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Abstract
A novel series of thiosemicarbazone derivatives 6(a–i), synthesized from 4-formyl-2-nitrophenyl quinoline-8-sulfonate, 
was evaluated for its antidiabetic potential. Among them, compound 6i (IC₅₀ = 54.51 ± 0.84 µM) displayed the most 
potent α-glucosidase inhibition, whereas 6e (IC₅₀ = 9.66 ± 0.14 µM) exhibited superior α-amylase inhibition, indicating 
their dual therapeutic potential against key carbohydrate-hydrolyzing enzymes implicated in postprandial hyperglycemia. 
These derivatives showed structural diversity with potent and selective inhibition profiles. Structure-activity relation-
ship analysis revealed that electron-withdrawing substituents enhanced enzyme affinity and biological activity. However, 
molecular docking studies demonstrated strong binding affinities for compounds 6f and 6b with docking scores of − 9.1 
to − 10.4 kcal/mol against target proteins, via hydrogen bonding and π–π interactions with catalytic residues. Furthermore, 
in-silico ADMET evaluation predicted good oral bioavailability, low toxicity, and favorable pharmacokinetic properties. 
The Density Functional Theory (DFT) calculations supported experimental results, where studied compounds showed 
lower HOMO-LUMO energy gaps (2.41–3.42 eV), suggesting their significant chemical reactivity and molecular stabil-
ity of these compounds. Overall, in-vitro and in-silico studies revealed that compounds 6b, 6f, 6e, and 6i emerged as 
promising lead molecules for developing dual-action therapeutic agents targeting hyperglycemia and oxidative damage in 
diabetes management.
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Introduction

Diabetes mellitus (DM) is a chronic disorder marked by 
persistently high blood sugar levels [1, 2]. According to 
a 2019 global survey by the World Health Organization 
(WHO), diabetes was the ninth major cause of death and 
is projected to rank seventh by 2030 [3]. Insulin, pro-
duced by pancreatic β-cells, regulates blood glucose and 
energy metabolism. Its deficiency causes hyperglyce-
mia, leading to complications such as obesity, blindness, 
hypertension, and kidney failure [4, 5].

Diabetes is broadly classified into two main types: 
Type 1 and Type 2 [6]. Type 1 diabetes, also called insu-
lin-dependent diabetes, is one of the most prevalent dis-
orders in childhood [7]. Type 2 diabetes is often regarded 
as a preventable condition. Managing it involves making 
dietary and lifestyle changes to regulate blood glucose 
levels. This can be achieved by promoting insulin secre-
tion with the help of drugs and inhibiting the digestion of 
dietary starch to reduce the sugar absorption process in 
the small intestine [8].

There are several approaches for the management of 
diabetes, including the anti-ferroptotic effect observed 
with quercetin [9, 10], the downregulation of intracellu-
lar adhesion molecule-1 (ICAM-1) [11] and decreasing 
oxidative stress to prevent diabetic complications [12]. 
However, an effective way to control type 2 diabetes is by 
suppressing α-glucosidase [13, 14], an enzyme present in 
the small intestine. This enzyme hydrolyzes 1,4-linked 
α-d-glucose, releasing α-glucose, which increases 
postprandial blood sugar levels. Clinically approved 
α-glucosidase inhibitors, acarbose, miglitol, and voglib-
ose, are used in diabetes management [15]. In addition to 
their antidiabetic activity, these compounds have poten-
tial as anti-cancer agents [16], and anti-hepatitis agents 
[17].

α-Amylase is a calcium-containing endoenzyme that 
assists in digestion by breaking α-(1, 4)-d-glycosidic 
linkages in starch and other polysaccharides to pro-
duce glucose and maltose [18–20]. Glucose fragments 
absorbed in the small intestine elevate blood sugar lev-
els, which is responsible for diabetes, obesity, nephropa-
thy, and dental disorders [21]. The α-amylase inhibitors, 
such as voglibose and miglitol, have been used to reduce 
blood glucose levels. These inhibitors may lead to gas-
trointestinal issues such as diarrhea, abdominal pain, and 
dyspepsia [22].

Thiosemicarbazones have emerged as a significant 
class of N, S-donor ligands, recognized for their versatile 
donor abilities, scaffold diversity, and extensive biologi-
cal applications [8]. They are imine derivatives contain-
ing CS and NH functional groups that coordinate with 

metal ions [23]. Extensive research has reported their 
biological activities, including anticancer [24, 25], anti-
malarial [26], antiviral [27], antibacterial [21], antifun-
gal [22], antimicrobial [18], antioxidant [19, 28], and 
anti-diabetic [29–35] and anti-cholinesterase activity 
[36, 37]. Several derivatives have shown potent inhibi-
tion against key metabolic enzymes, such as α-amylase 
and α-glucosidase, with IC50 values ranging from 3.18 
± 1.72 to 9.53 ± 0.29 µM, surpassing the standard acar-
bose (IC50 = 21.55 ± 1.31 µM). Similarly, strong anti-
oxidant activity has been reported with hydroxyl radical 
scavenging IC50 values between 25.85 ± 1.13 and 58.9 ± 
2.95 µM, outperforming vitamin C (IC50 = 60.51 ± 1.02 
µM) [29–31]. Moreover, thiosemicarbazone derivatives 
have demonstrated significant acetylcholinesterase and 
butyryl-cholinesterase inhibition, with IC50 values rang-
ing from 41.51 ± 3.88 to 95.48 ± 0.70 µM and 64.47 ± 
2.74 to 80.62 ± 0.73 µM, respectively, exceeding galan-
tamine (IC50 = 104.5 ± 1.20 µM) [36, 37]. These findings, 
supported by molecular docking and DFT analyses, high-
light the strong binding affinity and favorable electronic 
characteristics of thiosemicarbazones, emphasizing their 
therapeutic potential as multifunctional agents against 
diabetes, oxidative stress, and neurodegenerative disor-
ders. Numerous studies have reported a diverse array of 
effective inhibitors for α-amylase and α-glucosidase, as 
shown in Fig. 1 [35, 38–42].

Aryl sulfonates, considered valuable building blocks 
in medicinal chemistry, are prepared by reacting phenolic 
compounds with sulfonyl chlorides [43, 44]. These com-
pounds exhibit diverse biological activities, including 
anticancer [45], antioxidant [46], and carbonic anhydrase 
properties [47].

The design of dual-target drugs has garnered consider-
able interest in recent years, emerging as a fast-growing 
area of interest for medicinal chemists. Recognizing the 
biological potential of thiosemicarbazone-containing 
compounds, we were encouraged to synthesize and 
evaluate their inhibitory effects against α-amylase and 
α-glucosidase [29]. Through a systematic screening pro-
cess, we aim to investigate the inhibitory potential of these 
derivatives and explore their therapeutic prospects for 
managing hyperglycemia. The findings of this study may 
contribute to improved diabetes management strategies 
and support the development of novel antidiabetic drugs 
[35]. We present the synthesis of 4-formyl-2-nitrophenyl 
quinoline-8-sulfonate-derived thiosemicarbazones by the 
incorporation of 4-formyl-2-nitrophenyl quinoline-8-sul-
fonate with thiosemicarbazide derivatives.
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Results and discussion

Chemistry

4-Hydroxybenzaldehyde and thiosemicarbazones are known 
for their diverse biological and pharmacological activities. 
Integrating both moieties into one structural scaffold is a 
promising strategy for designing potent antidiabetic agents 
Fig.  1. Compounds 6(a-i) are synthesized by substituting 
the hydroxyl group in 4-hydroxybenzaldehyde. The process 

involved sonicating 4-hydroxybenzaldehyde (1) with nitric 
acid in the presence of DCM, yielding 4-hydroxy-3-nitro-
benzaldehyde (2). Compound (2) is reacted with Quinoline-
8-sulfonyl chloride (3) using DMF and TEA at 0 °C for 1 h, 
producing 4-formyl-2-nitrophenyl quinoline-8-sulfonate 
(4). Thiosemicarbazones 6(a-i) are prepared by reacting 
4-formyl-2-nitrophenyl quinoline-8-sulfonate (4) with thi-
osemicarbazides 5(a-i). The pathway for the synthesis of 
4-formyl-2-nitrophenyl quinoline-8-sulfonate-derived thi-
osemicarbazones 6(a-i) is displayed in Scheme 1.

Scheme 1  Synthesis of thiosemicarbazone derivatives 6(a-i)

 

Fig. 1  Reported thiosemicarba-
zones and Aryl sulfonates based 
α-amylase and α-glucosidase 
inhibitors [35, 38–42]
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α-amylase

SAR analysis revealed that phenyl-substituted derivatives 
demonstrated notable inhibition against α-amylase. Among 
them, compound 6e (IC50 = 9.66 ± 0.14 µM) bearing chloro 
groups at the ortho and meta positions exhibited the highest 
potency. Compound 6i (IC50 = 12.68 ± 0.04 µM) with NO2 
substitution exhibited stronger inhibitory activity than 6f 
(IC50 = 18.43 ± 0.08 µM) with chloro substitution. All phenyl 
derivatives with halogen substitutions demonstrated a potent 
inhibitory effect against α-amylase, which may be associ-
ated with the negative inductive effect exerted by halogens 
on the aromatic ring. Compounds 6a (IC50 = 23.82 ± 0.05 
µM), 6d (IC50 = 25.20 ± 0.43 µM), 6c (IC50 = 28.46 ± 0.05 
µM), and 6b (IC50 = 29.01 ± 0.12 µM), bearing methyl, 
cyclohexyl, phenyl, and dimethyl substitutions at the phenyl 
ring, respectively, exhibited moderate inhibitory activity. 
This suggested that electron-donating groups may decrease 
inhibitory activity by donating electron density to the 
main nucleus. Compounds 6h (IC50 = 33.07 ± 0.71 µM), 6g 
(IC50 = 35.67 ± 0.22 µM), which include benzyl and methyl 
substitutions, respectively, showed weaker inhibition (Fig. 
2).

Molecular docking

The potential anti-diabetic activity of thiosemicarbazone 
derivatives is assessed in silico by evaluating their inhibitory 
effects on three key enzymes: α-amylase, α-glucosidase, and 
aldose reductase. Figure 3 illustrated the superimposition of 
experimentally determined and re-docked conformations of 
the co-crystallized ligands within the binding pockets of the 
target proteins (PDB IDs: 4YU1, 4GQR, and 3L4Y), along-
side their respective RMSD values. The computed RMSD 
values are found to be 1.192 Å, 0.141 Å, and 1.617 Å for 
target proteins 4YU1, 4GQR, and 3L4Y, respectively, sup-
porting the reliability and accuracy of the docking protocols.

Table 2 summarizes key amino acid residues involved in 
the binding of top hit compounds with target proteins, high-
lighting the nature of interactions, bond distances, and bind-
ing energies (expressed in kcal/mol). All tested compounds 

Biological activity

Compounds 6(a-i) are prepared and assessed for their anti-
diabetic potential. The IC50 and r2 values are described in 
Table 1. The 4-formyl-2-nitrophenyl quinoline-8-sulfonate 
(4) and thiosemicarbazides 5(a-i) served as significant 
structural scaffolds, with the phenyl and sulfonyl groups in 
the thiosemicarbazide moiety playing a crucial role in defin-
ing a specific structure-activity-relationship.

Structure activity relationship

α-glucosidase

SAR analysis revealed that phenyl-substituted derivatives 
demonstrated notable inhibition against α-glucosidase. 
Among them, compound 6i (IC50 = 54.51 ± 0.84 µM) bearing 
a NO2 group at the para position of the phenyl ring exhibited 
the highest potency. Compound 6e (IC50 = 55.20 ± 0.74 µM) 
with chloro groups at the ortho and meta positions exhibited 
stronger inhibitory activity than 6f (IC50 = 73.65 ± 1.01 µM). 
All phenyl derivatives with halogen substitutions demon-
strated a potent inhibitory effect against α-glucosidase, 
which may be associated with the negative inductive effect 
exerted by halogens on the aromatic ring. Compounds 6h 
(IC50 = 107.34 ± 0.45 µM), 6a (IC50 = 113.56 ± 0.93 µM), 
6b (IC50 = 118.32 ± 0.40 µM), and 6g (IC50 = 128.66 ± 0.36 
µM) bearing benzyl, dimethyl, and methyl substitutions 
at the phenyl ring, respectively, exhibited comparatively 
lower inhibitory activity. This suggested that electron-
donating groups may reduce inhibitory activity by donat-
ing electron density to the main nucleus. Compound 6c 
(IC50 = 155.68 ± 0.98 µM), 6d (IC50 = 169.71 ± 0.31 µM) 
bearing phenyl and cyclohexyl substitutions, also showed 
weaker inhibition, further supporting the negative impact 
of electron-donating groups on α-glucosidase inhibitory 
activity.

Table 1  IC50 and R2 values of novel compounds against α-amylase and 
α-glucosidase
Codes IC50 (µM) Ki (µM)

α-Glu R2 α-Amylase R2 α-Glu
6a 113.56 ± 0.93 0.922 23.82 ± 0.05 0.939 122.07 ± 3.57
6b 118.32 ± 0.40 0.954 29.01 ± 0.12 0.950 129.34 ± 2.52
6c 155.68 ± 0.98 0.963 28.46 ± 0.05 0.957 172.16 ± 4.68
6d 169.71 ± 0.31 0.925 25.20 ± 0.43 0.966 178.47 ± 5.13
6e 55.20 ± 0.74 0.907 9.66 ± 0.14 0.909 57.29 ± 3.64
6f 73.65 ± 1.01 0.942 18.43 ± 0.08 0.987 80.67 ± 4.50
6g 128.66 ± 0.36 0.977 35.67 ± 0.22 0.937 139.30 ± 2.62
6h 107.34 ± 0.45 0.970 33.07 ± 0.71 0.901 150.09 ± 3.15
6i 54.51 ± 0.84 0.983 12.68 ± 0.04 0.993 58.79 ± 2.77
ACR 117.83 ± 1.04 0.954 30.15 ± 0.30 0.917 148.40 ± 4.89

Fig. 2  SAR of the synthesized thiosemicarbazones
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profile with 3L4Y, recording a binding energy of − 9.1 kcal/
mol, which is markedly better than its co-crystallized ref-
erence compound (− 5.6  kcal/mol). Regarding the 3L4Y 
protein, 6b established multiple hydrogen bonds with resi-
dues ARG647, ARG653, ASP649, and GLY766, with bond 
lengths between 1.93 and 3.48 Å. Electrostatic interactions 
are observed with GLU767 and GLU788 (4.06 and 4.93 Å), 
while a hydrophobic interaction is noted with PRO676 (3.53 
Å). The co-crystallized ligand interacted with ARG471 
through both hydrogen bonding and electrostatic con-
tacts, and formed hydrogen bonds with ASN14, GLN19, 
THR196, and PRO17 at distances of 2.48–3.04 Å. The 2D 
and 3D interaction maps, along with hydrogen bonding sur-
faces for the top-hit compounds and crystallized ligands, are 
illustrated in Figs. 4 and 5. The details of docking scores for 
all studied compounds are provided in Table S1 (Supple-
mentary file).

demonstrated favorable binding affinities toward their 
respective targets. The compound 6f exhibited the stron-
gest binding to 4YU1 and 4GQR, with binding energies 
of − 10.6 and − 9.1 kcal/mol, respectively, accompanied by 
a higher number of interactions. The 6f formed multiple 
interactions with 4GQR, including an electrostatic interac-
tion with ASP197 (3.81 Å) and hydrophobic contacts with 
TYR62, TRP59, and LEU165, with bond distances ranging 
from 3.98 to 5.39 Å. In contrast, the co-crystallized ligand 
(myricetin) primarily engaged in hydrophobic contact with 
PRO4 (4.59 Å) and hydrogen bonds with GLY9, ARG10, 
ARG252, ARG421, GLN7, THR6, and ASP402, at dis-
tances ranging from 1.79 to 3.63 Å. For 4YU1, the com-
pound 6f exhibited electrostatic and H-bonding interactions 
with ASP224, PHE311, and ASN294 along with several 
hydrophobic contacts with TRP219, TRP295, ARG296, and 
ALA299, with distances between 3.69 and 5.39 Å. How-
ever, compound 6b showed the most significant interaction 

Fig. 3  Overlay of original and re-docked co-crystallized compound with annotated RMSD value for 4YU1, 4GQR, and 3L4Y proteins
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Compounds name Interacting amino acids Type of interactions Bond distance (Å) Binding affinity (Kcal/mol)
4GQR
6f ASP197 Electrostatic 3.81 − 9.1

TYR62 Hydrophobic 3.98
HIS201 Other 4.49
TRP59 Hydrophobic 4.32
TRP59 Hydrophobic 5.32
TRP59 Hydrophobic 4.27
TRP59 Hydrophobic 5.39
LEU165 Hydrophobic 5.14

Co-crystallized GLY9 H-bond 2.25 − 9.1
ARG10 H-bond 2.44
ARG252 H-bond 2.55
ARG421 H-bond 2.85
ARG421 H-bond 1.79
GLN7 H-bond 3.32
ARG10 H-bond 2.74
THR6 H-bond 3.12
ASP402 H-bond 3.63
PRO4 Hydrophobic 4.59

3L4Y
6b GLU767 Electrostatic 4.06 − 9.1

ARG647 H-bond 3.06
ARG647 H-bond 2.71
ARG653 H-bond 1.93
ARG653 H-bond 2.22
ARG653 H-bond 2.83
ASP649 H-bond 3.19
GLY766 H-bond 2.25
GLY766 H-bond 3.48
GLU788 Electrostatic 4.93
PRO676 Hydrophobic 3.53

Co-crystallized ARG471 H-bond; 2.73 − 5.6
Electrostatic

ARG471 H-bond; 2.58
Electrostatic

ASN14 H-bond 2.54
GLN19 H-bond 3.04
THR196 H-bond 2.48
PRO17 H-bond 2.48

4YU1
6f ASP224 Electrostatic 5.46 − 10.4

PHE311 H-bond 3.59
ASN294 H-bond 3.60
TRP219 Hydrophobic 3.69
TRP219 Hydrophobic 4.81
TRP219 Hydrophobic 4.83
TRP295 Hydrophobic 4.95
TRP295 Hydrophobic 5.28
ARG296 Hydrophobic 4.71
ALA299 Hydrophobic 5.39
ALA299 Hydrophobic 4.92

Table 2  The key interactions and bond distance along with the binding affinity of thiosemicarbazone derivatives with target proteins (PDB ID: 
4GQR, 4YU1, and 3L4Y)
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stronger intermolecular interactions and greater responsive-
ness to external electric fields.

The frontier molecular orbitals commonly referred to as 
HOMO and LUMO are analyzed for all studied compounds, 
providing valuable insight into their electronic characteris-
tics and reactivity tendencies. Among the series, the HOMO 
energies ranged from − 5.62 to − 6.30  eV, while LUMO 
levels varied between − 2.81 and − 3.26 eV, representing a 
significant electron-accepting property of the studied com-
pounds. The calculated band gap energies spanned from 
2.41 to 3.42 eV. Compound 6b displayed the smallest band 
gap (2.41 eV), indicating its comparatively high chemical 
softness and potential for greater chemical reactivity and 
lower kinetic stability. Conversely, the compound 6h with 
the largest energy gap (3.42 eV) is expected to be chemi-
cally more stable but less reactive under similar conditions. 
A summary of the optimized energies, polarizability, and 
dipole moments, and HOMO/LUMO energies and energy 
gaps of the studied compounds is listed in Table 4.

The HOMO/LUMO contour maps are illustrated in 
Fig. 7, where HOMO is mostly located on to thiosemicar-
bazone moiety. In contrast, the LUMO is centered on the 
p-nitrobenzene moiety. In accordance with Koopmans’ 
theorem, the negative of the HOMO energy approximates 
the ionization potential (I), while the negative of the LUMO 
energy represents the electron affinity (A). These val-
ues were further used to determine key global reactivity 
descriptors, namely: chemical hardness (η = (I – A)/2), soft-
ness (S = 1/2η), chemical potential (µ = –(I + A)/2), and the 
electrophilicity index (ω = µ²/2η) [51].

For the most reactive compound 6b, the ionization poten-
tial and electron affinity were found to be around 5.62 eV 
and 3.21  eV, respectively, resulting in a low hardness 
(η ≈ 1.20 eV) and a high electrophilicity index (ω ≈ 8.09 eV). 
On the other hand, the least reactive compound 6h displayed 
a greater hardness value (η ≈ 1.71  eV) and a significantly 
lower electrophilicity index (ω ≈ 5.98  eV), supporting its 
inert nature. The values of derived reactivity parameters are 
compiled and presented in Table  5 for comparison across 
the full set of compounds.

The MEP surface offers a useful way to identify regions 
that are likely to participate in chemical reactions, espe-
cially in the context of hydrogen bonding and biological 

ADMET analysis

The series of thiosemicarbazone derivative compounds, 
along with the co-crystallized ligands of targeted proteins, 
underwent ADMET analysis through the ​h​t​t​p​​s​:​/​​/​l​m​m​​d​.​​e​c​u​​s​
t​.​e​​d​u​.​​c​n​/​​a​d​m​​e​t​s​​a​r​3​/​​r​e​​s​o​u​r​c​e​.​p​h​p [48]. The prediction ​m​o​d​
u​l​e​, supported by the CLMGraph framework, was applied 
to identify the ADME parameters [49]. In silico ADMET 
analysis identifies the important pharmacokinetic param-
eters, including TPSA, SlogP, logS, BBB, HIA, P-gp-inhib-
itor, and CYP-inhibition, which are summarized in Table 3. 
The TPSA value for all the compounds is < 140 Å² except 
6i, indicating favourable oral bioavailability. All the com-
pounds have acceptable lipophilicity with SlogP < 5 [50]. 
Compounds exhibiting negative SlogP and logS values 
are indicative of limited membrane permeability and low 
aqueous solubility, respectively. Despite these characteris-
tics, they demonstrated favorable intestinal absorption, as 
reflected by high HIA values ranging between 0.7 and 1. 
Moreover, these compounds showed the potential to inhibit 
P-glycoprotein and displayed a moderate capacity to pen-
etrate the blood-brain barrier. All tested compounds acted 
as inhibitors of the CYP3A4 enzyme, whereas none showed 
inhibitory activity against CYP2D6.

Quantum computational studies

Optimized geometries

The molecular geometries of a series of selected compounds 
are optimized to their respective true energy minima con-
firmed by the absence of imaginary frequencies. The opti-
mized structures are presented in Fig. 6. Among the studied 
molecules, the optimization energies ranged approximately 
from − 3252.50 to − 2141.46 a.u., reflecting variation in 
molecular size and electronic configuration. Calculated 
polarizability values varied across the set, with the high-
est observed around 417.17 a.u. and the lowest near 309.35 
a.u., while dipole moments ranged from 3.29 to 11.02 D, 
indicating differences in molecular polarity. The compound 
6b exhibited significantly higher polarizability (390.95 a.u.) 
and dipole moment (11.02 D), suggesting its potential for 

Compounds name Interacting amino acids Type of interactions Bond distance (Å) Binding affinity (Kcal/mol)
Co-crystallized GLN183 H-bond 2.31 − 7.6

TRP111 Other 4.94
TRP111 Other 5.27
HIS110 Hydrophobic 5.06
VAL47 Hydrophobic 5.01
CYS298 Hydrophobic 4.97

Table 2  (continued) 
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Synthesis of 4-formyl-2-nitrophenyl quinoline-8-
sulfonate (4)

4-Formyl-2-nitrophenyl quinoline-8-sulfonate (4) is pre-
pared by following the reported method [53]. For the syn-
thesis of 4-formyl-2-nitrophenyl quinoline-8-sulfonate (4), 
4-hydroxy-3-nitrobenzaldehyde (2) (3.425 mmol) and tri-
ethylamine (3.425 mmol) have been taken in a flask, and 
DMF (10 ml) is added while stirring in an ice bath. Quino-
line-8-sulfonyl chloride (3) (3.425 mmol) is added, and the 
reaction is monitored by TLC. After 60 min, the reaction is 
quenched by adding distilled water (20 ml), resulting in the 
precipitation of the product. The precipitates are filtered and 
dried for further analysis.

Synthesis of thiosemicarbazones 6(a-i)

The required thiosemicarbazones 6(a-i) are synthesized 
by reacting appropriate thiosemicarbazides 5(a-i) (3.425 
mmol) with compound (4) (3.425 mmol) in 10 ml of metha-
nol, by adding a few drops of acetic acid. The mixture is 
refluxed at 65–70 °C for 3–6 h, and the reaction progress 
is monitored by TLC. The product is filtered, washed with 
methanol, and dried at room temperature. The synthesized 
compounds are characterized as follows:

(E)-4-{[2-((2,6-Dimethylphenyl)carbamothioyl)
hydrazineylidene]methyl}-2-nitrophenyl quinoline-8-
sulfonate (6a)

Yellow solid, m. p. 218–220  °C, Yield 82%. 1H NMR 
(400 MHz, DMSO) δ 11.97 (s, 1H), 10.02 (s, 1H), 9.05 (dd, 
J = 4.3, 1.7  Hz, 1H), 8.64 (dd, J = 9.7, 1.8  Hz, 2  H), 8.51 
(dd, J = 8.3, 1.4 Hz, 1H), 8.42 (dd, J = 7.5, 1.4 Hz, 1H), 8.11 
(s, 1H), 8.04 (dd, J = 8.6, 2.1 Hz, 1H), 7.83–7.76 (m, 2 H), 
7.16–7.09 (m, 4  H), 2.16 (s, 6H). 13C NMR (101  MHz, 
DMSO) δ 177.5, 152.8, 143.9, 143.3, 141.4, 139.0, 137.6, 
137.4, 137.3, 136.8, 134.8, 134.4, 133.5, 131.7, 129.3, 
128.1, 127.5, 126.2, 124.9, 123.6, 123.5, 18.4.

(E)-2-Nitro-4-{[2-(o-Tolylcarbamothioyl)hydrazineylidene]
methyl}phenyl quinoline-8-sulfonate (6b)

Yellow solid, m. p. 222–224  °C, Yield 75%. 1H NMR 
(400 MHz, DMSO) δ 12.00 (s, 1H), 10.13 (s, 1H), 9.04 (dd, 
J = 4.2, 1.8 Hz, 1H), 8.63 (m, 2 H), 8.51 (dd, J = 8.2, 1.4 Hz, 
1H), 8.43 (dd, J = 7.4, 1.4 Hz, 1H), 8.12 (s, 1H), 8.05 (dd, 
J = 8.7, 2.1 Hz, 1H), 7.83–7.77 (m, 2 H), 7.30–7.20 (m, 4 H), 
7.16 (d, J = 8.6 Hz, 1H), 2.20 (s, 3 H). 13C NMR (101 MHz, 
DMSO) δ 177.7, 152.8, 143.9, 143.3, 141.4, 139.2, 138.4, 
137.6, 137.3, 136.2, 134.8, 134.4, 133.5, 131.7, 130.6, 
129.4, 129.3, 127.4, 126.5, 126.2, 124.9, 123.6, 18.2.

interactions [52]. In this work, the 3D MEP surface of the 
studied molecule is created under gas-phase conditions, as 
shown in Fig. 8. Areas colored red indicate regions with 
higher electron density, which are more prone to electro-
philic attack, while blue zones represent electron-deficient 
regions, favoring nucleophilic interactions. Neutral zones 
generally appear green. In most of the studied compounds, 
the deep red regions localized over the sulphonate moiety, 
suggesting favorable sites for electrophilic attack, while the 
blue-shaded regions near the hydrogen of thiosemicarba-
zones point toward likely nucleophilic attack sites.

Experimental

General

All chemicals and solvents utilized in this work were 
obtained from Sigma Aldrich and were of analytical grade 
with a purity of ≥ 98%. Dichloromethane (99%), nitric acid 
(99.9%), acetic acid (100%), triethylamine (99.5%), N, 
N-dimethylformamide (99.8%), methanol (99.9%), petro-
leum ether (99%), ethyl acetate (99%), 4-hydroxybenzalde-
hyde (98%), quinoline-8-sulfonyl chloride (98%) were used 
as received without further purification. Reaction progress 
and completion are monitored using TLC plates with alu-
minum backing. The Gallen-Kamp melting point appara-
tus is used to record melting points. A Bruker Ascend 400 
MHz spectrometer is used to get 1H and 13C-NMR spectra 
in deuterated solvents like DMSO-d6 (400 MHz for 1H and 
101 MHz for 13C). Chemical shifts are reported in parts per 
million (ppm), and coupling constants (J) are given in Hertz 
(Hz) to describe signal multiplicity.

Synthesis of 4-hydroxy-3-nitrobenzaldehyde (2)

4-Hydroxy-3-nitrobenzaldehyde (2) is prepared following a 
previously reported method [53]. 4-Hydroxybenzaldehyde 
(1) (1 mmol) is added to 10 mL of DCM. HNO3 (1 mmol) 
was added dropwise, and the mixture was sonicated for 30 
min. The reaction progress is monitored by TLC, and the 
formation of yellow precipitates indicates the completion of 
the reaction. The resulting product is filtered, washed with 
water, and dried at room temperature.

Fig. 4  The 3D and 2D interactions with the hydrogen bond surface 
of 6f (A) and crystallized compound (B) in complex with 4GQR.The 
3D and 2D interactions with the hydrogen bond surface of 6b (C) and 
crystallized compound (D) in complex with 3L4Y
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(E)-4-{[2-(Cyclohexylcarbamothioyl)hydrazineylidene]
methyl}-2-nitrophenyl quinoline-8-sulfonate (6d)

Yellow solid, m. p. 268–270  °C, Yield 78%. 1H NMR 
(400  MHz, DMSO) δ 11.72 (s, 1H), 9.66 (dd, J = 6.0, 
1.7 Hz, 1H), 9.59 (dd, J = 8.3, 1.6 Hz, 1H), 8.87 (dd, J = 7.5, 
1.7 Hz, 1H), 8.65–8.58 (m, 2 H), 8.41–8.32 (m, 3 H), 8.25 
(s, 1H), 8.06 (t, J = 7.8  Hz, 1H), 7.88 (d, J = 8.3  Hz, 1H), 
4.21 (dd, J = 11.8, 8.2  Hz, 1H), 1.94–1.86 (m, 2  H), 1.75 
(d, J = 12.8 Hz, 2 H), 1.62 (d, J = 12.6 Hz, 1H), 1.55–1.41 
(m, 2 H), 1.37–1.23 (m, 2 H), 1.15 (t, J = 12.5 Hz, 1H). 13C 
NMR (101  MHz, DMSO) δ 176.5, 155.1, 151.6, 144.9, 
140.0, 139.6, 139.3, 138.0, 137.3, 136.7, 133.7, 133.6, 
131.7, 129.7, 123.4, 122.0, 32.1, 25.4.

(E)-2-Nitro-4-{[2-(Phenylcarbamothioyl)hydrazineylidene]
methyl}phenyl quinoline-8-sulfonate (6c)

Yellow solid, m. p. 220–222  °C, Yield 85%. 1H NMR 
(400 MHz, DMSO) δ 12.04 (s, 1H), 10.25 (s, 1H), 9.03 (dd, 
J = 4.2, 1.8 Hz, 1H), 8.65–8.60 (m, 2 H), 8.51 (dd, J = 8.3, 
1.4  Hz, 1H), 8.43 (dd, J = 7.5, 1.4  Hz, 1H), 8.14 (s, 1H), 
8.10 (dd, J = 8.7, 2.1 Hz, 1H), 7.84–7.76 (m, 2 H), 7.50–7.47 
(m, 2 H), 7.38 (t, J = 7.8 Hz, 2 H), 7.26–7.21 (m, 1H), 7.18 
(d, J = 8.6 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 177.0, 
152.8, 143.8, 143.3, 141.6, 139.6, 139.4, 137.6, 137.3, 
134.6, 134.4, 133.4, 131.7, 129.3, 128.6, 126.9, 126.2, 
126.2, 124.9, 123.9, 123.6.

Table 3  The ADMET parameters for thiosemicarbazone derivatives and co-crystallized ligands of targeted proteins
Codes TPSA SlogP logS HIA BBB Pgp inhibitor CYP3A4 inhibitor CYP2D6 inhibitor
6a 135.82 4.85 − 5.74 0.88 0.44 0.93 0.87 0.20
6b 135.82 4.54 − 5.67 0.88 0.43 0.92 0.88 0.20
6c 135.82 4.23 − 5.61 0.88 0.44 0.92 0.89 0.21
6d 135.82 4.04 − 5.83 0.90 0.48 0.95 0.86 0.19
6e 135.82 5.54 − 6.23 0.86 0.40 0.93 0.81 0.15
6f 135.82 4.89 − 6.02 0.90 0.50 0.93 0.84 0.18
6g 135.82 2.34 − 5.28 0.90 0.64 0.84 0.93 0.20
6h 135.82 4.22 − 5.50 0.88 0.47 0.91 0.89 0.24
6i 178.96 4.14 − 5.47 0.83 0.38 0.87 0.84 0.18
Co-4GQR 151.59 1.69 − 3.09 0.59 0.04 0.28 0.25 0.46
Co-3L4Y 228.27 − 6.02 − 0.17 0.07 0.16 0.04 0.01 0.01
Co-4YU1 80.44 3.34 − 4.16 0.98 0.60 0.34 0.02 0.05

Fig. 5  The 3D and 2D interac-
tions with the hydrogen bond 
surface of 6f (A) and crystallized 
ligand (B) in complex with 4YU1
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(dd, J = 4.2, 1.7 Hz, 1H), 8.64 (dd, J = 8.3, 1.7 Hz, 1H), 8.60 
(d, J = 2.1 Hz, 1H), 8.52 (dd, J = 8.4, 1.4 Hz, 1H), 8.43 (dd, 
J = 7.5, 1.4 Hz, 1H), 8.15 (s, 1H), 8.11 (dd, J = 8.7, 2.1 Hz, 
1H), 7.84–7.77 (m, 2 H), 7.54 (d, J = 8.8 Hz, 2 H), 7.45–7.42 
(m, 2 H), 7.18 (d, J = 8.6 Hz, 1H).

(E)-4-{[2-(Methylcarbamothioyl)hydrazineylidene]methyl}-
2-nitrophenyl quinoline-8-sulfonate (6g)

Yellow solid, m. p. 254–256  °C, Yield 79%. 1H NMR 
(400 MHz, DMSO) δ 11.72 (s, 1H), 9.03 (dd, J = 4.2, 1.8 Hz, 
1H), 8.70 (d, J = 4.8 Hz, 1H), 8.64 (dd, J = 8.4, 1.7 Hz, 1H), 
8.53–8.49 (m, 2 H), 8.43 (dd, J = 7.5, 1.4 Hz, 1H), 8.03 (s, 
1H), 8.00 (dd, J = 8.7, 2.1  Hz, 1H), 7.84–7.77 (m, 2  H), 
7.17 (d, J = 8.6 Hz, 1H), 3.01 (d, J = 4.5 Hz, 3 H). 13C NMR 
(101  MHz, DMSO) δ 178.3, 152.8, 143.8, 143.3, 141.4, 
138.4, 137.6, 137.3, 134.9, 134.4, 133.0, 131.7, 129.3, 
126.2, 125.0, 123.6, 123.5, 31.3.

(E)-4-{[2-((2,3-Dichlorophenyl)carbamothioyl)
hydrazineylidene]methyl}-2-nitrophenyl quinoline-8-
sulfonate (6e)

Yellow solid, m. p. 215–217  °C, Yield 88%. 1H NMR 
(500 MHz, DMSO) δ 12.27 (s, 1H), 10.32 (s, 1H), 9.04 (dd, 
J = 4.2, 1.8 Hz, 1H), 8.65–8.61 (m, 2 H), 8.51 (dd, J = 8.2, 
1.4  Hz, 1H), 8.44 (dd, J = 7.5, 1.4  Hz, 1H), 8.16 (s, 1H), 
8.08 (dd, J = 8.7, 2.0 Hz, 1H), 7.85–7.77 (m, 2 H), 7.62 (dd, 
J = 8.1, 1.6 Hz, 1H), 7.53 (dd, J = 8.0, 1.5 Hz, 1H), 7.43 (d, 
J = 8.1 Hz, 1H), 7.20 (d, J = 8.6 Hz, 1H). 13C NMR (126 MHz, 
DMSO) δ 177.8, 152.8, 143.8, 143.3, 141.7, 140.0, 140.0, 
139.1, 137.6, 137.3, 134.5, 134.4, 133.6, 132.2, 131.7, 
131.0, 130.1, 129.3, 128.2, 126.2, 125.1, 123.8, 123.6.

(E)-4-{[2-((4-Chlorophenyl)carbamothioyl)
hydrazineylidene]methyl}-2-nitrophenyl quinoline-8-
sulfonate (6f)

Yellow solid, m. p. 243–245  °C, Yield 85%. 1H NMR 
(400  MHz, DMSO) δ 12.12 (s, 1H), 10.27 (s, 1H), 9.03 

Table 4  Energetic parameters of top hits using DFT/B3LYP/6-311G(d, p)/GD3 in the S0 gas phase
Codes Optimization energy (a.u.) Dipole Moment (Debye) Polarizability (a.u.) HOMO (eV) LUMO (eV) HOMO-LUMO( ∆ eV)
6a − 2411.92 4.74 386.94 − 6.022 − 3.100 2.922
6b − 2372.58 11.02 390.95 − 5.622 − 3.211 2.411
6c − 2333.26 8.05 375.83 − 5.658 − 3.120 2.538
6d − 2336.90 5.00 370.96 − 5.86 − 3.24 2.61
6e − 3252.50 3.29 393.83 − 6.222 − 3.203 3.020
6f − 2792.88 8.91 389.79 − 5.688 − 3.269 2.419
6g − 2141.46 4.24 309.35 − 6.078 − 3.255 2.823
6h − 2411.91 8.70 381.54 − 6.237 − 2.815 3.422
6i − 2537.82 3.58 417.17 − 6.309 − 3.183 3.125

Fig. 6  Optimized structures of the studied compounds at DFT/B3LYP/6-311G(d, p)/GD3 calculations in the gas phase
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136.5, 136.2, 134.8, 134.4, 133.0, 131.7, 129.3, 129.1, 
127.5, 126.2, 125.0, 123.7, 123.6, 46.8, 21.1.

(E)-2-Nitro-4-{[2-((4-Nitrophenyl)carbamothioyl)
hydrazineylidene]methyl}phenyl quinoline-8-sulfonate (6i)

Yellow solid, m. p. 228–230  °C, Yield 81%. 1H NMR 
(400  MHz, DMSO) δ 12.38 (s, 1H), 10.52 (s, 1H), 9.03 
(dd, J = 4.2, 1.8 Hz, 1H), 8.64 (dd, J = 8.4, 1.8 Hz, 1H), 8.60 
(d, J = 2.1 Hz, 1H), 8.52 (dd, J = 8.3, 1.4 Hz, 1H), 8.44 (dd, 
J = 7.5, 1.4 Hz, 1H), 8.27–8.24 (m, 2 H), 8.20 (s, 1H), 8.15 
(dd, J = 8.6, 2.1 Hz, 1H), 8.01–7.98 (m, 2 H), 7.84–7.77 (m, 

(E)-4-{[2-((4-Methylbenzyl)carbamothioyl)
hydrazineylidene]methyl}-2-nitrophenyl quinoline-8-
sulfonate (6h)

Yellow solid, m. p. 212–214  °C, Yield 83%. 1H NMR 
(400 MHz, DMSO) δ 11.80 (s, 1H), 9.22 (t, J = 6.2 Hz, 1H), 
9.03 (dd, J = 4.3, 1.8 Hz, 1H), 8.63 (dd, J = 8.4, 1.8 Hz, 1H), 
8.52–8.48 (m, 2 H), 8.42 (dd, J = 7.5, 1.4 Hz, 1H), 8.07 (s, 
1H), 8.02 (dd, J = 8.7, 2.2  Hz, 1H), 7.83–7.76 (m, 2  H), 
7.20 (d, J = 7.9 Hz, 2 H), 7.13 (t, J = 8.3 Hz, 3 H), 4.79 (d, 
J = 6.2 Hz, 2 H), 2.27 (s, 3 H). 13C NMR (101 MHz, DMSO) 
δ 178.2, 152.8, 143.8, 143.3, 141.4, 139.0, 137.6, 137.3, 

Table 5  The quantum chemical descriptors for top hits using DFT/B3LYP/6–311 g(d, p)/GD3 in the S0 gas phase
Codes Chemical poten-

tial µ (eV)
Electro-negativity
χ (eV)

Chemical 
hardness
η (eV)

Chemical softness
ζ (eV)

Electrophilicity 
index ω (eV)

Ionization 
potential
I (eV)

Elec-
tron 
affinity 
A (eV)

6a − 4.561 4.561 1.461 0.342 7.119 6.022 3.100
6b − 4.417 4.417 1.205 0.415 8.091 5.622 3.211
6c − 4.389 4.389 1.269 0.394 7.590 5.658 3.120
6d − 4.551 4.551 1.309 0.382 7.912 5.861 3.242
6e − 4.713 4.713 1.510 0.331 7.355 6.222 3.203
6f − 4.478 4.478 1.209 0.413 8.291 5.688 3.269
6g − 4.666 4.666 1.412 0.354 7.712 6.078 3.255
6h − 4.526 4.526 1.711 0.292 5.986 6.237 2.815
6i − 4.746 4.746 1.563 0.320 7.208 6.309 3.183

Fig. 7  HOMO/LUMO contour 
Maps of the studied compounds 
at DFT/B3LYP/6–311 g(d, p)/
GD3 calculations in the gas phase
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analyzed through GaussView 6.0 [62]. To explore the elec-
tronic characteristics of the molecule, frontier molecular 
orbitals such as HOMO and LUMO are visualized, provid-
ing insight into electron distribution and potential charge 
transfer within the system. The global reactivity descriptors 
such as ionization potential (I), electron affinity (A), elec-
tronegativity (χ), chemical hardness (η), chemical potential 
(µ), and electrophilicity index (ω) are measured based on 
frontier orbital energies, using Koopmans’ theorem [59, 
51]. These parameters serve as predictive indicators of the 
molecule’s chemical reactivity, stability, and possible inter-
action behavior. Furthermore, the molecular electrostatic 
potential surface is mapped to determine regions susceptible 
to electrophilic and nucleophilic attack, offering a spatial 
understanding of reactive centers [63]. The MEP maps are 
visualized in Avogadro software.

Conclusion

In this study, a novel series of 4-formyl-2-nitrophenyl 
quinoline-8-sulfonate-based thiosemicarbazone derivatives 
6(a-i) is rationally designed as potential antidiabetic agents. 
Their biological efficacy is assessed through α-amylase 
and α-glucosidase inhibition assays, where all synthesized 
compounds demonstrated notable inhibition potential, with 
IC50 values ranging from 9.66 to 169.71 µM. The combined 
results from DFT calculations and molecular docking stud-
ies offer a coherent understanding of the electronic behavior 
and binding potential of the investigated compounds. Theo-
retical analysis revealed that the HOMO-LUMO energy 
gaps varied between 2.41 and 3.42  eV, indicating differ-
ences in molecular reactivity and stability across the series. 
Compounds with narrower band gaps showed lower chemi-
cal hardness and higher electrophilicity, suggesting a greater 
tendency to interact with biological targets. The findings are 
further supported by molecular docking studies, where 6b 

2 H), 7.22 (d, J = 8.6 Hz, 1H). 13C NMR (101 MHz, DMSO) 
δ 176.3, 152.8, 145.6, 144.2, 143.8, 143.3, 141.9, 140.9, 
137.6, 137.3, 134.4, 134.2, 133.5, 131.7, 129.3, 126.2, 
125.5, 125.1, 124.3, 124.2, 123.6.

Molecular docking

The series of thiosemicarbazone derivatives is analyzed for 
the inhibition of α-Amylase, α-Glucosidase, and Aldose-
reductase with PDB IDs of 4GQR, 3L4Y, and 4YU1, 
respectively, proteins, by docking simulation. The 3D crys-
tal structures are retrieved from PDB-RCSB and are pre-
pared by AutoDockTools-1.5.7. The non-protein parts are 
removed from the .pdb files of each protein, to ensure that 
the target proteins do not contain any ligand molecule before 
docking [54]. The Kollman charges and polar hydrogen 
atoms are incorporated into the protein structure to model 
key interactions between the receptor-ligated complex [55]. 
The thiosemicarbazone derivatives are initially drawn in 
ChemDraw 20.1.1 [56, 57] and subsequently subjected to 
energy minimization using Chem3D 20.1.1 [58] to obtain a 
reliable structural conformation. The optimized compounds 
and 3D protein structures are converted to .pdbqt format 
by AutoDockTools-1.5.7 [59, 60], to execute the docking 
simulations. The grid maps, necessary for docking protocol, 
are identified by binding coordinates of the co-crystallized 
ligand within the pocket of respective proteins. The RMSD 
(root mean square deviation) value of the redocked crys-
tallized ligand is calculated to validate docking simulation 
accuracy [61].

Quantum computational methodology

The geometric structure of the investigated compounds is 
optimized using density DFT with the B3LYP functional 
and 6-311G(d, p) basis set. All calculations are conducted 
using Gaussian 16 software, and the optimized geometry is 

Fig. 8  MEP maps for the studied 
compounds at B3LYP/6–311 g(d, 
p)/GD3 level of theory in the gas 
phase
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and 6f, with smaller ΔE values, demonstrated stronger bind-
ing affinities with docking energies of − 9.1 and − 10.4 kcal/
mol, respectively. Additionally, the studied compounds 
exhibiting higher dipole moments (up to 11.02 D) and 
polarizability values (above 400 a.u.) tended to align bet-
ter within the active site, thereby forming key interactions 
such as hydrogen bonds and π-π stacking. These observa-
tions highlight a meaningful correlation between electronic 
descriptors from DFT and binding behavior observed in 
docking simulations, supporting the role of frontier orbital 
properties and electrostatic features in governing biological 
activity.
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