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bioactivity: Butea monosperma
bark-derived carbon quantum dots for benzopyran
synthesis and their in silico studies

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

and Shikha Agarwal *a

Carbon quantum dots represent a new class of green nanomaterials with exceptional catalytic efficiency

and excellent biocompatibility. In this study, a sustainable and green synthetic protocol has been

developed using biomass-derived carbon quantum dots obtained from Butea monosperma bark as

a green nanocatalyst. The catalyst was comprehensively analyzed using HRTEM, SAED, EDX, FT-IR, XRD,

UV-visible, and fluorescence spectroscopy, confirming its amorphous nature, surface functionalization,

and optical properties, with an average particle diameter of 5.78 nm. The catalyst was successfully

utilized for the preparation of a diverse library of benzopyran derivatives via the reaction of substituted

salicylaldehydes with various C–H activated compounds. The reactions were carried out under mild

conditions using EtOH/H2O (1 : 1) solvent system at room temperature. A diverse library of 17 benzopyran

derivatives was synthesized in excellent yields (83–97%) within short reaction times (10–35 min). The

catalyst showed remarkable tolerance toward both electron-withdrawing and electron-donating

substituents, demonstrating its broad substrate scope and selectivity. The catalyst exhibited excellent

recyclability for up to seven consecutive cycles with minimal loss of catalytic activity and favourable

green chemistry metrics. Furthermore, in silico studies were conducted to evaluate the biological

potential of the synthesized compounds against neuropeptide Y5 receptor antagonists, kinase inhibition,

and testosterone 17b-dehydrogenase (NADP+). Among them, compounds 3j, 3i, and 3q showed the

most promising binding affinities with docking scores of −18.91, −14.35, and −19.49 kcal mol−1,

respectively. Key features of the developed protocol include novel source of biomass utilization, metal-

free catalysis, operational simplicity, ambient reaction conditions, recyclability and high sustainability.
1. Introduction

The search for sustainable and eco-benign chemical processes
has become a central theme inmodern synthetic chemistry. The
growing demand for cleaner reactions, reusable catalysts, and
renewable raw materials has encouraged chemists to rethink
traditional synthetic strategies and explore alternative, nature-
inspired solutions. In this direction, the integration of green
nanomaterials with organic synthesis has emerged as a valuable
protocol to achieve efficiency and sustainability in chemical
transformations. Among various nanomaterials, carbon
quantum dots (CQDs) have recently attracted exceptional
interest due to their small size, non-toxicity, large surface area,
rich surface chemistry, and excellent aqueous dispersibility.1

Unlike conventional carbon materials, CQDs possess abundant
y, Department of Chemistry, MLSU,
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the Royal Society of Chemistry
surface functionalities like alcohol, carboxylic acid, epoxy and
amines, which enable strong interactions with organic
substrates and make them effective metal-free nanocatalysts.1–3

In addition to their well-known optical and sensing applica-
tions, CQDs have shown promising catalytic behavior in
promoting organic reactions under mild conditions.4

In recent years, the focus has shied toward the synthesis of
CQDs from biomass-derived precursors, driven by green
chemistry principles and circular economy. Biomass materials
are renewable, low-cost, and widely available, and they oen
introduce natural heteroatoms and functional groups into the
CQD framework. Various natural sources like fruit peels, leaves,
agricultural waste, and owers have already been explored for
this purpose.5 Many of the reported CQD-based catalytic
systems are derived from conventional biomass sources and
their complex modications, and oen suffer from limitations
such as longer reaction times, harsh reaction conditions,
limited substrate applicability, or tedious catalyst recovery
processes. In contrast, exploring new biomass resources for
developing efficient and sustainable CQD catalysts remains
highly desirable. However, the utilization of Butea monosperma
RSC Adv., 2026, 16, 28987–29011 | 28987
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bark as a carbon source for CQD synthesis has not yet been
reported. B. monosperma is a well-known plant, widely distrib-
uted in India and is also known as ‘palash’ or ‘dhak’ or ‘ame of
the forest’. It is abundant in organic constituents, and its bark
has been extensively used in traditional medicinal practices.6

Exploring this material as a carbon precursor not only adds
value to biomass waste but also opens new ways for sustainable
nanomaterial development.

Beyond synthesis, the application of biomass-derived CQDs
as green nanocatalysts in heterocyclic chemistry remains rela-
tively unexplored. Heterocyclic compounds form the backbone
of numerous natural products and pharmaceutical agents, and
their efficient synthesis continues to be a major focus of organic
and medicinal chemistry.7 Among these, benzopyran deriva-
tives stand out due to their remarkable structural diversity and
broad biological importance.8 Benzopyran consists of a benzene
fused with a pyran ring, forming the 4H-chromene core. Ben-
zopyran scaffolds are associated with a wide range of pharma-
cological activities, including antiviral,9 antifungal,10

antimicrobial,11,12 antibacterial,13 antitubercular,12 anti-
Fig. 1 Biologically important benzopyran-based scaffolds.21–24

28988 | RSC Adv., 2026, 16, 28987–29011
helminthic, anticancer,14 antioxidant,9,15 anti-inammatory,15

antidiabetic,16 anticoagulant,17 anticonvulsant,18 neurotox-
icity,18 anti-HIV,19 and antidepressant20 properties. Fig. 1 illus-
trates representative biologically active benzopyran-based
scaffolds.21–24 For their synthesis, several methods have been
presented in the literature, employing metal catalysts,25 acids,26

nanocatalysts,27 organocatalysts,24,28 ionic liquids29 and bi-
obased catalysts.30–32 Although many of these methods provide
good yields, they oen suffer from limitations like long reaction
times, elevated reaction temperatures, high catalyst loading,
poor recyclability, the requirement of special equipment, etc.
These drawbacks limit their eco-compatibility and practical
applications. Therefore, the development of a mild and eco-
friendly catalytic protocol for benzopyran synthesis remains
a worthwhile challenge.

Here, we report the green synthesis of B. monosperma bark-
derived CQDs (BM-CQDs) via a hydrothermal approach. The
synthesized BM-CQDs were successfully employed as a green
catalyst for the preparation of a diverse library of benzopyran
derivatives. The catalytic protocol involves the reaction of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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substituted salicylaldehydes with various C–H activated
compounds in different molar ratios (1 : 1, 1 : 2, and 1 : 3) and
carried out at RT. In addition to synthetic efficiency, under-
standing the biological relevance of synthesized scaffolds is
crucial for their future application. Therefore, the biological
potential of the synthesized benzopyran derivatives was
explored through in silico studies. Molecular docking studies
were performed against Neuropeptide Y5 (NPY5) receptor
antagonists, kinase inhibition, and testosterone 17b-dehydro-
genase (NADP+). To the best of our knowledge, the biological
activity prediction and docking evaluation of benzopyran
derivatives against these selected targets have been carried out
for the rst time, adding a signicant novelty to this study.
Overall, this work presents a coherent combination of biomass
valorization, green nanocatalysis, heterocyclic synthesis, and
computational biology.

2. Result and discussion
2.1. Catalyst characterization

In this study, the bark of B. monosperma was utilized as
a sustainable and new carbon source for the preparation of BM-
CQDs through a hydrothermal method. The resulting CQDs
were systematically characterized using HRTEM, SAED, EDX,
FT-IR, XRD, UV-visible and uorescence spectroscopy, to
determine their structural and optical properties.

The morphology of the synthesized BM-CQDs was examined
using HRTEM. The micrographs (Fig. 2a–d) show that the BM-
CQDs are uniformly distributed and exhibit a spherical to
quasi-spherical shape with no visible agglomeration.33,34 The
SAED pattern (Fig. 2e) displays a single broad diffraction ring,
which can be corresponded to the (002) graphene plane of
graphitic carbon.35 This diffuse ring indicates that the BM-
CQDs correspond to a single-phase graphite-like structure, but
with very small grain size and low crystallinity, resulting in the
broad ring characteristic of amorphous carbon domains. The
particle size distribution plot (Fig. 2f) reveals an average particle
size of 5.58 nm, calculated using Gaussian tting in ImageJ
(Fiji) soware. This narrow particle size further validates the
successful formation of BM-CQDs.

EDX analysis was carried out to analyse the elemental
composition of the synthesized BM-CQDs (Fig. 3). The quanti-
tative results show that oxygen (47.29%) and carbon (33.71%)
are the predominant elements, indicating an oxygen-rich
carbon framework with abundant surface oxygenated
groups.36,37 Signicant calcium content is also observed, which
is likely derived from inorganic residues present in the bark
precursor. Minor amounts of potassium andmagnesium reect
naturally occurring metal ions from the plant source, while
trace silicon is also detected. The high oxygen content (relative
to carbon) supports the presence of hydrophilic functional
groups (–OH, –COOH) and explains the good aqueous di-
spersibility and surface reactivity of BM-CQDs, which are
benecial for their catalytic behaviour.

The FT-IR spectrum of BM-CQDs (Fig. 4) revealed the pres-
ence of various functional groups. A broad absorption peak at
3266 cm−1 corresponded to O–H stretching vibrations,
© 2026 The Author(s). Published by the Royal Society of Chemistry
conrming the presence of hydroxyl groups.33 The prominent
band at 1637 cm−1 corresponded to C]O stretching (carboxyl
groups), while the absorption at 623 cm−1 was assigned to O–H
bending.36,38,39 These functional groups enhance the hydrophilic
properties of BM-CQDs.

The XRD of BM-CQDs (Fig. 5) displayed two broad diffraction
peaks centered at 2q = 28.85° (002) and 2q = 42.05° (001).40,41

The broadness of these peaks indicated a low degree of graph-
itization, reecting the amorphous carbon framework typically
formed during hydrothermal carbonization process.42 The
crystallite size of the synthesized BM-CQDs was calculated
using the Debye–Scherrer equation.43 Two characteristic
diffraction peaks corresponding to the (002) and (001) planes
were used for this analysis. The (002) peak appeared at q =

14.425° with an FWHM (b) of 13.35°, while the (001) peak was
observed at q = 21.025° with an FWHM of 11.10°. Using the
Debye–Scherrer equation as follows:

D ¼ 0:9l

b cos q

where l represents the wavelength of Cu-Ka source (l = 1.5406
Å), b shows full width at half maximum (FWHM) of the
diffraction peak and q is the Bragg angle. The crystallite sizes
were calculated to be 0.61 nm for the (002) plane and 0.77 nm
for the (001) plane. The average crystallite size of the BM-CQDs
was thus determined to be approximately 0.69 nm, which is
signicantly smaller than the particle size (5.58 nm) obtained by
HRTEM. This difference conrms the grain or particle size is
generally larger than the crystalline size.

The UV-visible absorption spectrum of BM-CQDs (Fig. 6a)
shows a distinct absorption band at 277 nm, characteristic of n–
p* transitions of C]O bonds as well as p–p* transitions from
C]C aromatic domains.2,44 These features indicated the pres-
ence of conjugated carbon structures along with O-containing
functionalities on the surface. The inset images highlighted
the transparent yellow-brown colour of BM-CQDs in daylight
and their bright uorescence (green colour) under UV light. The
photoluminescence properties of BM-CQDs were analysed
using uorescence spectroscopy (Fig. 6b). The BM-CQDs
exhibited a broad emission band spanning 310–650 nm, with
a strong maximum centred at 438 nm, identifying it as the
optimal emission wavelength.45,46
2.2. Catalytic activity

To evaluate the catalytic activity of the BM-CQDs, we selected
the reaction between 2-hydroxybenzaldehyde and dimedone (1 :
2 molar ratio) as the model reaction. A detailed optimization
study was then carried out by systematically varying the solvent,
reaction time, catalyst loading, temperature and other condi-
tions (Table 1).

Initially, control experiments conducted in the absence of
any catalyst revealed very slow progress and poor conversions.
Without BM-CQDs, the reaction in EtOH, H2O and EtOH + H2O
(1 : 1) solvent systems delivered only 37%, 35% and 43% yields,
respectively in 150 min (entry 1–3; Table 1). Introducing BM-
CQDs (0.50 mL) signicantly improved the reaction efficiency.
RSC Adv., 2026, 16, 28987–29011 | 28989
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Fig. 2 HRTEM images of BM-CQD at different resolutions: (a) 500 nm, (b) 100 nm, (c) 50 nm, (d) 1 mm, (e) SAED pattern, (f) size distribution
histogram of BM-CQD in its 50 nm resolution.
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Ethanol alone afforded 94% yield in just 15 min (entry 4; Table
1), whereas pure water yielded 89% (entry 5; Table 1). Notably,
the mixed solvent system EtOH/H2O (1 : 1) emerged as the most
effective medium, providing the target compound in an excel-
lent 97% yield within just 15 min at RT (entry 6; Table 1).
Changing the solvent ratio to EtOH/H2O (1 : 2) resulted in
a slight decrease to 95% (entry 7; Table 1), conrming the
superiority of the 1 : 1 mixture. The inuence of catalyst loading
was further examined. A reduced quantity of BM-CQDs (0.25
mL) led to 92% yield (entry 8; Table 1), whereas increasing the
catalyst loading to 0.75 mL did not provide any benet by
28990 | RSC Adv., 2026, 16, 28987–29011
maintaining a 97% of yield (entry 9; Table 1). Thus, 0.50 mL of
BM-CQDs was identied as the optimal catalyst amount. The
role of solvent was further highlighted by the solvent-free
reaction, which afforded only 72% yield in 30 min (entry 10;
Table 1). Even when the reaction was performed at 80 °C, the
yield remained at same 97% yield (entry 11; Table 1), suggesting
that higher temperature does not signicantly inuence the
outcome and that RT conditions are indeed sufficient. An
ultrasonic-assisted protocol was also tested, giving 91% yield in
20 min (entry 12; Table 1), but it did not outperform the stan-
dard stirringmethod. Thus, the best conditions for synthesizing
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX spectrum of BM-CQDs.
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benzopyran series were BM-CQD (0.50 mL) in EtOH/H2O (1 : 1)
at RT, giving 97% yield in just 15 min.

To further assess the catalytic efficiency of BM-CQDs, the
present method was compared with previously reported proto-
cols for the synthesis of benzopyran derivatives, as summarized
in Fig. 7. Earlier studies employed a wide range of catalysts,
including metal-based catalysts (Fe/NaY zeolite25),
Fig. 4 FTIR spectrum of BM-CQDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
nanocatalysts (nano-ZnAl2O4 (ref. 27)), organocatalysts
(taurine,24 AcOH,28 L-proline47), biobased catalysts (b-cyclodex-
trin,30 lemon extract,31), ionic liquids ([(CH2)4SO3HMIM]
[HSO4]29), solid acid catalysts (cellulose sulfuric acid26) etc.
While several of these methods provide good to excellent yields
and utilize green catalytic systems, many still suffer from
notable limitations. Common drawbacks include the
RSC Adv., 2026, 16, 28987–29011 | 28991
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Fig. 5 XRD pattern of BM-CQD.
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requirement of long reaction times, elevated temperatures, high
catalyst loading, or energy-assisted techniques. In some cases,
reactions were proceeded under ambient conditions or even
without a catalyst, but these approaches oen resulted in
reduced efficiency or prolonged reaction durations.48 Addi-
tionally, several protocols involve elevated workup procedures,
limiting their practical applicability. In contrast, the present
method employing BM-CQDs as a green nanocatalyst effectively
addresses these limitations. The reactions completed smoothly
under ambient conditions and delivered excellent yields within
short reaction times, and do not require special equipment or
elaborate purication steps. Additionally, the catalyst loading is
also minimal, and the BM-CQDs can be easily recovered and
reused without loss of activity. Overall, this comparative study
highlights the superiority of BM-CQDs in terms of efficiency,
sustainability, operational simplicity, and practical scalability
for the preparation of pyran derivatives.
Fig. 6 UV-visible spectrum (a) and fluorescence emission spectrum (b)

28992 | RSC Adv., 2026, 16, 28987–29011
2.3. Synthesis of benzopyrans

A diverse library of benzopyran derivatives was synthesized
through the reaction of salicylaldehyde analogues with various
CH-activated compounds using different molar ratios (1 : 1, 1 :
2, and 1 : 3), as highlighted in the Scheme 1. To evaluate the
substrate scope and functional group tolerance of the developed
BM-CQD-catalyzed protocol, both electron-withdrawing and
electron-donating groups on the salicylaldehyde framework
were explored. Electron-donating substituents included 4-
methyl-2-hydroxybenzaldehyde and 2-hydroxy-3-
methoxybenzaldehyde, while electron-withdrawing groups
such as 2-hydroxy-5-nitrobenzaldehyde, 3-bromo-5-chloro-2-
hydroxybenzaldehyde, 5-uoro-2-hydroxybenzaldehyde, and 4-
chloro-2-hydroxybenzaldehyde were also utilized and gave
excellent yields. Additionally, polycyclic aromatic systems like 2-
hydroxy-1-naphthaldehyde also participated efficiently in the
reaction. A broad range of CH-activated compounds were
utilized; such as dimedone, 1,3-cyclohexanedione, 4-hydroxy-6-
methyl-2H-pyran-2-one, 4-hydroxy-2H-chromen-2-one, barbitu-
ric acid, 3-methyl-1-phenyl-2-pyrazolin-5-one and malononi-
trile. Under the optimized conditions, a total of 17 benzopyran
derivatives were synthesized efficiently, among which three
compounds were found to be new (Scheme 2). The structural
integrity of the synthesized products was conrmed by detailed
1H NMR, 13C NMR, 19F NMR, and HRMS analyses, and melting
point determination (Fig. S1–S44).

From our ndings and based on previous reports, plausible
mechanistic pathways for the preparation of benzopyran
derivatives were proposed, as highlighted in Schemes 3–5. BM-
CQDs acted as an efficient green nanocatalyst due to the pres-
ence of abundant surface –OH/–COOH functional groups.
These groups facilitated hydrogen bonding, activated carbonyl
functionalities, promoted tautomerization of active methylene
compounds and even stabilized the key intermediates. Initially,
salicylaldehyde derivative 1 was activated via hydrogen bonding
with BM-CQDs, enhancing the electrophilicity of the aldehydic
carbon. Simultaneously, C–H activated compounds 20 under-
went tautomerization to its active form 2. A Knoevenagel
of BM-CQDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02823c


Table 1 Exploration of reaction variables for the preparation of benzopyransa

Entry Catalyst (mL) Solvent Temperature Time (min.) Yield (%)

1 — EtOH RT 150 37
2 — H2O RT 150 34
3 — EtOH + H2O (1 : 1) RT 150 43
4 BM-CQD (0.50) Ethanol RT 15 94
5 BM-CQD (0.50) H2O RT 15 89
6 BM-CQD (0.50) EtOH + H2O (1 : 1) RT 15 97
7 BM-CQD (0.50) EtOH + H2O (1 : 2) RT 15 95
8 BM-CQD (0.25) EtOH + H2O (1 : 1) RT 15 92
9 BM-CQD (0.75) EtOH + H2O (1 : 1) RT 15 97
10 BM-CQD (0.50) — RT 30 72
11 BM-CQD (0.50) EtOH + H2O (1 : 1) 80 °C 20 97
12 BM-CQD (0.50) EtOH + H2O (1 : 1) RT 20 91b

a Reaction condition: 0.5 mmol 2-hydroxy benzaldehyde, 1 mmol dimedone and 4 mL solvent. b Ultrasonic method was employed.
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condensation between 1 and 2 afforded the intermediate (i).
Subsequent dehydration led to the Knoevenagel adduct (ii),
which acted as Michael acceptor and underwent for Michael
addition with second molecule of CH-activated compound 2 to
form intermediate (iii). Further intramolecular cyclization
produced intermediate (iv), which upon dehydration yielded the
nal benzopyran derivatives 3a–3n (Scheme 3).49

For compounds 3o–3p, salicylaldehyde 1 reacted with 2-
pyrone 2. Activation of the aldehyde by BM-CQDs promoted
Knoevenagel condensation, forming intermediate (i). This
intermediate underwent dehydration to generate (ii), followed
by intramolecular cyclization, leading to the cyclic intermediate
(iii). The reaction proceeded through a ring-opening rear-
rangement, ultimately giving benzopyran derivatives 3o–3p
(Scheme 4).50

In the case of compound 3q, BM-CQDs simultaneously
activate salicylaldehyde 1 and malononitrile 20, which under-
went tautomerization to 2. A Knoevenagel condensation
between 1 and 20 yielded intermediate (i), which formed inter-
mediate (ii) via dehydration. This intermediate underwent
intramolecular cyclization and gave intermediate (iii). Further
intermediate (iii) converted into intermediate (iv) followed by
Michael addition with the activated nucleophile (2). At last, 3rd
mole of malononitrile attacked on the nitrile group of pyran
compound (iv) and gave intermediate (v). Subsequent intra-
molecular cyclization gave intermediate (iv), and dehydration
led to the synthesis of the desired derivative 3q (Scheme 5).22,51
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.4. Reusability

The reusability of the BM-CQDs was evaluated to assess their
stability and practical applicability. Aer each reaction cycle, the
solid product was removed by simple ltration and the BM-CQDs
remained in the ethanol–water ltrate. This ltrate was directly
reused for the next cycle without any additional purication steps
such as solvent removal, washing, or drying, demonstrating the
excellent operational convenience of the catalyst recovery
method. The BM-CQDs retained high catalytic efficiency over
numerous cycles. As illustrated in Fig. 8, the catalyst maintained
outstanding performance for up to seven consecutive runs, with
only a minor decline in yield from 97% in the rst cycle to 85% in
the seventh cycle. The persistent green uorescence of the recy-
cled BM-CQDs under UV light further indicates that their optical
properties remain largely unchanged during reuse, supporting
their structural stability. To conrm the preservation of the
catalyst's structural features, FT-IR (Fig. 9) and XRD (Fig. 10)
analyses were carried out on the reused BM-CQDs. The spectrum
and diffraction patterns closely matched those of the freshly
synthesized sample, verifying that the fundamental functional
groups and amorphous carbon framework remained identical
even aer repeated catalytic applications. These observations
collectively highlight the robustness, recyclability, and durability
of BM-CQDs as an efficient green catalyst.
2.5. Gram scale synthesis

To demonstrate the scalability and practical applicability of the
developed protocol, a scale-up synthesis of the benzopyran
RSC Adv., 2026, 16, 28987–29011 | 28993
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Fig. 7 Comparative study of our work with previously reported methods.24–26,28,30–32,47,48
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derivative 3a was proceeded under the optimized reaction
conditions (Scheme 6 and Fig. S45). In this experiment,
salicylaldehyde (4.0 mmol, 0.425 mL) and dimedone (8.0 mmol,
1.122 g) were combined in the presence of BM-CQDs (0.5 mL) as
the catalyst using an ethanol–water solvent system (32 mL). The
reaction mixture was stirred at RT and was completed within
25 min, as monitored by TLC. Aer completion, the product was
isolated by simple ltration, washed with water, and dried to
give 1.381 g of the benzopyran derivative in an excellent 94%
isolated yield. This gram-scale experiment conrms the
robustness, efficiency, and scalability of the BM-CQD-catalyzed
protocol for the preparation of benzopyran derivatives.

2.6. Green chemistry metrics

Green chemistry focuses on designing chemical processes that
minimize waste generation, reduce the use of hazardous
substances, and improve overall sustainability without compro-
mising efficiency.52 To quantitatively assess how environmentally
benign a synthetic protocol is, green chemistry metrics (GCM)
such as atom economy (AE), reaction mass efficiency (RME), E-
factor, process mass intensity (PMI), and eco-score are widely
employed.53 These metrics provide a clear, numerical insight into
material utilization, waste generation, and the overall environ-
mental footprint of a reaction, making them essential tools for
comparing and validating modern sustainable synthetic meth-
odologies. In this context, the greenness of the BM-CQD-
catalyzed synthesis of benzopyran derivatives was systematically
28994 | RSC Adv., 2026, 16, 28987–29011
evaluated using the above metrics, and the results are high-
lighted in Fig. 11 and Table S1. The reactions consistently
exhibited high atom economy (89.60–95.14%), reecting efficient
incorporation of reactant atoms into the desired products with
minimal by-product generation. Similarly, the RME values
(76.64–88.06%) indicate excellent material utilization, further
highlighting the effectiveness of this one-pot developed proce-
dure. The low E-factor values (0.136–0.305) and PMI values
(1.156–1.324) demonstrate minimal waste formation and
reduced material input, which are key indicators of an eco-
benign method. The high eco-score values (81.37–88.36) across
the diverse compound library conrm the overall green and
sustainable nature of the protocol. Collectively, these results
validate that the protocol aligns well with the principles of green
chemistry and offers a sustainable alternative to conventional
benzopyran synthesis methods, making it attractive for both
academic research and potential scale-up applications.

2.7. Molecular docking

2.7.1. Activity prediction. To obtain preliminary informa-
tion about the possible biological activities of the synthesized
benzopyran derivatives, PASS online soware54 was used for
activity prediction. The analysis was carried out by evaluating
each compound against multiple biological activities, but
predictions with a probability of activity (Pa) value above 0.5
were considered biologically signicant. The prediction results
indicated that most of the synthesized benzopyran compounds
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General reaction schemes for synthesis of benzopyran scaffolds.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
0:

06
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
showed promising activity as neuropeptide Y5 (NPY5) receptor
antagonists, testosterone 17b-dehydrogenase (NADP+) inhibi-
tors and kinase inhibitors. These three targets appeared as the
most relevant among the predicted activities. The predicted
biological activities along with Pa and Pi values for the repre-
sentative compound 3a are presented in Table 2.

Neuropeptide Y5 antagonists are known to play an important
role in the regulation of the central nervous system. Inhibition
of the NPY5 receptor is associated with neuroprotective effects
and antidepressant activity, as it helps in controlling stress,
anxiety, obesity, reproductive health, Alzheimer's disease,
Huntington's disease, Parkinson's disease, and mood-related
disorders.55–57 Therefore, compounds showing NPY5 antago-
nistic behaviour may be useful for the treatment of neurological
and depressive conditions. Testosterone 17b-dehydrogenase
(NADP+) is a key enzyme involved in steroid hormone metabo-
lism, and its inhibition is considered important for managing
hormone-related and inammatory disorders.46 On the other
hand, the kinase inhibitors possess therapeutic potential in
various areas like oncology, inammation diseases, and
neurodegenerative diseases.58 Based on the PASS prediction
results and the biological importance of these targets, they were
selected for further molecular docking studies. The 3D crystal
structures of the target proteins with PDB ID; 7DDZ for the NPY
receptor,59,60 4DBW for testosterone 17b-dehydrogenase
© 2026 The Author(s). Published by the Royal Society of Chemistry
(NADP+)46 and 1A9U for kinase inhibition61 were obtained from
the RCSB Protein Data Bank,62 and existing literature.

2.7.2. Redocking. Before docking calculations, redocking
was conducted using co-crystalized ligands, H46, 511, and SB2
of the selected PDBs 7DDZ, 4DBW, and 1A9U respectively, with
an aim to validate the soware. As illustrated in Table 3, H46
was able to redock in enzyme 7DDZ with a docking score of
−15.06 kcal mol−1 and RMSD value of 0.5121 Å (Fig. 12a), 511
showed docking score of −17.33 kcal mol−1 with a RMSD value
of 0.2984 Å in 4DBW (Fig. 12b) and SB2 with docking score of
−08.70 kcal mol−1 with RMSD of 0.7991 Å (Fig. 12c). Moreover,
when comparing the interaction of the experimental co-
crystalized pose with the redocked poses, it was found that all
redocked poses exhibit similar interactions to the co-crystalized
pose (Fig. S46). Therefore, the soware was validated and
docking of benzopyran derivatives was carried out.

2.7.3. Docking studies. All the seventeen benzopyran
motifs were docked in the selected PDBs; 7DDZ, 4DBW and
1A9U. From molecular docking calculations, it was observed
that all the synthesized benzopyran derivatives were able to
dock in all the three PDBs. Also, most of the molecules showed
a higher docking score than the reference (co-crystalized) in
PDB IDs 7DDZ and 1A9U, however, a few in 4DBW (Table S2).
From these docked candidates, common ve molecules having
higher docking score were selected with an aim to shortlist
those compounds that possess the capability to inhibit all the
RSC Adv., 2026, 16, 28987–29011 | 28995
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Scheme 2 Library of synthesized benzopyran compounds.
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selected PDBs (Table 3). Furthermore, from 3D interaction
analysis of the selected compounds interactions in the binding
site of 7DDZ revealed hydrogen bonds mainly with Arg187,
Cys203, and Glu205, as well as pi–pi interactions with Phe307
(Fig. 13 and 14). Thus, these molecules have the capability to act
as neuropeptide Y Y2 (NYY2) receptor.59,60 In 4DBW, common
hydrogen bonds are observed with Tyr55 and His117, along with
a pi–pi interaction with Trp227 (Fig. 15 and 16). As per the
literature, interactions with the reported residues (Tyr55 and
His177) is considered crucial for a molecule to act as the
inhibitor.63 Thus, these molecules possess the capability to act
as AKR1C3 (cancer causing enzyme) inhibitor. Similarly, in
1A9U, the compound exhibited hydrogen bonds with Lys53 and
Met109, and pi–pi interactions with Tyr35 (Fig. 17 and 18). The
28996 | RSC Adv., 2026, 16, 28987–29011
interaction with these reported resides is considered as
important for a molecule to act as MEK (mitogen-activated
protein kinase) inhibitor.64,65 Thereaer, the muti-targeted
screened candidates were subjected to pharmacokinetic
studies using ADMET analysis.

2.7.4. ADMET analysis. The selected molecules 3i, 3j, 3k,
3o, and 3q were subsequently evaluated for Absorption, Distri-
bution, Metabolism, Excretion, and Toxicity (ADMET) proper-
ties using an open-access web server. The absorption parameter
includes intestinal absorption (% absorbed), which represents
that 3i and 3j may have moderate absorption while others have
high absorption (Table 4). Distribution parameter includes the
BBB (blood–brain barrier) permeability, which predicts that the
molecules 3k, 3o and 3q have good penetration (Table 4). Based
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Mechanistic pathway illustrating the BM-CQD-assisted formation of 3a–3n compounds.49

Scheme 4 Plausible mechanism for preparation of 3o–3p scaffolds.50
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on the metabolic parameter, all molecules were predicted to
perform well, as they do not inhibit CYP2D6 enzyme (Table 4).
Through total clearance, it was found that all moieties had good
clearance (Table 4). Lastly, the toxic parameter was evaluated by
© 2026 The Author(s). Published by the Royal Society of Chemistry
predicting hepatotoxicity, which involves liver damage; from
this, 3j and 3o show non-toxic behavior (Table 4).66 Therefore,
compounds 3j and 3o could be potential candidate that inhibits
all three enzymes and can act as multi-targeted inhibitor.
RSC Adv., 2026, 16, 28987–29011 | 28997
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Scheme 5 Plausible pathway for the preparation of 3q derivative.22,51
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3. Experimental
3.1. Synthesis of BM-CQD

For the synthesis of BM-CQDs, the bark of Butea monospermawas
collected from a small town, Bhupalsagar, Chittorgarh, Rajas-
than, India (312204). The collected bark was thoroughly washed
several times with water to remove dust and impurities, followed
by drying under ambient conditions. The dried bark was then
nely grounded to obtain a brown coloured powder.
Fig. 8 Catalytic performance of BM-CQDs over seven cycles.

28998 | RSC Adv., 2026, 16, 28987–29011
Subsequently, 4.0 g of the dried bark powder was dispersed in
80 mL of DI water and stirred magnetically for 1 h to obtain
a homogeneous suspension. The resulting mixture was trans-
ferred into a Teon-lined stainless-steel autoclave, and heated in
a hot air oven at 180 °C for 18 h under hydrothermal conditions.
Aer that, the autoclave was allowed to cool naturally to RT. A
yellow-brown coloured solution (63 mL) was obtained. The
solution was then centrifuged to remove larger carbonaceous
residues, followed by ltration using a 0.45 mmmembrane lter.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Catalytic performance of BM-CQD after 7th run for the synthesis of compound 3a.

Fig. 10 XRD pattern of BM-CQD catalyst after seven cycles.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 28987–29011 | 28999
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Scheme 6 Gram scale synthesis of compound 3a.
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Aer ltration, a clear yellow-brown BM-CQD solution (62 mL)
was obtained and stored in a sealed glass vial under refrigerated
conditions for further use. The synthesized BM-CQDs were
Fig. 11 Graphic representation of GCM data for all the synthesized com

29000 | RSC Adv., 2026, 16, 28987–29011
obtained as a stable aqueous dispersion and used directly as
a catalyst without any external support material. The complete
step-wise synthesis of BM-CQDs is illustrated in Fig. 19.
pounds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The biological activities of compound ‘3a’ were predicted using the PASS online

Table 3 List of the docking score of the commonly docked candidates within the selected PDBs 7DDZ, 4DBW and 1A9U

Molecules 7DDZ (kcal mol−1) Molecules 4DBW (kcal mol−1) Molecules 1A9U (kcal mol−1)

3j −18.91 3q −19.49 3i −14.35
3i −16.34 3k −19.38 3j −12.49
3q −16.33 3j −18.67 3k −09.44
3o −16.30 3o −17.94 3o −09.20
3k −15.99 3i −17.35 3q −08.89
H46 −15.06 511 −17.33 SB2 −08.70
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The yield and concentration of the synthesized BM-CQDswere
calculated using a previously reported method.67,68 The entire
BM-CQD solution was transferred into a pre-weighed beaker, and
the solvent was completely evaporated by drying the sample in an
oven at 80 °C. The mass of dried BM-CQDs was calculated by the
difference between the nal and initial weights of the beaker. The
mass of dried BM-CQDs obtained was 0.982 g, while the initial
biomass used was 4.0 g. The yield and concentration were
calculated using the following equations:
Fig. 12 Superimposed co-crystalized pose (blue) and the redocked pos

© 2026 The Author(s). Published by the Royal Society of Chemistry
Yieldð%Þ ¼ mass of dried BM-CQDs ðgÞ
mass of biomass used ðgÞ � 100

Concentration
�
mg mL�1� ¼ mass of dried BM-CQDs ðgÞ

volume of BM-CQD solutionðmLÞ

Based on these calculations, the yield of BM-CQDs was found
to 24.55%, and the concentration was calculated as 15.84 mg
mL−1. Detailed calculations are provided in the SI.
e (green) of (a) H46 (7DDZ), (b) 511 (4DBW) and (c) SB2 (1A9U).

RSC Adv., 2026, 16, 28987–29011 | 29001
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Fig. 13 2D interaction plot of the commonly selected compounds that form interaction within the binding pocket of 7DDZ.
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3.2. General synthesis of benzopyran derivatives

A mixture of the appropriate salicylaldehyde derivative (1.0
equivalent, 0.5 mmol) and the corresponding C–H activated
compound (1.0 equivalent, 0.5 mmol/2.0 equivalents, 1.0 mmol/
3.0 equivalents, 1.5 mmol, as required) was taken in a reaction
vessel containing BM-CQDs (0.5 mL) as the catalyst and an
Fig. 14 3D interaction profiles of the promising compounds within the

29002 | RSC Adv., 2026, 16, 28987–29011
ethanol–water solvent system (4 mL). The reaction mixture was
stirred at room temperature for the appropriate time. The
reaction progress was monitored by TLC using hexane/ethyl
acetate (7 : 3) as the eluent. Upon reaction completion, the
desired benzopyran product precipitated out of the reaction
mixture and isolated by simple ltration, washed thoroughly
with water and then dried to afford the pure product. The
binding pocket of 7DDZ.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 2D interaction plot of the commonly selected compounds that form interaction within the binding pocket of 4DBW.
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collected ltrate, containing the BM-CQD catalyst, was directly
reused in subsequent reaction cycles without any further
treatment, demonstrating the excellent recyclability of the
catalyst.
Fig. 16 3D interaction figures of the selected derivatives in the binding

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3. Molecular docking studies

All the selected PDB IDs 7DDZ, 4DBW and 1A9U were imported
from the RCSB database.69 These were prepared by adding
missing side chains, adding polar hydrogens, and removing
crystallographic water through protein editor mode of SeeSAR.70

Further binding site was conrmed by extracting the co-
site of 4DBW.

RSC Adv., 2026, 16, 28987–29011 | 29003
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Fig. 17 2D interaction plot of the commonly selected compounds that form interaction within the binding pocket of 1A9U.
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crystalized ligand bound in each PDB through the binding site
mode. Molecular docking was performed using FlexX module71

of docking mode in SeeSAR.70 This module evaluates the
docking score through an incremental construction-based
algorithm, which splits the ligand into small fragments and
allows them to rearrange and assemble within the selected
binding pocket. During docking maximum ten poses were
Fig. 18 3D interaction diagrams depicting the molecular interactions of

29004 | RSC Adv., 2026, 16, 28987–29011
generated for each molecule, from which the top-scoring
candidates were selected to conduct ADMET studies.

3.4. ADMET studies

The screened candidates from docking studies were converted
into Simplied Molecular-Input Line-Entry System (SMILES)
using Open Babel GUI.72 Furthermore, the SMILES code of each
selected ligands within the binding cavity of 1A9U.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 List of the ADMET properties of the commonly selected six moleculesa

Molecules

Absorption Distribution Metabolism Excretion Toxicity

Intestinal absorption BBB permeability CYP2D6 inhibitor Total clearance Hepatotoxicity

3i 67.146 −1.015 No −0.02 Yes
3j 68.261 −1.188 No −0.408 No
3k 99.007 −0.16 No 0.817 Yes
3o 94.337 −0.083 No 0.709 No
3q 96.182 −0.565 No 0.187 Yes

a Intestinal absorption (% absorbed): >80 (high), 50 to 80 (moderate); BBB permeability (log BB): >−1 (good); CYP2D6 inhibitor: no; total clearance:
−0.3 to 0.6 (good).
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compound was entered in pkCSM, an open-access web tool.73

This tool evaluates ADMET properties like blood–brain barrier
(BBB) permeability, intestinal absorption, CYP2D6 inhibitor,
total clearance and hepatotoxicity. Molecules that met the
acceptable range of these parameters were selected as potential
candidates.
3.5. Spectral data of synthesized compounds

3.5.1. 9-(2-Hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-yl)-
3,3-dimethyl-2,3,4,9-tetrahydro-1H-xanthen-1-one (3a). Off
white solid; yield 97%, m.p. 196–198 °C,49,74 1H NMR (400 MHz,
CDCl3); d 10.49 (s, 1H, OH), 7.16–7.12 (m, 1H, Ar–H), 7.02–6.98
(m, 3H, Ar–H), 4.65 (s, 1H, CH), 2.61–2.44 (m, 2H, CH2), 2.36–
2.31 (m, 4H, CH2), 2.00–1.89 (m, 2H, CH2), 1.11 (s, 3H, CH3),
1.01 (s, 3H, CH3), 0.97 (s, 6H, CH3).

13C NMR (101 MHz, CDCl3);
d 201.08, 196.73, 170.82, 169.30, 151.10, 128.07, 127.63, 124.68,
124.38, 118.40, 115.82, 111.11, 50.65, 49.98, 43.23, 41.60, 32.41,
Fig. 19 Step-wise hydrothermal synthesis of BM-CQDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
31.03, 30.01, 29.25, 27.84, 27.31, 26.51. ESI-MS (m/z) for
C23H26O4; 366.1831 [M+].

3.5.2. 9-(2-Hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-yl)-
3,3-dimethyl-7-nitro-2,3,4,9-tetrahydro-1H-xanthen-1-one (3b).
White powder, yield 95%,m.p. 192–195 °C,75 1H NMR (400MHz,
CDCl3); d 10.33 (s, 1H, OH), 8.03 (dd, J = 8.9, 2.7 Hz, 1H, Ar–H),
7.92 (d, J= 2.5 Hz, 1H, Ar–H), 7.10 (d, J= 8.9 Hz, 1H, Ar–H), 4.67
(s, 1H, CH), 2.62–2.33 (m, 6H, CH2), 1.96 (q, J = 16.6 Hz, 2H,
CH2), 1.13 (s, 3H, CH3), 0.99 (d, J = 14.8 Hz, 9H, CH3).

13C NMR
(101 MHz, CDCl3); d 200.98, 196.98, 172.09, 167.99, 155.49,
144.32, 126.00, 123.84, 123.69, 117.71, 116.51, 110.99, 50.59,
49.95, 43.22, 41.25, 32.44, 31.25, 29.73, 29.27, 27.93, 27.13,
26.74. ESI-MS (m/z) calculated for C23H25NO6 [M + 1]: 412.1682
and found 412.1763.

3.5.3. 5-Bromo-7-chloro-9-(2-hydroxy-4,4-dimethyl-6-oxo-
cyclohex-1-en-1-yl)-3,3-dimethyl-2,3,4,9-tetrahydro-1H-xanthen-
1-one (3c). Fluffy white, yield 91%, m.p. 236–238 °C,31 1H NMR
(400 MHz, DMSO-d6); d 10.76 (s, 1H, OH), 7.51 (d, J= 2.5 Hz, 1H,
Ar–H), 6.84 (d, J = 2.1 Hz, 1H, Ar–H), 5.01 (s, 1H, CH), 2.57–2.50
RSC Adv., 2026, 16, 28987–29011 | 29005
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(m, 1H, CH2), 2.35–1.98 (m, 7H, CH2), 1.01 (s, 3H, CH3), 0.92 (s,
3H, CH3), 0.84 (s, 6H, CH3).

13C NMR (101 MHz, DMSO-d6);
d 197.61, 196.19, 164.85, 164.68, 146.14, 130.25, 129.69, 128.37,
127.66, 120.59, 111.21, 110.49, 50.82, 50.35, 43.28, 40.79, 32.24,
32.15, 29.64, 29.04, 28.12, 27.05, 26.49. ESI-MS (m/z) for C23-
H24BrClO4: 478.0546 [M+].

3.5.4. 9-(2-Hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-yl)-
3,3,6-trimethyl-2,3,4,9-tetrahydro-1H-xanthen-1-one (3d). Off
white powder, yield 93%, m.p. 202–204 °C,28 1H NMR (400 MHz,
CDCl3); d 10.48 (s, 1H, OH), 6.87–6.80 (m, 3H, Ar–H), 4.62 (s, 1H,
CH), 2.55–2.31 (m, 6H, CH2), 2.28 (s, 3H, CH3), 1.95 (q, J= 16.5 Hz,
2H, CH2), 1.10 (s, 3H, CH3), 0.99 (d, J = 14.1 Hz, 9H, CH3).

13C
NMR (101 MHz, CDCl3); d 201.03, 196.79, 170.73, 169.34, 150.86,
137.60, 127.76, 125.58, 121.26, 118.43, 116.34, 111.22, 50.71, 50.00,
43.23, 41.64, 32.41, 31.03, 30.01, 29.20, 27.54, 27.38, 26.52, 21.23.
ESI-MS (m/z) for C24H28O4: 380.1988 [M+].

3.5.5. 7-Fluoro-9-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-
en-1-yl)-3,3-dimethyl-2,3,4,9-tetrahydro-1H-xanthen-1-one (3e).
White solid, yield 91%, m.p. 198–201 °C,28 1H NMR (400 MHz,
CDCl3); d 10.48 (s, 1H, OH), 6.98–6.95 (m, 1H, Ar–H), 6.85–6.80
(m, 1H, Ar–H), 6.69 (dd, J = 8.6, 2.9 Hz, 1H, Ar–H), 4.62 (s, 1H,
CH), 2.59–2.31 (m, 6H, CH2), 2.01–1.92 (m, 2H, CH2), 1.11 (s,
3H, CH3), 1.00–0.98 (m, 9H, CH3).

13C NMR (101 MHz, CDCl3);
d 200.98, 196.79, 171.34, 169.17, 159.43 (d, J = 242.7 Hz, C–F),
147.23 (d, J = 2.9 Hz), 126.19 (d, J = 7.9 Hz), 117.89, 116.94 (d, J
= 8.9 Hz), 114.39 (d, J = 7.5 Hz), 114.15 (d, J = 7.5 Hz), 110.27,
50.67, 49.97, 43.26, 41.54, 32.37, 31.08, 29.90, 29.29, 28.21,
27.19, 26.65. 19F NMR (376 MHz, CDCl3); d −118.33 (s). ESI-MS
(m/z) for C23H25FO4: 384.1737 [M+].

3.5.6. 12-(2-Hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-yl)-
9,9-dimethyl-8,9,10,12-tetrahydro-11H-benzo[a]xanthen-11-one
(3f). White powder, yield 94%, m.p. 238–240 °C,75 1H NMR (400
MHz, CDCl3); d 10.68 (s, 1H, OH), 7.76–7.68 (m, 3H, Ar–H), 7.46–
7.23 (m, 3H, Ar–H), 5.24 (s, 1H, CH), 2.67–2.52 (m, 2H, CH2),
2.43–2.33 (m, 4H, CH2), 1.96–1.71 (m, 2H, CH2), 1.14 (s, 3H,
CH3), 1.04 (s, 3H, CH3), 0.92 (s, 3H, CH3), 0.69 (s, 3H, CH3).

13C
NMR (101 MHz, CDCl3); d 201.17, 196.96, 170.34, 169.16,
148.96, 131.34, 131.05, 128.63, 128.57, 126.79, 124.73, 122.96,
117.75, 116.67, 116.22, 111.15, 50.78, 50.05, 43.27, 41.44, 32.49,
30.72, 30.00, 29.44, 27.15, 26.47, 25.46. ESI-MS (m/z) for
C27H28O4: 416.1988 [M+].

3.5.7. 9-(2-Hydroxy-6-oxocyclohex-1-en-1-yl)-2,3,4,9-tetra-
hydro-1H-xanthen-1-one (3g). White solid, yield 96%, m.p. 220–
222 °C,28 1H NMR (400 MHz, CDCl3); d 10.84 (s, 1H, OH), 7.17–
7.12 (m, 1H, Ar–H), 7.02–6.99 (m, 3H, Ar–H), 4.62 (s, 1H, CH),
2.78–2.71 (m, 1H, CH2), 2.62–2.49 (m, 3H, CH2), 2.45–2.35 (m,
2H, CH2), 2.16–1.70 (m, 6H, CH2).

13C NMR (101 MHz, CDCl3);
d 201.65, 197.24, 172.99, 171.30, 150.94, 128.15, 127.62, 124.74,
127.68, 119.92, 115.62, 112.37, 37.06, 36.09, 29.81, 28.09, 28.08,
19.98, 19.70. ESI-MS (m/z) for C19H18O4: 310.1205 [M+].

3.5.8. 9-(2-Hydroxy-6-oxocyclohex-1-en-1-yl)-5-methoxy-
2,3,4,9-tetrahydro-1H-xanthen-1-one (3h). Fluffy white solid,
yield 89%, m.p. 232–235 °C,75 1H NMR (400 MHz, DMSO-d6);
d 10.45 (s, 1H, OH), 6.88–6.84 (m, 1H, Ar–H), 6.78–6.71 (m, 1H,
Ar–H), 6.52–6.50 (m, 1H, Ar–H), 5.02 (s, 1H, CH), 3.73 (s, 3H,
OCH3), 2.52–2.48 (m, 1H, CH2), 2.22–2.16 (m, 6H, CH2), 1.90–
1.63 (m, 5H, CH2).

13C NMR (101 MHz, DMSO-d6); d 204.71,
29006 | RSC Adv., 2026, 16, 28987–29011
196.58, 167.01, 147.13, 139.54, 126.85, 124.39, 120.21, 112.27,
110.05, 101.50, 101.09, 55.97 (OCH3), 37.18, 36.33, 27.81, 25.82,
24.01, 23.95, 20.83. ESI-MS (m/z) for C20H20O5: 340.1311 [M+].

3.5.9. 5-(2,4-Dioxo-1,3,4,5-tetrahydro-2H-chromeno[2,3-d]
pyrimidin-5-yl)pyrimidine-2,4,6(1H,3H,5H)-trione (3i). Off
white powder, yield 87%, m.p. 218–220 °C,49,74 1H NMR (400
MHz, DMSO-d6); d 11.96 (s, 1H, NH), 11.28 (s, 1H, NH), 11.16 (s,
1H, NH), 10.97 (s, 1H, NH), 7.32–7.28 (m, 1H, Ar–H), 7.19–7.15
(m, 1H, Ar–H), 7.10–7.04 (m, 2H, Ar–H), 4.67 (d, J = 2.3 Hz, 1H,
CH), 3.80 (d, J= 2.4 Hz, 1H, CH). 13C NMR (101MHz, DMSO-d6);
d 170.17, 169.50, 164.04, 155.91, 151.10, 150.08, 149.61, 131.14,
129.77, 128.56, 126.13, 117.01, 85.71, 54.40, 34.12. ESI-MS (m/z)
for C15H10N4O6: 342.0600 [M+].

3.5.10. 5-(8-Chloro-2,4-dioxo-1,3,4,5-tetrahydro-2H-chro-
meno[2,3-d]pyrimidin-5-yl)pyrimidine-2,4,6(1H,3H,5H)-trione
(3j). Off white solid, yield 85%, m.p. 290–292 °Cnew, 1H NMR
(400 MHz, DMSO-d6); d 12.07 (s, 1H, NH), 11.31 (s, 1H, NH),
11.21 (s, 1H, NH), 11.04 (s, 1H, NH), 7.29–7.03 (m, 3H, Ar–H),
4.67 (d, J = 1.6 Hz, 1H, CH), 3.85 (d, J = 2.1 Hz, 1H, CH). 13C
NMR (101 MHz, DMSO-d6); d 169.96, 169.37, 163.94, 155.59,
151.08, 150.20 149.99, 133.44, 130.14, 126.23, 120.92, 116.96,
85.72, 53.92, 33.34. ESI-MS (m/z) calculated for C15H9ClN4O6:
377.0211 [M + 1] and found 377.0289.

3.5.11. 7-(4-Hydroxy-2-oxo-2H-chromen-3-yl)-6H,7H-chro-
meno[4,3-b]chromen-6-one (3k).White powder, yield 95%, m.p.
237–239 °C,76 1H NMR (400 MHz, CDCl3); d 10.41 (s, 1H, OH),
8.14 (dd, J = 8.0, 1.6 Hz, 1H, Ar–H), 8.02 (dd, J = 8.0, 1.6 Hz, 1H,
Ar–H), 7.64–7.60 (m, 1H, Ar–H), 7.50–7.39 (m, 3H, Ar–H), 7.33–
7.27 (m, 3H, Ar–H), 7.19–7.17 (m, 1H, Ar–H), 7.13–7.08 (m, 2H,
Ar–H), 5.36 (s, 1H, CH). 13C NMR (101 MHz, CDCl3); d 166.26,
161.53, 161.33, 158.89, 153.11, 152.14, 151.01, 132.90, 132.07,
128.84, 128.64, 125.66, 125.13, 124.44, 123.98, 123.50, 121.44,
117.07, 116.89, 116.42, 116.36, 114.65, 108.71, 100.24, 30.01.
ESI-MS (m/z) for C25H14O6: 410.0790 [M+].

3.5.12. 11-Bromo-9-chloro-7-(4-hydroxy-2-oxo-2H-chromen-
3-yl)-6H,7H-chromeno[4,3-b]chromen-6-one (3l). Off white,
yield 87%, m.p. 203–205 °C,77 1H NMR (400 MHz, DMSO-d6);
d 10.80 (s, 1H, OH), 8.08–7.96 (m, 2H, Ar–H), 7.71–7.68 (m, 2H,
Ar–H), 7.57 (s, 1H, Ar–H), 7.48–7.41 (m, 2H, Ar–H), 7.31 (s, 2H,
Ar–H), 7.22–7.15 (m, 1H, Ar–H), 5.68 (s, 1H, CH). 13C NMR (101
MHz, DMSO-d6); d 164.44, 161.97, 160.47, 156.08, 152.81,
152.45, 151.21, 133.41, 133.04, 131.65, 129.65, 128.09, 126.31,
125.38, 124.62, 124.53, 122.75, 120.14, 117.18, 116.88, 116.54,
113.83, 111.31, 107.36, 29.74. ESI-MS (m/z) for C25H12BrClO6:
521.9506 [M+].

3.5.13. 3-Methyl-4-(3-methyl-6-nitro-1-phenyl-1,4-di-
hydrochromeno[2,3-c]pyrazol-4-yl)-1-phenyl-1H-pyrazol-5-ol
(3m). Light yellow powder, yield 87%, m.p. 228–230 °C,78 1H
NMR (400 MHz, DMSO-d6); d 11.33 (s, 1H, OH), 8.48 (s, 1H, Ar–
H), 7.98 (d, J = 7.6 Hz, 1H, Ar–H), 7.68–7.66 (m, 4H, Ar–H), 7.41
(s, 4H, Ar–H), 7.22 (s, 2H, Ar–H), 6.92 (d, J = 8.6 Hz, 1H, Ar–H),
5.12 (s, 1H, CH), 2.28 (s, 6H, CH3).

13C NMR (101 MHz, DMSO-
d6); d 161.38, 146.78, 139.79, 130.42, 129.51, 126.27, 125.28,
124.51, 121.24, 115.76, 28.19, 12.18. ESI-MS (m/z) calculated for
C27H21N5O4: 479.1594 [M + 1] and found 480.1667.

3.5.14. 4-(6-Fluoro-3-methyl-1-phenyl-1,4-di-
hydrochromeno[2,3-c]pyrazol-4-yl)-3-methyl-1-phenyl-1H-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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pyrazol-5-ol (3n). Off white powder, yield 83%, m.p. 204–206 °
Cnew, 1H NMR (400MHz, DMSO-d6); d 7.67 (d, J= 7.4 Hz, 4H, Ar–
H), 7.42–7.31 (m, 5H, Ar–H), 7.22 (d, J= 6.2 Hz, 2H, Ar–H), 6.81–
6.72 (m, 2H, Ar–H), 5.13 (s, 1H, CH), 2.27 (s, 6H, CH3).

13C NMR
(101 MHz, DMSO-d6); d 155.68 (d, J = 232.9 Hz, C–F), 150.68,
146.79, 131.45, 129.47, 126.17 (d, J= 5.4 Hz), 121.28, 115.96 (d, J
= 9.5 Hz), 115.60 (d, J= 23.8 Hz), 113.55 (d, J= 22.7 Hz), 113.28,
28.04, 12.27. 19F NMR (376 MHz, DMSO-d6); d −125.30 (s). ESI-
MS (m/z) calculated for C27H21FN4O2: 453.1649 [M + 1] and
found 453.1736.

3.5.15. 3-(1-Hydroxy-3-oxobut-1-en-1-yl)-2H-chromen-2-one
(3o). Pale yellow solid, yield 94%, m.p. 134–136 °C,50 1H NMR
(400 MHz, CDCl3); d 8.65 (s, 1H, CH), 7.65–7.61 (m, 2H, Ar–H),
7.397–7.32 (m, 2H, Ar–H), 7.02 (s, 1H, Ar–H of pyrone ring), 2.26
(s, 3H, CH3).

13C NMR (101 MHz, CDCl3); d 200.01, 171.95,
158.20, 154.47, 145.61, 134.11, 129.66, 125.08, 120.66, 118.61,
116.69, 101.74, 27.74. ESI-MS (m/z) calculated for C13H10O4:
231.0579 [M + 1] and found 231.0659.

3.5.16. 3-(1-Hydroxy-3-oxobut-1-en-1-yl)-7-methyl-2H-
chromen-2-one (3p). Light yellow powder, yield 91%, m.p. 137–
140 °Cnew, 1H NMR (400 MHz, CDCl3); d 8.59 (s, 1H, CH), 7.52–
7.48 (m, 1H, Ar–H), 7.14–7.12 (m, 2H, Ar–H), 6.99 (s, 1H, Ar–H of
pyrone ring), 2.46 (s, 3H, CH3), 2.24 (s, 3H, CH3).

13C NMR (101
MHz, CDCl3); d 199.54, 172.60, 158.41, 154.67, 146.08, 145.63,
129.36, 126.40, 119.37, 116.79, 116.30, 101.44, 27.57, 22.26. ESI-
MS (m/z) calculated for C14H12O4: 245.0736 [M + 1] and found
245.0824.

3.5.17. 2-(9,11-Diamino-10-cyano-12H-benzo[5,6]chro-
meno[2,3-b]pyridin-12 yl)malononitrile (3q). Yellow solid, yield
90%,m.p. >300 °C,79 1H NMR (400MHz, DMSO-d6); d 8.38 (d, J=
8.6 Hz, 1H, Ar–H), 7.99–7.93 (m, 2H, Ar–H), 7.64–7.38 (m, 3H,
Ar–H), 7.23 (s, 2H, NH2), 6.76 (s, 2H, NH2), 5.92 (d, J = 4.5 Hz,
1H, CH-(CN)2), 5.01 (d, J = 4.6 Hz, 1H, CH). 13C NMR (101 MHz,
DMSO-d6); d 161.40 (N–C–O), 161.01, 157.76, 151.01, 131.23,
131.08, 130.85, 129.08, 127.56, 125.75, 123.99, 118.07, 116.96,
113.86 and 113.73, 112.19, 85.05, 71.21, 31.01, 30.25; ESI-MS (m/
z) for C20H12N6O: 352.1073 [M+].

4. Conclusion

In conclusion, a green and sustainable method has been
developed for the synthesis of benzopyran derivatives using
Butea monosperma bark-derived carbon quantum dots as
a sustainable nanocatalyst (BM-CQDs). The synthesized catalyst
was comprehensively analyzed using HRTEM, SAED, EDX, FT-
IR, XRD, UV-visible, and uorescence spectroscopy. FT-IR
spectroscopy identied abundant surface –OH and –COOH
functionalities, and XRD validated the low graphitization and
amorphous carbon framework. Furthermore, UV-visible study
revealed characteristic absorption features which further indi-
cate the presence of conjugated carbon structures and oxygen-
containing functional groups on the surface of the BM-CQDs.
HRTEM and SAED analyses conrmed the uniform
morphology, nanoscale size, and amorphous nature of BM-
CQDs, while EDX showed their oxygen-rich composition.
These ndings conrm the successful synthesis of the BM-
CQDs which exhibits superior catalytic performance for
© 2026 The Author(s). Published by the Royal Society of Chemistry
synthesis of benzopyran. The protocol carried out under mild
conditions which avoids harsh reagents or specialized equip-
ment, and gave excellent yields of benzopyrans within short
reaction times (less than 35 min). The BM-CQDs demonstrated
high catalytic efficiency across a wide range of substituted sal-
icylaldehydes and C–H activated compounds. Gram-scale
synthesis with excellent yield and recyclability up to seven
cycles further conrmed the practical and economic viability of
the protocol. Additionally, favourable green chemistry metrics
data underscore the environmental advantages of the developed
approach over conventional protocols. Molecular docking
studies exhibit promising interactions of benzopyran deriva-
tives with selected biologically relevant targets, suggesting their
potential therapeutic relevance. Overall, this work not only
introduces a value-added application of biomass-derived CQDs
in organic synthesis but also provides a sustainable platform for
the rapid synthesis of benzopyran scaffolds as biologically
important targets.
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