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aste to a biocatalyst: Kigelia
pinnata flower-derived CQDs for triazolidine-3-
thione synthesis and their in silico evaluation

Sunita Teli, a Shivani Soni, a Nisarg Rana,b Anu Manhas b

and Shikha Agarwal *a

Biowaste-derived carbon quantum dots (CQDs) have emerged as sustainable, low-cost nanomaterials that

align with the principles of green chemistry and promote waste-to-wealth conversion. In this work, CQDs

were synthesized using drop-down flowers of Kigelia pinnata as a novel biowaste carbon source via a green

hydrothermal method. The resulting CQDs were comprehensively characterized by HRTEM, FT-IR, UV-

visible, fluorescence spectroscopy, EDS, and XRD, revealing well-dispersed spherical particles with an

average diameter of 3.78 nm. They showed excellent catalytic activity as an efficient nanocatalyst for the

green synthesis of 1,2,4-triazolidine-3-thione derivatives using ethanol : water (1 : 4) mixture at RT,

affording excellent yields (82–97%) in short reaction times (5–20 min). Three of the nine synthesized

compounds are new, and the catalyst was reusable for up to six runs without significant loss of activity.

The protocol offers key advantages, viz., broad substrate scope, mild conditions, gram-scale feasibility,

and favorable green chemistry metrics. Furthermore, all the synthesized compounds were screened for

biological activity using PASS prediction, followed by molecular docking with 17b-dehydrogenase

(4DBW) and pterin deaminase (3H23). The docking studies showed stable interactions and favorable

binding energies, suggesting good affinity for both enzymes. The compounds also exhibited promising

drug-like behavior based on ADMET analysis.
1 Introduction

In recent years, nanotechnology has emerged as a transformative
eld with broad applications across materials science, medicine,
energy, and environmental remediation.1,2 This revolution is
mainly driven by nanomaterials, whose unique physicochemical
properties at the nanoscale make them highly adaptable for
diverse applications. Among the various classes of nano-
materials, carbon-based nanostructures have attracted immense
attention due to their remarkable versatility, high surface area,
high strength, biocompatibility, good electron conductivity, and
eco-friendly nature.3,4 These include graphene, carbon nano-
tubes, fullerenes, and, more recently, carbon quantum dots
(CQDs), a new generation class of carbon-based nanomaterials
that combine the electronic properties of traditional quantum
dots with the low toxicity and biocompatibility of carbon.5

CQDs are quasi-spherical nanoparticles, oen smaller than
10 nm in size, exhibiting unique optical properties such as
excitation-dependent uorescence, chemical stability, and high
, Department of Chemistry, Mohanlal

asthan, India. E-mail: shikhaagarwal@

y Technology, Pandit Deendayal Energy

–8121
water dispersibility.6 Since their discovery, CQDs have been
extensively explored for applications in bioimaging, sensing,
drug delivery, photovoltaics, and as metal-free catalysts in
organic synthesis.7,8 Over the last decade, CQDs synthesized
from renewable biomass sources have garnered considerable
interest, aligning with the principles of green chemistry and
sustainability. Utilizing agro-industrial or plant-derived waste
not only addresses environmental concerns associated with
waste disposal but also provides an economical and scalable
route for nanomaterial production. In this context, the
synthesis of CQDs from biogenic resources offers dual benets:
valorization of waste and the generation of functional carbon-
based nanocatalysts. Various biowastes such as fruit peels,
leaves, wood, owers and plant extracts have been explored as
carbon precursors.8 As per an exhaustive literature survey,
owers of Kigelia pinnata have not been reported as a carbon
source for CQD synthesis. The present study highlights the
hydrothermal synthesis of CQDs using Kigelia pinnata owers
(KP-CQDs), presenting a novel and sustainable carbon
precursor. The resulting KP-CQDs were thoroughly character-
ized and subsequently employed as a highly effective and eco-
friendly nanocatalyst for the preparation of nitrogen-
containing heterocyclic compounds.

Heterocyclic compounds, especially those containing N-
atoms, represent an indispensable class of organic molecules
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Some pharmacologically active molecules containing 1,2,4-triazole moieties.24,25
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due to their prevalence in natural products, pharmaceuticals,
agrochemicals, and advanced materials.9,10 Among these, 1,2,4-
triazolidine derivatives have received growing interest for their
broad spectrum of biological activities, such as antimicrobial,11–13

anticancer,14 anti-inammatory, antitubercular,13 antioxidant,12

antifungal,15 antiviral,16 acetylcholinesterase inhibition,17,18 anti-
HIV,19 antidepressant,20 anti-allergic,21 antiepileptic,22 and anal-
gesic23 properties. Fig. 1 highlights various pharmacologically
relevant molecules incorporating the 1,2,4-triazole scaffold.24,25

These compounds oen serve as important pharmacophores in
medicinal chemistry and as intermediates in drug development.
Traditionally, the synthesis of triazolidines relied on acid cata-
lysts such as sulfamic acid,26 [(Py)2SO][HSO4]2,27 [2-HMPyBSA]
HSO4,28 glycine nitrate,29 PEG-400,30 acetic acid31 etc. More
recently, greener alternatives have been explored, including ionic
liquids,32 magnetic nanocatalysts,33,34 agro-waste-derived cata-
lysts24 and organocatalysts.25,35,36 However, these approaches may
still involve non-renewable materials or complex catalyst prepa-
ration steps. They oen involve high temperatures, long reaction
durations, metal involvement, limited substrate versatility or the
need for microwave (MW) irradiation. For example, the synthesis
involving magnetic nanoparticles demanded the use of a chem-
ical reducing agent (NaBH4) and required heating under reux
conditions for more than half an hour.37 In contrast, the
approach utilizing orange peel ash water extract relied on MW-
© 2025 The Author(s). Published by the Royal Society of Chemistry
assisted irradiation at 130 °C.24 Therefore, the development of
more sustainable, greener, and efficient synthetic protocols for
triazolidines remains a critical goal.

In the present work, we have demonstrated a facile and green
approach for the formation of triazolidine derivatives using KP-
CQDs as a metal-free, biowaste-derived nanocatalyst for the
rst time. A total of 9 compounds were synthesized, including 3
new triazolidine-3-thiones (T-3-Ts) via reaction of carbonyl
compounds with thiosemicarbazide (TSC). Moreover, the deriv-
atives were also evaluated for their pharmacological potential
through molecular docking. Based on PASS analysis,38 two bio-
logically relevant targets were selected: Pterin deaminase (PDB
ID: 3H23)39 and testosterone 17b-dehydrogenase (NADP+) (PDB
ID: 4DBW).39Notably, this is the rst report exploring the docking
potential of 1,2,4-triazolidines against these two targets, offering
new insights into their prospective pharmacological applications.
Furthermore, these molecules were studied under ADMET
studies to predict their pharmacokinetic properties.
2 Results and discussion
2.1. Study of KP-CQDs

For this research, drop-down owers of Kigelia pinnata were
utilized as a novel carbon source for synthesizing KP-CQDs
through the hydrothermal method. The resulting CQDs were
Nanoscale Adv., 2025, 7, 8104–8121 | 8105
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Fig. 2 HRTEM images of KP-CQDs at varying resolutions: (a) 50 nm, (b) 20 nm, (c) 10 nm, and (d) 5 nm; (e) SAED pattern; (f) size distribution
histogram of KP-CQDs at 10 nm resolution.
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thoroughly examined using various techniques, including
HRTEM, EDS, FT-IR, XRD, UV-Visible, and uorescence spec-
troscopy. HRTEM (300 kV) was employed to verify the successful
formation of KP-CQDs and to examine their morphology and
particle size. Fig. 2a–d present HRTEM images at different
magnications, clearly revealing that the KP-CQDs are
uniformly distributed and possess a spherical shape.40,41 The
SAED pattern further conrms the amorphous nature of the
synthesized dots (Fig. 2e).42 The particle size distribution
Fig. 3 EDX spectrum of KP-CQDs.

8106 | Nanoscale Adv., 2025, 7, 8104–8121
histogram (Fig. 2f) demonstrates an average diameter of
3.78 nm, which conrms the successful synthesis of KP-CQDs.
The average particle size was calculated using ImageJ-win64
(Fiji) and OriginPro 2024b soware.

EDX was performed to determine the elemental composition
of the synthesized KP-CQDs. The results, as shown in Fig. 3,
indicate that the KP-CQDs consist of carbon (36.38%) and
oxygen (55.45%).43 These ndings conrm that carbon and
oxygen are the dominant elements present in the KP-CQD
framework. The presence of K and Mg might be due to their
natural abundance in biomass.

The FT-IR spectrum (Fig. 4) displays a strong, broad
absorption band at 3316 cm−1, which corresponds to the
stretching vibration mode of the O–H bond.44 A sharp peak
observed at 1636 cm−1 is attributed to the stretching vibrations
of the C]O bond (carboxylic), while the band at 624 cm−1 is
associated with O–H bending vibrations.41,43,45 These FT-IR
spectral features indicate the presence of hydrophilic func-
tional groups such as –OH & –COOH on the surface of the KP-
CQDs.

As illustrated in Fig. 5, XRD analysis was carried out to
analyze the crystallographic nature of KP-CQDs. The pattern
displays two broad diffraction peaks at 2q = 29.5° and at 2q =

42.3°, which correspond to the lattice planes (002) and (001),
respectively.46,47 The broad nature of the (002) peak suggests
a low degree of graphitization, which is characteristic of an
amorphous carbon nature typically formed during the hydro-
thermal process.48,49
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectrum of KP-CQDs.

Fig. 5 XRD pattern of KP-CQDs.
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The average crystallite size (D) of the synthesized KP-CQDs
can be determined using the Debye–Scherrer equation50 as
follows:
Fig. 6 UV-visible spectrum (a) and fluorescence emission spectrum (b)

© 2025 The Author(s). Published by the Royal Society of Chemistry
D ¼ 0:9l

b cos q

where l represents the wavelength of the Cu-Ka source (l =

1.5406 Å), q is the Bragg angle and b denotes the full width at
half maximum (FWHM) of the diffraction peak. The calculated
value of D for KP-CQDs was found to be 0.71 nm. Furthermore,
the average particle size determined from the Gaussian t of the
HRTEM histogram (Fig. 2e) was 3.78 nm, which is higher than
the crystallite size. This difference arises because the grain or
particle size is generally larger than the crystalline size.

Fig. 6 illustrates the optical properties of the synthesized KP-
CQDs. Under UV light, they exhibit strong green uorescence,
highlighting their excellent photoluminescent behavior. The
UV-visible absorption spectrum (Fig. 6a) shows a prominent
band at 280 nm, which can be attributed to the n–p* transitions
of C]O bonds and p–p* transitions of C]C bonds, indicating
the presence of conjugated and oxygen-containing functional
groups.51,52 The uorescence spectrum (Fig. 6b) reveals that the
KP-CQDs exhibit excitation at 310 nm (broad emission range =

310 to 650 nm), with a strong emission peak at 435 nm, iden-
tifying it as the optimal emission wavelength.53
2.2. Catalytic activity

To evaluate the catalytic efficiency of KP-CQDs, a model reaction
between 4-nitrobenzaldehyde (1 mmol) and TSC (1 mmol) was
carried out under varied reaction parameters, and the ndings
are compiled in Table 1. Without a catalyst, the reaction pro-
ceeded in an EtOH–water (1 : 1) system at RT, and it afforded
only 49% yield in 120 min (entry 1). However, when KP-CQDs
(0.50 mL) were used as the catalyst under solvent-free condi-
tions, the yield improved to 68% within 60 min (entry 2), which
conrmed the catalytic potential of the synthesized catalyst.
When different solvents (ethanol, water, and ethanol–water
mixture) were tested, water as a solvent signicantly enhanced
the yield to 83% in just 15 min (entry 3), while ethanol provided
89% yield in 10 min (entry 4). Notably, ethanol and water
combination as a solvent system in varying ratios (1 : 1, 1 : 2, 1 :
of KP-CQDs.

Nanoscale Adv., 2025, 7, 8104–8121 | 8107
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Table 1 Exploration of reaction variables for the preparation of 1,2,4-triazolidinesa,b,c

S. No. Catalyst (mL) Solvent Temperature Time (min) Yield (%)

1 — EtOH + H2O (1 : 1) RT 120 49
2 KP-CQD (0.50) Solvent-free RT 60 68
3 KP-CQD (0.50) Water RT 15 83
4 KP-CQD (0.50) Ethanol RT 10 89
5 KP-CQD (0.50) EtOH + H2O (1 : 1) RT 6 94
6 KP-CQD (0.50) EtOH + H2O (1 : 2) RT 6 95
7 KP-CQD (0.50) EtOH + H2O (1 : 3) RT 6 96
8 KP-CQD (0.50) EtOH + H2O (1 : 4) RT 6 97
9 KP-CQD (0.25) EtOH + H2O (1 : 4) RT 10 94
10 KP-CQD (1.00) EtOH + H2O (1 : 4) RT 6 97
11 KP-CQD (0.50) EtOH + H2O (1 : 4) 80 °C 6 95
12c KP-CQD (0.50) EtOH + H2O (1 : 4) RT 10 92

a Reaction conditions: 4-nitrobenzaldehyde (1 mmol) + thiosemicarbazide (1 mmol), and the reaction completion was examined via TLC. b The
most promising outcomes are marked in bold. c The reaction was performed using ultrasound assistance.

Table 2 Performance evaluation of various catalysts for 5-(4-nitrophenyl)-1,2,4-triazolidine-4-thione (3a) synthesis

S. No. Catalyst (amount) Reaction conditions Time (min) Yield (%) Ref.

1 C5H10[(2-APy)2(HSO4)2] (5 mol%) EtOH + H2O (4 : 6), RT 10 96 32
2 Water extract of orange fruit shell ash

(3.5 mL)
M.W. (450 W), 130 °C 4 86 24

3 Fe3O4 magnetic nanoparticles (5 mol%) NaBH4 (eq. amount to reactants), EtOH,
reux

40 92 37

4 PEG-400 (0.5 mL) 80 °C 8 96 30
5 CuO nanoparticle (5 mg) EtOH, 70 °C 6 94 54
6 KP-CQDs (0.50 mL) EtOH + H2O (1 : 4), RT 6 97 This work
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3, or 1 : 4) further improved the reaction performance (entries
5–8). The ethanol–water (1 : 4) mixture was the most effective
and delivered the highest yield of 97% in just 6 min at RT (entry
8). Reducing the catalyst volume to 0.25 mL slightly decreased
the yield to 94% (entry 9), while increasing it to 1.00 mL
maintained the highest yield (entry 10). Performing the reaction
at a high temperature of 80 °C did not affect the yield (entry 11).
Additionally, the reaction was also performed under ultrasonic
conditions with KP-CQDs (0.50 mL) in an ethanol–water (1 : 4)
system, and it gave 93% yield within 10 min (entry 12). These
results highlight the high catalytic efficiency, rapid reaction
rate, and environmentally friendly nature of KP-CQDs in the
synthesis of triazolidines. Based on the optimization studies,
the most effective reaction conditions were identied as using
0.50 mL of KP-CQDs at RT in an ethanol–water mixture (1 : 4), as
shown in entry 8. These optimized parameters enabled the
successful production of T-3-Ts moieties by reacting different
aldehydes with TSC.

To further assess the catalytic performance of KP-CQDs, its
efficiency was compared with previously reported
8108 | Nanoscale Adv., 2025, 7, 8104–8121
methodologies, and the comparative ndings are outlined in
Table 2. While several catalysts, such as ionic liquids,32 metal
nanoparticles (Fe3O4 and CuO)37,54 and biomass-based cata-
lysts,24 have shown high efficiency but they oen involve limi-
tations such as complex preparation, use of metal-based
reagents, requirement for elevated temperatures or MW-
assisted conditions. For instance, the use of Fe3O4 nano-
particles required a reducing agent (NaBH4) and heating under
reux for 40 min,37 while orange peel ash water extract required
MW irradiation at 130 °C.24 In our developed protocol, the
reaction proceeded efficiently at RT in an EtOH–H2O (1 : 4)
system using KP-CQDs, delivering excellent yields without any
metal, harsh conditions, or additives, highlighting the
simplicity, eco-friendliness, and practicality of this approach.
Moreover, their biological potential has also been unexplored.
Building on this gap, the present work involved the CQD-
catalyzed synthesis of these T-3-Ts scaffolds including 3 new
compounds, along with their docking studies for pterin deam-
inase & 17b-dehydrogenase inhibition. Our approach not only
aligns with green chemistry principles through the use of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General reaction for the T-3-Ts scaffolds.

Scheme 2 Library of synthesized T-3-Ts scaffolds via KP-CQD catalysis (3a–3i).
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a biogenic catalyst but also enriches the structural diversity of
triazolidine derivatives, enhancing their dual signicance
across synthetic and pharmaceutical chemistry.
2.3. Synthesis of T-3-Ts

We have synthesized a library of 9 T-3-Ts derivatives via the
reaction of various carbonyl compounds with TSC (Scheme 1). A
wide range of aromatic aldehydes was employed to assess the
substrate scope, which included electron-withdrawing groups
(EWGs) such as 4-nitro, 4-chloro, and 3-phenoxy, and electron-
donating groups (EDGs) such as 4-hydroxy-3,4-dimethoxy and 4-
hydroxy-3-ethoxy. We also explored the reactivity of polycyclic
aldehydes (1-naphthaldehyde) and heterocyclic aldehydes
(quinoline-4-carbaldehyde and imidazole-4-carbaldehyde). To
further explore multifunctional condensation, a dialdehyde
(terephthalaldehyde) was employed to prepare bis-1,2,4-
triazolidine derivative. As shown in Scheme 2, we have synthe-
sized a total of 9 triazolidine scaffolds including 3 new
© 2025 The Author(s). Published by the Royal Society of Chemistry
compounds with remarkable yields (82–97%) in just 5–20 min.
The structures of synthesized compounds were validated
through 1H & 13C NMR spectroscopy and HRMS (Fig. S3–S22).

The proposed mechanism for the production of T-3-Ts
scaffolds using KP-CQDs is depicted in Scheme 3, drawing
insights from earlier reported methods.25 Based on detailed
characterization studies, it was conrmed that KP-CQDs
possess hydroxyl and carboxyl functional groups, which play
a crucial role in initiating the reaction. Initially, the catalyst
protonated the carbonyl group of aldehydes (1) via hydrogen
bonding, increasing its electrophilic character. This activation
facilitated the nucleophilic attack by the amino group of TSC
(2), which led to the formation of an intermediate (b). Subse-
quent elimination of a water molecule afforded the generation
of an imine intermediate (c). In the nal step, the second free
amino group of TSC attacked the imine carbon, promoting
intramolecular cyclization and yielding the desired product (3),
while regenerating the catalyst.
Nanoscale Adv., 2025, 7, 8104–8121 | 8109
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Scheme 3 Mechanistic pathway illustrating the KP-CQD-assisted formation of 1,2,4-triazolidines.

Fig. 7 Catalytic performance of KP-CQDs over six runs for the synthesis of compound 3b.
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2.4. Reusability

Upon completion of the reaction, the product and the catalyst
were efficiently separated by simple ltration. The solid product
was collected as a residue on the lter paper, while the ltrate—
containing both the catalyst and the ethanol–water mixture—
was collected and directly reused for subsequent reactions
without any further purication. This process demonstrates the
8110 | Nanoscale Adv., 2025, 7, 8104–8121
ease of catalyst recovery and reuse, requiring no additional
steps such as solvent evaporation, washing, or drying. The KP-
CQDs demonstrated excellent activity across several cycles, as
illustrated in Fig. 7. The catalyst maintained a remarkable yield
for up to four cycles, with only a slight decrease in yield from
95% to 91%. However, beyond the 4th cycle, a noticeable decline
in catalytic efficiency was observed, with yields dropping to 88%
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FT-IR spectrum of reused KP-CQDs after six cycles.

Fig. 9 XRD pattern of KP-CQDs after six catalytic cycles.
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and 85% in the 5th and 6th cycles, respectively. A noticeable
change in the catalyst's color was observed during repeated use,
from dark brown to a lighter brown tone (Fig. S2a & S2b).
Despite this visual change, the catalyst retained its character-
istic green emission under UV light (Fig. S2c), suggesting its
preserved optical and catalytic characters. To further assess the
structural stability of the reused KP-CQDs, FT-IR (Fig. 8) and
XRD (Fig. 9) analyses were performed, and the results were
found to be identical to those of the freshly prepared KP-CQDs,
conrming the preservation of their structural integrity aer
multiple catalytic cycles.
Scheme 4 Gram-scale production of 5-(4-chlorophenyl)-T-3-Ts (3b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.5. Gram scale reaction

To evaluate the potential for scale-up synthesis, the reaction was
carried out under gram-scale conditions using the previously
optimized protocol. For this, equimolar amounts of reactants:
TSC (10 mmol, 0.911 g) and 4-chlorobenzaldehyde (10 mmol,
1.406 g) were reacted at RT in the presence of 0.50 mL of KP-
CQDs and 30 mL of an ethanol : water (1 : 4) mixture as the
solvent. The reaction was reached at completion within 10 min,
as conrmed by TLC analysis. The product precipitated as
a white solid out of the solution and readily separated from the
catalyst and solvent via simple ltration. The residue was
washed thoroughly with water to isolate the nal product (3b).
The product was obtained in excellent yield, 2.037 g or 95.63%,
thereby demonstrating the scalability and efficiency of this
green, catalyst-assisted method (Scheme 4 and Fig. S1).

2.6. Green chemistry metrics

Recent advances in synthetic chemistry have increasingly
focused on the development of environmentally benign meth-
odologies that align with the principles of green chemistry.55,56

In this context, we utilized a biogenic KP-CQD catalyst to facil-
itate a sustainable and eco-conscious approach for the synthesis
of 1,2,4-triazolidines. The proposed method demonstrated
excellent green chemistry metrics, including high atom
economy (88.62–93.78%), an impressive eco-score (80.78–
88.44%), and efficient reaction mass performance (73.71–
89.67%). Additionally, the process exhibited a favorable process
mass intensity (1.129–1.378) and a low environmental factor (E-
factor #0.357), highlighting the overall sustainability and
minimal waste generation of the reaction system. Calculation of
green metrics for all the synthesized compounds is detailed in
the SI (Table S1).

2.7. Molecular docking

2.7.1. Activity prediction. To explore the potential biolog-
ical activity of the synthesized 1,2,4-triazolidine derivatives,
PASS online soware38 was used to predict the possible protein
targets based on structural similarity and known bioactivity
proles. The predictions with probability of activity (Pa) > 0.5
were considered signicant for the biological relevance (Table
3). Among the predicted targets, pterin deaminase and testos-
terone 17b-dehydrogenase (NADP+) emerged as the most
promising, with most of the synthesized compounds showing
potential inhibitory activity against both enzymes. Pterin
deaminase is an amidohydrolase enzyme that catalyzes the
hydrolysis of pteridine compounds, forming lumazine
Nanoscale Adv., 2025, 7, 8104–8121 | 8111
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Table 3 The biological activities of compound ‘3i’ were predicted
using PASS onlinea,b

Pa Pi Activity

0.828 0.003 Chloride peroxidase inhibitor
0.727 0.009 Pterin deaminase inhibitor
0.747 0.040 Testosterone 17beta-dehydrogenase (NADP+) inhibitor
0.732 0.025 Nicotinic alpha6beta3beta4alpha5 receptor antagonist
0.707 0.010 Thioredoxin inhibitor
0.733 0.053 Aspulvinone dimethylallyltransferase inhibitor
0.637 0.005 Albendazole monooxygenase inhibitor
0.655 0.026 Complement factor D inhibitor
0.701 0.076 Phobic disorders treatment

a Blue highlights indicate selected bioactivities with high predictive
scores. b Compound with Pa > Pi is considered biologically active, and
values of Pa > 0.5 indicate a high probability of activity.
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derivatives and ammonia. This enzyme plays a crucial role in
pterin metabolism and is indirectly involved in purine and
pyrimidine pathways, which are essential for nucleic acid
biosynthesis. Since its early discovery and patenting in 1959 for
potential anticancer applications, pterin deaminase has gained
increasing attention due to its implications in cell proliferation,
immune modulation, and metabolic regulation.57 Its inhibition
has been linked to therapeutic effects in parasitic infections and
inammatory disorders, making it a valuable target for drug
development. Testosterone 17b-dehydrogenase (NADP+) is a key
enzyme in steroid metabolism, particularly in the conversion of
testosterone to androstenedione, and is associated with
hormone-dependent diseases, including certain cancers and
metabolic disorders. Inhibition of this enzyme has been
explored for androgen-related therapeutic applications.

To investigate the binding affinity and interaction proles of
the synthesized molecules with these enzymes, molecular
docking analysis was performed. Protein structures with PDB
IDs 3H23 (for pterin deaminase) and 4DBW (for testosterone
17b-dehydrogenase NADP+) were acquired from the RCSB
Protein Data Bank. Importantly, as evidenced by existing
reports, no previous in silico study has reported the evaluation
of 1,2,4-triazolidines against these two biological targets,
making this research a novel contribution to the area of
triazolidine-based drug discovery.
Table 4 List of ADMET parameters generated for all the synthesized mo

Molecule MW TPSA Caco_2 HIA BBB PPB C

3a 224.245 79.23 −5.011 0.942 0.841 0.496 0.
3b 213.693 36.09 −4.516 0.991 0.970 0.641 0.
3c 229.308 36.09 −4.911 0.983 0.964 0.825 0.
3d 230.296 48.98 −5.425 0.974 0.897 0.638 0.
3e 169.213 64.77 −5.529 0.936 0.801 0.315 0.
3f 255.299 74.78 −5.406 0.936 0.706 0.488 0.
3g 271.345 45.32 −4.728 0.987 0.965 0.844 0.
3h 239.3 65.55 −5.116 0.959 0.698 0.603 0.
3i 280.382 72.18 −5.693 0.897 0.623 0.396 0.

a Lipinski rule (3a–3i): accepted.

8112 | Nanoscale Adv., 2025, 7, 8104–8121
2.7.2. ADMET studies. Over the last ten years, only a small
number of drugs out of hundreds of candidates have been
approved for the market because of the high failure rate during
clinical trials. Two main causes of these failures are the lack of
efficacy and unacceptable toxicity. Many potential therapeutic
compounds failed in clinical trials due to poor ADMET prop-
erties. However, the experimental ADMET proles are costly and
time-consuming, so computational techniques that can predict
ADMET have become an alternative approach. The ADMET
studies were performed on all nine molecules (3a–3i) using
AdmetSAR 3.0 to predict their pharmacokinetic and toxicity
properties by studying parameters such as molecular weight
(MW), total polar surface area (TPSA), permeability, and
metabolism-related descriptors.58 As shown in Table 4, all
compounds followed Lipinski's rule of ve, thus explaining
their drug-likeness and oral bioavailability. The MW of the
compounds ranged from 169.21 to 280.38 g mol−1, which was
well within the acceptable MW range. The TPSA values ranging
from 36.09 Å to 79.23 Å also suggest an acceptable balance
within polarity and permeability, thus indicating effective
absorption. Moreover, Caco-2 permeability (−4.5 to −5.7) and
human intestinal absorption (HIA) (>0.89) indicate that all the
selected molecules possess the capability to be effectively
absorbed in the gastrointestinal tract. A parameter such as
blood–brain barrier (BBB), ranged within 0.62 to 0.97, displayed
that compounds 3b, 3c, and 3g possess the potential to cross the
BBB, suggesting their CNS activity. Plasma protein binding
(PPB) calculations ranging from 0.31 to 0.84 indicate moderate
to high binding affinity. Hepatic metabolism (HLM) and renal
clearance (CLr) values suggest the metabolic stability, whereas
half-life (T50) suggests moderate elimination rate. Moreover,
compounds remain within acceptable ranges for neurotoxicity
and drug-induced liver injury (DILI) parameters. Overall, the
ADMET analysis, when compared to the cut-off range in Table
S2, almost all the molecules demonstrated acceptable results.
Some of the molecules may be near the cut-off value for renal
elimination (CLr), but they show better results in other
parameters. Therefore, all the molecules show an acceptable
range in most parameters and were selected for molecular
docking.

2.7.3. Molecular docking studies
2.7.3.1 Redocking studies. Prior to docking, redocking was

performed using B54 co-crystallised in the binding site of 3H23
leculesa

YP2B6 inhibitor HLM CLr T50 Neuro-toxicity DILI

409 0.175 0.553 −0.461 −2.492 0.703
603 0.156 0.538 −1.054 −2.362 0.596
660 0.368 0.728 −0.708 −2.405 0.495
276 0.078 0.845 −0.479 −2.493 0.639
162 0.031 0.822 −0.273 −2.672 0.684
075 0.064 0.671 −0.546 −2.724 0.671
677 0.218 0.700 −0.863 −2.465 0.536
140 0.158 0.674 −0.376 −2.726 0.689
204 0.074 0.803 −0.282 −2.641 0.728

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A and B) 2D interaction plots of the redocked pose and the co-crystallized pose of B54, respectively, with 3H23. (C and D) 2D interaction
plots of the redocked pose and the co-crystallized pose of 511, respectively, with 4DBW.
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and 511 in 4DBW to validate the docking protocol. From the
redocking calculations, it was observed that B54 (4-{3-[(2-amino-
5-nitroso-6-oxo-1,6-dihydropyrimidin-yl)amino]propoxy} ben-
zoic acid) and 511 ([1-(4-chlorobenzoyl)-5-methoxy-1H-indol-3-
yl]acetic acid) displayed RMSD values of 0.84 Å and 0.50 Å,
respectively, with the redocking score of −11.78 kcal mol−1 and
−13.35 kcal mol−1, respectively (Fig. S23). Thus, from the RMSD
values obtained from the redocking studies, a good agreement
between the redocked and experimental poses was observed.
Moreover, it was also noted that B54 forms hydrogen bonds
with Asn120, Asp184, Lys220, and His256, while 511 showed
hydrogen bond interactions with Tyr55 and His117. From the
2D interaction pose of redocked B54 and 511, it was observed
that both molecules displayed all experimentally reported
interactions, thus validating our soware (Fig. 10).

2.7.3.2 Molecular docking analysis of the selected molecules.
Molecular docking was performed on the selected compounds
(3a–3i) to evaluate the binding affinity and interaction proles
against the protein targets 3H23 and 4DBW. Molecular docking
© 2025 The Author(s). Published by the Royal Society of Chemistry
analysis revealed that all nine molecules were able to dock in
the active site of both enzymes (Fig. 11 and 12). Their 3D and 2D
interaction plots are shown in Fig. 13 and 14. A graphical
overview of the docking outcomes of all derivatives with target
proteins 3H23 & 4DBW is demonstrated in Fig. 15. 3D interac-
tions of all 9 scaffolds are presented as videos in the SI as Video
S1 for 3H23 and Video S2 for 4DBW.

On observing the docking ndings as shown in Table 5, it is
clear that in the case of 3H23, 3a showed the highest docking
score of −16.07 kcal mol−1, followed by 3i (−13.47 kcal mol−1),
3e (−13.02 kcal mol−1), 3c (−11.95 kcal mol−1), 3d
(−11.29 kcal mol−1), 3h (−11.27 kcal mol−1), 3g
(−09.67 kcal mol−1), 3f (−09.14 kcal mol−1), and 3b
(−09.01 kcal mol−1). In case of docking with 4DBW, 3c pre-
sented the highest docking score of−19.29 kcal mol−1, followed
by 3d (−18.01 kcal mol−1), 3a (−16.40 kcal mol−1), 3g
(−15.87 kcal mol−1), 3e (−13.97 kcal mol−1), 3i
(−12.80 kcal mol−1), 3b (−11.53 kcal mol−1), 3f
(−10.57 kcal mol−1), and 3h (−09.38 kcal mol−1). However, on
Nanoscale Adv., 2025, 7, 8104–8121 | 8113
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Fig. 11 3D representation of 3H23 docked with all synthesized
molecules.

Fig. 12 3D representation of 4DBW docked with all synthesized
molecules.

Fig. 14 3D and 2D representations of 4DBW docked with 9 selected
molecules. (A) 4DBW-3c, (B) 4DBW-3d, (C) 4DBW-3a, (D) 4DBW-3g,
(E) 4DBW-3e, (F) 4DBW-3i, (G) 4DBW-3b, (H) 4DBW-3f, (I) 4DBW-3h.
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comparing the docking outcome with the redocking score of the
respective enzyme, it was observed that molecules 3a, 3e and 3c
were commonly docked in both enzymes. In 3H23, the molecule
3a forms hydrogen bonding with Pro69 and Arg254, pi–pi
Fig. 13 3D and 2D representations of 3H23 docked with 9 selected
molecules. (A) 3H23-3a, (B) 3H23-3i, (C) 3H23-3e, (D) 3H23-3c, (E)
3H23-3d, (F) 3H23-3h, (G) 3H23-3g, (H) 3H23-3f, (I) 3H23-3b.

Fig. 15 Visual representation of docking results of all the synthesized
compounds.

8114 | Nanoscale Adv., 2025, 7, 8104–8121
interactions with Phe189, and hydrophobic interactions with
the amino acids Ile25, Lys73, and Asp101. Also, molecule 3e
forms hydrogen bonding with Asn120, Asp184, and Ile187, and
hydrophobic interactions with Ile122, Ile143, Pro185, Gly186,
Phe189, Leu214, Leu215, and Gly216. Likewise, molecule 3c
form hydrogen bonding with Ser218, Lys220, and Arg254, and
hydrophobic contacts with Ile25, Pro69, Phe189, Arg219,
Ser221, Val231, Arg234, and His256. Additionally, various types
of hydrogen bonding, hydrophobic, pi–pi, and pi–alkyl inter-
actions were observed in 2D interaction plots (Table 6). More-
over, Leu26 and Arg254 are the most common amino acids
forming hydrogen bonds with the nine docked candidates
(Fig. 13 and S24). Hydrophobic interactions were observed via
amino acids Ile25, Val28, Arg68, Ile122, Lys220, and His256.
These residues provide a stable, non-polar environment for the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 List of docking scores of nine synthesized 5-phenyl-1,2,4-
triazolidine derivatives with 3H23 and 4DBW PDBs

3H23 4DBW

Molecules
Docking score
(kcal mol−1) Molecules

Docking score
(kcal mol−1)

3a −16.07 3c −19.29
3i −13.47 3d −18.01
3e −13.02 3a −16.40
3c −11.95 3g −15.87
3d −11.29 3e −13.97
3h −11.27 3i −12.80
3g −09.67 3b −11.53
3f −09.14 3f −10.57
3b −09.01 3h −09.38
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ligand to bind. These interactions help the ligands to bind in
the active site of the enzyme, 17b-dehydrogenase.

In this case of 4DBW, the NADP (Nap401) cofactor played an
important role in stabilizing the ligand binding. Compound 3c
Table 6 List of various types of interactions reported in the docked com

H-bonding Hydrophobic

3H23
3a Pro69, and Arg254 Ile25, Asp101, Arg68, Thr67, Ile122

Ser66, Lys73, and Lys220
3i Leu26, Val28, and Asn27 Thr29, Arg254, Ser218, and Lys220
3e Ile187, Asp184, and Asn120 Ile122, Phe189, Gly186, Pro185,

Leu215, Gly216, Leu214, and Ile14
3c Ser218, and Arg254 Phe189, His256, Ile25, Arg219, Pro

Val231, Arg234, and Ser221
3d Ser218, and Arg254 Asp101, Thr67, Phe189, Lys220, Va

Arg219, His256, Arg68, and Ile122
3h Arg219, Leu26, and Arg68 Thr29, Pro30, Pro69, Val231, His2

Ile25, Asn27, and Val28
3g Asn120, and Met145 Lys73, Ile122, Lys220, Gly186, Arg

Asp101, and Arg68
3f Leu26, Arg68, and Arg219 Thr29, Pro30, Pro69, Val231, and
3b Leu26, and Arg254 Arg68, Gly63, Ile25, Val28, Asn27,

His48, Arg219, and Pro69

4DBW
3c Nap401 His117, Trp227, Tyr55, Met120,

Tyr216, Asn167, Phe306, and Ser1
3d Nap401 Trp86, Tyr216, Asn167, His117,

Tyr55, Trp227, and Arg226
3a His117, and Tyr55 Trp86, Phe311, Met120, Ser308, an
3g — Leu122, Trp86, Phe311, Met120,

Asn167, Tyr55, His117, Nap401, an
3e Nap401 Trp227, Tyr24, Gln222, Leu54,

His117, and Asn167
3i His117, Asn307,

and Arg226
Tyr55, Nap401, Phe306, Ser308,
Trp227, Met120, Ser118, Trp86, an

3b Tyr216, Nap401 Asn167, Trp86, Ser118, and Tyr55
3f Nap401 Ser308, Ser118, Tyr55, Leu54,

His117, and Asn167
3h Leu54, Nap401 Leu128, Asn167, Trp86, and Arg22

a Nap is the cofactor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
showed hydrogen bonding interactions with Nap401, pi–alkyl
interactions with Leu54, pi–pi interactions with Tyr24, and
Trp86, and hydrophobic interactions with Tyr55, His117,
Ser118, Met120, Asn167, Tyr216, Trp227, and Phe306, crucial
residues known to mediate NADP recognition. Molecule 3a
showed hydrogen bonding with Tyr55, and His117, pi–pi
interactions with Trp227, and Nap401, Pi-alkyl bonding with
Leu54, and hydrophobic interactions with Trp86, Met120,
Phe306, Ser308, and Phe311. Molecule 3e forms hydrogen
bonding with Nap401 and hydrophobic contacts with Tyr24,
Leu54, His117, Asn167, Gln222, and Trp227. Additionally, from
the 2D interaction plot of 4DBW, it is observed that hydrogen
bonding is formed via Leu54, Tyr55, His117, and Tyr216 (Fig. 14
and S25). Hydrophobic interactions are formed via Tyr55,
Trp86, His117, Ser118, Met120, Asn167, Phe306, Ser308, and
His117. The pi–pi interactions are formed via Tyr24, Trp224,
and Phe306, and pi–alkyl interactions are formed via Leu54 and
Trp227. The presence of these interactions highlights that the
molecules may act as competitive inhibitors, mimicking the
binding of NADP. Overall, from the docking outcome, the
presence of important interactions demonstrated strong
plexes of 3H23 and 4DBWa

Pi–pi Pi–alkyl

, Phe189 Pro69

— Ile25, Pro69, and Arg68

3
— —

69, — Lys220

l231, — Ile25, and Pro69

56, — Phe71, and Arg68

254, — Pro69

His48 — His256, Ile25, and Phe71
— His256

18
Tyr24, and Trp86 Leu54

Tyr24, and Phe306 Leu54

d Phe306 Trp227, and Nap401 Leu54

d Phe306
Tyr24, and Trp227 Leu54

— —

d Leu54
Phe311 —

Phe306, and His117 Trp227, Tyr24, & Leu54
Trp227 Phe311, Met120,

Trp86, Trp227, & Phe306
6 Tyr24, Phe306, and His117 Trp227, & Leu54

Nanoscale Adv., 2025, 7, 8104–8121 | 8115
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binding affinity against the two selected enzymes, thus high-
lighting their potential as promising 17b-dehydrogenase and
pterin deaminase inhibitors.

3 Experimental
3.1. Synthesis of KP-CQDs

For the synthesis of KP-CQDs, drop-down red-colored owers of
Kigelia pinnata were collected from the local garden (Gulab-
bagh, Udaipur, Rajasthan, India). The collected owers were
thoroughly washed 3 to 4 times with lukewarm water to remove
dust. Aer cleaning, they were dried for about 3 days in the
shade. The dried owers were then ground into a ne powder
(brown powder). Then, 4.0 g of powder was dissolved in 80 mL
of DI water and stirred for 30 min. Then, the resulting solution
was transferred to a 150 mL Teon-lined stainless-steel auto-
clave and was placed in a hot air oven and heated for 12 h at
160 °C. Aer that, the autoclave was allowed to cool to RT
naturally. The obtained solution was then centrifuged to sepa-
rate the suspension, followed by ltration using a 0.45 mm lter
membrane. The nal product was a clear, dark brown color
solution (62 mL), which was named KP-CQDs and stored in
a glass vial under refrigerated conditions. Fig. 16 presents the
step-wise synthesis of KP-CQDs.

To determine the yield and concentration of the synthesized
KP-CQDs, a previously reported method was followed.59,60 The
entire 62 mL of KP-CQD solution was transferred to a pre-
weighed 100 mL beaker. Aer accurately recording the initial
mass, the solvent was evaporated completely by drying the
sample in an oven at 80 °C. The nal weight of the beaker
containing the dried KP-CQDs was then measured. The yield
(%) and concentration (mg mL−1) were calculated using the
Fig. 16 Step-wise hydrothermal synthesis of KPCQDs from Kigelia pinn

8116 | Nanoscale Adv., 2025, 7, 8104–8121
following equations, and a detailed calculation is given in the
SI.

Yield (%) = {Mass of dried KP-CQDs obtained (g)/Mass of
biomass used (g)} × 100.

Concentration (mg mL−1) = Mass of dried KP-CQDs (mg)/
Volume of KP-CQD solution (mL).

[Mass of dried KP-CQDs = Final beaker weight − Initial
beaker weight].

The yield of the KP-CQDs was found to be 27.375% and the
concentration was found to be 17.661 mg mL−1.
3.2. General synthetic method for 1,2,4-triazolidines

A mixture of substituted aldehyde (1 mmol) and TCS (1 mmol)
was stirred with KP-CQDs (0.50 mL) in a 3 mL ethanol–water
combination (1 : 4) at RT. The reaction completion was checked
by TLC (hexane-ethyl acetate, 7 : 3). Upon completion, the
precipitated product was separated by simple ltration, thor-
oughly washed with H2O, and dried in an oven at 60 °C. The
catalyst + solvent mixture (found as the ltrate) was reused
directly in subsequent reactions without any purication step.

For the synthesis of 3i, the starting material ratios were
adjusted as follows:

Synthesis of 3i: terephthaldehyde (0.5 mmol) was reacted
with thiosemicarbazide (1.0 mmol) to produce a bis-triazolidine
product.
3.3. ADMET studies and molecular docking calculations

The integration of computational studies, such as molecular
docking and ADMET analysis, has signicantly advanced the
understanding of the disease mechanism and helps to identify
potential drug targets and evaluate the development of the
ata flowers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecule with optimized efficacy and safety proles.61 The web-
based AdmetSAR 3.0 was employed to study the pharmacoki-
netics and physicochemical properties of the nine synthesized
molecules.58 This tool predicts the pharmacokinetic properties,
such as absorption, distribution, metabolism, excretion, and
toxicity (ADMET). Under ADMET, parameters, such as Caco-2
permeability, human intestinal absorption (HIA), blood–brain
barrier (BBB), plasma protein binding (PPB), CYP2B6 inhibitor,
human liver microsome stability (HLM), renal clearance (CLr),
half-life (T50), neurotoxicity and drug-induced liver injury
(DILI) were estimated and compared with acceptable range as
mentioned in Table S2. These parameters play a crucial role in
predicting drug behavior in the body. Moreover, the physico-
chemical properties, such as molecular weight (MW), total polar
surface area (TPSA), and Lipinski's rule, were also studied.

Molecular docking was conducted to study their interacting
capability with the enzymes predicted via PASS online. Thus,
molecular docking played a critical role in the eld of drug
design.62 In the present work, molecular docking was performed
by using the FlexX module63 of the SeeSAR soware v13.1.1 (ref.
64) to estimate the binding score. The docking protocol used in
the current study was validated by conducting redocking on the
selected inhibitors B54 (3H23) and 511 (4DBW) co-crystallized
in the respective proteins. The selected PDBs, 3H23 and
4DBW, were prepared using the Protein Editor mode of SeeSAR
v13.1.1.64 The protein preparation step involves the removal of
water, the addition of missing side chains, and the incorpora-
tion of hydrogens. Aer protein preparation, each complex was
subjected to a binding site mode, where the co-crystallized
ligand is extracted, and the binding site is conrmed at that
pocket. The protein that contains the binding site was subjected
to docking mode, which utilizes the FlexX63 module to estimate
the docking score. This module calculates the docking score
based on the incremental construction-based algorithm. Here,
ligands are divided into smaller fragments and positioned at
multiple locations within the binding pocket and evaluated
using a rapid, simple pre-scoring scheme. While docking, each
molecule generates ten poses, from which the top-scoring pose
was selected. Post-docking analyses, such as interaction studies,
were conducted using the Discovery Studio visualizer.65
3.4. Spectral data of synthesized compounds

3.4.1. 5-(4-Nitrophenyl)-1,2,4-triazolidine-3-thione (3a).
Shiny yellow powder; 97% yield; M.P. 221–224 °C;66 1H NMR
(400 MHz, DMSO-d6) d 11.69 (s, 1H, NH), 8.39 (s, 1H, NH), 8.25
(s, 1H, NH), 8.18 (d, J = 9.2 Hz, 2H, Ar–H), 8.08–8.06 (m, 2H, Ar–
H), 8.04 (s, 1H, CH). 13C NMR (101 MHz, DMSO-d6) d 178.93,
148.07, 141.27, 140.03, 128.70, 124.33. C8H8N4O2S [m/z]
224.0368.

3.4.2. 5-(4-Chlorophenyl)-1,2,4-triazolidine-3-thione (3b).
White powder; 96% yield; M.P. 204–206 °C;25 1H NMR (400MHz,
DMSO-d6) d 11.46 (s, 1H, NH), 8.22 (s, 1H, NH), 8.05 (s, 1H, NH),
7.98 (s, 1H, CH), 7.81–7.79 (m, 2H, Ar–H), 7.42–7.40 (m, 2H, Ar–
H). 13C NMR (101 MHz, DMSO-d6) d 178.54, 141.33, 134.74,
133.71, 129.48, 129.22. C8H8ClN3S [m/z] 213.0127.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.4.3. 5-(Naphthalen-1-yl)-1,2,4-triazolidine-3-thione (3c).
Off-white uffy powder; 89% yield; M.P. 209–211 °C;67 1H NMR
(400 MHz, DMSO-d6) d 11.45 (s, 1H, NH), 8.88 (s, 1H, CH), 8.32–
8.29 (m, 2H, NH), 8.19 (dd, J = 7.3, 0.8 Hz, 1H, Ar–H), 7.97–7.95
(m, 3H, Ar–H), 7.63–7.59 (m, 1H, Ar–H), 7.56–7.51 (m, 2H, Ar–
H). 13C NMR (101 MHz, DMSO-d6) d 178.35, 141.44, 133.91,
130.99, 130.76, 129.76, 129.37, 127.79, 126.68, 126.28, 126.11,
123.36. C12H11N3S [m/z] 229.0674.

3.4.4. 5-(Quinolin-4-yl)-1,2,4-triazolidine-3-thione (3d). Off-
white powder; 89% yield; M.P. 232–235 °Cnew; 1H NMR (400
MHz, DMSO-d6) d 11.66 (s, 1H, NH), 8.89 (d, J = 4.6 Hz, 1H, Ar–
H), 8.84 (s, 1H, CH), 8.45 (s, 1H, NH), 8.25 (d, J= 8.3 Hz, 1H, Ar–
H), 8.19 (s, 1H, NH), 8.14 (d, J = 4.6 Hz, 1H, Ar–H), 8.04 (d, J =
8.3 Hz, 1H, Ar–H), 7.79–7.75 (m, 1H, Ar–H), 7.69–7.65 (m, 1H,
Ar–H)). 13C NMR (101 MHz, DMSO-d6) d 179.00, 150.64, 148.90,
138.31, 137.82, 130.37, 130.07, 127.93, 125.58, 123.52, 118.46.
HRMS for C11H10N4S (M + H+); calculated: 231.0660 and found:
231.0705.

3.4.5. 5-(1H-imidazol-4-yl)-1,2,4-triazolidine-3-thione (3e).
Shiny beige powder; 82% yield; M.P. 190–193 °Cnew; 1H NMR
(400 MHz, DMSO-d6) d 12.45 (s, 1H, NH of imidazole), 11.36 (s,
1H, NH), 8.14 (s, 1H, NH), 7.90 (s, 2H, Ar–H), 7.76 (s, 1H, CH),
7.26 (br, 1H, NH). HRMS for C5H7N5S (M + H+); calculated:
170.0456 and found: 170.0500.

3.4.6. 5-(4-Hydroxy-3,5-dimethoxyphenyl)-1,2,4-
triazolidine-3-thione (3f). Fluffy white powder; 90% yield; M.P.
136–139 °Cnew; 1H NMR (400 MHz, DMSO-d6) d 11.30 (s, 1H,
NH), 8.80 (br, 1H, OH), 8.12 (s, 1H, NH), 7.98 (s, 1H, NH), 7.87 (s,
1H, CH), 7.00 (s, 2H, Ar–H), 3.76 (s, 6H, OCH3).

13C NMR (101
MHz, DMSO-d6) d 177.83, 148.56, 143.41, 138.12, 124.87, 105.32,
56.60. HRMS for C10H13N3O3S (M + H+); calculated: 256.0711
and found: 256.0757.

3.4.7. 5-(3-Phenoxyphenyl)-1,2,4-triazolidine-3-thione (3g).
White uffy powder; 92% yield; M.P. 201–203 °C;67 1H NMR (400
MHz, DMSO-d6) d 11.44 (s, 1H, NH), 8.19 (s, 1H, NH), 8.05 (s,
1H, NH), 7.98 (s, 1H, CH), 7.58–7.57 (m, 1H, Ar–H), 7.49 (dd, J =
6.7, 1.1 Hz, 1H, Ar–H), 7.39–7.33 (m, 3H, Ar–H), 7.11–7.07 (m,
1H, Ar–H), 6.97–6.94 (m, 3H, Ar–H)). 13C NMR (101MHz, DMSO-
d6) d 178.52, 157.27 (d, J = 7.9 Hz), 141.94, 136.91, 130.85,
130.61, 123.83 (d, J = 13.4 Hz), 120.70, 118.77, 117.81.
C14H13N3OS [m/z] 271.0779.

3.4.8. 5-(3-Ethoxy-4-hydroxyphenyl)-1,2,4-triazolidine-3-
thione (3h). White powder; 87% yield; M.P. 172–175 °C;67 1H
NMR (400 MHz, DMSO-d6) d 11.22 (s, 1H, NH), 9.36 (s, 1H, OH),
8.08 (s, 1H, NH), 7.93 (s, 1H, NH), 7.87 (s, 1H, CH), 7.42 (d, J =
1.8 Hz, 1H, Ar–H), 6.97 (dd, J = 8.2, 1.8 Hz, 1H, Ar–H), 6.74 (d, J
= 8.1 Hz, 1H, Ar–H), 4.03 (q, J = 7.0 Hz, 2H, CH2), 1.30 (t, J =
7.0 Hz, 3H, CH3).

13C NMR (101 MHz, DMSO-d6) d 177.81,
149.50, 147.76, 143.43, 126.07, 122.87, 115.73, 110.84, 64.37,
15.24. C10H13N3O2S [m/z] 239.0728.

3.4.9. 5,50-(1,4-Phenylene)bis(1,2,4-triazolidine-3-thione)
(3i).White uffy powder; 90% yield; M.P. 202–204 °C;25 1H NMR
(400 MHz, DMSO-d6) d 11.44 (s, 2H, NH), 8.19 (s, 2H, NH), 8.01
(d, J= 5.3 Hz, 2H of NH + 2H of CH), 7.77 (s, 4H, Ar–H). 13C NMR
(101 MHz, DMSO-d6) d 178.54, 142.16, 135.92, 128.04.
C10H12N6S2 [m/z] 280.0565.
Nanoscale Adv., 2025, 7, 8104–8121 | 8117
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4 Conclusion

In conclusion, this study presents a green, sustainable, and
efficient approach for the synthesis of CQDs using Kigelia pin-
nata owers as a novel biowaste-derived carbon source. The
resulting KP-CQDs were thoroughly characterized using various
analytical techniques. FT-IR studies conrmed the presence of
surface functionalities such as –COOH and –OH groups, which
contribute to their catalytic efficiency. HRTEM analysis revealed
an average particle size of 3.78 nm. These KP-CQDs functioned
as highly effective, metal-free nanocatalysts for the synthesis of
1,2,4-triazolidine derivatives under mild and eco-friendly
conditions. The methodology demonstrated excellent perfor-
mance with high product yields, short reaction times, catalyst
recyclability, and successful gram-scale synthesis with remark-
able results.

Furthermore, the synthesized compounds were evaluated for
their molecular docking against 17b-dehydrogenase and pterin
deaminase, supported by favorable PASS predictions and ADME
proles. Based on the ADMET analysis and docking studies, we
can conclude that molecules 3a and 3c exhibit the highest
therapeutic potential, inhibiting the enzymes involved in pterin
catabolism (pterin deaminase) and in steroid hormone
biosynthesis (17b-dehydrogenase), respectively. These ndings
highlight the dual potential of KP-CQDs in green chemistry and
the early stage of drug discovery, emphasizing their value in
sustainable and medicinally relevant applications.
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