
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
3/

20
26

 1
:3

3:
36

 P
M

. 
 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
View Journal  | View Issue
Green protocol f
Department of Chemical Sciences, School of S

Vadodara, Gujarat-391750, India. E-mail:

sharma@gsfcuniversity.ac.in

† Electronic supplementary informa
https://doi.org/10.1039/d5ra02718g

‡ Both authors have the same contributio

Cite this: RSC Adv., 2025, 15, 19069

Received 18th April 2025
Accepted 27th May 2025

DOI: 10.1039/d5ra02718g

rsc.li/rsc-advances

© 2025 The Author(s). Published by
or the synthesis of 2-amino-4H-
chromene-3-carbonitrile derivatives utilizing
pyridine-2-carboxylic acid as a rapid catalyst†

Smitkumar D. Vankar, ‡ Hardi M. Makwana ‡ and Mayank G. Sharma *

This study investigates the green synthesis of 2-amino-4H-chromene-3-carbonitrile derivatives using

pyridine-2-carboxylic acid (P2CA) as a sustainable and rapid catalyst. The reaction employs a one-pot

multicomponent approach, combining various substituted aldehydes, malononitrile, and dimedone in

a water–EtOH (1 : 1) solvent mixture under reflux conditions. Optimization of the reaction conditions

revealed that P2CA (15 mol%) facilitated high yields of up to 98% in short reaction times while adhering

to green chemistry principles. Control experiments, mechanistic studies and plausible mechanisms

demonstrated the catalyst's dual acid–base behaviour, which drives the formation of intermediates and

the selective generation of products. The process showed significant green metrics, including a high

Atom Economy (AE) (99.36%) and a low E-factor (16.68), confirming its greenness with EcoScale of 82

(>75, excellent synthesis). Furthermore, gram-scale synthesis validated the method's scalability and

potential for industrial applications, instilling confidence in its practicality and widespread use. The

catalyst's recyclability was established, with consistent performance observed over four cycles. A

comparative analysis with previously reported catalysts highlighted P2CA's competitive efficiency and

industrial applicability. This work underscores the utility of P2CA as a versatile and sustainable catalyst,

contributing to the development of eco-efficient methodologies for synthesizing 4H-chromene

derivatives. The potential impact of this research is inspiring as it paves the way for more sustainable

chemical synthesis practices.
1 Introduction

Green chemistry and sustainable techniques are crucial, not
only in chemical processes but also for the future. These
approaches, which aim at reduce waste, minimize environ-
mental impact, and promote resource efficiency,1,2 are paving
the way for a more sustainable and eco-friendly chemical
industry. By using renewable feedstocks, eco-friendly reaction
conditions, and recyclable catalysts, we are developing more
environmentally friendly chemical processes.3 The green
metrics for measuring sustainability have played a pivotal role
in driving resource efficiency and waste minimization over the
past 25 years,4 such as E-Factor,5 Atom Economy (AE),6 Product
Mass Intensity (PMI),7 Reaction Mass Efficiency (RME),8 Effec-
tive Mass Yield,9 and Carbon Efficiency.10 Catalysis, including
biocatalysis and rapid catalysis, has been instrumental in waste
reduction and the development of green processes.4 The
cience, GSFC University, Fertilizer Nagar,

mayanksharma.oc@gmail.com; mayank.

tion (ESI) available. See DOI:

n.

the Royal Society of Chemistry
chemical industries are transitioning from an unsustainable
linear economy based on fossil resources to a sustainable
circular economy, focusing on renewable resources and eco-
friendly technologies.1,4 This shi, which is at the core of our
research, is not just essential for addressing global environ-
mental challenges; it is a beacon of hope for ensuring sustain-
able development in the chemical sector. Thus, the central
objective of our research is to develop a sustainable and envi-
ronmentally benign catalytic system.

Chromene derivatives exhibit a wide range of pharmacolog-
ical activities (Fig. 1), including anticancer,11,12 antioxidant,12

antibacterial,13 anticonvulsant,14 anti-inammatory15 and anti-
tubercular16 properties. These compounds are abundant in
nature and have gained signicant interest in drug discovery
due to their diverse biological applications and mild adverse
effects.17,18 The chromene nucleus, consisting of an oxine ring
fused with a phenyl ring, serves as an important scaffold for
designing therapeutic and diagnostic agents.17 Structure-
activity relationship studies have revealed that specic substi-
tutions on the chromene nucleus can enhance its pharmaco-
logical activities.18,19 Various synthetic strategies, including
microwave-assisted and catalyst-based approaches, have been
developed to produce their antioxidant properties particularly,
RSC Adv., 2025, 15, 19069–19078 | 19069
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Fig. 1 Bioactive pyran derivatives.
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which have made them promising candidates for chemo-
preventive and chemotherapeutic applications.20

A wide array of catalysts and synthetic protocols for 4H-
chromene derivatives synthesis have been reported in the
literature. However, a lot of themwere not viable on a large scale
or were not industrially available. Also, sustainability and green
chemistry always need new developments in the domain. So,
here, we synthesized the chromene derivatives with the green
protocol as per mild reaction conditions, with good green
metrics of the reaction. Here, we explored the catalytic efficiency
of a versatile moiety, P2CA, in the synthesis of 4H-chromenes.
Catalyst has a crucial role in synthetic transformation; it speeds
up the reaction as well as modulates the selectivity of the
reaction. P2CA is also reported as a catalyst with a metal salt or
complex for some reactions.21 Here, we report the catalytic
efficiency of P2CA without any use of metal salt or complex and
expand its utility towards MCRs with signicant impact. We
measured the efficiency of the catalyst by calculating the green
metrics and conrmed the industrial readiness of the catalyst
by performing the gram-scale reaction.
2 Results and discussions
2.1 Catalytic activity studies

In our initial stage to synthesize 2-amino-4H-chromene-3-
carbonitrile derivatives, the model reaction of 3 mmol benzal-
dehyde 1a, 3 mmolmalononitrile 2, and 3mmol dimedone 4 was
carried out in different reaction conditions, as mentioned in
Table 1. The reactions were investigated using different catalysts
and amounts of catalysts, different temperatures, and two green
solvents, water and ethanol. This comprehensive study, which
involved systematic testing of various conditions, allowed us to
identify the most effective conditions for the reaction. This
19070 | RSC Adv., 2025, 15, 19069–19078
process, crucial in the development of green chemistry tech-
niques, was signicantly inuenced by the role of P2CA as
a catalyst, a critical factor in the success of our research.

From a green chemistry perspective, we rst attempted to
synthesize the compounds under catalyst-free conditions using
water, ethanol, and a mixture of water and ethanol as solvents
(entries 1–6). However, these conditions did not yield satisfac-
tory results. We then sought an effective and efficient catalyst
that aligns with green chemistry principles. We conducted the
model reaction in the presence of P2CA at room temperature
and reux temperature (entries 7–12). While we observed an
incomplete reaction at room temperature, we achieved consid-
erable results with reux temperature. The reaction medium
was initially water, but the product was sticky, so we proceeded
with neat ethanol, resulting in a single spot on the TLC in 40
minutes. This experiment highlighted the potential of P2CA as
a catalyst in green chemistry, a nding that could signicantly
impact future research in the eld.

Meanwhile, we noticed precipitates fall out during the reac-
tion, so we added an equal amount of water in EtOH and got the
product to fall out quickly in 20 min (entry 12). To reduce the
time, we performed the reaction by increasing the catalytic load
to 15 mol%; we obtained the highest yield of the product (entry
13).We also performed the reaction by increasing the water in the
reaction medium. Still, the same issue persisted, as the product
exhibited stickiness. However, in the case of lowering the water
part in the reaction medium, the reaction proceeded with clean
kinetics and high selectivity. Even so, the time was relatively
longer than the water : EtOH (1 : 1) ratio, so we proceeded
accordingly (entry 14). Aer analyzing the results, P2CA was
proved to be an efficient catalyst for synthesizing the desired
products in water : EtOH (1 : 1) as a reaction medium. We found
P2CA (15 mol%) the best candidate for reaction transformation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Screening of solvent, mol% of catalyst and temperature effect on the model reactiona

Entry Catalyst Catalytic load (mol%) Solvent Temp. Time (minutes) Consumption of dimedoneb

1 — — Water RT 180 NIL
2 — — EtOH RT 180 NIL
3 — — Water : EtOH (1 : 1) RT 180 NIL
4 — — Water 60 °C 120 NIL
5 — — EtOH 60 °C 120 Incomplete
6 — — Water : EtOH (1 : 1) 60 °C 120 Incomplete
7 P2CA 10 Water RT 90 Incomplete
8 P2CA 10 EtOH RT 90 Incomplete
9 P2CA 10 Water : EtOH (1 : 1) RT 90 Incomplete
10 P2CA 10 Water 60 °C 60 Incomplete
11 P2CA 10 EtOH 60 °C 40 100%
12 P2CA 10 Water : EtOH (1 : 1) 60 °C 20 100%
13 P2CA 15 Water : EtOH (1 : 1) 60°C 10 100%
14 P2CA 15 Water : EtOH (1 : 4) 60 °C 35 100%
15 P2CA 15 Water : EtOH (4 : 1) 60 °C 20 100%
16 P2CA 20 Water : EtOH (1 : 1) 60 °C 10 100%
17 CH3COOH 15 Water : EtOH (1 : 1) Reux 90 Incomplete
18 Conc. HCl 15 Water : EtOH (1 : 1) Reux 90 Incomplete

a 3 mmol benzaldehyde 1a, 3 mmol malononitrile 2 and 3 mmol dimedone 4. b Monitored by TLC.
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In conclusion, our study demonstrates the potential of P2CA
as a versatile and efficient catalyst in the synthesis of 2-amino-
4H-chromene-3-carbonitrile derivatives. The dual behaviour of
the catalyst as an acid and a base,22–24 its easy workup proce-
dure, and its recyclability make it a promising candidate for
green chemistry applications. The use of a water–EtOH mixture
as a reaction medium signicantly reduced the reaction time
and facilitated the isolation of the product. These ndings
contribute to the development of sustainable and efficient
synthetic methods in green chemistry.
2.2 Substrate scope for the synthesis of 2-amino-4H-
chromene-3-carbonitriles

To illustrate the diversity of the substrate scope (Fig. 2) and the
broad applicability of the catalytic reaction, various substituted
aldehydes were examined, and reactions were carried out
(Table 2, 5(a–j)). All of the substituted aldehydes resulted in 2-
amino-4H-chromene-3-carbonitriles, forming excellent yields.

Aer synthesizing a library of 4H-chromenes by substituted
aldehydes, malononitrile and dimedone, we also performed
some control experiments to understand the mechanism and
reactivity change by varying the reactant's equivalents. Initially,
a control experiment was conducted, in which 1 eq. of
© 2025 The Author(s). Published by the Royal Society of Chemistry
salicylaldehyde was reacted with 1 eq. of malononitrile (Scheme
1, reaction a) to form 2-imino-2H-chromene-3-carbonitrile (C1),
which fall out during the reaction and isolated, which was
previously not isolated by Bahuguna et al.29 To the resulting
product, separate charging of 1 eq. of dimedone and isatin
resulted in the 4H-chromene product (C2 and C3). However,
when 2 eq. of malononitrile was used in the reaction with
1 mmol salicylaldehyde, an exciting product 2-(2-amino-3-
cyano-4H-chromen-4-yl)malononitrile (C4) was formed (Scheme
1, reaction b). For the further study of the reactivity and
mechanism of the reaction, we carried out the reaction with
a two-aldehyde group containing moiety (isophthalaldehyde) in
equal equivalents of the reactant (Scheme 1, reaction c, C5).
However, multiple spots were observed in TLC in 60 min, with
the protocol, due to uncontrolled reaction on both aldehyde
groups. To resolve this, we took 1 eq. of the isophthalaldehyde
and two equivalents of malononitrile and dimedone each
(Scheme 1, reaction d, C6). Surprisingly, single spot TLC was
observed in 30 min. and the two 4H-chromene ring-containing
products were formed. From the control experiments, we came
to know about the change in reactivity of the catalyst due to the
change in equivalents of the reactants used in the reaction. All
the control experiments conrmed the formation of an inter-
mediate formed during the catalytic cycle.
RSC Adv., 2025, 15, 19069–19078 | 19071
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Fig. 2 Substrate scope for the synthesis of 2-amino-4H-chromene-3-carbonitrile derivatives.

Table 2 P2CA catalysed one-pot synthesis of 2-amino-4H-chromene-3-carbonitrilesa

Sr. no. Product R1 Time (min) % yield M.P./Lit. (°C)

1 5a C6H5 10 98 228–230/230–23225

2 5b 4-OHC6H4 15 92 207–208/206–20826

3 5c 4-NO2C6H4 08 95 178–180/179–18027

4 5d 2-NO2C6H4 08 93 230–232/231–23327

5 5e 4-OCH3C6H4 12 97 201–202/200–20228

6 5f 4-CH3C6H4 12 97 218–220/217–21928

7 5g 4-ClC6H4 07 98 215–217/214–21628

8 5h CHCHC6H5 15 96 181–182/181–18325

9 5i C4H3O 05 92 225–227/224–22625

10 5j C4H3S 05 99 178–181

a 3 mmol substituted aldehydes 1(a–j), 3 mmol malononitrile 2, 3 mmol dimedone 4 and 15 mol% P2CA as catalyst.

19072 | RSC Adv., 2025, 15, 19069–19078 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Control experiments performed using different equivalents of reactants for the synthesis of 4H-chromenes.
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2.3 Plausible mechanism

Scheme 2 represents the catalytic cycle and the plausible
mechanism of the reaction. In brief, aldehyde [II], in the pres-
ence of P2CA, grabs the hydrogen from P2CA [I] and generates
the electrophilic center (Cation) [III]. Simultaneously, malono-
nitrile [IV] loses its most acidic hydrogen to the nitrogen atom
of the P2CA and attacks the electrophilic center at [III] to form
adduct [VI], which on dehydration followed by the attacked of
dimedone to produce [XI], which is later converted to [XII]. [XII]
on cyclization followed by two hydrogen losses to form the nal
product structure [XV].30–34
2.4 Green metrics

Because all of the reactions catalysed by P2CA have been per-
formed under green conditions, the least waste was generated
during this multicomponent reaction. To support this, we have
measured our protocol with some green metrics (Fig. 3 and 4).
The Atom Economy (AE) focuses on the maximum number of
atoms of reactants appearing in the product,35,36 and the E-
factor highlights the waste minimization and resource effi-
ciency for chemicals, mainly those manufactured in the ne
chemicals industry.4 AE determines the theoretical efficiency,
while Reaction Mass Efficiency (RME) gives the observed value
and allows a direct comparison between different reaction
types. Process Mass Intensity (PMI) is based on waste intensity.
© 2025 The Author(s). Published by the Royal Society of Chemistry
As such, AE gives the theoretical maximum efficiency of reactant
utilization, while RME gives the observed. Comparison of RME
and AE gives a newmetric, Optimum Efficiency (OE).37 Here, the
ideal value for the E-factor is considered Zero, while the actual/
ideal PMI is E-factor + 1. The ideal value of the AE factor is
100%, which means that all starting material is converted into
a product, while a higher value of RME signies the cleanliness
of the reaction.
2.5 Reusability study and EcoScale

Finally, we performed recyclability studies (Fig. 5) to check the
catalyst's catalytic potential. Aer each cycle, the catalyst was
recovered from the water by rota-evaporator and then used for
the next cycle. We tested the reusability of P2CA for the
synthesis of 5g. For this, 3 mmol 4-chlorobenzaldehyde 1g and
3 mmol malononitrile 2 were added with 15 mol% of P2CA as
a catalyst and 2 mL of each EtOH and water and stirred for
5 min on a magnetic stirrer at RT. Aer charging 3 mmol of
dimedone 4, the reaction mixture was stirred and reuxed on
rota-mantle at 60 °C temp. Then, aer reaction completion,
crude product was poured in 10 mL of water to afford the
precipitates. We separated the precipitated product by simple
ltration. The collected mother liquor was heated at 60 °C in
rota-evaporator under reduced pressure to recover P2CA. The
catalyst was authenticated aer each cycle via IR spectroscopy.
RSC Adv., 2025, 15, 19069–19078 | 19073
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Scheme 2 Plausible mechanism for the synthesis of 4H-chromenes via P2CA, supporting UN SDG 12 (responsible consumption and produc-
tion), SDG 14 (life below water), and SDG 15 (life on land).
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The catalyst was successfully recovered up to the 4th cycle
without any signicant loss in catalytic activity, and more than
90% yield was obtained.

The EcoScale is a semi-quantitative tool designed to assess
the environmental sustainability of synthetic methods by eval-
uating their impact based on six key criteria: yield, chemical
cost, safety, technical setup, reaction conditions, and workup/
19074 | RSC Adv., 2025, 15, 19069–19078
purication methods (Table 3). This tool aids in determining
whether a synthetic process aligns with the principles of green
chemistry, promoting the adoption of more environmentally
friendly practices.38,39

EcoScale = 100 − sum of individual penalties
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 E-factor & PMI.

Fig. 4 AE, OE & RME.

Fig. 5 Recovery & reusability of catalyst.
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EcoScale = 100 − 18 = 82 (>75, excellent synthesis)

An ideal reaction has the EcoScale value of 100. Eco-scale
from 0 to 100 using the following scores: >75, excellent; >50,
acceptable; and <50, inadequate. The EcoScale score for
a particular preparation of the product in a high purity state
(>98%) is calculated by lowering the maximum value of 100 by
any applicable penalty points.
2.6 Gram-scale reaction & comparison of catalyst

Looking at the industry point of view, we performed a model
gram-scale reaction to show the industrial potential of the P2CA
catalyst (Scheme 3). We performed our model reaction with
10 mmol of each benzaldehyde, malononitrile and dimedone,
© 2025 The Author(s). Published by the Royal Society of Chemistry
using a 15 mol% the catalyst. We got a 98% yield for the gram-
scale response, similar to that for the small-scale one. Hence, we
could conrm the industrial potential of the P2CA catalyzed
under green and sustainable conditions.

Only a few reports are available in the literature on the
synthesis of 4H-chromenes using dimedone, which is catalysed
by various heterogeneous and homogenous catalysts. We have
compared the activity of the P2CA with some earlier catalysts
reported in the literature (Table 4), which revealed that our
catalyst is more efficient and equally good in some cases. In
addition to this, our catalyst is homogenous, non-metal, readily
available, and industrially viable.

Compared with other reported catalysts, P2CA proved to be
highly efficient for the synthesis of 4H-chromene derivatives.
Additionally, calculations of various green metrics, EcoScale
and reusability study conrmed P2CA as an ideal catalyst,
offering rapid and efficient synthesis while minimizing envi-
ronmental impact.

3 Experimental section
3.1 General experimental information

All chemicals used in this study were purchased from commer-
cially available sources and used without further purication.
The progress of the reaction was monitored by silica gel 60 F254
(Merck) coated TLC plates. Melting points were determined by
the open capillary tube method, which was uncorrected. IR
spectra were recorded using Instrument Spectrum Two, PKI. 1H
NMR and 13C NMR spectral analyses were recorded using
a BRUKER AVANCE III 400 MHz FT-NMR spectrometer.

3.2 General procedure for synthesis

To a 100 mL round-bottom ask, 3 mmol aldehydes 1(a–j) and
3mmol malononitrile 2were added with 15mol% of pyridine-2-
carboxylic acid as catalyst and 2mL of each EtOH and water and
stirred for 5 min on a magnetic stirrer at RT. Then 3 mmol of
dimedone 4 was added, and the reaction mixture was stirred
RSC Adv., 2025, 15, 19069–19078 | 19075
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Scheme 3 Gram-scale reaction of 5a.

Table 4 Comparison of catalytic potential of P2CA

Entry no. Reaction conditions Temp. (°C) Time (min) % yield Literature

1 rGO@Fe3O4-ZrCp2Cl2, PEG-400 100 °C 60 80 40
2 SO3H/NH2NH2/GPTMS/Fe3O4, H2O/EtOH

(1 : 1)
Reux 15 95 41

3 Fe3O4@GO-N-(pyridin-4-amine), H2O Reux 30 94 42
4 NH4Al(SO4)2$12H2O (Alum), EtOH 80 °C 120 92 43
5 PPI, H2O Reux 15 95 44
6 Fe3O4@SiO2/DABCO, H2O Reux 25 90 45
7 Fe3O4@MCM-41@Zr-piperazine-MNPs,

EtOH : H2O (3 : 7)
Reux 40 75 46

8 PIL-SBMn(III), water 80 °C 15 94 28
9 Fe3O4@SiO2-guanidine-PAA, H2O 70 °C 35 96 47
10 Fe3O4@Ph-SO3H, H2O, US RT 25 95 48
11 MMWCNTs-D–(CH2)4–SO3H, EtOH Reux 15 93 49
12 H5BW12O40, EtOH/H2O Reux 60 98 50
13 GO-Trp, EtOH : H2O (1 : 1) RT 25 96 51
14 Piperazine-GO, EtOH : H2O (1 : 1) 50 °C 15 95 52
15 P2CA, EtOH : H2O (1 : 1) Reux 10 98 This work

Table 3 EcoScale (E-Score)

Sr. no. Parameter Value Penalty point

1 Yield 100–98/2 1
2 Price of reaction components (to obtain 10 mmol of end product) Inexpensive (<$10) 0
3 Safety (reactants) T (toxic) 5 + 5 + 5 15
4 Technical setup Common setup 0
5 Temperature, time Heating, <1 h 2
6 Workup and purication Simple ltration 0
Total penalty points 18
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and reuxed on rota-mantle at 60 °C temperature. Reaction
kinetics was measured using TLC. Aer the reaction comple-
tion, the reaction mixture was cooled to room temperature and
poured into 10 mL of water. The precipitated product was
separated by gravitational ltration. The crude product was
washed with EtOH/acetone (1 mL).
19076 | RSC Adv., 2025, 15, 19069–19078
3.3 Catalyst reusability protocol

Aer completion of the reaction and subsequent work-up, the
collected ltrate was concentrated under reduced pressure at
60 °C in rota-evaporator to recover the catalyst. The recovered
catalyst was then directly reused in the next reaction cycle
without further purication.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4 Gram-scale reaction procedure

A 100 mL round-bottom ask was charged with 10 mmol
benzaldehyde 1a, and 10 mmol malononitrile 2, along with
P2CA, 15 mol% as the catalyst. To this mixture, 4 mL each of
ethanol and water were added as the reaction medium. The
resulting mixture was stirred at room temperature for 5 minutes
using a magnetic stirrer. Subsequently, 10 mmol dimedone 4,
was introduced to the reaction mixture, and the contents were
reuxed on a rota-mantle at 60 °C. The progress of the reaction
was monitored by TLC.

Upon completion, the reaction mixture was allowed to cool
to room temperature and poured into 20 mL of water to facili-
tate product precipitation. The solid product was isolated by
gravitational ltration and washed with a small volume (2 mL)
of ethanol to remove residual impurities. The puried product
was then dried under ambient conditions.

4 Conclusion

This study demonstrates the successful application of pyridine-
2-carboxylic acid (P2CA) as an efficient, sustainable, and rapid
catalyst for synthesizing 2-amino-4H-chromene-3-carbonitrile
derivatives. By optimizing reaction conditions, including
solvent composition, catalyst loading, and temperature, we
established a highly efficient one-pot multicomponent protocol.
The water–ethanol (1 : 1) solvent system proved ideal, yielding
excellent product efficiencies while adhering to green chemistry
principles.

The catalytic system achieved good green metrics, such as
high Atom Economy (AE), low E-factor, favorable Reaction Mass
Efficiency (RME), and excellent EcoScale underscoring its green
chemistry prole. Comparative studies revealed P2CA's perfor-
mance as competitive with existing catalysts while offering
advantages such as simplicity, cost-effectiveness, and recycla-
bility. Its consistent performance over four cycles further
highlights its practical utility, providing reassurance and
condence in its application. Gram-scale synthesis conrmed
the scalability of this method, demonstrating industrial appli-
cability and reinforcing its potential to replace traditional, less
sustainable processes. This work not only contributes to
advancing green and sustainable methodologies in organic
synthesis but also stands as a testament to the potential of
research to make a signicant contribution to the eld, offering
an environmentally responsible approach.

Abbreviations
P2CA
© 2025 The Author(s).
Pyridine-2-carboxylic acid

AE
 Atom economy

PMI
 Product mass intensity

RME
 Reaction mass efficiency

OE
 Optimum efficiency

EtOH
 Ethanol

TLC
 Thin layer chromatography

RT
 Room temperature

IR
 Infra red
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