions. As a result, the ability of phenyl rings, 
piperidine, and electronegative atoms to interact with key amino acid 
residues of the enzyme has played a significant role in the design 
strategy of these structures. The molecular interactions of the highly 
active compounds, 2c, 2i, and 2 m, with the AChE enzyme, are depicted 
in Fig. 3, as determined through a combination of in silico and in vitro 
studies. 

Besides, compounds 2a, 2c, and 2i exhibited the most significant 
BChE enzyme inhibitory activity, with concentrations of 5.01±0.13, 
4.18±0.22, and 5.06±0.72 µM, respectively. Also, these compounds 
showed a strong binding affinity with the lowest binding energy of 
− 9.93, − 10.06, and − 10.04 kcal/mol against BChE. They were bound to 
Trp82, Leu125, Tyr128, Ala328, Met437, Trp430, and Trp440 with a pi- 

Fig. 2. The 2D analysis of the most active compounds against α-amylase and α-glucosidase enzyme.  

Table 4 
The lowest binding energy values of the compounds 2a-2o and reference com
pounds from each docking analysis in the active site of AChE, BChE α-Amylase, 
and α-Glucosidase.   

AChE BChE α-Amylase α-Glucosidase 
Compound 
Number 

Binding 
Energy 
(kcal/mol) 

Binding 
Energy 
(kcal/mol) 

Binding 
Energy (kcal/ 
mol) 

Binding Energy 
(kcal/mol) 

2a − 11.62 − 9.93 − 8.43 − 7.98 
2b − 11.31 − 9.62 − 7.90 − 7.52 
2c − 11.15 − 10.06 − 8.72 − 7.90 
2d − 11.71 − 9.73 − 8.33 − 7.36 
2e − 10.03 − 10.30 − 8.88 − 7.12 
2f − 12.59 − 10.87 − 9.18 − 8.01 
2g − 9.68 − 10.12 − 8.62 − 8.01 
2h − 10.93 − 9.40 − 7.91 − 7.94 
2i − 11.34 − 10.04 − 8.31 − 7.84 
2j − 11.49 − 9.45 − 7.95 − 7.62 
2k − 11.59 − 9.84 − 8.36 − 7.85 
2l − 11.11 − 10.15 − 7.70 − 7.86 
2m − 11.35 − 10.02 − 8.57 − 8.08 
2n − 11.64 − 8.99 − 7.93 − 7.45 
2o − 11.31 − 9.54 − 8.11 − 7.32 
Reference 

Compounds 
− 9.13a − 7.61a − 6.30b − 4.66b  

a Galantamine. 
b Acarbose;. 
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alkyl bond, Phe329, and Trp231 with pi-pi T-shaped bond as shown in 
Fig. 4. Further, compound 2a interacts with Ala277 via the chloro atom 
on the phenyl ring. Compound 2c interacts with Trp82, Met457, Tyr440, 
and Trp430 via a methoxy group attached to the phenyl ring. Compound 

2i interacts with Asn289 via the methoxy group. The catalytic triad 
within BChE comprises Ser198, His438, and Glu325. Research involving 
site-directed mutagenesis and affinity studies has confirmed the signif
icance of Trp82 in ligand binding [45,46]. As a result, the phenyl rings of 

Fig. 3. The 2D analysis of the most active compounds against AChE enzyme with in silico and in vitro studies.  

Fig. 4. The 2D analysis of the most active compounds against BChE enzyme with in silico and in vitro studies.  

Z. Uğraş et al.                                                                                                                                                                                                                                   



Journal of Molecular Structure 1315 (2024) 138978

8

the three compounds have engaged in alkyl pi-pi T-shaped interactions 
with the enzyme’s Leu286, Phe329, and Trp231 amino acid residues. 
Additionally, the aliphatic site of the piperidine ring in these compounds 
has interacted with Leu125 (Compound 2a and 2i), Trp82 (Compound 
2a and 2i), Tyr128 (Compound 2a and 2i), and Ala277 (Compound 2c) 
amino acid residues to form alkyl and pi-alkyl bonds. Electronegative 
atoms have played a role in hydrogen bonding and pi-alkyl bond for
mation. Accordingly, the establishment of interactions between phenyl 
rings, piperidine, and electronegative atoms with crucial amino acid 
residues of the enzyme underscores their pivotal role in the structural 
design strategy. The observed binding modes of these compounds within 
the BChE active site were appropriate, and these interactions play a 
crucial role in enhancing inhibitor binding affinity. 

2.6. Molecular dynamics simulations 

In this study, MD simulation was performed using the GROMACS 
2020 to investigate the binding stability and dynamics between the 
compounds identified as the most effective compounds according to the 
molecular docking results and the target enzymes [47]. 

The root mean square deviation (RMSD) analysis serves as a valuable 

tool to assess the stability of the protein-ligand complexes and to identify 
any significant structural changes or fluctuations that may occur during 
the MD simulation. In this study, The RMSD analysis was conducted to 
assess the overall structural stability of the target enzymes with active 
compounds. The RMSD values ranged from 0.2 to 1.2 nm for all protein- 
ligand complexes, indicating minimal deviation throughout the 100 ns 
simulation. Similarly, the RMSD values for the protein and ligand 
structures exhibited negligible variations, ranging from 0.0005 to 0.5 
nm and 0.0004 to 0.2 nm, respectively (as depicted in Fig. 5(A)). These 
consistent RMSD patterns across the complex, protein, and ligand 
structures suggest a stable interaction between active compounds and 
the target proteins. In summary, the RMSD analysis indicates that the 
reference positions of residues within the active site of target enzymes 
remained stable over the course of the 100 ns simulation, underscoring 
the robustness and stability of the interaction between active com
pounds and target enzymes. 

Besides, root mean square fluctuation (RMSF) analysis was employed 
to examine the fluctuation of target enzymes upon interaction with 
active compounds. The RMSF analysis revealed fluctuations in the range 
of 0.04–0.6 nm for the target enzymes (Fig. 5(B)). In addition, we 
analyzed the radius of gyration (Rg) of the proteins using the molecular 

Fig. 5. (A) The RMSD trajectory of protein, ligand, and complex structures. Red color indicates protein, black color indicates complex (protein and ligand), and green 
color indicates ligand (compound 70) structures. (B) The RMSF profile of target enzymes in the complex structures. (C) Radius of gyration (Rg) analysis of target 
enzyme structures during the 100 ns MD simulation time. 
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dynamics simulation data. Rg provides valuable insights into the regular 
secondary structure and compactness of the target proteins, offering a 
measure of their overall size and shape. Our observations revealed that 
Rg values exhibited stable fluctuations between 2.3–2.9 nm for target 
enzymes during the 100 ns simulation time (Fig. 5(C)). Overall, these 
analyses provided valuable insights into the dynamic behavior and 
structural integrity of the target proteins during the molecular dynamics 
simulation. 

Furthermore, in this study, we employed non-covalent 2D interac
tion diagrams generated using the Discovery Studio program to inves
tigate the detailed intermolecular interactions within the protein-ligand 
complexes. These diagrams provide visual representations of the specific 
interactions, including hydrogen bonds, hydrophobic contacts, and 
electrostatic interactions, between the active site residues of the protein 
and the ligand. Accordingly, our analysis revealed that interactions with 
key residues, including Trp286, Tyr341, Tyr72, and Tyr337, located 
within the critical catalytic functional region of human AChE, remained 
stable throughout the duration of the MD simulation. These residues are 
known to play essential roles in the catalytic activity and binding of li
gands or inhibitors within the active site of AChE. The stability of in
teractions with these key residues suggests their significance in 
maintaining the structural integrity and functional activity of the 
protein-ligand complex. Similarly, our analysis revealed that non- 
covalent interactions with the main residues of Ser198, Trp82, 
Trp231, Leu286, and Val288 located within the active site of the human 
BChE enzyme, remained stable throughout the molecular dynamics 
(MD) simulation [48]. In addition, binding site interaction analyses 
performed for α-glucosidase and α-amylase were observed to be 
compatible with the interaction regions previously reported in the 
literature (Fig. 6) [45,46,49]. 

By analyzing the simulation interaction diagrams, we gained insights 
into the specific binding modes and key interactions responsible for 
stabilizing the protein-ligand or protein-inhibitor complexes. This in
formation is invaluable for identifying critical residues involved in 
ligand binding or inhibitor recognition and guiding the design of novel 

compounds with improved potency and selectivity. 

3. Experimental section 

3.1. Chemistry 

This study’s chemicals, reagents, and solvents were procured from 
Sigma Aldrich (St. Louis, MO, USA) and Merck (Darmstadt, Germany) 
and used directly without further purification. Thin-layer chromatog
raphy (TLC) employing silica gel (Kieselgel 60, F254) on aluminum 
sheets from (Merck) was employed to monitor the reaction progress. The 
solvent system used was a mixture of petroleum ether and ethyl acetate 
(10:90). Melting points of the synthesized compounds were determined 
using the Schmelzpunktbestimmer SMP II apparatus. 1H NMR, and 13C 
NMR, spectra of all compounds were acquired with tetramethylsilane 
(TMS) as the internal standard, utilizing UXNMR from, Bruker Analy
tische Messtechnik GmbH (400 Hz), Bruker Avance (300 MHz) and 
Varian Mercury (Agilent) FT (400 Hz) spectrometers. Nuclear magnetic 
spectra were recorded using DMSO‑d6 and CDCl3 as solvents. Chemical 
shift measurements were reported in ppm, while coupling constant 
values were given in Hertz (Hz). Infrared spectrum (IR) measurements 
were conducted using the Shimadzu FTIR 8400 S Spectrometer. Mass 
spectra were obtained using the ESI(+) technique on a Waters ZQ 
micromass LC-MS spectrometer from Waters Corporation (Milford, MA). 

3.1.1. The synthesis procedure of 4-(4-methyl piperidine-1-yl)benzaldehyde 
The 4-(4-methylpiperidine-1-yl)benzaldehyde derivative was syn

thesized using the chemical method described in the literature [50]. 

3.1.2. The synthesis procedure of chalcone derivatives 
The compounds were synthesized according to the synthesis method 

used in our previous study [51]. In our study, a substituted ketone (1 
mmol) and an equivalent amount of benzaldehyde (1 mmol) were 
reacted with three equivalents of NaOH in methanol at room tempera
ture using a magnetic stirrer to synthesize the appropriate compounds. 

Fig. 6. The 2D interaction analysis of the most active compounds against AChE, BChE, α-amylase, and α-glucosidase enzyme after the 100 ns MD simulation.  
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The crude compounds were purified by crystallizing ethanol. 

3.1.2.1. 1-(4-Chlorophenyl)− 3-(4-(4-methyl piperidine-1-yl)phenyl) 
prop‑2-en-1-one (1a). Yield 85 %; m.p. 154.2–154.9 ◦C; IR νmax = 1651 
(C = O); 1581 (chalcone C = C) cm− 1; 1H NMR (400 MHz, DMSO-d6) δ =
0.93 (3H, d, J = 6.4 Hz, CH3), 1.17 (2H, m, –CH2-), 1.60 (1H, m, -CH-), 
1.69 (2H, m, -CH2-), 2.82 (2H, m, N–CH2-), 3.88 (2H, m, N–CH2-), 7.02 
(2H, d, J = 8.5 Hz, Ar), 7.52–7.93 (6H, m, Ar and -CH––CH-), 8.22 (2H, 
d, J = 8.5 Hz, Ar). 

3.1.2.2. 1-(4-Fluorophenyl)− 3-(4-(4-methyl piperidine-1-yl)phenyl) 
prop‑2-en-1-one (1b). Yield 80 %; m.p. 132.0–132.6 ◦C; IR νmax = 1651 
(C = O); 1595 (chalcone C = C) cm− 1; 1H NMR (400 MHz, DMSO-d6) δ =
0.93 (3H, d, J = 6.5 Hz, CH3), 1.17 (2H, q, –CH2-), 1.59 (1H, m, -CH-), 
1.69 (2H, m, -CH2-), 2.80 (2H, m, N–CH2-), 3.89 (2H, m, N–CH2-), 6.97 
(2H, d, J = 8.5 Hz, Ar), 7.38 (2H, t, J = 8.7 Hz, Ar), 7.64–7.74 (4H, m, 
Ar, -CH––CH-), 8.22 (2H, dd, J = 8.5, 5.6 Hz, Ar). 

3.1.2.3. 1-(4-Bromophenyl)− 3-(4-(4-methyl piperidine-1-yl)phenyl) 
prop‑2-en-1-one (1c). Yield 77 %; m.p. 168.0–168.6 ◦C; IR νmax = 1645 
(C = O g.b.); 1570 (chalcone C = C g.b.) cm− 1; 1H NMR (400 MHz, 
DMSO-d6) δ = 0.93 (3H, d, J = 6.7 Hz, CH3), 1.18 (2H, m, –CH2-), 1.59 
(1H, m, -CH-), 1.69 (2H, m, -CH2-), 2.80 (2H, m, N–CH2-), 3.89 (2H, m, 
N–CH2-), 6.96 (2H, d, J = 8.5 Hz, Ar), 7.19–8.03 (6H, m, Ar, -CH––CH- 
), 8.07 (2H, d, J = 8.5 Hz, Ar). 

3.1.2.4. 3-(4-(4-Methylpiperidin-1-yl)phenyl)− 1-(4-methyl phenyl) 
prop‑2-en-1-one (1d). Yield 89 %; m.p. 169.0–169.6 ◦C; IR νmax = 1651 
(C = O); 1581 (chalcone C = C) cm− 1; 1H NMR (400 MHz, DMSO-d6) δ =
0.93 (3H, d, J = 6.5 Hz, CH3), 1.17 (2H, q, –CH2-), 1.58 (1H, m, -CH-), 
1.68 (2H, m, -CH2-), 2.42 (3H, s, CH3), 2.79 (2H, m, N–CH2-), 3.89 (2H, 
m, N–CH2-), 6.96 (2H, d, J = 8.6 Hz, Ar), 7.36 (2H, d, J = 8.0 Hz, Ar), 
7.66 (2H, m, Ar, -CH––CH-), 7.70 (2H, d, J = 8.6 Hz, Ar) 8.03 (2H, m, Ar, 
-CH––CH-). 

3.1.2.5. 3-(4-(4-Methyl piperidine-1-yl)phenyl)− 1-(4-nitrophenyl)prop‑2- 
en-1-one (1e). Yield 77 %; m.p. 167.0–167.6 ◦C; IR νmax = 1651 (C = O 
g.b.); 1568 (chalcone C = C g.b.) cm− 1; 1H NMR (400 MHz, DMSO-d6) δ 
= 0.93 (3H, d, J = 6.2 Hz, CH3), 1.18 (2H, m, –CH2-), 1.62 (1H, m, -CH- 
), 1.69 (2H, m, -CH2-), 2.87 (2H, m, N–CH2-), 3.92 (2H, m, N–CH2-), 
6.50–9.60 (10H, m, Ar, - CH––CH-). 

3.1.2.6. 1-(4-Cyanophenyl)− 3-(4-(4-methyl piperidine-1-yl)phenyl) 
prop‑2-en-1-one (1f). Yield 77 %; m.p. 175.1–175.6 ◦C; IR νmax = 2225 
(C–––N); 1643 (C = O g.b.); 1566 (chalcone C = C g.b.) cm− 1; 1H NMR 
(400 MHz, DMSO-d6) δ = 0.90 (3H, d, J = 6.4 Hz, CH3), 1.16 (2H, m, 
–CH2-), 1.59 (1H, m, -CH-), 1.69 (2H, m, -CH2-), 2.81 (2H, m, N–CH2-), 
3.89 (2H, m, N–CH2-), 6.49–8.33(10H, m, Ar, -CH––CH-). 

3.1.2.7. 3-(4-(4-Methylpiperidin-1-yl)phenyl)− 1-(4-(methylthio)phenyl) 
prop‑2-en-1-one (1g). Yield 86 %; m.p. 159.6–161.0 ◦C; IR νmax = 1647 
(C = O); 1577 (chalcone C = C) cm− 1; 1H NMR (400 MHz, DMSO-d6) δ =
0.92 (3H, d, J = 6.5 Hz, CH3), 1.17 (2H, m, –CH2-), 1.58 (1H, m, -CH-), 
1.68 (2H, m, -CH2-), 2.56 (3H, s, CH3), 2.79 (2H, m, N–CH2-), 3.88 (2H, 
m, N–CH2-), 6.97 (2H, d, J = 8.6 Hz, Ar), 7.41 (2H, d, J = 8.5 Hz, Ar), 
7.67 (2H, m, Ar, -CH––CH), 7.70 (2H, d, J = 8.6 Hz, Ar) 8.08 (2H, m, Ar, 
-CH––CH-). 

3.1.2.8. 1-(5-Methylfuran-2-yl)− 3-(4-(4-methyl piperidine-1-yl)phenyl) 
prop‑2-en-1-one (1h). Yield 87 %; m.p. 189.7–190.3 ◦C; IR νmax = 1641 
(C = O); 1585 (chalcone C = C) cm− 1; 1H NMR (400 MHz, DMSO-d6) δ =
0.93 (3H, d, J = 6.6 Hz, CH3), 1.18 (2H, d, J = 13.0 Hz, –CH2-), 1.59 
(1H, m, -CH-), 1.69 (2H, d, J = 13.3 Hz, -CH2-), 2.40 (3H, s, CH3), 2.79 
(2H, t, J = 12.3 Hz, N–CH2-), 3.88 (2H, d, J = 13.0 Hz, N–CH2-), 
6.41–7.84 (5H, m, Ar, -CH––CH-), 6.96 (2H, d, J = 8.5 Hz, Ar), 7.40 (1H, 

d, J = 15.7 Hz, -CH––CH-). 

3.1.2.9. 1-(4-Methoxyphenyl)− 3-(4-(4-methyl piperidine-1-yl)phenyl) 
prop‑2-en-1-one (1i). Yield 89 %; m.p. 145.5–146.1 ◦C; IR νmax = 1647 
(C = O); 1581 (chalcone C = C) cm− 1; 1H NMR (400 MHz, DMSO-d6) δ =
0.93 (3H, d, J = 6.5 Hz, CH3), 1.19 (2H, m, piperidine –CH2-), 1.57 (1H, 
m, -CH-), 1.69 (2H, m, -CH2-), 2.79 (2H, m, N–CH2-), 3.87 (5H, m, 
N–CH2-, O–CH3), 6.97 (2H, d, J = 8.4 Hz, Ar), 7.07 (2H, d, J = 8.8 Hz, 
Ar), 7.59–7.79 (4H, m, Ar, -CH––CH-), 8.22 (2H, dd, J = 8.8, 1.7 Hz, Ar). 

3.1.3. The synthesis procedure of 2-pyrazoline derivatives 
The current synthetic work extends our previous work, where we 

reported on synthesis of pyrazoline derivatives (2j-2o). The compounds 
were synthesized according to the synthetic method used in our previous 
study [50]. In our study, a chalcone derivative (0.01 mol) and phenyl
hydrazine hydrochloride (0.04 mol) in acetic acid (20 mL) were heated 
for 10–11 h. The crude solution was poured into ice water. The pre
cipitate was separated by filtration and recrystallized from ethanol [52]. 

3.1.3.1. 1-(4-(3-(4-Chlorophenyl)− 1-phenyl-4,5-dihydro-1H-pyrazole-5- 
yl)phenyl)− 4-methyl piperidine (2a). Yield 73 %; m.p. 162.4–163.0 ◦C; 
IR νmax = 1597 (C = N); 1498 (aromatic C = C) cm− 1; 1H NMR (400 
MHz, DMSO-d6) δ = 0.91 (3H, d, J = 6.5 Hz, CH3), 1.18 (2H, d, J = 12.7 
Hz, –CH2-), 1.46 (1H, m, -CH-), 1.65 (2H, d, J = 13.1 Hz, -CH2-), 2.58 
(2H, t, J = 11.9 Hz, N–CH2-), 3.05 (1H, dd, JAB = 17.6 Hz, JAX = 6.3 Hz, 
HA), 3.60 (2H, d, J = 12.4 Hz, N–CH2-), 3.83 (1H, dd, JAB =17.6 Hz, JBX 
= 12.2 Hz, HB), 5.37 (1H, dd, JAX = 6.3 Hz, JBX = 12.2 Hz, HX), 6.72 (1H, 
m, Ar), 6.86 (2H, d, J = 8.4 Hz, Ar), 7.01 (2H, d, J = 8.1 Hz, Ar), 7.13 
(4H, m, Ar), 7.48 (2H, d, J = 8.3 Hz, Ar), 7.74 (2H, d, J = 8.2 Hz, Ar); 13C 
NMR (100 MHz, DMSO-d6) = δ : 22.2, 30.6, 34.0, 43.7, 49.1, 55.7, 63.4, 
113.3, 113.5, 114.6, 116.4, 118.5, 119.1, 125.5, 127.0, 127.7, 129.1, 
131.8, 132.3, 133.4, 144.5, 145.1, 146.5, 151.0; MS (ESI+) =

C27H28ClN3; calcd. m/z = 429.99 [M+], found m/z = 430.79 [M + H]+. 

3.1.3.2. 1-(4-(3-(4-Fluorophenyl)− 1-phenyl-4,5-dihydro-1H-pyrazole-5- 
yl)phenyl)− 4-methyl piperidine (2b). Yield 77 %; m.p. 132.1–132.7 ◦C; 
IR νmax = 1597 (C = N); 1496 (aromatic C = C) cm− 1; 1H NMR (400 
MHz, DMSO-d6) δ = 0.92 (3H, d, J = 6.5 Hz, CH3), 1.18 (2H, d, J = 11.4 
Hz, –CH2-), 1.46 (1H, m, -CH-), 1.66 (2H, d, J = 13.1 Hz, -CH2-), 2.58 
(2H, m, N–CH2-), 3.07 (1H, dd, JAB = 17.3 Hz, JAX = 6.7 Hz, HA), 3.61 
(2H, d, J = 12.4 Hz, N–CH2-), 3.83 (1H, dd, JAB = 17.2 Hz, JBX = 12.1 
Hz, HB), 5.36 (1H, dd, JAX = 6.7 Hz, JBX = 12.2 Hz, HX), 6.71 (1H, m, Ar), 
6.88 (2H, d, J = 8.0 Hz, Ar), 7.01 (2H, d, J = 8.0 Hz, Ar), 7.08–7.18 (4H, 
m, Ar), 7.27 (2H, m, Ar), 7.79 (2H, m; Ar); 13C NMR (100 MHz, DMSO- 
d6) = δ 22.2, 30.6, 34.0, 43.5, 49.1, 63.3, 113.4, 116.0, 116.2, 116.5, 
118.9, 127.0, 128.2, 128.2, 129.3, 129.6, 132.4, 144.8, 147.8, 151.0; 
MS (ESI+) = C27H28FN3; calcd. m/z = 413.54 [M+], found m/z = 414.77 
[M + H]+. 

3.1.3.3. 1-(4-(3-(4-Bromophenyl)− 1-phenyl-4,5-dihydro-1H-pyrazole-5- 
yl)phenyl)− 4-methyl piperidine (2c). Yield 81 %; m.p. 166.8–167.4 ◦C; 
IR νmax = 1597 (C = N); 1498 (aromatic C = C) cm− 1; 1H NMR (400 
MHz, DMSO-d6) δ = 0.92 (3H, d, J = 6.5 Hz, CH3), 1.17 (2H, d, J = 11.9 
Hz, –CH2-), 1.46 (1H, m, -CH-), 1.66 (2H, d, J = 13.2 Hz, -CH2-), 
2.41–2.70 (2H, m, N–CH2-), 3.06 (1H, dd, JAB = 17.6 Hz, JAX = 6.3 Hz, 
HA), 3.61 (2H, d, J = 12.5 Hz, N–CH2-), 3.84 (1H, dd, JAB = 17.5 Hz, JBX 
= 12.5 Hz, HB), 5.39 (1H, dd, JAX = 6.3 Hz, JBX = 12.5 Hz, HX), 6.72 (1H, 
m, Ar), 6.88 (2H, d, J = 8.0 Hz, Ar), 7.02 (2H, d, J = 8.1 Hz, Ar), 
7.09–7.15 (4H, m, Ar), 7.63 (2H, d, J = 8.0 Hz, Ar), 7.69 (2H, d, J = 8.5 
Hz, Ar); 13C NMR (100 MHz, DMSO-d6) = δ 22.2, 30.7, 34.0, 43.2, 49.1, 
63.3, 113.5, 116.5, 119.1, 122.1, 127.0, 128.0, 129.3, 132.1, 132.2, 
132.3, 144.5, 146.6, 151.1; MS (ESI+) = C27H28BrN3; calcd. m/z =
473.15 [M+], found m/z = 474.77 [M + H]+, 476.76 [M + 2H]+. 
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3.1.3.4. 4-Methyl-1-(4-(3-(4-(methyl phenyl)− 1-phenyl-4,5-dihydro-1H- 
pyrazole-5-yl)phenyl)piperidine (2d). Yield 70 %; m.p. 168.9–169.5 ◦C; 
IR νmax = 1597 (C = N); 1496 (aromatic C = C) cm− 1; 1H NMR (400 
MHz, DMSO-d6) δ = 0.92 (3H, d, J = 6.6 Hz, CH3), 1.19 (2H, m, –CH2-), 
1.47 (1H, m, -CH-), 1.66 (2H, d, J = 13.0 Hz, -CH2-), 2.34 (1H, s, CH3), 
3.04 (1H, dd, JAB = 17,7 Hz, JAX = 6,2 Hz, HA), 3.60 (2H, d, J = 13.0 Hz, 
N–CH2-), 3.83 (1H, dd, JAB = 17.6 Hz, JBX = 12.1 Hz, HB), 5.33 (1H, dd, 
JAX = 6.2 Hz, JBX = 12.1 Hz, HX), 6.69–6.89 (3H, m, Ar), 7.0 (2H, d, J =
8.1 Hz, Ar), 7.13 (4H, m, Ar), 7.24 (2H, d, J = 7.7 Hz, Ar), 7.64 (2H, d, J 
= 8.2 Hz, Ar); MS (ESI+) = C28H31N3; calcd. m/z = 409.58 [M+], found 
m/z = 410.83 [M + H]+. 

3.1.3.5. 4-Methyl-1-(4-(3-(4-nitrophenyl)− 1-phenyl-4,5-dihydro-1H-pyr
azole-5-yl)phenyl)-piperidine (2e). Yield 80 %; m.p. 188.8–197.4 ◦C; IR 
νmax = 1593 (C = N); 1498 (aromatic C = C) cm− 1; 1H NMR (400 MHz, 
CDCl3) δ = 0.98 (3H, d, J = 6.0 Hz, CH3), 1.29–1.73 (5H, m, -CH2-), 
2.41–2.70 (2H, m, N–CH2-), 3.14 (1H, dd, JAB = 16.9 Hz, JAX = 7.0 Hz, 
HA), 3.62 (2H, m, N–CH2-), 3.82 (1H, dd, JAB = 16.9 Hz, JBX = 12.6 Hz, 
HB), 5.35 (1H, dd, JAX = 7.0 Hz, JBX = 12.6 Hz, HX), 6.65–8.45 (13H, m, 
Ar); 13C NMR (100 MHz, CDCl3) = δ 21.7, 30.5, 34.0, 42.8, 49.9, 64.5, 
113.9, 116.7, 120.2, 124.0, 125.8, 126.7, 129.0, 143.9, 146.9; MS 
(ESI+) = C27H28N4O2; calcd. m/z = 440.22 [M+], found m/z = 441.05 
[M + H]+. 

3.1.3.6. 1-(4-(3-(4-Cyanophenyl)− 1-phenyl-4,5-dihydro-1H-pyrazole-5- 
yl)phenyl)− 4-methyl piperidine (2f). Yield 80 %; m.p. 188.8–197.4 ◦C; IR 
νmax = 2224 (C–––N); 1597 (C = N); 1494 (aromatic C = C) cm− 1; 1H 
NMR (400 MHz, DMSO-d6) δ = 0.91 (3H, d, J = 6.5 Hz, CH3), 1.21 (2H, 
m, –CH2-), 1.48 (1H, m, -CH-), 1.67 (2H, d, J = 13.4 Hz, -CH2-), 2.63 
(2H, t, J = 13.8 Hz, N–CH2-), 3.10 (1H, dd, JAB = 17.6 Hz, JAX = 6.1 Hz, 
HA), 3.59 (2H, m, N–CH2-), 3.86 (1H, dd, JAB = 17.6 Hz, JBX = 12.5 Hz, 
HB), 5.49 (1H, dd, JAX = 6.1 Hz, JBX = 12.5 Hz, HX), 6.70–8.03 (13H, m, 
Ar); 13C NMR (100 MHz, CDCl3) = δ 21.8, 30.6, 34.0, 42.8, 49.6, 64.4, 
110.9, 113.8, 116.7, 119.0, 119.9, 125.8, 126.6, 126.6, 129.0, 132.3, 
137.3, 143.9, 144.28; MS (ESI+) = C28H28BrN4; calcd. m/z = 420.23 
[M+], found m/z = 421.10 [M + H]+. 

3.1.3.7. 4-Methyl-1-(4-(3-(4-(methylthio)phenyl)− 1-phenyl-4,5-dihydro- 
1H-pyrazole-5-yl)phenyl)piperidine (2g). Yield 73 %; m.p. 193.3–193.9 
◦C; IR νmax = 1597 (C = N); 1489 (aromatic C = C) cm− 1; 1H NMR (400 
MHz, DMSO-d6) δ = 0.94 (3H, d, J = 6.1 Hz, CH3), 1.33–1,75 (5H, m, 
–CH2-, -CH-), 2.45–2.78 (5H, m, N–CH2-, S-CH3), 3.06 (1H, dd, JAB =

17.4 Hz, JAX = 6.2 Hz, HA), 3.70 (2H, m, N–CH2-), 3.87 (1H, dd, JAB =

17.4 Hz, JBX = 12.1 Hz, HB), 5.45 (1H, dd, JAX = 6.2 Hz, JBX = 12.1 Hz, 
HX), 6.71–7.83 (13H, m, Ar); 13C NMR (100 MHz, DMSO-d6) = δ 14.9, 
22.1, 29.4, 32.9, 33.5, 43.3, 62.9, 113.3, 113.6, 115.6, 119.0, 125.3, 
126.1 126.3, 126.4, 126.6, 127.4, 128.1, 129.2, 129.4, 129.5, 129.7, 
130.0, 139.6, 144.6, 147.4, 150.8; MS (ESI+) = C28H31N3S; calcd. m/z =
441.64 [M+], found m/z = 442.82 [M + H]+. 

3.1.3.8. 1-[4-(1-Phenyl-3-(5-methyl-furan-2-yl)− 4,5-dihydro-1H-pyr
azole-5-yl)phenyl]− 4-methyl piperidine (2h). Yield 65 %; m.p. 
114.7–115.3 ◦C; IR νmax = 1595 (C = N); 1498 (aromatic C = C) cm− 1; 
1H NMR (400 MHz, DMSO-d6) δ = 0.93 (3H, d, J = 6.5 Hz, CH3), 1.25 
(2H, m, –CH2-), 1.52 (1H, m, -CH-), 1.69 (2H, m, -CH2-), 2.36 (3H, s, 
CH3), 2.41–2.61 (2H, m, N–CH2-), 2.93 (1H, dd, JAB = 17.2 Hz, JAX =

5.8 Hz, HA), 3.58 (2H, d, J = 12.3 Hz, N–CH2-), 3.75 (1H, dd, JAB = 17.2 
Hz, JBX = 12.1 Hz, HB), 5.36 (1H, dd, JAX = 5.8 Hz, JBX = 12.1 Hz, HX), 
6.23 (1H, d, J = 3.1 Hz, Ar), 6.64 (1H, d, J = 3.1 Hz, Ar), 6.69 (1H, m, 
Ar), 6.94 (3H, m, Ar), 7.13 (5H, m, Ar); 13C NMR (100 MHz, DMSO-d6) 
= δ 13.9, 22.0, 33.5, 43.2, 62.3, 108,7, 112.7, 113.3, 118.8, 127.2, 
129.3, 139.7, 144.6, 146.4, 153.9; MS (ESI+) = C26H29N3O; calcd. m/z 
= 399.54 [M+], found m/z = 400.78 [M + H]+. 

3.1.3.9. 1-(4-(3-(4-Methoxyphenyl)− 1-phenyl-4,5-dihydro-1H-pyrazole- 
5-yl)phenyl)− 4-methyl piperidine (2i). Yield 65 %; m.p. 114.7–115.3 ◦C; 
IR νmax = 1597 (C = N); 1496 (aromatic C = C) cm− 1; 1H NMR (400 
MHz, DMSO-d6) δ = 0.91 (3H, d, J = 6.5 Hz, CH3), 1.17 (2H, d, J = 12.7 
Hz, –CH2-), 1.46 (1H, m, -CH-), 1.65 (2H, d, J = 13.1 Hz, -CH2-), 2.58 
(2H, t, J = 12.0 Hz, N–CH2-), 3.02 (1H, dd, JAB = 17.1 Hz, JAX = 6.1 Hz, 
HA), 3.59 (2H, d, J = 11.9 Hz, N–CH2-), 3.74–3.87 (4H, m, HB, O–CH3), 
5.28 (1H, dd, JAX = 6.1 Hz, JBX = 12.1 Hz, HX), 6.68–7.70 (13H, m, Ar); 
13C NMR (100 MHz, DMSO-d6) = δ 22.2, 30.6, 33.9, 34.0, 43.3, 49.2, 
55.8, 62.9, 113.2, 114.6, 116.5, 118.5, 125.5, 127.0, 126.3, 127.7, 
129.2, 132.6, 145.1, 147.6, 150.9, 160.2; MS (ESI+) = C28H31N3O; 
calcd. m/z = 425.58 [M+], found m/z = 426.96 [M + H]+. 

3.2. Biological activity 

All experiments were performed three times. The reaction was 
monitored using the DMSO as a negative control. The bleaching rate was 
established from the absorbance differences towards time. A0.5, the 
concentration corresponding to the 0.500 absorbance for CUPRAC 
assay, and IC50, the concentration corresponding to the 50 % inhibitory 
activity for remaining enzymatic activities, were calculated from the 
graphs of inhibitory% against sample concentrations. All activity mea
surements were performed on a 96-well microplate reader (SpectraMax 
340PC384, Molecular Devices, USA). 

3.2.1. In vitro enzyme inhibitory activities 
Galantamine for anticholinesterase activity, acarbose for α-amylase, 

and α-glucosidase inhibitory activities were utilized as reference stan
dards to evaluate the inhibitory activities. 

3.2.1.1. Determination of α-glucosidase inhibitory activity of 2a-2o deriv
atives. The α-glucosidase inhibitory activity of 2a-2o derivatives was 
performed according to spectroscopic method with slight adaptations 
[53]. To outline the process, 25 µL of PNPG (p-nitro
phenyl-α-d-glucopyranoside) in phosphate buffer (10 mM pH=6.9), 50 
µL of phosphate buffer (10 mM pH=6.9), 10 µL of the sample solution, 
and 25 µL of the α-glucosidase (0.1 U/mL) in 10 mM phosphate buffer 
(pH=6.0) were combined in a 96-well microplate. After a 20 min of 
incubation at 37 ◦C, 90 µL of sodium carbonate (100 mM) was added 
into each well. Subsequently, the absorbance was read at 400 nm. 

3.2.1.2. Determination of α-amylase inhibitory activity of 2a-2o deriva
tives. The assessment of α-amylase inhibitory activity for 2a-2o de
rivatives underwent scrutiny using a spectroscopic method though 
minor changes [54]. In summary, 25 µL of varied concentration sample 
solutions and α-amylase solution (0.1 U/mL, 50 µL) in 20 mM phosphate 
buffer (pH=6.9 phosphate buffer containing 6 mM NaCl) were added 
each well. After 10 min of pre-incubation at 37 ◦C, 0,05 % starch solu
tion (50 µL) was added. Then, to monitor and stop the reaction, 100 µL of 
Lugol solution and 25 µL of 0,1 M HCl were added, respectively. The 
reaction was monitored at 565 nm. 

3.2.1.3. Determination of anticholinesterase activity of 2a-2o derivatives. 
The evaluation of anticholinesterase activity in DMSO of 2a-2o de
rivatives employed electric eel acetylcholinesterase (AChE, Type-VI-S, 
EC 3.1.1.7, 425.84 U/mg) and horse reddish butyrylcholinesterase 
(BChE, EC 3.1.1.8, 11.4 U/mg) The assessment was conducted using 
spectroscopic methods with acetylthiocholine iodide and butyryl- 
thiocholine chloride as substrates [55]. Initially, a mixture comprising 
130 μL sodium phosphate buffer (100 mM, pH 8.0), 10 μL 2a-2o de
rivatives at different concentrations, and 20 μL AChE or BChE enzymes 
in the buffer was prepared. After a 15 min incubation at 25 ◦C, 20 μL 0.5 
mM DTNB (5,5-dithiobis (2-nitrobenzoic acid) and 20 μL either ace
tylthiocholine iodide (0.71 mM) or butyryl-thiocholine chloride (0.2 
mM) were added. Subsequently, the absorbance at 412 nm was 
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measured. 

3.2.2. Cell culture and viability assay 
Mouse fibroblast (L929, ECACC) cell line was cultivated in Dulbec

co’s Modified Eagle Medium (DMEM, Sigma) enriched with 1 % peni
cillin/streptomycin (Gibco) and 10 % fetal bovine serum (FBS, Gibco) at 
37 ◦C, and 5 % CO2. Cells were maintained in a 75cm2 cell culture flask, 
with the medium changed every 2–3 days. Cells were passaged after they 
reached 90 % confluency, as described previously [56]. The viability 
assay was evaluated by using MTT (3-(4,5-dimethyl-2-thiazolyl)− 2, 
5-diphenyl-2H-tetrazolium bromide) reagent (ROTH). All compounds 
were dissolved in Dimethyl Sulfoxide (DMSO, Carlo Erba), and the final 
DMSO concentration did not exceed 0.5 %. Briefly, the cells (2 × 103 

cells/well) were plated in a 96-well plate and, after 24 h incubation, 
treated with different concentrations (15.6, 31.25, 62.5, 125, and 250 
μM) of pyrazoline compounds for 24 h. Then, the medium was aspirated, 
and 10 μL MTT solution (5 mg/mL) in 100 µL fresh medium was added to 
each well. After 4 h, 50 μL of DMSO was added to dissolve the formazan 
crystals. Absorbance was measured using a microplate spectrophotom
eter (Epoch, BioTek) at 590 nm. The 0.5 % DMSO-treated cells were 
used as negative controls, and 10 μg/mL Paclitaxel (Sigma-Aldrich) was 
used as the positive control. As described previously, obtained IC50 
values against fibroblast cells were calculated using GraphPad Prism 9.0 
software [57]. 

3.3. Calculation of ADME and physicochemical parameters 

ADME and physicochemical calculations of synthesized compounds 
were freely performed utilizing the SwissADME website [40]. 

3.4. Molecular docking studies 

This research explored the binding affinities and molecular interac
tion mechanisms of compounds 2a-2o concerning AChE, BChE, 
α-glucosidase, and α-amylase employing the AutoDock 4.2 program 
[58]. The 3D crystal structures of the targeted four enzymes were pro
cured from the Protein Data Bank website (http://www.rcsb.org/pdb) 
via their respective PDB IDs: 4EY6, 6QAA, 4W93, and 5NN4, respec
tively. These crystal structures underwent preparation involving the 
removal of water and ion molecules, with the addition of suitable 
hydrogen atoms under physiological pH conditions (pH = 7) utilizing 
the APBS-PDB2PQR software [59]. The determination of the grid box for 
docking was based on the binding site location of the crystallized li
gands. The docking procedure adhered to standard protocols, utilizing a 
rigid protein and a flexible ligand, and was executed through 100 gen
erations using the Lamarckian Genetic algorithm. Throughout the 
analysis, predictions were made for binding free energy (ΔG) and 
inhibitory constant (Ki) values for all compounds, aiding in identifying 
those demonstrating the most compatible conformational fit to the 3D 
structure of the targeted enzymes. 

3.5. Molecular dynamics simulation 

Molecular dynamics (MD) simulation has emerged as a powerful 
computational technique for studying the dynamic behavior of protein- 
ligand complexes at the atomic level. Numerous studies have utilized 
MD simulations to investigate the structural dynamics, energetics, and 
binding mechanisms of these complexes, contributing to our under
standing of drug discovery and design processes [60]. The simulation 
setup involves preparing the initial coordinates of the protein-ligand 
complex, solvating the system with water molecules, and adding coun
terions to maintain charge neutrality. In line with this information, in 
this study, molecular dynamics (MD) simulations were conducted using 
the GROMACS 2020 to explore the binding stability and dynamics of 
compounds identified as the most effective ligands based on molecular 
docking results with target enzymes [47]. The ligand topology 

parameters were obtained using the CGenFF Server, while the protein 
structure was modeled using the CHARMM36 all-atom force field along 
with the TIP3P water model [61,62]. Subsequently, the system was 
enclosed within a dodecahedron box under periodic boundary condi
tions, and sodium and chlorine ions were introduced to achieve elec
trical neutrality. Following system preparation, MD simulation was 
conducted in three stages: energy minimization, equilibration, and 
production. During the initial energy minimization stage, a gradient 
descent method comprising 1000 steps was employed to alleviate steric 
clashes and rectify any inappropriate geometry within the system. 
Subsequently, the system underwent equilibration under both 
isochoric-isothermal (NVT) and isothermal-isobaric (NPT) ensembles 
for 100 ps. Finally, the production stage executed a 100 ns MD simu
lation with a time step of 2 femtoseconds. In addition, we performed 
analysis of the molecular dynamics (MD) trajectories, focusing on 
extracting key structural, energetic, and dynamic properties of the 
protein-ligand complex. We employed commonly used metrics such as 
root mean square deviation (RMSD), root mean square fluctuation 
(RMSF), and radius of gyration (Rg) calculations to assess the structural 
stability and flexibility of the complex. These analyses provided valuable 
insights into the conformational changes and dynamic behavior of the 
protein-ligand interaction throughout the simulation period. 

4. Conclusion 

The research conducted herein centered on the synthesis and 
comprehensive elucidations of a novel series of pyrazoline derivatives, 
and it further explored their inhibitory potentials against key enzymes 
that play essential roles in Alzheimer’s and diabetes mellitus diseases. 
Several significant findings emerged through a precise analysis of both 
in vitro enzyme inhibitory assays and molecular docking studies. 

The results revealed that all evaluated compounds met the criteria 
outlined in both Lipinski and Veber rules, suggesting their potential 
suitability for further development as therapeutic agents for diabetes 
and Alzheimer’s disease. Further, the majority of the synthesized com
pounds exhibited noteworthy inhibitory activity against α-amylase and 
α-glucosidase enzymes, with some compounds surpassing the potency of 
the reference standard acarbose (IC50 = 72.57 ± 3.16 µM, 207.08 
±12.20 µM, respectively). Compound 2c demonstrated remarkable 
inhibitory activity against both acetylcholinesterase (AChE) and butyr
ylcholinesterase (BChE), with IC50 values of 1.64 ± 0.04 and 4.18 ±
0.22 µM, respectively, making it the most potent inhibitor among the 
tested compounds. 

Moreover, the results from cytotoxicity studies showed that, except 
for compound 2 h, the tested compounds did not exhibit toxic effects on 
healthy cells. Additionally, the results obtained from the SAR of the 
compounds are supported by the findings obtained from the molecular 
docking studies of the compounds and in vitro enzyme inhibition assays, 
providing valuable insights into the molecular features that contribute 
to the efficacy of these compounds in the potential treatment of diabetes 
and Alzheimer’s disease. Besides, the strategic molecular design 
approach implemented in this study capitalizes on the specific in
teractions observed between synthesized compounds and key enzyme 
residues. Notably, the deliberate placement of functional groups such as 
electron-withdrawing groups, aromatic rings, and aliphatic motifs 
highlights their significant role in enhancing binding affinity through 
various interaction mechanisms. 

In conclusion, recent research expands the knowledge base of pyr
azoline chemistry and offers promising leads for developing novel 
therapeutics for diabetes and Alzheimer’s disease. The novel pyrazoline 
derivatives synthesized in this study exhibit significant inhibitory 
properties against key enzymes associated with these conditions, sug
gesting their potential as candidates for further investigation and 
development. This renders them highly appealing for potential 
commercialization and utilization as targeting drugs in antidiabetic and 
anti-Alzheimer treatments. 
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