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A B S T R A C T

Diabetes mellitus has dominated the globe as a chronic health condition and has become a major global health
concern. The inhibition of the key metabolic enzymes of carbohydrates digestion including α-amylase and
α-glucosidase are the promising targets for the treatment of diabetes via delaying glucose absorption. Therefore,
nitrogen containing saturated heterocycle (pyrrolidinyl, piperidinyl and N-methylpiperazinyl) based hydrazones
derivatives 5–23 were synthesized through two step reactions and evaluated for their anti-diabetic potential. All
compounds exhibited potent α-glucosidase inhibitory capability ranging (IC50 = 10.26–47.35 µM), as compared
to acarbose (IC50 = 871.40 ± 1.24 µM). Interestingly these derivatives also exhibited signi!cant inhibitory
capability against α-amylase with IC50 values in the range 25.81–76.05 µM. Mechanistic study on the most potent
compound indicated a competitive type of inhibition with a Ki value of 8.30 ± 0.0076 µM. Molecular docking
was performed to predict binding interactions between receptor proteins and moiety. In QSAR analysis, through
use of QSARINS different 1D and 2D descriptors were used to generate different models that enabled further
identi!cation of structural requirements that contributed to activity. pIC50 values were also predicted by QSAR
model. Furthermore, in-silico ADMET and BOILED-egg model analysis showed that all analogues exhibited
passive GI absorption, and all showed BBB penetration.

1. Introduction

Diabetes mellitus (DM), a disorder that imposes serious complica-
tions to human health (viz. coronary micro and macro vascular diseases,
diabetic nephropathy, retinopathy) and is one of the most prevailing
ailments around the globe [1]. A latest report issued by IDF (Interna-
tional Diabetes Federation) states that, by 2045, about 700 million
people are expected to be affected from diabetes [2]. Irregularities in
insulin’s action and secretion raises blood sugar level which, basically, is
the root cause of DM that has a few categories of which type-II Diabetes

Mellitus (TIIDM) accounts for 75–85 % of diabetic cases [3].
The concentration of glucose in blood is very critical for DM and

must be maintained within 70–100 mg/dl [4]. An enzyme, named,
α-glucosidase (EC3.2.1.20) discovered in lining of intestinal tract (brush
borders), causes the lysis of non-absorbable carbohydrates to absorbable
α-D-glucose that gets into blood stream and hence raising postprandial
blood glucose level resulting in the origin of DM [5]. Thus, one of the
most effective and recent approaches, very fascinating approach for
pharmaceutical industries indeed that combats many diseases including
diabetics, hepatitis, viral infections and cancers [6–8], is hampering of
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α-glucosidase that manages levels of postprandial glucose and represses
post-prandial hyperglycemia [9,10].

During the metabolism of glycoproteins, α-glucosidase plays a vital
role. This enzyme, part of the hydrolase family, is found in the gut. As a
result, α-glucosidase inhibitors have various therapeutic applications,
including in the treatment of diabetes, metastatic cancer, AIDS, anti-
microbial infections, and lysosomal storage disorders.

α-amylase is a calcium-dependent metalloenzyme that facilitates
digestion by breaking down polysaccharides into smaller molecules,
such as glucose and maltose. Furthermore, the enzyme contributes to
postprandial hyperglycemia, leading to elevated blood glucose levels. As
a result, inhibition of α-amylase is a recognized therapeutic target for
managing and controlling postprandial blood glucose. Inhibitors of
α-amylase and α-glucosidase have been demonstrated to slow the
breakdown of starch and oligosaccharides, thereby delaying glucose
absorption and reducing postprandial blood glucose levels [11–13].

Inhibitors of α-glucosidase lowers plasma glucose level by reversibly
and competitively inhibiting abdominal α-glucosidase and hence
impeding secretion of glucose from non-absorbable carbohydrates and
complex starch. This whole mode of action is an insulin independent
hypoglycemic action of α-glucosidase inhibitors and is safer, potent and
non-toxic [14,15]. Acarbose, nojirimycin, castanospermine, emiglitate,
and voglibose are some carbohydrate mimics that are extensively being
used clinically to control blood glucose level in diabetic patients
[15–19]. Due to a number of side effects associated with these inhibitors
(for instance, meteorism, diarrhea and abdominal distension) and ab-
sorptivity complications [20], medicinal chemists across the globe are
targeting to design & synthesize new potent, safer and effective non-
glycosidic based α-glucosidase inhibitors [21,22].

On top of that, eradication of monosaccharides from viral glyco-
proteins is also one of the jobs of α-glucosidase, consequently, virus
identi!cation by cells and alteration of cell to cell signals could be the
role of its inhibitors that leads to its use as medication for cancer and

viral diseases [23,24]. Saturated heterocyclic compounds, which
contain one heteroatom in their ring structure, are found in several
crucial biomolecules such as heme, chlorophyll and nucleotides, high-
lighting their importance and effectiveness [25]. The heterocyclic core is
a key structural element in many widely used drugs for anti-Alzheimer’s
disease, cancer and anti-human immunode!ciency virus (HIV) [26–28].
These compounds have also provided a foundation for creating new and
effective lead compounds and biologically active drugs across various
!elds [29].

Nitrogen(s) containing saturated heterocycles like pyrrolidine,
piperidine and piperazine are important pharmacophores in numerous
pharmaceutically active drugs and exhibit a number of biological ac-
tivities. For instance, N-methylmicrocosamine B I [30], α-methylene-
γ-lactam II [31], α-1-C-butyl-LAB II [32], and benzimidazole derivative
III [33] having piperidine, pyrrolidine and piperazine rings, respec-
tively, possessed considerable α-glucosidase inhibition (Fig. 1).
Furthermore, these moieties add up to advantages of drug design due to
unconstrained ring conformation that can be locked and tuned with
different substituents [34] and on incorporation into hybrid molecular
structures, they show remarkable pharmacological properties. Due to
these reasons, medicinal chemists intend to study these heterocycles as
lead molecules for the treatment of different ailments.

The scaffolds that can be prepared through non-toxic promoters/
catalysts and simple synthetic routes are highly regarded in medicinal
chemistry. Synthesis of hydrazones ful!ls the aforementioned criterion.
Hydrazones, due to azomethine functionality, exhibit a number of bio-
logical activities, for instance, antiviral [35], antitumor [36], antimi-
crobial [37] and antioxidant [38]. Previously, phenyl acetohydrazide
IV, benzene sulfonamide V, thiadiazole based hydrazone VI, dichloro
benzo hydrazide VII and "avone hydrazone VIII (having azomethine
functionality) possessed α-glucosidase inhibitory activity [39,4,40–42]
(Fig. 1). In our previous work, various series of hydrazones as potential
α-glucosidase inhibitors were synthesized [40,41,43,44]. But synthesis

Fig. 1. N-Heterocycle and hydrazone based α-glucosidase inhibitors [4,30,32,33,39–42] and our approach.
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of 5 and 6 membered nitrogen(s) containing saturated heterocyclic
based-hydrazones and their pharmaceutical application as α-glucosidase
inhibitors have not been reported till date. Hybridization is an emerging
concept in drug discovery that has recently garnered signi!cant atten-
tion in the scienti!c community as a strategy to overcome serious drug
resistance [45]. Building on the results mentioned above and our
ongoing efforts, we aim to synthesize a heterocyclic nucleus with high
biological relevance that incorporates a hybrid structure [46]. In our
current work, molecular hybridization approach is being used that fur-
nishes new hybrid molecules that are very crucial α-glucosidase and
α-amylase inhibitors. In-vitro& In-silico studies of compounds 5–23were
conducted as well.

2. Result and discussion

2.1. Chemistry

The title derivatives were generated by route as depicted in Scheme
1. The pyrrolidinyl, piperidinyl, N-methylpiperazinyl based novel
hydrazones 5–23 (Table-1) were formed through reaction of benzal-
dehydes substituted at p-position with (1-pyrrolidinyl) 3a, (1-piper-
idinyl) 3b, and (4-methylpiperazin-1-yl) 3c with various hydrazides 4a-
k promoted by AcOH, a single step acid-catalyzed reaction, giving the
corresponding products 5–23 in moderate to excellent (60–93 %) yields.
Aldehydes 3a-c, vital precursors for formation of target derivatives
5–23, were generated through a single step reaction as well, as reported
by Baseer and co-workers [47,48]. At the very beginning, nitrogen
containing bases, i.e. pyrrolidine, piperidine, and N-methyl piperazine
2a-c undergo nucleophilic aromatic substitution reaction (SNAr) with 4-
"uorobenzaldehyde 1 using K2CO3 in DMF to give aldehydes 3a-c in
70–80 % yields. The structures of respective novel products 5–23 were
established through various characterization techniques i.e. FT-IR, 1H
NMR, 13C NMR and HRMS. (See Scheme 2).

In the IR spectra, C––O vibrational stretching of hydrazine-
hydrazone moiety appeared between 1640–1672 cm−1, while the nar-
row N − H band was observed in the range of 3227 to 3468 cm−1, both
characteristic of hydrazones. Additionally, a broad –OH band from
naphthol derivatives appeared at 3420–34270 cm−1, and the Ar-H
stretch along with overtones of the phenyl rings were noted between
1800–2000 cm−1.

In the 1H NMR spectra of compounds 5–12, the protons of pyrroli-
dinyl ring resonated between δH 1.93 and 3.4 ppm, with triplet for the
2CH2 near to nitrogen appearing down!eld, while the other triplet for
2CH2 farther from nitrogen appeared up!eld. For compounds 13–18,
multiplets for the piperidinyl ring protons resonated from δH 1.51 to
3.29 ppm, with the peak for 3CH2 near the nitrogen appeared up!eld,
and the peak of 2CH2 away from nitrogen appearing down!eld. In the
1H NMR spectra for compounds 19–23, the singlet of N-methyl group
was observed at δH 2.18–2.2 ppm, and the 8H of N-methyl piperazinyl
ring resonated in the range of δH 2.39–3.29 ppm. The phenyl protons of
each derivative resonated in aromatic region (δH 6.5 to 8.0 ppm) as
doublets and multiplets. For compounds 5,8,9,14,15,20,23, double sets
of resonances for NH-CO were attributed to amide-iminol tautomerism,

with singlets appearing in the range δ 11.06–11.60 ppm, and the
methine (CH=N-) proton resonated from δ 7.83 to 8.28 ppm. Based on
the double signal splitting, it is concluded that a mixture of E/Z isomers
of hydrazones may have formed in the DMSO!d6 solution due to
restricted rotation around amide bond. The resonance for NH protons of
the Z-isomers appear down!eld relative to same protons’ signals in the
E-isomers [49,50].

In the 13C NMR spectra of compounds 5–12, signals appeared from δ

25.40 to 47.69 ppm, con!rming the presence of pyrrolidine ring. In
compounds 13–18, three signals for the piperidinyl ring were found in
the range of δ 24.38 − 48.81 ppm, while in compounds 19–23, C-13
peak was noted at δ 54.82 ppm. Moreover, the imine carbon signal (NH
− N = C) in 13C NMR above δ 155 ppm also con!rms its presence. High-
resolution Mass Spectrometry (HRMS, ESI + ) further validated that the
molecular ion peaks of each derivative matched the calculated molec-
ular weights.

2.2. In-vitro α-glucosidase and α-amylase inhibitory evaluation

To assess the medicinal use of synthesized compounds, all the com-
pounds 5–23 were subjected to the in-vitro inhibitory assay of α-gluco-
sidase and α-amylase. Interestingly, inhibitory activities of 5–23

derivatives were found to be in the range 10.26 ± 0.17–47.35 ± 1.24μ

M, relative to standard acarbose (IC50 = 871.40 ± 1.24μ M) (Table 1).
The inhibitory capability of these compounds against α-amylase was
also impressive ranging from 25.81 − 76.05μ M. The most potent de-
rivatives among the series are compounds 6 (IC50 = 10.26 ± 0.17μ M),
20 (IC50 = 12.10 ± 0.15μ M), 13 (IC50 = 13.25 ± 0.27μ M) and 11 (IC50
= 14.25 ± 0.30μ M), while other derivatives showed slight variations in
their potency through strong or weak interactions due to different sub-
stituents (Table-1). The same derivatives 6, 20, 13 and 11 exhibited
good inhibitory capability against α-amylase with IC50 values of 66.91

± 3.42, 25.81 ± 2.48, 45.77 ± 3.83 and 51.98 ± 6.78μ M, respectively.
Generally, electron poor substituents on benzene ring increased the
potency of derivatives while the opposite is true for electron rich sub-
stituents. For instance, compound 9 with o-tri"uoromethyl group on
benzyl ring is more potent (IC50 = 17.49 ± 0.26μ M) relative to com-
pound 5 having no substituent on benzyl ring. Interestingly, compound
9 also exhibited signi!cant inhibitory effect against α-amylase (IC50 =
28.02 ± 3.08 µM). Likewise, compound 13 with m-chloro substituent
showed greater activity than compound 7 with p-methoxy substituent.
Compound 7 was found to be inactive against α-amylase and compound
13 exhibited weak inhibition. Compound 6 also exhibited a decrease in
the anti α-amylase activity (IC50 = 66.91 ± 3.42 µM). On the contrary,
compound 5 displayed a slight increase in the α-amylase inhibitory ac-
tivity (IC50 = 58.02 ± 6.24 µM), as compared to compound 6. The
similar pattern of inhibitory capability was followed by compounds 8, 9
against α-amylase and exhibited further increase in the α-amylase in-
hibition with IC50 values 31.88 ± 4.60 and 28.02 ± 3.08 µM respec-
tively. Compounds 10 and 11 exhibited the opposite inhibitory effect
against α-amylase with IC50 values 56.92 ± 4.57 and 51.98 ± 6.78 µM,
respectively. Compounds 13–15 displayed favorable effect of the

Scheme 1. Synthetic route to novel hydrazones 5–23.
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Scheme 2. Pictorial presentation of SAR.

Table 1

Structures of derivatives 5–23 and their in-vitro α-glucosidase and α-amylase inhibition values.

Code n X R Yield (%) α-glucosidase α-amylase

% Inhibition
(0.5 mM)

IC50
(µM ± SEM*)

% Inhibition
(0.5 mM)

IC50
(µM ± SEM*)

5 1 CH2 75 84.59 30.51 ± 0.57 59.21 58.02 ± 6.24

6 1 CH2 70 90.50 10.26 ± 0.17 52.04 66.91 ± 3.42

7 1 CH2 75 86.96 27.44 ± 0.53 14.08 > 100

8 1 CH2 93 87.51 36.11 ± 0.67 73.27
31.88 ± 4.60

9 1 CH2 62 88.57 21.70 ± 0.39 77.36 28.02 ± 3.08

10 1 CH2 65 80.42 47.35 ± 1.24 60.01 56.92 ± 4.57

11 1 CH2 69 90 14.25 ± 0.30 63.36 51.98 ± 6.78

(continued on next page)
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Table 1 (continued )

Code n X R Yield (%) α-glucosidase α-amylase

% Inhibition
(0.5 mM)

IC50
(µM ± SEM*)

% Inhibition
(0.5 mM)

IC50
(µM ± SEM*)

12 1 CH2 65 78.49 42.67 ± 1.36 21.07 > 100

13 2 CH2 60 90.73 13.25 ± 0.27 66.84 45.77 ± 3.83

14 2 CH2 79 79.85 36.70 ± 0.85 72.43 33.51 ± 5.22

15 2 CH2 78 90.07 17.49 ± 0.26 80.87 30.67 ± 4.78

16 2 CH2 84 89.26 19.24 ± 0.37 63.68 42.48 ± 7.98

17 2 CH2 63 76.34 32.11 ± 0.72 32.65 76.05 ± 8.31

18 2 CH2 77 86.79 24.33 ± 0.27 65.46 45.66 ± 5.10

19 2 N-Me 80 85.40 26.15 ± 0.31 68.78 43.13 ± 5.07

20 2 N-Me 86 91.26 12.10 ± 0.15 83.46 25.81 ± 2.48

(continued on next page)
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α-amylase inhibition and exhibited gradual increase in the α-amylase
inhibitory activity with IC50 values 45.77 ± 3.83, 33.51 ± 5.22, 30.67

± 4.78 µM respectively. Compounds 16, 18 and 19 exhibited almost
similar anti α-amylase effect with IC50 values 42.48 ± 7.98, 45.66 ±
5.10, 43.13 ± 5.07 µM, respectively. On the other hand, compound 17

exhibited drastic decrease in the α-amylase inhibitory capability and
was found to be the least active compound (IC50 = 76.0 5 ± 8.31 µM).
Compound 20 exhibited excellent activity against α-amylase and was
the most active compound (IC50 = 25.81 ± 2.48 µM). Similarly com-
pounds 21 and also exhibited excellent activity against α-amylase with
IC50 values 33.57± 5.01 and 30.42 ± 4.72 µM respectively. The activity
of various derivatives can be co-related by some other factors: viz. the
excellent potency of 6, having ortho methyl substitution on aromatic
ring, is due to appreciable hydrogen bonding with enzyme active site
and magic methyl effect (the effect that enhances binding af!nity of

Table 2

Docking score (kcal/mol) of compounds against α-glucosidase target protein
3A4A.

Comp Id/

Std

Binding/Interaction

energies (kcal/mol)

Comp

Id

Binding/Interaction

energies (kcal/mol)

3A4A 3A4A

α-glucosidase α-glucosidase

5 −8.6 14 −9.7
6 ¡10.5 15 −9.9
7 −8.4 16 −8.7
8 −9.7 17 −9.0
9 −9.6 18 −9.7
10 −7.7 19 −9.4
11 −9.8 20 ¡10.5

12 −8.5 21 −8.2
13 −10.0 22 −7.8
Acarbose −8.2 23 −9.1

Fig. 2. α-Glucosidase inhibition via compound 6 (A) Line weaver-Burk graph of reciprocal of velocities (1/V) versus reciprocal of p-nitro phenyl-α-D-glucopyranoside
substrate (1/S) in the presence of 5 µM (□), 10 (●), and 20 (○) and in the absence (■) of compound 6. (B) Secondary replot of Line weaver-Burk plot between the
slopes of each line on-Line weaver-Burk plot vs various concentrations of 6. (C) Dixon graph of reciprocal of velocities vs various concentrations of 6.

Table 1 (continued )

Code n X R Yield (%) α-glucosidase α-amylase

% Inhibition
(0.5 mM)

IC50
(µM ± SEM*)

% Inhibition
(0.5 mM)

IC50
(µM ± SEM*)

21 2 N-Me 67 89.76 18.64 ± 0.37 78.04 33.57 ± 5.01

22 2 N-Me 66 77.50 37.22 ± 0.89 28.31 > 100

23 2 N-Me 67 89.46 19.53 ± 0.34 79.02 30.42 ± 4.72

Acarbose 873.34 ± 1.67 68.40 60.73 ± 5.98

*SEM = Standard error of mean.
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synthesized analogues with enzymes [51,52]). Structure activity rela-
tionship (SAR) among 8, 14, and 20, with diclofenac moiety, also sug-
gest that 20 is most potent among these three derivatives and 2nd most
potent among all derivative which could be due to magic methyl effect
(exhibited byN-Me in piperazinyl skeleton in 20 but 8 and 14 are void of
such effect). Derivatives 11 and 16, with 3-F and 4-Me substituents,
exhibit different IC50 values, former has less value than later showing
that pyrrolidine ring has strong interactions with enzyme active site
rather than piperidine ring (the same is true for 8 and 14). Derivatives
10,12, and 22 bearing pyridinyl moiety (highly electron de!cient)
possess least IC50 values among all derivatives while among these 3
derivatives 22 is potent than other two (N-Me magic methyl effect could
be the main cause [51,52]). Based on the discussion above, it is
important to note that substituents at the 3-position of the phenyl ring,
whether electron-withdrawing groups (EWG) or electron-donating
groups (EDG), are more effective at enhancing inhibition compared to
those at the 2- and 4- positions.

2.3. Mechanistic study

To precisely identify binding locations, modes of inhibition, and ef-
fects on enzyme kinetics, mechanistic research of enzyme inhibitors is
crucial to comprehending how inhibitors interact with their targets. This
study allows the design of more selective and potent inhibitors by
revealing critical structural and chemical properties required for effec-
tive ef!cacy. Additionally, mechanistic insights aid in the prediction of
resistance mechanisms and possible off-target consequences, which
promotes the creation of safer and more ef!cient treatment medicines.
This method guarantees that inhibitors interact with the enzyme in the

intended manner under physiological settings and helps optimize lead
compounds in drug discovery. The highly potent compound 6 was
further proceeded for mechanistic study. Mechanism-based study iden-
ti!ed compound 6 as concentration dependent type of competitive in-
hibitor with Ki 8.30± 0.0076 µM. In such inhibitory patterns, binding of
inhibitor takes place at the active site of enzyme’s residue, increased the
Km value while keeping Vmax of the enzyme constant (Fig. 2). The type of
inhibition was determined by Lineweaver-Burk plots, the reciprocal of
the rate of the reaction was plotted against the reciprocal of substrate
concentrations to monitor the effect of inhibitor on both Km and Vmax. It
was observed from Lineweaver-Burk plots compound 6 clearly showed
competitive inhibition Fig. 2: A. The secondary replots of Lineweaver-
Burk plots were used to determine the Ki values. The Ki values were
calculated by plotting the slope of each line in the Lineweaver-Burk plots
against different concentrations of compounds 3–5 and 11 (Fig. 2: B).
The Ki value was con!rmed from Dixon plot by plotting the reciprocal of
the rate of reaction against different concentrations of compounds 6
(Fig. 2: C).

2.4. Molecular docking Simulations

The diabetes-related enzymes, viz. dipeptidyl peptidase IV (DPP-IV),
α-glucosidase and α-amylase, are crucial for digestion and blood sugar
regulation. Among these, α-glucosidase is particularly signi!cant in
managing TIIDM, where reduced insulin sensitivity leads to hypergly-
cemia and raised blood glucose levels. Thus, inhibitors of α-glucosidase
are a promising treatment for achieving precise blood sugar control in
TIIDM patients. Previous commercial inhibitors, such as miglitol,
voglibose and acarbose have been effective in stabilizing blood glucose

Table 3

The interactions and binding residues of some highly docked compounds with α-glucosidase target protein 3A4A.

Most docked

comp. Id

Docking score

(kcal/mol)

Interactions & binding residues

[residue code (Interaction type)]

6 −10.5 LEU A:313 (H-bond); LYS A:156 (π-alkyl); SER A:240 (π-donor H-bond); TYR A:158 (π −π T-shaped, π-alkyl); ARG A:315, HIS A:280
(π-alkyl).

11 −9.8 PRO A:312 (H-bond); ASP A:242 (π-anion); SER A:240 (π-donor H-bond); TYR A:158 (π-alkyl, π −π T-shaped& π-sigma,); GLU A:411
(C–H bond); ARG A:315 (π-alkyl).

13 −10.0 ASN A:259 (H-bond); GLU A:296 (H-bond, H-bond); ALA A:292 (π-sigma); VAL A:266, ARG A:263 (alkyl).
20 −10.5 PRO A:312 (H-bond, π-sigma, π-alkyl); ASP A307 (attractive charge, C–H bond); SER A304, THR A:310 (C–H bond); ASP A:242

(π-anion); ARG A:315 (π-alkyl); TYR A:158 ((π −π T-stacked).

Fig. 3. Molecular docking of compound 6 with protein 3A4A: surface view, pose view, and 2D interactions.
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levels in those with insulin resistance or insuf!ciency [53–56]. With
these considerations in mind, an α-glucosidase target protein with PDB
Id: 3A4A (crystal structure derived from Saccharomyces cerevisiae i.e.
isomaltase) and α-amylase target protein PDB Id: 1B2Y (crystal structure
of human pancreatic α-amylase complexed with the carbohydrate in-
hibitor acarbose) were selected for docking. Detailed docking method-
ology is provided in the supplementary information !le. Re-docking is
carried out to validate molecular docking studies, ensuring the accuracy
of predicted ligand-receptor binding poses. The binding or interaction
energies of derivatives 5–23 with the aforementioned protein 3A4A are
demonstrated in Table 2. Compounds 6, 11, 13, 15 and 20 unveiled
!nest docking score of −10.5, −9.8, −10.0, −9.9, & −10.5 kcal/mol
with protein 3A4A, respectively. A comprehensive overview of inter-
action energies between receptor protein and moiety are given in
Table 3. The most docked (−10.5 kcal/mol) compound-6 exhibited
multiple interactions with residues of amino acid, for instance, LEU
A:313 (H-bond); LYS A:156 (π-alkyl); SER A:240 (π-donor H-bond); TRY
A:158 (π −π T-shaped, π-alkyl); ARG A:315, HIS A:280 (π −alkyl). In the
same way, interactions of second most docked compound-20 with 3A4A
encompasses PRO A:312 (H-bond, π-sigma, π-alkyl); ASP A307 (attrac-
tive charge, C–H bond); SER A304, THR A:310 (C–H bond); ASP A:242
(π-anion); ARG A:315 (π-alkyl); TYR A:158 ((π −π T-stacked); whereas,
next highly docked compound-13 involves ASN A:259 (H-bond); GLU
A:296 (H-bond, H-bond); ALA A:292 (π-sigma); VAL A:266, ARG A:263
(alkyl) interactions. Further, compound-11, having −9.8 kcal/mol

binding energy, exhibited PRO A:312 (H-bond); ASP A:242 (π-anion);
SER A:240 (π −donor H-bond); TYR A:158 (π-alkyl, π −π T-shaped &
π-sigma); GLU A:411 (C–H bond); ARG A:315 (π-alkyl) interactions.
Interestingly, it was observed that all highly bound moieties have
induced π-interactions and H-bonding which are crucial in in"uencing
the inhibitory action of compounds. Figs. 3, 4, and 5 depict the images of
interactions of derivatives 6, 20 and standard acarbose with protein
3A4A. The images of interactions of derivatives 8, 11, 14, 16, and 18

with target protein 3A4A are provided in supplementary information
!le.

The best docked compound-20 with α-amylase target protein 1B2Y
exhibited docking score of −9.4 kcal/mol and revealed diverse binding
interactions (Tables 4 and 5). The O-atom of acetohydrazide group of
compound-20 developed hydrogen bonding with pocket amino acid
residue GLY A:306 at a distance of 2.46 Å. Further, N-atom of aceto-
hydrazide group formed attractive charge interaction (5.54 Å) with
residue GLU A:233. The π-electron density of middle amino-phenyl ring
induced two crucial π-interactions including π-anion (3.60 Å) and π-π T-
shaped (4.86 Å) with residues ASP A:300 and TYR A:62. Similarly,
π-electron density of dichlorophenyl ring persuaded two π-interactions
such as π-π stacked (5.77 Å) and π-alkyl (5.34 Å) with TRP A:59 and LEU
A:165. Also, π-electrons of benzylidene ring produced π-π stacked (4.89
Å) and π-alkyl (4.90 Å) interactions with TYR A:151 and ILE A:235
whereas, methylpiperazine ring formed π-alkyl (5.39 Å) interactions
with residue TYR A:151 (Fig. 6).

Fig. 4. Two & three-dimensional docking interactions of derivative 20 with target protein 3A4A.

Fig. 5. Two & three-dimensional docking interactions of standard drug acarbose with target protein 3A4A.
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The standard drug acarbose exhibited docking score of −10.8 kcal/
mol against target protein 1B2Y with assorted binding interactions
including GLY A:306 (carbon-hydrogen bond); TRP A:59 (hydrogen
bond); ASP A:300 (acceptor–acceptor); GLN A:63 (hydrogen bond); HIS
A:305 (hydrogen bond); HIS A:201 (hydrogen bond); ALA A:198 (alkyl);
and LEU A:162 (alkyl) interactions (Fig. 7). The image of interactions of
derivative 9 with target protein 1B2Y is provided in supplementary in-
formation !le.

2.5. In silico ADME, pharmacokinetics, and drug-likeness studies

The pharmacokinetic & ADME pro!les of synthesized scaffolds help
to predict the absorption, permeability, & bioavailability of potential
drug candidates, and hence enabled the election of molecules with
optimal absorption. Drug distribution is affected signi!cantly by various
factors like blood–brain barrier (BBB) permeability & gastrointestinal

Table 4

Docking score of compounds against target protein α-amylase (PDB ID: 1B2Y).

Comp Id/

Std

Binding/Interaction

energies (kcal/mol)

Comp

Id

Binding/Interaction

energies (kcal/mol)

1B2Y 1B2Y

α-amylase α-amylase

5 −7.4 14 −8.3
6 −7.6 15 −8.5
7 −6.9 16 −7.7
8 −8.7 17 −7.2
9 −8.9 18 −7.5
10 −7.5 19 −7.7
11 −7.9 20 ¡9.4

12 −6.7 21 −8.2
13 −7.8 22 −6.5
Acarbose −10.8 23 −8.4

Table 5

The interactions and binding residues of best docked compound and standard
with α-amylase target protein 1B2Y.

Most docked

comp. Id

Docking score

(kcal/mol)

Interactions & binding residues

[residue code (Interaction type)]

20 −9.4 GLY A:306 (H-bond); TRP A:59 (π-π stacked);
ASP A:300 (π-anion); GLU A:233 (attractive
charge); TYR A:62 (π-π T-shaped); TYR A:151
(π-π stacked, π-alkyl); LEU A:165 (π-alkyl); ILE
A:235 (π-alkyl).

9 −8.9 ILE A: 235 (H-bond, π-sigma, alkyl); TRP A:59
(π-alkyl); ASP A:300 (attractive charge); GLU
A:233 (halogen, attractive charge); ASP A:197
(attractive charge); ALA A:198 (halogen); LEU
A:162 (π-alkyl); HIS A:201 (π-cation, π-alkyl);
LYS A:200 (π-alkyl, alkyl)

Acarbose −10.8 GLY A:306 (C–H bond); TRP A:59 (H-bond);
ASP A:300 (acceptor–acceptor); GLN A:63 (H-
bond); HIS A:305 (H-bond); HIS A:201 (H-
bond); ALA A:198 (alkyl); LEU A:162 (alkyl).
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Fig. 6. Two and three-dimensional docking interactions of derivative 20 with target protein 1B2Y.

Fig. 7. Two and three-dimensional docking interactions of standard drug acarbose with target protein 1B2Y.

Table 6

In-silico pharmacokinetic and drug-likeness pro!le.

Comp id/

Std

GIa

Absorption

BBBb

permeant

P-gpc

substrate

CYP1A2d

inhibitor

CYP2C19

inhibitor

CYP2C9

inhibitor

CYP2D6

inhibitor

CYP3A4

inhibitor

Bioavailability

Score

Lipinski

#violations

5 Greater ✓ × ✓ ✓ ✓ ✓ × 0.55 0
6 Greater ✓ × ✓ ✓ ✓ ✓ × 0.55 0
7 Greater ✓ × ✓ ✓ ✓ ✓ × 0.55 0
8 Greater × ✓ × ✓ ✓ ✓ ✓ 0.55 1
9 Greater ✓ × ✓ ✓ ✓ ✓ × 0.55 0
10 Greater ✓ × ✓ ✓ × ✓ × 0.55 0
11 Greater ✓ × ✓ ✓ ✓ ✓ × 0.55 0
12 Greater ✓ × ✓ ✓ × ✓ × 0.55 0
13 Greater ✓ × ✓ ✓ ✓ ✓ ✓ 0.55 0
14 Greater × ✓ × ✓ ✓ ✓ × 0.55 1
15 Greater ✓ × × ✓ ✓ ✓ ✓ 0.55 0
16 Greater ✓ × × ✓ ✓ ✓ × 0.55 0
17 Greater ✓ × ✓ ✓ ✓ ✓ ✓ 0.55 0
18 Greater ✓ × ✓ ✓ ✓ ✓ × 0.55 0
19 Greater ✓ × ✓ × ✓ ✓ × 0.55 0
20 Greater ✓ ✓ × ✓ ✓ ✓ ✓ 0.55 0
21 Greater ✓ × × ✓ ✓ ✓ ✓ 0.55 0
22 Greater ✓ ✓ × × × ✓ × 0.55 0
23 Greater ✓ × × ✓ × ✓ ✓ 0.55 0
Acarbose Lower × ✓ × × × × ×3 0.17 3

aGI: gastrointestinal absorptions, bBBB: blood–brain barrier permeation, cP-gp: P-glycoprotein substrate, dCYP: cytochrome P450 inhibitors.
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(GI) absorption. Further, CYP (cytochrome P450) enzyme superfamily is
crucial for drug elimination via metabolic biotransformation. Drug
metabolism and interactions can be impacted by inhibiting CYP en-
zymes. A useful initial screening tool for assessing drug likeness is Lip-
inski’s rule of !ve [57,58].

The ADME & pharmacokinetic pro!les of the compounds 5–23 are
encapsulated in Table 6. All analogues exhibited high GI absorption and
excluding 8 and 14, all are capable of crossing BBB. Furthermore, apart
from compounds 8, 14, 20, and 22, all analogues are non-substrates of P-
gp (P-glycoprotein). Further, every compound acted as an inhibitor of
CYP2D6. Also, all scaffolds except 19 and 22, inhibited CYP2C19; and
except 10, 12, 22, and 23, inhibited CYP2C9. The Swiss ADME web tool
was used to determine bioavailability score of 0.55. Drug-likeness
studies indicated that the analogues are orally active, adhering to Lip-
inski’s rule of 5 with no more than 1 violation [57].

2.6. The �BOILED-egg model’ analysis

The BOILED-Egg model offers an intuitive visual method to assess a
molecule’s likelihood of passive absorption in the gastrointestinal tract
(HIA) and its ability to penetrate the blood–brain barrier (BBB). This
diagram is achieved by plotting the molecule’s WLOGP (a measure of
lipophilicity) against its TPSA (which re"ects polarity). The �white’ part
of the egg signi!es a high probability of gastrointestinal absorption,
while the �yellow’ (yolk) area indicates a strong likelihood of brain
penetration. These regions are not exclusive, meaning a molecule can
fall into both categories simultaneously. In addition to the positioning
within the egg, molecules are further classi!ed based on their interac-
tion with P-glycoprotein (P-gp), a transporter protein involved in drug
ef"ux. Molecules predicted to be substrates of P-gp, those likely to be
pumped out of cells and are marked with blue dots, while non-substrates
are marked with red dots [56,58].

The BOILED-egg model is valuable as it provides a quick, visual
evaluation of two critical pharmacokinetic properties, which are
essential for drug design. This screening approach aids drug develop-
ment by evaluating the potential for passive absorption in the GI tract
(white region) and penetration of the BBB (yellow yolk region) [49,50].
BOILED-egg model analysis on the synthesized compounds was achieved
via the SwissADME web tool [44]. All analogues exhibited passive GI
absorption and except three molecules (8, 14, and 22) all showed BBB
penetration (Fig. 8). Speci!cally, compounds 8, 14, and 22 were also

found substrates of P-gp+, showing their active ef"ux, and not crossing
the BBB. Whereas, compound 20 laid in the BBB region exhibiting active
ef"ux (P-gp + ) by P-glycoprotein. Thus, with their high absorption
pro!le, such analogues may have potential applications as an α-gluco-
sidase inhibitor in advanced in-vivo studies.

2.7. QSAR model

In order to generate a statistically robust 2D-QSAR model, we used
the �QSAR-INSubria’ V. 2.2.4 [developed at University of Insubria, Italy]
[55,56]. In total, we have generated 1407 molecular descriptors (1D,
and 2D), wherein 1077 descriptors were excluded by the �QSARINS’

descriptor selection criteria (descriptors with null values or �0′ were
automatically excluded). Finally, we used 330 descriptors, generated
from �PaDEL’, for the development of multilinear regression based-
QSAR models (MLR-QSAR) [55,56]. Total of 20 models were gener-
ated, however, only the top model with good internal and external
validation parameters was selected for the visualization. This criterion is
well-known from �OECD (the Organisation for Economic Co-operation
and Development)’ (Fig. 9). The four parametric model-1, was found
to be best out of 20 ranked QSAR models. The model-1 is as follows:

pIC50 = 2.9787 + 0.1679*ALogP (± 0.528) + 0.3173* LipinskiFailures
(± 0.6918) + 1.0728*topoShape (±0.3118) − 0.0659* VE3_D
(−0.6354) model-1

Internal and External Validations

R2: 0.9167; R2
adj: 0.8834; R2- R2

adj: 0.0333; LOF: 0.0157; Kxx: 0.3262;
Delta K: 0.0689; RMSEtr:0.0585; MAEtr: 0.0492; RSStr: 0.0514; CCCtr:
0.9566; s: 0.0717; F: 27.5299.

Internal validation criteria

Q2
loo: 0.8127; R2- Q2

loo: 0.1041; RMSEcv: 0.0878; MAEcv: 0.0744; PRESScv:
0.1156; CCC cv: 0.9072; Q2

LMO: 0.7487; R2
scr: 0.2913.

External validation criteria

RMSEext:0.2434; MAEext: 0.2272; PRESSext: 0.2371; R2
ext: 0.1538; Q2-F1:

3.6746; CCCext: 0.2732; r2m aver.: 0.0095; Calc. external data regr. angle
from diagonal: 3.6386◦.

Themodel-1 followed the standard validation criteria for the model

Fig. 8. The Brain or Intestinal EstimateD (BOILED-Egg) diagram: plot of WLOGP against TPSA.
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acceptability and was chosen further for the interpretation. From
model-1, it was evident that the descriptor �ALogP’ [The Ghose-
Crippen-Viswanadhan octanol–water partition coef!cient] was posi-
tively correlated with the biological activity (BA). The ALogP is deter-
mined using the ALogP model, which employs a regression equation
based on the hydrophobicity contributions of 115 different atom types.
The said trend can be observed with 5 (IC50 = 30.51 ± 0.57 µM), 6 (IC50
= 10.26 ± 0.17 µM), 10 (IC50 = 47.35 ± 1.24 µM) and 11 (IC50 = 14.25
± 0.30 µM).

Other descriptors, LipinskiFailures [failure to the Lipinski rule of 5]
and topoShape [Petitjean topological shape index, a topological
descriptor] were also found to be positively correlated with BA. For
descriptor LipinskiFailures, the trend can be seen with 20 (IC50 = 12.10
± 0.15 µM), 21 (IC50 = 18.64 ± 0.37 µM), 22 (IC50 = 37.22 ± 0.89 µM)
and 23 (IC50 = 19.53 ± 0.34 µM). For �topoShape’, we found this trend
in 14 (IC50 = 36.70 ± 0.85 µM) and 15 (IC50 = 17.49 ± 0.26 µM).

However, descriptor �VE3_D’ [Logarithmic coef!cient sum of the last
eigenvector from topological distance matrix, a Topological Distance
Matrix descriptor] was negatively correlated with the BA. The decreased
in descriptor value �VE3_D’ decreased the activity of compounds, e.g. 5

(IC50 = 30.51 ± 0.57 µM), 6 (IC50 = 10.26 ± 0.17 µM), 7 (IC50 = 27.44
± 0.53 µM) and 8 (IC50 = 36.11 ± 0.67 µM).

3. Conclusion

In this work, a series of novel hydrazones 5–23 were synthesized to
create non-carbohydrate based α-glucosidase inhibitors. In-vitro analysis
demonstrated that all derivatives exhibited potent inhibition capabil-
ities, with compounds 6,11,13,15 and 20 showing particularly strong
potency with lower IC50 values. Some derivatives are also active as
α-amylase inhibitors. Molecular docking studies indicated that nitrogen-
saturated heterocycles, phenyl rings and methyl group are key moieties
for binding to the enzyme’s active site. QSAR models suggested that
AlogP and Lipinski Failures are signi!cant relative to descriptors such as
hydrogen bond donors. In silico pharmacokinetics, ADME and drug-
likeness studies, along with BOILED-egg model analysis, predicted that
all analogues showed passive gastrointestinal absorption, while all
except three molecules (8, 14, and 22) demonstrated blood–brain
barrier penetration. Based on these results, we conclude that these de-
rivatives have potential for future drug development aimed at treating
diabetes mellitus.

Fig. 9. (a) External endpoints Vs. Predicted endpoints by model-1; (b) Residual plot; (c)HAT(i/i)(h*= 1000) Vs. Std. residuals; and (d) Insubria Plot (Applica-
bility Domain).
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4. Experimental

4.1. General Information

Melting points (m.p) of all prepared derivatives were taken on Gallen
Kampm.p apparatus. Shimadzu FTIR 8400 at range 4000–400 cm−1was
used to record IR spectra by use of KBr pellets. A Bruker Ultra-Shield
300 MHz spectrometer was utilized to acquire 13C and 1H spectra at
75MHz for 13C and 300MHz for 1H NMR in DMSO!d6, using TMS as the
internal standard. JEOL JMS-700 was used for taking mass spectra, ESI-
MS. Merck silica gel GF254 TLC was used in monitoring reaction progress
and purity as well.

4.2. Preparation of aromatic aldehydes with pyrrolidinyl, piperidinyl, and

N-methyl piperazinyl nucleus 3a-c

The precursors 3a-c were prepared by already reported procedure
[47,59]. To a solution of pyrrolidine/piperidine/N-methylpiperazine (1
mmol) in 5–10 mL DMF, 2 mmol of K2CO3 was added. After stirring at
80 ◦C for half an hour, 4-"urobenzaldehyde (1 mmol) was taken in re-
action mixture stirring was continued for another 12–16 h. Soon after
completion, reaction mixture was allowed to cool. It was then added
slowly to cool water. Yellow precipitates were then collected, washed
and !ltered to afford 3a-c and used in second step without further
puri!cation.

4.3. Synthesis of nitrogen containing heterocycle-based hydrazones 5–23

Equimolar amounts (0.01 mol) of both nitrogen-skeleton containing
p-substituted aromatic aldehydes 3a-c and hydrazides 4a-k were dis-
solved in 10–15 mL ethanol in reaction vessel. After addition of few
drops of glacial acetic acid (catalyst), the reaction mixture was allowed
to re"ux for 8–10 h. TLCwas used to monitor the reaction progress. After
completion of reaction, the reaction was kept at cool temperature till the
formation of solid precipitates. The product was then !ltered, washed
with ethanol & vacuum dried.

4.3.1. 2-Phenyl-N’-{4-(pyrrolidin-1-yl)benzylidene} acetohydrazide (5)

Light green solid; Yield 75 %; m.p. 201–202 ◦C; IR cm−1: 3464, 3179,
3024, 2965, 2827, 1646, 1605, 1500, 1370, 1340, 1250, 1170,1050,
980, 950, 740; 1H NMR (300 MHz, DMSO!d6): δ 1.95 (4H, t), 3.27 (4H,
t), 3.48 (1H, s), 3.93 (1H, s), 6.55 (2H, dd), 7.23 (1H, m), 7.30 (4H, m),
7.48 (2H, dd), 7.84 (0.6H, s), 8.03 (0.5H, s), 11.06 (0.6H, s), 11.28
(0.4H, s); 13C NMR (75 MHz, DMSO- d6): δ 25.42, 41.72, 47.67, 112,
121.21, 121.40, 126.75, 126.97, 128.59, 128.64, 128.75, 128.95,
129.46, 129.85, 136.47, 144.38, 148.02, 149.11, 149.29, 166.35,
172.12; HRMS calc. for C19H21N3O 307.1684, found 307.1682.

4.3.2. 3-Methyl-N’-{4-(pyrrolidin-1-yl)benzylidene}benzohydrazide (6)

Green solid; Yield 70 %; m.p. 204–206 ◦C; IR cm−1: 3227, 3042,
2951, 2841, 1650, 1613, 1490, 1470, 1310, 1220, 1170, 1080, 850, 790,
680; 1H NMR (300 MHz, DMSO- d6): δ 1.95 (4H, t), 2.08 (3H, s) 3.29
(4H, t), 6.61 (2H, d), 7.54 (3H, m), 7.64 (1H, m), 7.93 (1H, t), 7.84 (1H,
m), 8.28 (1H, s), 11.61 (1H, s); 13C NMR (75 MHz, DMSO- d6): δ 27.110,
32.844, 49.36, 113.715, 122.815, 128.453, 129.31, 130.83, 132.60,
133.39, 135.33, 137.94, 151.13, 151.52, 163.24; HRMS calc. for
C19H21N3O 307.1684, found 307.1687.

4.3.3. 4-Methoxy-N’-{4-(pyrrolidin-1-yl)benzylidene}benzohydrazide (7)

Light green solid; Yield 75 %; m.p. 229–231 ◦C; IR cm−1: 3420, 3225,
3052, 2966, 2844, 1647, 1490, 1470, 1310, 1240, 1170, 1070, 790, 730,
690, 670; 1H NMR (300 MHz, DMSO- d6): δ 1.96 (4H, t), 3.28 (4H, t),
3.82 (3H, s), 6.60 (2H, d), 7.04 (2H, d), 7.53 (2H, d), 7.89 (2H, d), 8.28
(1H, s), 11.40 (1H, s); 13C NMR (75 MHz, DMSO- d6): δ 25.43, 47.68,
55.85, 112.02, 114.08, 121.48, 126.30, 128.94, 129.77, 148.72, 149.27,
162.19, 162.49; HRMS calc. for C19H21N3O2 324.1712 [M + H]+, found

324.1711.

4.3.4. 2-[2-{(2,6-Dichlorophenyl)amino}phenyl]-N’-{4-(pyrrolidin-1-yl)

benzylidene} acetohydrazide (8)

White solid; Yield 93 %; m.p. 245–247 ◦C; IR cm−1: 3464, 3214,
3028, 2950, 2845, 1644, 1603, 1480, 1290, 1180, 1020, 760, 730; 1H
NMR (300 MHz, DMSO- d6): δ 1.96 (4H, t), 3.27 (4H, t), 3.66 (1H, s),
4.08 (1H, s), 6.30 (1H, dd), 6.57 (2H, d), 6.87 (1H, m), 7.05 (1H, dd),
7.23 (2H, m), 7.52 (4H, m) 7.90 (1H, s) 8.06 (0.5H, s), 8.28 (0.5H, s)
11.34 (0.5H, s), 11.52 (0.5H, s); 13C NMR (75 MHz, DMSO- d6): δ 25.42,
36.18, 47.68, 112.02, 115.88, 116.54, 120.95, 121.10, 121.28, 124.65,
125.55, 126.03, 127.73, 128.78, 129.16, 129.66, 129.86, 130.52,
130.88, 131.59, 137.43, 143.40, 143.65, 149.00 149.26, 149.44,
167.65, 172.75; HRMS calc. for C25H24Cl2N4O 489.1224 [M + Na]+,
found 489.1228.

4.3.5. N’-{4-(Pyrrolidin-1-yl)benzylidene}-2-{2-(tri!uoromethyl)phenyl}

acetohydrazide (9)

Dark green solid; Yield 62 %; m.p. 242–244 ◦C; IR cm−1: 3468, 3173,
3087, 2974, 2846, 1668, 1600, 1510, 1360, 1270, 1230, 1109, 780, 740;
1H NMR (300 MHz, DMSO- d6): δ 1.95 (4H, t), 3.26 (4H, t), 3.75 (1H, s),
4.18 (1H, s) 6.55 (2H, d), 7.47 (4H, m), 7.62 (1H, m), 7.70 (1H, d), 7.87
(0.7H, s), 8.04 (0.3H, s), 11.19 (0.7H, s), 11.32 (0.3H, s); 13C NMR (75
MHz, DMSO- d6): δ 25.41, 36.50, 47.67, 112.02, 121.30, JC-F = 125.9
(m), 126.06, 127.54, 128.57, 128.97, 132.60, 132.71, 133.62, 133.80,
132.89, 144.56, 149.15, 149.29, 165.31, 171.12; HRMS calc. for
C20H20F3N3O 398.1456 [M + Na]+, found 398.1457.

4.3.6. N’-{4-(Pyrrolidin-1-yl)benzylidene}isonicotinohydrazide (10)

Yellowish green solid; Yield 65 %; m.p. 224–226 ◦C; IR cm−1: 3452,
3187, 2970, 2845, 1665, 1602, 1500, 1483, 1375, 1270, 1170, 770, 710;
1H NMR (300 MHz, DMSO- d6): δ 1.96 (4H, t), 3.29 (4H, t), 6.60 (2H, d),
7.55 (2H, d), 7.79 (2H, t), 8.75 (2H, d), 8.30 (1H, s), 11.75 (1H, s); 13C
NMR (75 MHz, DMSO- d6): δ 25.43, 47.68, 112.04, 120.92, 121.93,
129.30, 141.30, 149.56, 149.91, 150.54, 150.71, 161.46; HRMS calc. for
C17H18N4O 317.1378 [M + Na]+, found 317.1374.

4.3.7. 3-Fluoro-4-methyl-N’-{4-(pyrrolidin-1-yl)benzylidene}

benzohydrazide (11)

Green solid; Yield 69 %; m.p. 224–226 ◦C; IR cm−1: 3438, 3201,
3040, 2970, 2851, 1650, 1609, 1490, 1370, 1260, 1180, 790; 1H NMR
(300 MHz, DMSO- d6): δ 1.969 (4H, t), 2.306 (3H, s) 3.291 (4H, t), 6.59
(2H, d), 7.43 (1H, t), 7.52 (2H, d), 7.65 (1H, d), 7.68 (1H, s) 8.29 (1H, s),
11.525 (1H, s); 13C NMR (75 MHz, DMSO- d6): δ 14.68, 25.43, 47.68,
112.03, 114.17, 121.21, 123.85, 128.46, 128.72, 129.12, 132.18,
133.80, 149.41, 149.59, 159.16, 161.60; HRMS calc. for C19H20FN3O
325.1590, found 325.1585.

4.3.8. N’-{4-(Pyrrolidin-1-yl)benzylidene}nicotinohydrazide (12)

Yellowish green solid; Yield 65 %; m.p. 187–189 ◦C; IR cm−1: 3435,
3198, 3020, 2960, 2850, 1650, 1600, 1497, 1480, 1375, 1180, 970, 790,
730; 1H NMR (300 MHz, DMSO- d6): δ 1.972 (4H, t), 3.297 (4H, t), 6.59
(2H, d), 7.55 (3H, m), 8.22 (1H, d), 8.74 (1H, d), 9.04 (1H, s), 8.28 (1H,
s), 11.69 (1H, s); 13C NMR (75 MHz, DMSO- d6): δ 25.43, 47.69, 112.04,
121.04, 124.05, 129.21, 129.98, 136.78, 148.89, 149.49, 149.96,
152.46, 161.57; HRMS calc. for C17H18N4O 294.1480, found 294.1479.

4.3.9. 3-Chloro-N’-{4-(piperidin-1-yl)benzylidene}benzohydrazide (13)

Dark purple solid; Yield 60 %; m.p. 166–168 ◦C; IR cm−1: 3431,
3235, 3068, 2935, 2795, 1657, 1601, 1470, 1440, 1260, 1230, 1050,
740, 780; 1H NMR (300 MHz, DMSO- d6): δ 1.582 (6H, m), 3.26 (4H, m),
6.98 (2H, d), 7.56 (3H, m), 7.64 (1H, m), 7.86 (1H, d), 7.94 (1H, s), 8.30
(1H, s), 11.70 (1H, s); 13C NMR (75 MHz, DMSO- d6): δ 24.38, 25.42,
48.81, 123.58, 126.80, 127.68, 128.97, 130.94, 131.81, 133.69, 136.13,
149.27, 152.90, 161.75; HRMS calc. for C19H20ClN3O 342.1373 [M +
H]+, found 342.1371.
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4.3.10. 2-[2-{(2,6-Dichlorophenyl)amino}phenyl]-N’-{4-(piperidin-1-yl)

benzylidene} acetohydrazide (14)

Light purple solid; Yield 79 %; m.p. 214–216 ◦C; IR cm−1: 3461,
3189, 3021, 2923, 2846, 1650, 1600, 1487, 1340, 1260, 1230, 1050,
760, 750; 1H NMR (300 MHz, DMSO- d6): δ 1.57 (6H, m), 3.26 (4H, m),
3.66 (1H, s), 4.09 (1H, s), 6.29 (1H, dd), 6.86 (1H m), 6.95 (2H, d), 7.05
(1H, q), 7.22 (2H, dt), 7.53 (4H, m), 7.85 (0.5H, s) 7.92 (0.5H, s), 8.07
(0.5H, s), 8.23 (0.5H, s), 11.41 (0.5H, s), 11.60 (0.5H, s); 13C NMR (75
MHz, DMSO- d6): δ 24.38, 25.40, 48.79, 48.89, 114.96, 115.0, 115.01,
115.14, 115.93, 116.55, 121.01, 121.30, 123.35, 123.57, 124.61,
125.41, 125.63, 126.03, 127.76, 127.90, 128.58, 12897, 129.65,
129.69, 129.88, 130.49, 130.91, 131.55, 137.42, 137.53, 143.39,
143.64, 144.98, 148.41, 152.76, 152.90, 167.84, 168.31, 172.95; HRMS
calc. for C26H26Cl2N4O 481.1561 [M + H]+, found 481.1563.

4.3.11. N’-{4-(Piperidin-1-yl)benzylidene}-2-{2-(tri!uoromethyl)phenyl}

acetohydrazide (15)

Purple solid; Yield 78 %; m.p. 208–210 ◦C; IR cm−1: 3450, 3180,
3097, 2940, 2830, 1672, 1609, 1420, 1280, 1230, 1090, 760, 740; 1H
NMR (300 MHz, DMSO- d6): δ 1.51 (6H, m), 3.20 (4H, m), 3.709 (1H, s),
4.13 (1H, s) 6.89 (2H, d), 7.45 (4H, m), 7.57 (1H, t), 7.64 (1H, d), 7.83
(0.7H, s), 8.00 (0.3H, s), 11.21 (0.7H, s), 11.34 (0.3H, s); 13C NMR (75
MHz, DMSO- d6): δ 24.37, 25.39, 36.48, 48.90, 115.04, 115.19, 123.66,
123.79, JC-F = 125.9(m), 127.58, 127.76, 128.37, 128.77, 132.61,
133.68, 133.83, 144.02, 147.28, 152.68, 171.31; HRMS calc. for
C21H22F3N3O 390.1793 [M + H]+, found 390.1794.

4.3.12. 3-Fluoro-4-methyl-N’-{4-(piperidin-1-yl)benzylidene}

benzohydrazide (16)

Purple solid; Yield 84 %; m.p. 217–219 ◦C; IR cm−1: 3408, 3261,
2932, 2827, 1654, 1605, 1515, 1480, 1280, 1235, 1090, 770, 745; 1H
NMR (300 MHz, DMSO- d6): δ 1.56 (6H, m), 2.27 (3H, s) 3.23 (4H, m),
6.94 (2H, d), 7.41 (1H, t), 7.52 (2H, d), 7.64 (2H, m), 8.28 (1H, s), 11.57
(1H, s); 13C NMR (75 MHz, DMSO- d6): δ 14.67, 14.71, 24.37, 25.42,
48.84, 114.21, 114.52, 115.05, 123.68, 128.92, 132.20, 133.70, 148.99,
152.86, 159.16, 161.76, 162.39, 162.39–159.16(J1C-F = 242.27 Hz);
HRMS calc. for C20H22F1N3O 340.1825 [M + H]+, found 340.1820.

4.3.13. N’-{4-(Piperidin-1-yl)benzylidene}-2-naphthohydrazide (17)

Light pink solid; Yield 63 %; m.p. 228–230 ◦C; IR cm−1: 3460, 3140,
3010, 2930, 2852, 1643, 1601, 1495, 1320, 1240, 760, 740; 1H NMR
(300 MHz, DMSO- d6): δ 1.59 (6H, m), 3.28 (4H, m), 6.98 (2H, d), 7.57
(5H, m), 7.71 (1H, d), 8.03 (1H, m), 8.08 (1H, d), 8.19 (2H, m), 11.76
(1H, s); 13C NMR (75 MHz, DMSO- d6): δ 24.39, 25.45, 48.81, 114.99,
115.05, 123.67, 125.48, 125.64, 126.17, 126.87, 127.46, 128.80,
128.92, 130.45, 130.73, 133.61, 148.47, 152.85, 164.77; HRMS calc. for
C23H23N3O 358.1919 [M + H]+, found 358.1915.

4.3.14. 3-Hydroxy-N’-{4-(piperidin-1-yl)benzylidene}-2-

naphthohydrazide (18)

Light brown solid; Yield 77 %; m.p. 259–261 ◦C; IR cm−1: 3463,
3210, 3120, 2930, 2840, 1640, 1600, 1495, 1475, 1240, 760, 740; 1H
NMR (300 MHz, DMSO- d6): δ 1.58 (6H, m), 3.28 (4H, m), 6.98 (2H, d),
7.33 (1H, m), 7.36 (1H, d), 7.50 (1H, t), 7.57 (2H, d), 7.77(1H, d), 7.90
(1H, d), 8.32 (1H, s), 8.46 (1H, s), 11.46 (1H, s), 11.81 (1H, s); 13C NMR
(75 MHz, DMSO- d6): δ 24.39, 25.42, 48.78, 111.03, 115.00, 120.42,
123.46, 124.24, 126.30, 127.2, 128.66, 129.10, 130.41, 136.26, 149.56,
152.95, 154.83, 164.0; HRMS calc. for C23H23N3O2 374.1868 [M+H]+,
found 374.1866.

4.3.15. 3-Hydroxy-N’-{4-(4-methylpiperazin-1-yl)benzylidene}-2-

naphthohydrazide (19)

Yellow solid; Yield 80 %; m.p. 274–276 ◦C; IR cm−1: 3460, 3120,
3065, 2940, 2848, 2828 1660, 1600, 1240, 780, 750; 1H NMR (300
MHz, DMSO- d6): δ 2.247 (3H, s), 2.47 (4H, t), 3.28 (4H, t), 7.02 (2H, d),
7.32 (1H, s), 7.37 (1H, m), 7.52 (1H, t), 7.62, (2H, d), 7.76 (1H, d), 7.91

(1H, d), 8.34 (1H, s), 8.47 (1H, s), 11.90 (1H, s); 13C NMR (75 MHz,
DMSO- d6): δ 31.16, 46.12, 47.42, 54.82, 111.02, 114.96, 117.90,
120.56, 124.21, 126.27, 127.33, 129.00, 129.11, 136.27, 149.46,
152.67, 154.85, 164.01; HRMS calc. for C23H24N4O2 389.1977 [M +
H]+, found 389.1977.

4.3.16. 2-[2-{(2,6-Dichlorophenyl)amino}phenyl]-N’-{4-(4-

methylpiperazin-1-yl)benzylidene} acetohydrazide (20)

Yellow solid; Yield 86 %; m.p. 202–204 ◦C; IR cm−1: 3460, 3271,
3180, 3026, 2905, 2814, 1659, 1604, 1255, 780, 750; 1H NMR (300
MHz, DMSO- d6): δ 2.18 (3H, s), 2.40 (4H, t), 3.20 (4H, t), 3.63 (1H, s),
4.06 (1H, s), 6.26 (1H, dd), 6.88 (1H, m), 6.94, (2H, m), 7.04 (1H, m),
7.15 (1H, t), 7.22 (1H, t), 7.50 (4H, m), 7.80 (0.5H, s), 7.89 (0.5H, s),
8.05 (0.5H, s), 8.18 (0.5H, s), 11.40 (0.5H, s) 11.58 (0.5H, s); 13C NMR
(75 MHz, DMSO- d6): δ 36.16, 46.20, 47.48, 54.85, 114.89, 115.96,
116.55, 121.01, 121.30, 124.0, 124.28, 124.61, 125.40, 125.65, 126.03,
127.76, 127.91, 128.51, 128.88, 129.66, 129.69, 129.90, 130.48,
130.92, 131.56, 137.43, 137.53, 143.39, 143.63, 144.86, 148.30,
152.48, 152.63, 167.88, 172.99; HRMS calc. for C26H27Cl2N5O
496.1670 [M + H]+, found 496.1671.

4.3.17. 3-Chloro-N’-{4-(4-methylpiperazin-1-yl)benzylidene}

benzohydrazide (21)

Yellow solid; Yield 67 %; m.p. 230–232 ◦C; IR cm−1: 3417, 3172,
2962, 2952, 2822, 1664, 1608, 1520, 778, 747; 1H NMR (300 MHz,
DMSO- d6): δ 2.217 (3H, s), 2.43 (4H, t), 3.24 (4H, t), 7.01 (2H, d), 7.55
(3H, m), 7.65 (1H, d), 7.87 (1H, d), 7.94 (1H, d), 8.31 (1H, s), 11.71 (1H,
s); 13C NMR (75MHz, DMSO- d6): δ 46.20, 47.49, 54.87, 114.94, 124.27,
126.82, 127.69, 128.88, 130.95, 131.84, 133.69, 136.12, 149.14,
152.64, 161.78; HRMS calc. for C19H21Cl1N4O 357.1482 [M + H]+,
found 357.1489.

4.3.18. N’-{4-(4-Methylpiperazin-1-yl)benzylidene}isonicotinohydrazide

(22)

Yellow solid; Yield 66 %; m.p. 249–251 ◦C; IR cm−1: 3404, 3145,
2952, 2823, 1665, 1609, 1557, 1270, 762; 1H NMR (300 MHz, DMSO-
d6): δ 2.216 (3H, s), 2.43 (4H, t), 3.25 (4H, t), 6.99 (2H, d), 7.57 (2H, d),
7.79 (2H, d), 8.32 (1H, s), 8.77 (2H, d), 11.85 (1H, s); 13C NMR (75MHz,
DMSO- d6): δ 46.17, 47.42, 54.83, 114.91, 121.96, 124.04, 129.02,
141.17, 149.84, 150.73, 152.74, 161.69; HRMS calc. for C18H21N5O
324.1824 [M + H]+, found 324.1821.

4.3.19. N’-{4-(4-Methylpiperazin-1-yl)benzylidene}-2-{2-

(tri!uoromethyl)phenyl}acetohydrazide (23)

Yellow solid; Yield 67 %; m.p. 247–249 ◦C; IR cm−1: 3459, 3180,
3088, 2941, 2822, 1670, 1607, 1370, 1080, 757; 1H NMR (300 MHz,
DMSO- d6): δ 2.211 (3H, s), 2.42 (4H, t), 3.21 (4H, t), 3.76 (1H, s), 4.19
(1H, s) 6.96 (2H, d), 7.50 (4H, m), 7.65 (2H, m), 7.90 (0.7H, s), 8.07
(0.3H, s), 11.29 (0.7H, s), 11.41 (0.3H, s); 13C NMR (75 MHz, DMSO-
d6): δ 36.49, 46.18, 47.52, 47.60 114.95, 115.08, 124.39, 124.49, JC-F =
125.9(m), 127.93, 128.29, 128.68, 132.62, 133.67, 133.83, 143.89,
152.36, 152.47; HRMS calc. for C21H23F3N4O 405.1902 [M + H]+,
found 405.1890.

4.4. In vitro α-glucosidase inhibition assay

The assay of inhibition of EC 3.2.1.20 enzyme was done by using pH
6.8 phosphate buffer (0.05 M) while keeping temperature 37! [60].
With different concentrations of substances (dissolved in DMSO) being
tested, enzyme (2 units/ 2 mL) was kept at incubation at said temper-
ature for 15 min in phosphate buffer. p-Nitro phenyl- α-D-glucopyrano-
side (0.7 mM) was then added and by using spectrophotometer, the
absorbance variation at 400 nm was measured for 30 min. The com-
pounds that were being tested were then substituted with DMSO- d6 (7.5
%) (control experiment). Acarbose was used as a standard inhibitor. The
kinetic study was conducted under consistent conditions, varying only
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the substrate concentration, for the mechanistic study at four levels: 0.1,
0.2, 0.4, and 0.8 mM.

4.5. Statistical analysis

Excel and the SoftMax Pro package were used as applications to
examine the results obtained for biological activity. Percent inhibition
was calculated using the formula below.

%Inhibition = 100−
(

O.Dtest compound

O.Dcontrol

)

× 100 (1)

For all the identi!ed inhibitors, EZ-FIT (Perrella Scienti!c, Inc., USA)
was utilized to calculate the IC50. All experiments were conducted in
triplicate to account for predicted mistakes, and Standard Error of Mean
Values (SEM) is used to report variances in the results.

SE =
σ
̅̅̅

n
√ (2)

To avoid errors, triplicate tests were done.

4.6. Molecular docking study

Molecular docking is vital for identifying interactions & potential
binding sites between target molecules & proteins. This computational
technique seeks an optimal conformation that minimizes the system’s
free energy. By predicting how a molecule interacts with a target pro-
tein, it aids in the design and development of new therapeutic agents by
highlighting the most promising structures for further investigation
[61]. AutoDockTools 1.5.6 software was used to accomplish docking
studies [62]. The docking study used α-glucosidase and α-amylase target
proteins with PDB IDs: 3A4A and 1B2Y. Docking study was achieved
with identical coordinates of co-crystalized ligand with proteins.
Detailed docking methodology is provided in the supplementary infor-
mation !le.

4.7. In vitro α-amylase inhibition assay

The method documented by Xiao et al. [63] was used to investigate
the inhibitory effects of new compounds on α-amylase. This paper de-
scribes making a starch solution by dissolving 6 g in 240 mL of 0.4 M
NaOH and heating it to 70 ◦C for 25 min. Additionally, after cooling in
cold water, the pH of the solution was adjusted to 6.9 using 2.0 M HCl,
and 300 mL of H2O was added. Five milligrams were dissolved in !ve
milliliters of EtOH: H2O to create the sample solutions. Some PB solu-
tions were made in case the entire enzyme was inhibited. After mixing
the substrate (50 μL), PB solution (pH 6.9), and sample (5–200 μL) so-
lutions, they were pre-incubated for 30 min at 37 ◦C. After that, 10 μL of
an enzyme solution containing 50 μg/mL was added. For thirty minutes,
the solution was incubated. At 580 nm, the absorbances were deter-
mined using spectrophotometry. The amount of α-amylase enzyme
required to liberate 1.0 mg of maltose from starch in 3 min at pH 6.9 and
20 ◦C equals one unit [64].

4.8. QSAR analysis

The QSAR analysis was performed using the �QSARINS’. The meth-
odology was followed as per our earlier reported work [55,56].

4.9. In-Silico ADMET analysis

The in-silico pharmacokinetics analysis was made using the �Swis-
sADME’ website, accessed on: 01-06-2024, via [https://www.swiss
adme.ch/] [55,56].
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of a= X-NH-Fragment,(X= C, N), on Z/E Isomerization and ON/OFF Functionality
of Isatin Arylhydrazones,((Arylamino) methylene) indolin-2-ones and Their
Anions, Molecules 25 (13) (2020) 3082.
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Spectral Data: H1, 13CNMR & HRMS of Compound 5 
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Molecular docking studies 

The structure of compounds was built using ChemDraw Ultra 12.0 software package. The stable 

configuration of ligands was obtained by minimizing energy via the MM2 level, utilizing the 

Chem3D Pro 12.0. A known protein database bank (https://www.rcsb.org/) was used to retrieve 

3D-crystal structures of proteins with PDB IDs: 3A4A and 1B2Y. The binding interactions were 

analyzed using the Discovery Studio visualizer software (http://accelrys.com).  

The protein and ligand preparation, grid generation, and docking were executed using a 

molecular modelling tool, AutoDockTools 1.5.6 software [1]. Target proteins were pre-processed 

to remove all water molecules, ions, and co-crystallized ligands as they may interfere with 

docking. Further optimization was achieved by adding all hydrogen atoms, and assigning partial 

charges- Kollman charges followed by merging non-polar hydrogen atoms. And saved the 

prepared protein structure in PDBQT format. The ligand preparation was achieved by adding the 

Gasteiger charges followed by merging all non-polar hydrogen atoms and then saving the ligand 

in PDBQT format, which is required by AutoDock Vina. The ligand was set up for docking with 

the help of AutoDockTools (ADT; Version 1.5.6) to define the torsional degrees of freedom to 

be considered during the docking process and all acyclic dihedral angles in the ligand were 

allowed to rotate freely. The docking was executed by means of the AutoDock Vina program 

using a configuration file. After docking, the pose with the least binding energy was selected as 

the best-docked ligand with the corresponding receptor using the PyMOL software and; the 

ligand-protein complex was saved in PDB format. Further, 2D and 3D ligand-receptor 

interactions were analyzed using Discovery Studio visualizer software.  

The docking study used !-glucosidase and !-amylase target proteins with PDB Id: 3A4A and 

1B2Y. Target 3A4A is a crystal structure of isomaltase derived from Saccharomyces cerevisiae 

(resolution: 1.60Å), with "84% similarity to !#glucosidase from S. cerevisiae. The receptor 

1B2Y is a crystal structure of human pancreatic alpha-amylase complexed with the carbohydrate 

inhibitor acarbose. The targeted/site-specific docking was executed. Docking study was achieved 

with identical coordinates of co-crystalized ligand with proteins. For 3A4A, the grid box 

coordinates (x, y, z) 21.51, -7.70, and 23.55 were used along with grid size (x, y, z) of 40, 40, 40. 

And, for protein 1B2Y, the grid box was positioned with coordinates (x, y, z) 18.90, 5.79, 47.0 

along with grid size (x, y, z) of 50, 50, 50.   



 

Fig-1: Two & three-dimensional docking interactions of compound 8 with protein 3A4A. 

 

Fig-2: Two & three-dimensional docking interactions of compound 11 with protein 3A4A. 

 

Fig-3: Two & three-dimensional docking interactions of compound 14 with protein 3A4A. 



 

Fig-4: Two & three-dimensional docking interactions of compound 16 with protein 3A4A.  

 

Fig-5: Two & three-dimensional docking interactions of compound 18 with protein 3A4A.     

 

Fig-6: Two & three-dimensional docking interactions of compound 9 with protein 1B2Y.       


