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lyst praseodymium oxide (Pr6O11)
for the efficient and sustainable synthesis of
chromene derivatives via ultrasound irradiation in
an aqueous hydrotropic medium†

Sarika Patil,ab Nilesh Pandit,a Avdhut Kadam,a Suraj Attar,c Chaitali Bagade,d

Dattaprasad Pore d and Santosh Kamble *a

The development of sustainable and efficient catalytic methods for organic synthesis is a key focus in green

chemistry. In this study, we report for the first time the novel application of praseodymium oxide (Pr6O11) as

a nanocatalyst for the eco-friendly synthesis of 2-amino-3-cyano-7-hydroxy-4H-chromenes. The

hydrothermal synthesis of praseodymium oxide (Pr6O11) nanoparticles was performed, and their structural

studies were conducted using FTIR, XRD, TGA-DTA, SEM, EDX, BET, and TEM analysis. The Pr6O11 NPs were

used as a nanocatalyst in the synthesis of 2-amino-3-cyano-7-hydroxy-4H-chromenes. The reactions were

conducted under ultrasound irradiation in an aqueous hydrotropic medium, eliminating the need for

hazardous organic solvents. The unique catalytic properties of Pr6O11 facilitated high yields of chromene

derivatives, with excellent selectivity within short reaction times. The synergistic effect of ultrasound

irradiation and hydrotropy enhanced the reaction kinetics, leading to improved efficiency and sustainability.

The catalyst exhibited remarkable reusability and stability, maintaining its activity over multiple cycles without

any significant loss in efficiency. This novel approach highlights the potential of Pr6O11 as a green and

reusable nanocatalyst, offering a sustainable alternative for the synthesis of valuable heterocyclic compounds

in aqueous hydrotropic media. The significant features of this method are the shorter reaction time, high

product yield and use of a non-toxic, reusable, inexpensive, and biodegradable catalyst.
1. Introduction

The single-step synthesis of complex molecules is preferred
with multicomponent reactions (MCRs), which represent
a highly efficient, eco-friendly, and cost-effective synthetic
approach.1–5 MCRs also offer advantages such as atom
economy, and selectivity, making them ideal for creating
diverse compound libraries.6 MCRs are already widely used in
medicinal chemistry for drug discovery, as they allow the rapid
assembly of molecular scaffolds with minimal time and effort.
These reactions are valued for their simplicity, high yields, and
environmental sustainability.7–9

Green chemistry is gaining popularity as a new approach
followed in chemical processes and production to eliminate the
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use and generation of hazardous substances completely or
partially. It focuses on minimizing environmental impacts
through safer, more sustainable practices,10 such as using
renewable resources, reducing waste, improving energy effi-
ciency, and designing safer chemicals and processes. Green
chemistry encourages innovation in synthetic methods, cata-
lysts, and reaction conditions to promote sustainability and
protect the environment.11–13

2-Amino-4H-chromene derivatives exhibit a wide range of
pharmacological properties,14 including antibacterial, antioxi-
dant, solvatochromic,15 and antitumor activities.16 They also
serve as essential scaffolds in biologically active compounds.17

Additionally, these derivatives have demonstrated antimicro-
bial,18 anticoagulant,19 and anti-HIV20 properties and have been
employed as laser dyes,21 as well as homogeneous and hetero-
geneous catalysts,22 including solid-supported systems.23

Despite their signicance, there is still a need to improve the
efficiency and sustainability of their synthesis. Typically, 2-
amino-4H-chromene derivatives are synthesized via a one-pot
condensation of aromatic aldehydes, malononitrile, and eno-
lizable C–H-activated acidic compounds—a strategy that has
gained attention due to its high atom economy and bond-
forming efficiency.24 These multicomponent reactions (MCRs)
RSC Adv., 2025, 15, 25985–25999 | 25985
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View Article Online
have been catalyzed by various homogeneous and heteroge-
neous systems, such as heteropolyacids,25 K2CO3,26 potassium
phthalimide,27 cetyltrimethylammonium chloride,28 nanosized
MgO,29 g-alumina,30 Mg/Al hydrotalcite,31 Fe(HSO4)3,32 DABCO
entrapped in agar,33 K5PO4,34 DBU,35 and sulfonic acid-func-
tionalized MIL-101(Cr),36 all of which provide varying yields.
However, many of these methods suffer from drawbacks,
including tedious workups, costly catalysts and solvents, high
temperatures, extended reaction times, and low product yields.
Therefore, developing a simple, eco-friendly, and cost-effective
protocol using a reusable catalyst for the one-pot synthesis of 2-
amino-4H-chromene derivatives remains a compelling
objective.

The use of aqueous media as solvents in organic reactions
offers environmental benets (non-toxic, biodegradable) and
economic advantages37 (low cost, easy disposal). Aqueous media
provide unique reaction conditions, especially for polar
compounds, but may have limitations, like poor solubility for
nonpolar compounds and temperature constraints. Hydro-
tropes are water-soluble surface-active compounds that increase
the solubility of organic molecules in water, oen by up to 200
times, at higher concentrations. They consist of both hydro-
philic and hydrophobic moieties but are typically too small to
form micelles. The solubilizing effect of hydrotropes was rst
observed by Otto Neuberg in 1916.38 Organic compounds are
oen insoluble in aqueous media, hindering reactions from
completing. Hydrotropes like sodium p-toluene sulfonate
(NaPTS) can enhance their solubility by solubilizing hydro-
phobic moieties in water. NaPTS is stable to air and moisture,
non-toxic, and can be recycled several times. It has been
selected in many studies, including herein, for its effectiveness
and sustainability. Among hydrotropes, NaPTS is a preferred
choice for facilitating aqueous reactions.39 Herein, we report an
Fig. 1 (a) XRD pattern, (b) FTIR spectrum, and (c) TGA-DTA analysis of t

25986 | RSC Adv., 2025, 15, 25985–25999
efficient synthesis of 2-amino-4H-chromene using Pr6O11 NPs in
an aqueous hydrotropic solution under ultrasonic irradiation.

Pr6O11 is the stable phase of praseodymium oxide in air at
ambient temperature. It is a mixed-valent compound contain-
ing Pr3+ and Pr4+. This oxide is more stable than other praseo-
dymium oxides, like Pr2O3 and PrO2, under ambient
conditions.40 Pr6O11 nanoparticles (NPs) have been used as
catalysts in CO oxidation due to their redox properties and
phase stability,41 as well as electrical conductivity.42 They are
also effective in dye degradation through photocatalytic mech-
anisms.43 Additionally, Pr6O11 NPs synthesized by a precipita-
tion method were used in the synthesis of 2-amino-4H-
chromene derivatives, in a hydrotropic aqueous medium,
showing their versatility in organic reactions.

Herein, we report for the rst time a cost-effective, environ-
mentally benign, and efficient procedure for the synthesis of
Pr6O11 NPs as a catalyst for chromene synthesis in a hydrotropic
medium, leveraging their unique oxygen vacancies and Lewis
acid properties. This reaction was catalyzed by Pr6O11 NPs in
a hydrotropic aqueous medium as it offers a green alternative for
this transformation. Ultrasound irradiation in organic synthesis
is a clean, energy-efficient alternative to conventional methods. It
can enhance reaction rates, improve yields, and reduce the need
for solvents, making it an environmentally friendly technique.44

Ultrasound also promotes efficient mixing and generates local-
ized high-energy conditions, making it a versatile tool for various
synthetic transformations in organic chemistry.45
2. Materials and instruments

Analytical grade praseodymium metal, hydrochloric acid (HCl),
potassium hydroxide (KOH), benzaldehyde, malononitrile,
resorcinol, 20% NaPTS, ethyl acetate, and hexane were
purchased from Sigma-Aldrich. Double-distilled water (DDW)
he prepared Pr6O11 NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
was used as the solvent throughout. A stainless steel autoclave
with a polytetrauoroethylene (PTFE) container was used for the
hydrothermal synthesis.

The XRD study was carried out using an X-ray diffractometer
(Ultima IV Rigaku D/max2550Vb + 18 kw with CuKa, l= 1.54056
Å) in the range of diffraction angles (2q) between 10° and 90°.
The morphological analysis was performed by SEM (s-4300,
Hitachi, Japan). The FTIR study was carried out using an FTIR
spectrophotometer (Nicolet iS10, Thermo Scientic, USA) in the
wavenumber range of 400–4000 cm−1. Mass measurements
were carried using an accurate analytical microbalance (Tapson
100 TS) with at least a count of 10−5 mg. The SAED patterns
conrmed the plane orientations (JEOL JEM 1400 plus, Japan).
Transmission electron microscopy (TEM) was carried out using
a JEOL JEM-2100 plus system (Japan) at an accelerating voltage
Fig. 2 (a–d) FESEM images at different magnifications; (e) EDX pattern o

© 2025 The Author(s). Published by the Royal Society of Chemistry
of 200 kV equipped with a high-resolution CCD camera. For the
Brunauer–Emmett–Teller (BET) surface area analysis and to
determine the pore sizes of the material, N2 sorption isotherms
weremeasured using aMetrohm BELSORPminiX instrument at
77 K with N2 as the adsorptive gas. Prior to the N2 sorption
measurements, the samples were degassed at 220 °C for 6 h to
remove the moisture in the samples.

The surface morphologies and elemental compositions were
analyzed by eld emission scanning electron microscopy
(FESEM) and elemental dispersive X-ray spectroscopy (EDX)
using an FESEM + EDS analyzer (JEOL, JSM-7600F). NMR
studies were carried out using a nuclear magnetic resonance
spectrometer at 400 MHz (Bruker Biospin Switzerland, Ascend)
and 750 MHz. Melting points were determined using digital
melting/boiling point apparatus (EQ 730A EQUIPTRONICS).
f the prepared Pr6O11 NPs.

RSC Adv., 2025, 15, 25985–25999 | 25987
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Fig. 3 BET analyses (a) adsorption–desorption (b) pore diameter of the prepared Pr6O11.
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3. Experimental section

The experimental procedure comprised two steps: preparation
of the praseodymium oxide nanoparticles (Pr6O11 NPs) and
synthesis of the chromene derivatives using the prepared NPs
by ultrasound-assisted catalytic separation.
3.1. Preparation of the Pr6O11 NPs by hydrothermal
oxidation

Praseodymium metal powder (2 g) was dissolved in concen-
trated hydrochloric acid (5 mL) to form praseodymium chloride
solution (0.1 M). An aqueous solution of 5 M KOH was added
drop-wise into the 0.1M praseodymium chloride solution under
stirring at 800 r.p.m. until praseodymium hydroxide precipi-
tated completely. The precipitate was aged for 15 min in air and
then washed repeatedly with distilled water until the pH
became 8 to remove Cl− anions in the precipitate. Next, 40 mL
of 5 M KOH was added to the wet precipitate under sonication
in the ultrasonic bath. The treated precipitate was then sub-
jected to hydrothermal treatment at 180 °C for 45 h in an
autoclave. The solid was recovered and rinsed with deionized
water until the pH value approached approximately 7. The as-
obtained precipitate was dried at 60 °C for 1 day and then
calcined at designated temperatures for 2 h in the air to convert
the precipitate into oxide nanoparticles (NPs).
3.2. Synthesis of 2-amino-3-cyano-7-hydroxy-4H-chromene

Aer successful synthesis of the Pr6O11, it was utilized for the
catalytic separation of the chromene derivatives. In order to
develop a green protocol and check the viability of the reaction
in aqueous and partially alcoholic media, a long screening test
involving various parameters, like the choice of catalyst, NaPTS,
application of ultrasound frequencies, and the solvents being
fully or partially aqueous, was carried out as part of the method
development. The developed method was denoted as ‘model
reaction 2’. Aqueous solutions of 0.101 mL of 1 mM
25988 | RSC Adv., 2025, 15, 25985–25999
benzaldehyde, 0.063 mL of 1 mMmalononitrile, 0.11 g of 1 mM
resorcinol, and 20% NaPTS were added in a container. To these
reactants, 0.01 g of 10 mol% Pr6O11 NPs was added as a catalyst.
These reactants were then subjected to ultrasonic irradiation
(ultrasound frequency: 25 kHz; output power: 6.5–650 W) at
room temperature for 5 min, and the progress of the reaction
was monitored by TLC (ethyl acetate : hexane = 8 : 2). The
product was ltered with Whatman lter paper no. 41 to sepa-
rate the catalyst (Pr6O11) NPs. The catalyst NPs were preserved
for the recyclability test. The product devoid of catalyst obtained
aer ltration was re-crystallized by ethanol and characterized
by 1H NMR and 13C NMR spectroscopy.
3.3. Recyclability of the catalyst

To check whether the catalyst Pr6O11 could be recycled or not,
a recyclability study was carried out. Here, aer each reaction, the
catalyst was isolated by simple ltration, reactivated by cleaning
with ethanol, and then dried in a hot air oven. The product was
separated by ltering the solid aer adding 15mL of ice-cold water
to the reaction mixture. The aqueous layer was recovered, and the
organic reactant/product was extracted using ethyl acetate.
4. Results and discussion
4.1. Structural study of the prepared catalyst

The structure and composition of the prepared catalyst were
studied using various material characterization techniques, as
described below.

4.1.1. XRD analysis. The prepared catalyst was subjected to
XRD analysis. Various diffraction peaks were observed (Fig. 1a).
The peaks were closely matched to those present in JCPDS data
card 42-1121. Peaks were observed at 2q values of 18.23°, 29.18°,
32.54°, 41.35°, 48.65°, 58.66°, 65.38°, 79.88°, oriented along the
(111), (200), (220), (311), (222), (400), (311), and (420) planes,
respectively. These peaks conrmed the formation of Pr6O11

cubic structures with the space group Fd�3m.46 The average
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images of the prepared Pr6O11 at different magnifications.
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crystallite size of the praseodymium oxide nanoparticles (Pr6O11

NPs) calculated by Scherrer's equation was 12.84 nm.
4.1.2. FTIR analysis. The FTIR spectra of the synthesized

Pr6O11 NPs were recorded to identify the functional groups. As
shown in Fig. 1b, there was a peak around 3600 cm−1, corre-
sponding to –OH stretching and bending vibrations from
surface hydroxyl groups absorbed water molecules, while the
peak around 500–700 cm−1 could be attributed to Pr–O
stretching vibrations, indicating the presence of Pr6O11. The
peak around 654 cm−1 was due to Pr–O–Pr bridging vibrations
while the peak around 508 cm−1 was related to Pr–O stretching
modes.

4.1.3. TGA and DTA analyses. The thermo-gravimetric
analysis (TGA) curve of Pr6O11 NPs showed two distinct weight
Table 1 Screening of catalysts, solvents, and reaction conditions

Sr. no Catalyst Solvent

1 — Water
2 — NaPTS (20%)
3 Pr6O11 NPs Water/NaPTS (20%)
4 Pr6O11 NPs Water/NaPTS (20%)
5 Pr6O11 NPs EtOH : H2O (1 : 1)
6 Pr6O11 NPs Ethanol
7 Pr6O11NPs Water/NaPTS (20%)

© 2025 The Author(s). Published by the Royal Society of Chemistry
loss steps (Fig. 1c). The rst weight loss of approximately 7.2%
in the temperature range 50–354 °C was attributed to the loss of
physically adsorbed moisture from the surface of the nano-
particles. This was further supported by the corresponding
endothermic peak observed in the DTA curve at a temperature
of around 250 °C. The second weight loss, in the temperature
range 400–750 °C, accounted for an additional 3% weight loss,
which may indicate thermal decomposition or phase trans-
formation within the oxide structure. The exothermic peak
observed in the DTA curve during this temperature range sug-
gested a release of energy, likely associated with the phase
stabilization in Pr6O11.

4.1.4. SEM and EDX analyses. Fig. 2 displays the FESEM
images of the Pr6O11 NPs at four different magnications.
Temp. (°C) Time Yield (%)

RT 24 —
RT 3 Trace
60 °C 30 min 60
RT 20 min 85
RT 1 90
RT 1 92
Ultrasound 5 min 96

RSC Adv., 2025, 15, 25985–25999 | 25989
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Table 2 Effect of Pr6O11 NPs loading on the yield of the reaction
model

Entry
Catalyst
(mol %)

Catalyst
(mol %)

Temp.
(°C)

Time
(min)

Yield
1 h
(%)

1 Pr6O11 NPs 5 mol% RT 40 65
2 Pr6O11 NPs 10 mol% RT 5 96
3 Pr6O11 NPs 15 mol% RT 20 82

Fig. 5 Screening of the optimal concentration of NaPTS for the synthesis of chromene derivatives.
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Specically, Fig. 2a depicts the NPs clusters at a magnication
of 500×, illustrating their morphological structure. Fig. 2b–
d also show clusters of NPs with morphological structures of
irregular shapes at 2000×, 5000×, and 10 000× magnications.
The average Pr6O11 NPs cluster size was in the 18–40 nm range.
Furthermore, EDX conrmed the Pr and O in the catalysts.

The EDX spectrum is illustrated in Fig. 2e, showing the
Pr6O11 NPs consisted of the elements Pr and O, revealing that
organic molecules were present in the Pr6O11 NPs.

4.1.5. BET analysis. The BET study of the Pr6O11 was per-
formed by obtaining the nitrogen adsorption–desorption
isotherms at 77 K, which demonstrated an H3 type hysteresis
loop, indicating their slit-shaped or wedge-shaped pore forma-
tion, as observed in Fig. 3a. The pore-size distribution was
narrow with no limiting adsorption at high values of P/P0. Next,
Table 3 Comparison of Pr6O11 with previously reported catalysts for the

Sr. no Catalyst Solvent

1 L-Proline EtOH : H2O (1 : 1)
2 Na2CO3 Solvent-free
3 Nano SiO2 Water
4 Fe(HSO4)3 CH3CN
5 ACDs Water
6 POPINO Water
7 Tungstic acid-SBA-15 Water
8 Nano-cellulose-OTicl3 EtOH
9 Polyoxometalate@dysprosium EtOH : H2O
10 Pr6O11 Water/NaPTS (20%)

25990 | RSC Adv., 2025, 15, 25985–25999
a BJH. study was carried out to evaluate the specic surface area
and the average pore-size diameter. The Pr6O11 nanoparticles
had a specic surface area of 9.677 m2 g−1 and an average pore
size of 35.09 nm and pore volume of 0.40 cm−3 g−1 (Fig. 3b). A
high surface area and average pore size are more benecial for
enhancing the catalytic properties.

4.1.6. TEM analysis. The TEM image of Pr6O11 NPs showed
they were quasi-spherical nanoparticles with an average size
20 nm that were agglomerated together (Fig. 4a). Also some
octahedral-shaped particles could be observed, which were due
to salt impurities due to PrCl3 (Fig. 4d), albeit in trace
quantities.
4.2. Study of chromene derivatives obtained using Pr6O11

NPs

The catalytic performance of Pr6O11 NPs was evaluated for the
synthesis of chromene derivatives using a model reaction with
4-methoxybenzaldehyde, malononitrile, and resorcinol.
Initially, the reaction in an aqueous medium failed, while in
ethanol, only a trace amount of the product was formed, indi-
cating the need for a catalyst. When Pr6O11 NPs were intro-
duced, the reaction proceeded smoothly, leading to higher
product yields. This study demonstrated that the Pr6O11 NPs are
effective catalysts, offering a promising approach for green
chemistry applications.
preparation of chromene derivatives

Temp. (°C) Time (min) Yield (%) References

60 °C 30 86–96 47
50 °C 40 92 48
70 °C 30 90 49
Reux 4 h 83 32
RT 3 h 94 50
Reux 15 92 51
100 °C 12 h 86 52
Reux 20 90 53
Reux 15 90 54
Ultrasound 5 96 Present work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mechanism for the synthesis of chromene derivatives.
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To improve the yield, ultrasonication was added to the
model reaction, leading to better results than before. We also
tested ethanol and ethanol/water with Pr6O11 NPs, but these did
not yield the desired results.

Table 1 and Fig. 5 shows that Pr6O11 NPs in 20% NaPTS
under ultrasound irradiation provided the optimal conditions
for chromene synthesis. Specically, 20% NaPTS played
Scheme 1 Synthesis of chromene derivatives using Pr6O11 nanoparticle

© 2025 The Author(s). Published by the Royal Society of Chemistry
a crucial role as a hydrotrope. Its primary function was to
enhance the solubility of the hydrophobic organic substrates in
water without forming micelles, like surfactants. This improved
the reaction homogeneity and facilitated a better interaction
between the reactants and the nanocatalyst in the aqueous
phase. Additionally, NaPTS contributed to reducing the inter-
facial tension, which promoted more efficient mass transfer in
s.
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Table 4 Synthesis of chromene derivatives

Entry Aldehyde Product Time (min) Yield (%)

Melting point (°C)

Obs. Lit.

1 5 96 233 (234–236)

2 4 92 208 (209–210)

3 5 92 293 (293–294)

4 5 92 280 (278–280)

25992 | RSC Adv., 2025, 15, 25985–25999 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd. )

Entry Aldehyde Product Time (min) Yield (%)

Melting point (°C)

Obs. Lit.

5 7 91 215 (213–215)

6 5 93 160 (160–162)

7 7 90 206 (207–209)

8 5 96 192 (192–194)

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 25985–25999 | 25993
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Table 4 (Contd. )

Entry Aldehyde Product Time (min) Yield (%)

Melting point (°C)

Obs. Lit.

9 6 92 250 (248–250)

10 4 90 183 (182–183)

11 5 92 257 (256–258)

12 10 83 211 (211–214)
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the heterogeneous aqueous system. It accelerated the reaction
rates by creating a favorable microenvironment around the
catalyst surface under ultrasound conditions. These parameters
support green chemistry principles by avoiding the need to use
25994 | RSC Adv., 2025, 15, 25985–25999
harmful organic solvents and enabling reactions to be carried
out in water. Overall, NaPTS enhanced the sustainability, effi-
ciency, and environmental compatibility of the synthetic
protocol. The catalyst loading was further optimized using 20%
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculation of the green chemistry metrics

S. no. Parameters Formula Characteristics Ideal value
Calculated value for
compound

1 Environmental
(E) factor

[Total mass of the raw materials –
the total mass of the product]/
mass of the product

E-Factor shows the total amount
of waste generated in a chemical
reaction

0 [(0.136 + 0.066 + 0.110) −
0.292]/0.292 = 0.07

2 Process mass
intensity (PMI)

S (mass of materials)/[total mass
of the isolated product]

PMI takes into account the
reaction efficiency, stoichiometry,
amount of solvent, and all the
reagents used in the chemical
reaction

1 (0.136 + 0.066 + 0.110)/0.292 =

1.06

Reaction mass
efficiency (RME%)

[Product/S (mass of
stoichiometric reactants)] × 100

RME accounts for the atom
economy, chemical yield and
stoichiometry

100% [0.292/(0.136 + 0.066 + 0.110)]
× 100 = 93.58%
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NaPTS, with the results shown in Table 2. Table 3 presents
a comparative study between previously reported catalysts and
the newly developed Pr6O11 catalyst for the synthesis of chro-
mene derivatives.

The best yield was achieved with 10 mol% of Pr6O11 NPs.
Hence, along with the other reaction parameters, it was
considered as the optimized choice. The yield of the product
was found to be decreased when the molar concentration of the
catalyst was increased or decreased. This supports our
hypothesis that the small size and porous structure of Pr6O11

NPs offer more active sites (Fig. 6), facilitating faster reactions
in the presence of the hydrotrope and ultrasound irradiation,
leading to high yields at room temperature. Various chromene
derivatives were synthesized using different aromatic aldehydes
with the optimized catalyst loading in the hydrotropic aqueous
medium (Scheme 1), and the results are summarized in Table 4.
4.3. Green chemistry matrix evaluation

4.3.1. Process mass intensity. In accordance with the
principles of green chemistry, we evaluated several green
metrics to assess the sustainability and efficiency of the devel-
oped protocol, which are shown in Table 5. A representative
reaction involving 4-methoxybenzaldehyde, malononitrile, and
resorcinol was used to calculate the reaction mass efficiency
(RME), E-factor, and process mass intensity (PMI). The respec-
tive amounts of reactants used were 4-methoxybenzaldehyde
(0.136 g, 1 mmol), malononitrile (0.066 g, 1 mmol), and resor-
cinol (0.110 g, 1 mmol). The reaction yielded 0.292 g (0.95
mmol) of the desired 2-amino-3-cyano-4H-chromene product.

These results indicate the high atom economy, excellent
mass efficiency, andminimal waste generation of the developed
protocol. The low E-factor and PMI value close to 1 highlight the
environmental and economic sustainability of the process. The
use of a non-toxic, recyclable catalyst in an aqueous hydrotropic
Table 6 Atom economy of the synthesized chromene derivatives

Entry no. 1 2 3 4 5

Atom economy 87.95 89.60 88.67 89.76 90.06

© 2025 The Author(s). Published by the Royal Society of Chemistry
medium, along with high yields and short reaction times,
further conrmed the green and efficient nature of the devel-
oped methodology.

4.3.2. Atom economy. The atom economy is a crucial
metric in green chemistry. It assesses the efficiency of a chem-
ical reaction by considering how much of the reactant mass is
incorporated into the nal product. It is expressed as
a percentage and is calculated using the formula:

Atom economy =

(total molar mass of reactants/molar mass of desired product)

× 100

The atom economy values, as provided in Table 6, ranged
from 87.95 to 90.86%, indicating that all these reactions were
relatively efficient. A higher atom economy means fewer
byproducts, leading to improved sustainability in chemical
synthesis. In contrast, reactions with a lower atom economy
may involve the loss of atoms as side products or leaving
groups, making them less desirable from a green chemistry
perspective.

Analyzing the data, entry 7 (90.86%) had the highest atom
economy, suggesting that this reaction effectively incorporated
most of the reactant atoms into the nal product. This indicated
a well-optimized reaction with minimal waste. On the other
hand, entry 1 (87.95%) had the lowest atom economy, implying
that some portion of the reactants was not utilized efficiently,
possibly due to the formation of byproducts or side reactions.
Other entries fell within this range, showing slight variations
based on the nature of the reactants, reaction mechanisms, and
functional groups involved. For example, reactions with halo-
genated compounds or protective groups might have slightly
lower atom economies due to the elimination of non-
contributing atoms during product formation.
6 7 8 9 10 11 12

89.26 90.86 89.11 88.59 88.52 90.31 89.60

RSC Adv., 2025, 15, 25985–25999 | 25995
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Fig. 7 The atom economy values for the synthesized chromene derivatives.
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From a practical standpoint, reactions with a higher atom
economy are highly desirable in industrial and pharmaceutical
applications, as they reduce the need for extensive purication,
lower the material costs, and decrease the environmental
impact. Chemists can enhance the atom economy by selecting
appropriate catalysts, designing atom-efficient synthetic routes,
and utilizing solvent systems that promote complete reactant
conversion. Fig. 7 indicates that all the reactions listed were
relatively efficient, demonstrating good alignment with the
principles of green chemistry. Further optimization could push
these efficiencies even higher, contributing to more sustainable
and economically viable chemical processes.
4.4. Reproducibility and yield consistency

To validate the reproducibility and reliability of the developed
protocol, the model reaction involving 4-methoxybenzaldehyde,
malononitrile, and resorcinol was performed in triplicate under
the optimized conditions. The product yields obtained in three
independent experiments were 95%, 96%, and 94%,
Fig. 8 Recyclability test of Pr6O11 NPs.

25996 | RSC Adv., 2025, 15, 25985–25999
respectively. The average yield was calculated as 95% with
a standard deviation of ±1.0%. These results conrm the
excellent consistency and robustness of the catalytic system,
supporting the claim of high reproducibility and the practical
applicability of this green synthetic approach.
4.5. Recyclability

Fig. 8 depicts a graph showing the yields obtained with
increasing the number of uses of the Pr6O11 catalyst. Aer each
reaction, the catalyst was isolated by simple ltration, reac-
tivated by cleaning with ethanol, and then dried in a hot air
oven. The gure depicts the catalyst's stability and consistent
performance over multiple cycles, whereby the product was
separated by ltering the reaction mixture, the aqueous layer
was recovered, and the organic layer was extracted using ethyl
acetate. Compared to previous studies reported in the
literature,18–30 a key advantage of the present approach is the
ability to reuse the Pr6O11 NPs catalyst up to ve times without
signicant loss in catalytic activity. The Pr6O11 NPs aer the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) XRD spectrum of the Pr6O11 NPs recycled after 5 cycles. (b) TEM image of Pr6O11 NPs recycled after 5 cycles.
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h reuse showed no signicant changes, indicating that the
catalyst retained its original properties.

4.6. Before and aer characterization of the catalyst

Fig. 9a shows the XRD patterns of the Pr6O11 nanoparticles before
and aer the 5th catalytic cycle, indicating that their crystalline
nature was well retained. A slight reduction in peak intensity
suggested minor structural changes or surface passivation due to
repeated use. Fig. 9b presents a TEM image of the Pr6O11 nano-
particles aer the 5th cycle, showing that the particles were
aggregated but preserved their morphology, conrming the good
structural stability and reusability of the catalyst.

5. Conclusion

The ultrasonic-assisted synthesis of 2-amino-4H-chromene
derivatives was successfully achieved using hydrothermally
synthesized Pr6O11 nanoparticles as an efficient catalyst. The
use of Pr6O11 nanoparticles offers distinct advantages, enabling
the facile and efficient synthesis of 2-amino-4H-chromene
derivatives. Notably, the catalyst demonstrated excellent reus-
ability, retaining up to 85% yield even aer ve consecutive
cycles. Ultrasonic irradiation played a crucial role in the process
by controlling the particle size and crystalline phases of the
products, as well as facilitating rapid separation. Therefore, the
integration of ultrasonication with Pr6O11 nanoparticle catalysis
represents a novel and effective approach for the synthesis and
separation of 2-amino-4H-chromene derivatives.
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