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Introduction

Quinone-based molecules are a noteworthy class of organic
compounds due to their broad biological activities (Scheme 1A),
valuable industrial applications, and utility as intermediates in
heterocycle synthesis." These properties have generated
substantial interest among synthetic chemists and pharmacol-
ogists, motivating the development of sustainable strategies for
their synthesis and functionalization.

Among the established strategies for the synthesis of 3,3'-
(arylmethylene)bis(2-hydroxynaphthalene-1,4-diones), the
pseudo three-component reaction between 2-hydroxy-1,4-
naphthoquinone (HNQ) and aldehydes represents a straight-
forward way for accessing this class of compound. Since this
synthesis is based on an inherently slow reaction, several cata-
lysts have been employed to facilitate this reaction (Scheme
1B).>*® Moreover, non-conventional techniques, such as
microwave and ultrasound irradiation, have been demonstrated
to exert a promotional effect on these reactions.™

Despite substantial methodological advancements, the
majority of existing protocols suffer from several disadvantages,
such as long reaction times, difficult product isolation, high
temperatures, low-yielding products, and the employment of
toxic organic solvents. Consequently, the development of an
operationally simple, efficient, eco-friendly, and energy-saving
protocol for the one-pot assembly of biologically important
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broad tolerance to aryl-substituted aldehydes, and recyclability over multiple cycles with minimal loss of
activity. The protocol is readily scalable without compromising efficiency.

compounds, exemplified by arylmethylene-bislawsones (3),
continues to be of significant scientific interest.
Mechanochemical synthesis has emerged as a practical and
sustainable alternative to traditional solution-phase methodol-
ogies.” These approaches effectively eliminate the need for
solvents (sometimes toxic) and elevated temperatures by har-
nessing the mechanical energy generated by impact forces
within the reaction vessel. The continuous development of
specialized equipment suitable for small-scale reactions and
easy scale-up has expanded the applicability of mechanosyn-
thesis to solvent-free reactions and even to processes involving
gas-phase reagents.'> Moreover, advances in the elucidation of
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the mechanisms involved have contributed to the identification
of intermediates formed during these reactions.™

Recent developments in heterogeneous catalysis have
significantly broadened the synthetic toolbox for accessing
structurally complex and highly functionalized molecules. In
this context, polymer-supported catalysts have attracted
growing attention in recent years due to their operational
simplicity, ease of product isolation, and advantageous
economic and environmental benign."**®* Among these, chito-
san (CS) stands out as a promising support material due to its
natural origin, biocompatibility, and biodegradability. Its
structure, rich in amino and hydroxyl groups, offers multiple
reactive sites for chemical modification and the anchoring or
stabilization of catalytic species.'®>* A notable functionalization
strategy involves sulfonation, yielding sulfonic acid-
functionalized chitosan (CS-SO;H), which has demonstrated
efficacy as a solid acid -catalyst in various organic
transformations.?*>® In certain cases, sulfonated chitosan
exhibits superior catalytic performance compared to the
unmodified form. This enhanced activity is generally attributed
to improvements in surface area, a greater density of accessible
acidic sites, and increased thermal stability, making the func-
tionalized biopolymer particularly suitable for reactions under
elevated temperatures.*

We herein report the mechanochemical synthesis of func-
tionalized bis-lawsones (3a-z) via the reaction between lawsone
(2-hydroxynaphthalene-1,4-dione) (1) and a arylaldehydes (2).
The transformation is carried out under solvent-free conditions,
employing sulfonated chitosan as a biodegradable, readily
available, and recyclable material that acts both as a grinding
auxiliary and a solid acid reaction promoter. This protocol
enables the efficient and environmentally benign construction
of the target compounds, aligning with the principles of green
chemistry (Scheme 1C).

Results and discussion
Synthesis and characterization of CS-SO;H

Chitosan-SO;H (CS-SO3;H) was prepared according to a previ-
ously described protocol.> Chlorosulfonic acid (2 mL) was
added dropwise to a magnetically stirred suspension of chito-
san (1.00 g) in anhydrous dichloromethane (10 mL) maintained
at 0 °C over the course of 1 hour. After the addition was
complete, the reaction mixture was allowed to stir at ambient
temperature for an additional 2 hours to ensure full elimination
of HCI. The solid was then collected by filtration and thoroughly
washed with methanol until the filtrate reached neutral pH. The
material was subsequently dried at room temperature, afford-
ing chitosan-SO;H as a white solid (Scheme 2).

OSO;H 0SO;H

o) O, 0 CISO;H o O, o,
HO ° o ~ > | HO o o
HO CH,Cl,, 0°C NH . HO o
NHAc NH, |n / )
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Scheme 2 CS-SOzH preparation.
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For a comprehensive characterization of CS-SO;H and veri-
fication of its structural, thermal, and elemental features,
a combination of complementary analytical techniques was
employed.” Fourier Transform Infrared (FT-IR) spectroscopy
was applied to confirm the successful introduction of sulfonic
groups onto the chitosan framework. Thermogravimetric
Analysis was performed to assess the thermal stability, deter-
mine the organic fraction, and evaluate the efficiency of
component incorporation throughout the synthesis process. X-
ray Diffraction (XRD) analysis was conducted to evaluate the
crystalline structure of the catalyst and ensure its phase purity
and structural integrity during synthesis. Field Emission Scan-
ning Electron Microscopy was used to observe the morphology
and particle size distribution, while Energy Dispersive X-ray
Spectroscopy provided information on the elemental composi-
tion and sulfur content at the catalyst surface.

The FT-IR spectrum confirmed the presence of distinct
functional groups in CS-SO;H. Based on previous studies and
the present data, the characteristic bands observed at
1208 cm ™" and 1055 cm™ " correspond to the S=O stretching
vibrations of the -SO;H group in -O-SO;H and NH-SO;zH,
respectively. In addition, the peak at 804 cm ™" is attributed to
the stretching vibration of the S-N bond in ~-HN-SO;H (Fig. 1).

The thermal stability of the synthesized catalyst (CS-SO;H)
was assessed by thermogravimetric analysis (TGA) over the
temperature range of 50-500 °C. The first weight loss (approx-
imately 5%) at around 90 °C corresponds to the removal of
residual solvent and other small molecules. The second major
weight loss (approximately 20-75%) occurring between 250 and
300 °C is associated with the degradation of the chitosan
polysaccharide backbone and the SO;H groups (Fig. 2).

The XRD pattern of CS-SOzH exhibits a broad diffraction
peak centered between 15° and 25° (26), characteristic of the
semicrystalline nature of chitosan. After sulfonation, the peak
becomes broader and less intense, indicating increased
amorphization due to disruption of intermolecular interactions
and hydrogen bonding. This structural change confirms that
the introduction of -SO;H groups reduces crystallinity and
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Fig.1 FT-IR spectrum of CS-SOzH.
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Fig. 2 TGA curve of CS-SOzH.

enhances the amorphous character of the material (Fig. 3A).
EDS analysis revealed the elemental composition of the mate-
rial, confirming the presence of carbon, oxygen, nitrogen, and
sulfur with weight percentages of 61.7%, 19.2%, 13.1%, and
6.0%, respectively. These results verify the successful incorpo-
ration of -SO;H groups onto the chitosan backbone (Fig. 3B).
Furthermore, the surface morphology, particle features, and
size distribution of CS-SO;H were examined using FE-SEM
(Fig. 3). The observations showed a uniform fibrous surface
with visible voids and cracks, which are expected to serve as
active sites for the catalytic reaction.
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Evaluation of the activity of CS-SO;H in the mechanochemical
synthesis of arylmethylene-bislawsones

The study was initiated using lawsone (1) and benzaldehyde (2a)
as model substrates to evaluate the influence of different
parameters on the reaction outcome. The reaction between 1
(2.0 equiv.) and 2a (1.0 equiv.) was carried out in the presence of
100 mg of CS-SO3H as catalyst, yielding the desired product (3a)
in 54% after 2 h of grinding at 3000-4000 oscillations per
minute, using 10 stainless steel balls (5 mm x 16) (Table 1,
entry 1). During this process, the formation of a paste was
observed (see Fig. S5 in the SI), reducing the efficiency of
collisions during the milling process,® and consequently
lowering product yields. To overcome this limitation, a grinding
aid was added. Thus, 800 mg of silica gel was added, as
a grinding auxiliary solid, allowing the reaction to proceed
efficiently (Table 1, entry 2). To enhance sustainability and allow
catalyst reuse, acidic chitosan was evaluated in a dual role as
grinding auxiliary and catalyst, providing 3a in 92% yield after
1 h under identical conditions (Table 1, entry 3). When the
reaction was conducted using 10 mol% of p-toluenesulfonic
acid, only 66% of 3a was obtained (Table 1, entry 4). In contrast,
when the amount of p-TSA was increased to 1 equiv., the
product 3a was obtained in 87% yield (Table 1, entry 5). Another
advantage of CS-SO;H over conventional p-TSA is its straight-
forward and clean separation from the reaction medium, in
addition to its recyclability. The reaction was subsequently
evaluated using unmodified chitosan (low molecular weight);
however, no formation of the target product was observed
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Fig. 3 (A) XRD pattern of CS-SOzH; (B) EDS spectra of the CS-SOzH.
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Table 1 Optimization and control studies®

CS-SO;H
(800 mg)
‘#OH O
rt, 60 min
(20 equw) (1.0 equw)
Entry Deviations from the optimized condition Yield 3a” (%)
1 100 mg of CS-S0;H 54
2 100 mg of CS-SO;H and 800 mg of SiO, 70
3 None 92
4 10 mol% of p-TSA 66
5 1.0 equiv. of p-TSA 87
6 Chitosan nr
7 500 mg of CS-SO;H 81
8 700 mg of CS-S0;H 87
9 5 stainless steel grinding balls of 5 mm Trace
10 8 stainless steel grinding balls of 5 mm 69
11 Without catalyst nr
12 Without grinding balls nr
OH OH OSOJH 0SOzH
(¢} O, 0
A<”;$ﬁ;o“‘°$'ﬁ;c>: A( NH HO . c>~
HO3S

Chltosan-sulfonic acld
(CS-SO;H) catalyst

pristine chitosan

“ Unless otherwise noted, all reactions were carried out with 1 (1.00
mmol), 2a (2.00 mmol), and CS-SO;H (800 mg), using 10 stainless
steel grinding balls (5 mm diameter x 16) in a Ultra-Turrax Tube
Drive (IKA) of 15 mL. ” Isolated yield.

(Table 1, entry 6), underscoring the crucial role of the SO;H
functionalities in aldehyde activation and stabilization of the
reaction intermediates. Reducing the CS-SO;H amount (Table 1,
entries 7 and 8) or the number of grinding balls (Table 1, entries
9 and 10) decreased efficiency. Control experiments confirmed
that both CS-SO;H and the grinding balls were essential for the
reaction (Table 1, entries 11 and 12).

With the optimal reaction conditions established, we then
focused our attention on evaluating the scope and limitations of
the mechanochemical synthesis of arylmethylene-bislawsones
(3) promoted by CS-SO;H (Scheme 3). Accordingly, unsub-
stituted aldehyde (3a) as well as aryl aldehydes bearing electron-
donating (3b-3k) or electron-withdrawing (31-3r) groups
successfully underwent the transformation, furnishing the
corresponding products in moderate to good yields. Notably,
substituents in the ortho, meta, and para positions were all well
accommodated under the optimized conditions. In addition,
the bromine-containing aryl aldehyde—an important synthon
for transition-metal-catalyzed cross-coupling reactions—also
reacted efficiently, providing product 3n in good yield.
Furthermore, a series of heteroaryl substituents, including
pyridyl (3t and 3u) and thienyl (3s), proved to be compatible
under the reaction conditions. The corresponding products
were obtained in satisfactory yields, demonstrating the good

16232 | RSC Adv, 2026, 16, 16229-16240
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functional group tolerance of the mechanochemical synthesis
of bis-benzoquinonylmethanes.

Evaluation of aliphatic aldehydes, including para-
formaldehyde, phenylacetaldehyde, citral, and citronellal,
revealed that only paraformaldehyde underwent successful
conversion to product 3z in high yield (94%). We assume that
aliphatic aldehydes exhibited inferior performance due to the
absence of electronic conjugation and stabilization that
enhance the reactivity of aromatic aldehydes. Moreover, steric
effects and higher volatility under milling further decreased
their efficiency, with only paraformaldehyde affording high
yields. Other aldehydes, such as furfural, glucose, and reactive
ketones like isatin, were also investigated; however, no product
formation was observed. Densely functionalized triazole deriv-
atives are very important chemical architectures, also present-
ing physiological and pharmacological properties.** Therefore,
the development of straightforward protocol to achieve this
important scaffold is highly desirable. Gratifyingly, employing
our protocol afforded the 3,3'-((1-aryl-1H-1,2,3-triazol-4-yl)
methylene)bis(2-hydroxynaphthalene-1,4-diones) 3v-3y, high-
lighting the robustness of this method (Scheme 3 and Fig. 4).

To demonstrate the robustness and efficiency of the method,
the standard reaction using model substrate 1a was performed
on a 5.0 mmol scale. The desired product 3a was obtained in
89% yield, with no observable loss in reactivity, highlighting the
potential of this protocol as a sustainable and environmentally
benign synthetic approach (Fig. 5A). Furthermore, the recycla-
bility of CS-SO;H was further investigated, as the ability to reuse
a heterogeneous catalyst over multiple cycles represents a major
advantage and a key criterion for its practical applicability in
sustainable synthetic methodologies.

After separation from the reaction mixture by filtration, CS-
SO;H was washed with hot ethanol and air-dried. The recovered
material was then reused in the model reaction for five
consecutive cycles. A slight decrease in product yield was
observed with each reuse (run 1: 92%; run 2: 90%; run 3: 84%;
run 4: 82%; run 5: 80%), highlighting the catalyst's notable
recoverability and demonstrating its potential for recyclability
with only a moderate loss in catalytic activity (Fig. 5B).

To assess the structural and functional stability of CS-SO;H
under solvent-free mechanochemical conditions, FT-IR, EDS,
FESEM, and XRD analyses were performed on the material
before and after the reaction. The consistent spectral and
morphological features confirm that CS-SO;H remains stable
throughout the process (Fig. 6).

By examining the FT-IR spectrum of the recycled material, it
was observed that the structure of CS-SO;H remained intact
after the reaction (Fig. 6A). EDS analysis further confirmed that
the elemental composition of the CS-SO;H was preserved after
reuse (Fig. 6B). FE-SEM images revealed that the overall
morphology, particle size, and surface uniformity of CS-SO;H
were virtually unchanged, with no evidence of particle aggre-
gation, surface collapse, or structural degradation—demon-
strating the strong structural integrity of the CS-SO3;H under
both chemical and mechanical stress (Fig. 6C). Moreover,
comparison of the XRD patterns before and after the reaction
showed no significant changes or shifts in the position or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Mechanochemical synthesis of arylmethylene-bislawsones (3) using CS-SOzH as both a biodegradable grinding auxiliary and catalyst.

intensity of the diffraction peaks (Fig. 6D). Collectively, these
results confirm the high crystallographic and structural stability
of CS-SO;H, and, together with its excellent recyclability,
underscore its effectiveness as a dual-function material serving
both promoter and grinding-assistant roles in mechanochem-
ical synthesis.

This work advances beyond previous methods by combining
the dual functionality of sulfonated chitosan as both solid acid
and grinding auxiliary under solvent-free conditions, leading to
significantly improved reaction efficiency. Compared with

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

recent protocols employing humic acid, sulfamic acid, or
camphor sulfonic acid catalysts, the present method delivers
higher yields (up to 97%) in markedly shorter reaction times
(1-3 h versus 6-12 h) without the need for organic solvents or
high temperatures. Moreover, the CS-SO;H can be reused for at
least five consecutive cycles with only minor loss of activity,
highlighting its superior sustainability and environmental
performance relative to conventional approaches.

Based on the obtained results and previous literature reports,'®
a plausible reaction mechanism is proposed, highlighting the

RSC Adv, 2026, 16, 16229-16240 | 16233
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Fig. 4
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Fig. 5

catalytic role of CS-SO;H (Scheme 4). In the first step, quinone
methide intermediate A is formed via nucleophilic attack of
lawsone on the protonated aldehyde 2, followed by elimination of
water. Subsequently, intermediate A reacts with a second mole-
cule of lawsone to generate species B, which then undergoes
tautomerization to yield the desired product 3.

Experimental
General experimental information

All chemicals were purchased and used without further purifi-
cation. Anhydrous solvents were either purchased or dried
employing standard drying agents and freshly distilled before
use. Reactions were monitored by Thin-layer chromatography
(TLC) (Silica gel 60 F254, Merck KGaA, Darmstadt, Germany).
Flash column chromatography was performed using Silica Gel
60 M (40-63 pm, Machery Nagel GmbH & Co., Diiren, Germany).
Melting points were obtained on a Fisatom 430D apparatus and
uncorrected. Infrared spectra were recorded on an FT-IR

16234 | RSC Adv, 2026, 16, 16229-16240

(A) Mechanochemical synthesis scale-up of arylmethylene-bislawsone 3a (B) evaluation of CS-SOszH recycling.

Thermo Nicolet IS-50 equipment operated in the ATR mode
(32 scans) (resolution 4 cm ™). 'H and *C NMR spectra were
acquired on a Bruker Advance NEO spectrometer operating at
500 MHz, employing a direct broadband probe at 125 MHz in
CDCl; or DMSO-dg at 25 °C. Chemical shifts (6) are reported in
parts per million relatives to residual solvent signals, and
coupling constants (J) are reported in hertz. Multiplicities are
described as brs = broad signal, s = singlet, d = doublet, t =
triplet, q = quartet, dd = doublet of doublets, dt = doublet of
triplets, and m = multiplet. APPI-Q-TOFMS measurements were
obtained on a mass spectrometer equipped with an automatic
syringe pump for sample injection.

Chitosan-SO;H (CS-SOsH) was synthesized following a liter-
ature process®™ (characterization data and FT-IR spectra,
Thermogravimetric Analysis (TGA), Field Emission Scanning
Electron Microscopy (FE-SEM), Energy Dispersive X-ray Spec-
troscopy (EDS), and X-ray Diffraction (XRD) analysis, are
provided in the SI).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FT-IR spectrum (A), EDS analysis (B), FE-SEM image (C), and XRD pattern (D) of CS-SOszH recycled.
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Scheme 4 Proposed mechanism for the synthesis of arylmethylene-bislawsones (3).

General procedure

3,3’-(Arylmethylene)bis(2-hydroxynaphthalene-1,4-diones)

synthesis general procedure on a 1.0 mmol scale (3a-z). In
a 15 mL BMT-20-S tube (IKA Ultra-Turrax Tube Drive) contain-
ing 10 stainless steel balls (5 mm x 16), the appropriate alde-
hyde (1.0 mmol, 1.0 equiv.) and 2-hydroxy-1,4-naphthoquinone
(2.0 mmol, 2.0 equiv.) were milled for 5 min at 300-4000
oscillations per minute. Subsequently, chitosan-SO;H (0.80 g)
was added to the mixture and milling was continued for the
time indicated in each case under the same oscillation condi-
tions. The reaction progress was monitored by TLC. After
grinding, the crude mixture was transferred to a becker and
extracted with 30 mL of ethanol. The solid chitosan-SO;H was
filtered off, washed with hot ethanol, and stored for reuse. The
solvent was evaporated under reduced pressure, and the
product was recrystallized from ethanol. 3,3'-(Arylmethylene)
bis(2-hydroxynaphthalene-1,4-diones) 3a-z were determined
by 'H, and **C NMR spectroscopy (characterization data and 'H,
and "*C NMR spectra are provided in the SI). General procedure
on a 5 mmol scale. The aforementioned protocol was followed

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

using lawsone (1,74 g, 10.0 mmol), benzaldehyde 2a (05 102 mL,
5.0 mmol), and chitosan-SO;H (0.800 g). The solid chitosan-
SO;H was filtered off, washed with hot ethanol, and stored for
reuse. The solvent was evaporated under reduced pressure, and
the product was recrystallized from ethanol providing
compound 3a as a yellow solid (1940 mg, 89%).

3,3'-(Phenylmethylene)bis(2-hydroxynaphthalene-1,4-dione)
(3a): 7 reaction time: 1 hour (401 mg, 92% yield), yellow solid,
purified by recrystallization in ethanol, mp: 206.2-209.0 °C. 'H
NMR (DMSO-ds, 500 MHz) 6 7.99 (dd, J 7.5, 1.5 Hz, 2H), 7.93 (dd,
J 7.5, 1.5 Hz, 2H), 7.85-7.74 (m, 4H), 7.26-7.16 (m, 4H), 7.15-
7.09 (m, 1H), 6.03 (s, 1H). FT-IR (ATR, vmax/cm '): 3328, 3060,
1641, 1590, 1494, 1299, 1264, 1039, 721.

3,3-((4-Methoxyphenyl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3b):” reaction time: 2 hours
(433 mg, 93% yield), yellow solid, purified by recrystallization in
ethanol, mp: 226.8-230.3 °C. 'H NMR (DMSO-dg, 500 MHz)
6 7.99-7.96 (m, 2H), 7.94-7.91 (m, 2H), 7.79 (ddd, J 16.1, 7.5,
1.5 Hz, 4H), 7.17-7.08 (m, 2H), 6.75 (d, J 8.7 Hz, 2H), 5.97 (s, 1H),
3.70 (s, 3H). FT-IR (ATR, Vpa/cm ™ ): 3395, 3239, 1634, 1458,
1333, 1042, 967, 821, 718.
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3,3'-((4-Hydroxyphenyl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3c¢):* reaction time: 02 hours
(401 mg, 89% yield), brown solid, purified by recrystallization in
ethanol, mp: 207.2-209.0 °C. '"H NMR (DMSO-dg, 500 MHz)
6 7.99-7.95 (m, 2H), 7.93-7.90 (m, 2H), 7.85-7.72 (m, 5H), 7.05-
6.96 (m, 2H), 6.62-6.54 (m, 2H), 5.92 (s, 1H). FT-IR (ATR, Vpax/
ecm™'): 3388, 3277, 1654, 1450, 1042, 1007, 829, 724, 689.
3,3'-((4-(Dimethylamino)phenyl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3d):” reaction time: 02 hours
(456 mg, 95% yield), yellow solid, purified by recrystallization in
ethanol, mp: 154.0-156.8 °C. "H NMR (DMSO-d,, 500 MHz)
6 7.94 (ddd, J 8.8, 7.6, 1.4 Hz, 4H), 7.83-7.70 (m, 4H), 7.12 (d, J
8.2 Hz, 2H), 6.15 (s, 1H), 2.93 (s, 6H). FT-IR (ATR, Vpa/cm 1):
3537, 2363, 1670, 1460, 1214, 1133, 1050, 912, 838.
3,3'-((4-(Tert-butyl)phenyl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3e): previously unreported
compound reaction time: 03 hours (449 mg, 91% yield), yellow
solid, purified by recrystallization in ethanol, mp: 226.7-227.7 °©
C. 'H NMR (DMSO-d,, 500 MHz) 6 8.02-7.70 (m, 8H), 7.33-7.02
(m, 4H), 6.00 (s, 1H), 1.25 (s, 9H). "*C{"H} NMR (DMSO-d,, 125
MHz) § 31.7, 34.4, 37.6, 123.7, 124.8, 126.0, 126.5, 128.3, 130.3,
132.7,133.5,135.1, 138.1, 147.9, 156.6, 181.6, 184.0. FT-IR (ATR,
Vma/em ): 3239, 2957, 1639, 1345, 1277, 1050, 904, 830, 791.
HRMS (ESI): m/z calc. for C3,H,,NaOg [M + Na]" 515.1465, found
515.1458.
3,3'-(p-Tolylmethylene)bis(2-hydroxynaphthalene-1,4-dione)
(3f):* reaction time: 03 hours (421 mg, 93% yield), yellow solid,
purified by recrystallization in ethanol, mp: 179.1-182.0 °C. 'H
NMR (DMSO-dg, 500 MHz) 6 7.98 (dd, J 7.4, 1.5 Hz, 2H), 7.92 (dd,
J 7.6, 1.4 Hz, 2H), 7.85-7.74 (m, 4H), 7.11 (d, J 7.9 Hz, 2H), 6.99
(d, J 7.9 Hz, 2H), 5.99 (s, 1H), 2.24 (s, 3H). FT-IR (ATR, Vpqy/
em™Y): 3335, 3027, 1653, 1626, 1459, 1301, 897, 866, 722.
3,3'-(o-Tolylmethylene)bis(2-hydroxynaphthalene-1,4-dione)
(3g):* reaction time: 01 hours (431 mg, 96% yield), yellow solid,
purified by recrystallization in ethanol, mp: 220.6-223.7 °C. 'H
NMR (DMSO-dg, 500 MHz) 6 8.02-7.96 (m, 2H), 7.95-7.90 (m,
2H), 7.85-7.74 (m, 4H), 7.17 (dd, 7.4, 1.6 Hz, 1H), 7.11-6.98 (m,
3H), 6.01 (s, 1H), 2.21 (s, 3H). FT-IR (ATR, Vpa/cm *): 3290,
3247, 1671, 1630, 1459, 1336, 1270, 779, 724.
3,3'<(m-Tolylmethylene)bis(2-hydroxynaphthalene-1,4-dione)
(3h):* reaction time: 3 hours (382 mg, 85% yield), yellow solid,
purified by recrystallization in ethanol, mp: 221.2-223.7 °C. 'H
NMR (DMSO-dg, 500 MHz) ¢ 8.01-7.96 (m, 2H), 7.95-7.90 (m,
2H), 7.80 (ddd, J 15.8, 7.5, 1.5 Hz, 4H), 7.11-6.98 (m, 3H), 6.95-
6.89 (m, 1H), 6.01 (s, 1H), 2.22 (s, 3H). FT-IR (ATR, vpa/cm ):
3342, 2901, 1654, 1628, 1459, 901, 860, 755, 698.
3,3'-((2,5-Dimethoxyphenyl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3i): previously unreported
compound reaction time: 1 hour (481 mg, 97% yield), orange
solid, purified by recrystallization in ethanol, mp: 217.8-218.7 °
C. 'H NMR (DMSO-dg, 500 MHz) 6 8.09 (ddd, J 11.8, 7.7, 1.4 Hz,
5H), 7.80-7.58 (m, 7H), 6.74 (s, 3H), 6.29 (s, 1H), 3.71 (d, J 9.6 Hz,
6H). "*C{"H} NMR (DMSO-d,, 125 MHz) § 33.6, 55.5, 56.5, 110.3,
111.2, 116.8, 123.8, 126.0, 126.5, 130.2, 130.6, 132.6, 133.5,
135.1, 152.0, 153.3, 156.2, 181.5, 183.7; FT-IR (ATR, vy, /cm1):
3206, 3129, 3038, 2835, 1652, 1444, 1303, 920, 861. HRMS (ESI):
m/z calc. for C,oH,oNaOg [M + Na]" 519,4608, found 519.1046.
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3,3'-((2,4-Dihydroxyphenyl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3j): previously unreported
compound reaction time: 2 hours (159 mg, 92% yield), orange
solid, purified by recrystallization in ethanol, mp: 251.9-255.7 °©
C. "H NMR (DMSO-d,, 500 MHz) 6 8.04-7.92 (m, 4H), 7.87-7.75
(m, 5H), 6.93 (d, J 8.4 Hz, 1H), 6.65-6.49 (m, 2H), 6.18 (s, 1H),
5.65 (s, 1H); "*C{'"H} NMR (DMSO-d, 125 MHz) 6 103.3, 111.5,
113.6, 125.8, 126.1, 126.2, 126.4, 129.7, 130.3, 130.7, 131.0,
131.6, 132.0, 132.4133.6134.3134.9, 135.0, 135.2, 149.8, 157.9,
178.3, 181.7, 183.4; FT-IR (ATR, Vya/cm'): 3374, 1672, 1642,
1457, 1308, 1210, 904, 867, 797.
3,3'-((4-Hydroxy-3-methoxyphenyl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3k):” reaction time: 2 hours
(433 mg, 94% yield), yellow solid, purified by recrystallization in
ethanol, mp: 224.3-228.6 °C. 'H NMR (DMSO-dg, 500 MHz)
6 8.03-7.90 (m, 5H), 7.85-7.74 (m, 5H), 6.80 (s, 1H), 6.59 (d, J
2.1 Hz, 2H), 5.94 (s, 1H), 3.64 (s, 3H); FT-IR (ATR, Vpa/cm ):
3326, 1637, 1460, 1245, 1202, 1042, 903, 861, 800.
3,3-((4-Nitrophenyl)methylene)bis(2-hydroxynaphthalene-
1,4-dione) (31):* reaction time: 3 hours (412 mg, 85% yield),
orange solid, purified by recrystallization in ethanol, mp: 182.4-
185.6 °C. 'H NMR (DMSO-ds, 500 MHz) 6 8.12-7.88 (m, 6H),
7.87-7.75 (m, 4H), 7.58-7.51 (m, 2H), 6.09 (s, 1H). FT-IR (ATR,
Vmax/em 1): 3324, 1644, 1459, 1348, 1294, 1052, 1017, 858, 820.
3,3'-((2-Nitrophenyl)methylene)bis(2-hydroxynaphthalene-
1,4-dione) (3m):* reaction time: 3 hours (378 mg, 78% yield),
yellow solid, purified by recrystallization in ethanol, mp: 212.9-
214.0 °C. 'H NMR (DMSO-dg, 500 MHz) 6 8.01-7.90 (m, 6H),
7.88-7.74 (m, 8H), 7.57-7.50 (m, 3H), 7.47-7.40 (m, 2H), 6.42 (s,
1H). FT-IR (ATR, Ve /cmY): 3353, 3083, 1643, 1607, 1578, 1460,
1297, 1249, 902.
3,3'-((4-Bromophenyl)methylene)bis(2-hydroxynaphthalene-
1,4-dione) (3n):” reaction time: 2 hours (458 mg, 89% yield),
yellow solid, purified by recrystallization in ethanol, mp: 200.6-
202.9 °C. 'H NMR (DMSO-dg, 500 MHz) & 8.03-7.88 (m, 4H),
7.86-7.73 (m, 4H), 7.36 (d, J 8.5 Hz, 2H), 7.20 (d, J 8.5 Hz, 2H),
5.97 (s, 1H); FT-IR (ATR, vpa/em ™ '): 3335, 1653, 1641, 1459,
1277, 1209, 1300, 897, 826.
3,3’-((4-Fluorophenyl)methylene)bis(2-hydroxynaphthalene-
1,4-dione) (30):* reaction time: 3 hours (396 mg, 87% yield),
yellow solid, purified by recrystallization in ethanol, mp: 165.0-
168.3 °C. '"H NMR (DMSO-d,, 500 MHz) & 8.03-7.88 (m, 4H),
7.86-7.73 (m, 4H), 7.27 (d, J 3.6 Hz, 2H), 7.00 (t, J 8.9 Hz, 2H),
5.98 (s, 1H). FT-IR (ATR, Vpa/cm ): 3294, 1638, 1459, 1274,
1213, 1007, 905, 797, 721.
3,3’-((4-Chlorophenyl)methylene)bis(2-hydroxynaphthalene-
1,4-dione) (3p):” reaction time: 2 hours (461 mg, 98% yield),
yellow solid, purified by recrystallization in ethanol, mp: 171.1-
175.5 °C. 'H NMR (DMSO-ds, 500 MHz) § 8.07-7.89 (m, 4H),
7.88-7.71 (m, 4H), 7.33-7.16 (m, 4H), 5.99 (s, 1H); FT-IR (ATR,
Vmad/em 1): 3339, 1641, 1590, 1459, 1300, 1277, 898, 808, 722.
3,3'-((2-Chlorophenyl)methylene)bis(2-hydroxynaphthalene-
1,4-dione) (3q):* reaction time: 2 hours (320 mg, 68% yield),
yellow solid, purified by recrystallization in ethanol, mp: 226.6-
230.6 °C. "H NMR (DMSO-d, 500 MHz) 6 8.00 (dd, J 7.4, 1.5 Hz,
2H),7.93 (dd, ] 7.7, 1.5 Hz, 2H), 7.87-7.75 (m, 4H), 7.33 (td, ] 7.7,
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2.1 Hz, 2H), 7.25-7.14 (m, 2H), 6.10 (s, 1H); FT-IR (ATR, Vpax/
em™'): 3410, 3224, 3071, 1663, 1635, 1470, 1299, 873, 820.
3,3'-((3-Chlorophenyl)methylene)bis(2-hydroxynaphthalene-
1,4-dione) (3r):* reaction time: 3 hours (412 mg, 87% yield),
yellow solid, purified by recrystallization in ethanol, mp: 225.2-
228.8 °C. 'H NMR (DMSO-ds, 500 MHz) 6 8.02-7.90 (m, 4H),
7.86-7.73 (m, 4H), 7.32-7.12 (m, 4H), 6.00 (s, 1H); FT-IR (ATR,
Vma/em 1): 3345, 1643, 1627, 1297, 1265, 907, 816, 790, 691.
3,3'-(Thiophen-2-ylmethylene)bis(2-hydroxynaphthalene-
1,4-dione) (3s):** reaction time: 3 hours (405 mg, 91% yield),
yellow solid, purified by recrystallization in ethanol, mp: 201.2—
204.6 °C. 'H NMR (DMSO-d, 500 MHz) 6 7.96 (ddd, J 12.0, 7.6,
1.4 Hz, 4H), 7.86-7.74 (m, 4H), 7.25 (dd, J 4.9, 1.5 Hz, 1H), 6.89—
6.79 (m, 2H), 6.30 (d, J 1.1 Hz, 1H); FT-IR (ATR, Vya/cm ™ Y):
3254, 1672, 1638, 1459, 1343, 1267, 972, 726, 690.
3,3'-(Pyridin-3-ylmethylene)bis(2-hydroxynaphthalene-1,4-
dione) (3t):* reaction time: 3 hours (400 mg, 91% yield), orange
solid, purified by recrystallization in ethanol, mp: 230.0-233.2 °
C. 'H NMR (DMSO-dq, 500 MHz) 6 8.72-8.52 (m, 2H), 8.23 (d, J
8.3 Hz, 1H), 8.01-7.89 (m, 4H), 7.84-7.68 (m, 6H), 6.62 (s, 1H);
FT-IR (ATR, Vpa/em™Y): 3440, 3056, 2887, 2455, 1640, 1251,
1080, 998, 917.
3,3'-(Pyridin-4-ylmethylene)bis(2-hydroxynaphthalene-1,4-
dione) (3u): previously unreported compound reaction time: 3
hours (411 mg, 94% yield), orange solid, purified by recrystal-
lization in ethanol, mp: 247.0-251.6 °C. "H NMR (DMSO-d,, 500
MHz) 6 8.61 (d, J 6.9 Hz, 2H), 8.01-7.89 (m, 4H), 7.84-7.76 (m,
4H), 7.71 (td, J 7.5, 1.4 Hz, 2H), 6.78 (s, 1H). *C{'"H} NMR
(DMSO-dg, 125 MHz) ¢ 35.4120.5, 125.6, 125.8, 126.3, 131.4,
132.7,133.4,134.4, 142.2, 162.9, 164.1, 182.6, 183.2; FT-IR (ATR,
Vmax/em 1) 3059, 2856, 1671, 1637, 1278, 1059, 912, 874, 801.
HRMS (ESI): m/z calc. for C,sH;6NOg [M + H]" 438.0978 found
438.0966.
3,3-((1-Phenyl-1H-1,2,3-triazol-4-yl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3v):** reaction time: 2 hours
(251 mg, 85% yield), yellow solid, purified by recrystallization in
ethanol, mp: 206.8-210.4 °C. "H NMR (DMSO-d, 500 MHz)
6 8.56 (s, 1H), 8.04-7.93 (m, 4H), 7.89-7.76 (m, 6H), 7.54 (t, J
8.0 Hz, 2H), 7.47-7.39 (m, 1H), 6.13 (s, 1H); FT-IR (ATR, Vay/
em'): 3290, 3145, 1649, 1460, 1252, 1047, 1028, 901, 726.
3,3'-((1-(4-Nitrophenyl)-1H-1,2,3-triazol-4-yl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3w):** reaction time: 3 hours
(320 mg, 84% yield), yellow solid, purified by recrystallization in
ethanol, mp: 208.9-210.7 °C. '"H NMR (DMSO-ds, 500 MHz)
6 8.77 (s, 1H), 8.41 (d, J 9.3 Hz, 2H), 8.18 (d, J 9.3 Hz, 2H), 8.06—
7.93 (m, 4H), 7.90-7.75 (m, 4H), 6.14 (s, 1H); FT-IR (ATR, Vnqy/
em™Y): 3348, 3132, 3077, 1680, 1643, 1458, 1306, 1009, 903.
3,3'-((1-(2,5-Dichlorophenyl)-1H-1,2,3-triazol-4-yl)methylene)
bis(2-hydroxynaphthalene-1,4-dione) (3x):** reaction time: 2
hours (472 mg, 94% yield), yellow solid, purified by recrystalli-
zation in ethanol, mp: 206.6-208.6 °C. "H NMR (DMSO-dg, 500
MHz) 6 10.14 (s, 1H), 9.36 (s, 1H), 8.03-7.99 (m, 3H), 7.94 (dd, J
7.3, 1.4 Hz, 2H), 7.86-7.77 (m, 7H), 6.17 (s, 1H). FT-IR (ATR,
Vmax/em~Y): 3139, 1699, 1678, 1633, 1342, 1280, 1043, 808, 725.
3,3"-((1-(p-Tolyl)-1H-1,2,3-triazol-4-yl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (3y): previously unreported
compound reaction time: 2 hours (490 mg, 94% yield), yellow
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solid, purified by recrystallization in ethanol, mp: 217.9-220.0 °
C. 'H NMR (DMSO-dq, 500 MHz) & 8.59 (d, J 0.9 Hz, 1H), 8.03-
7.87 (m, 6H), 7.86-7.74 (m, 4H), 7.64-7.58 (m, 2H), 6.11 (d, J
0.9 Hz, 1H), 2.07 (s, 3H). C{'"H} NMR (DMSO-ds 125 MHz)
020.9,30.2,119.6,121.2,122.1, 126.0, 126.5,130.4, 130.5, 132.7,
133.5, 135.1, 138.0, 148.0, 157.1, 181.7, 183.6; FT-IR (ATR, Vpay/
em™Y): 3329, 3146, 1649, 1588, 1459, 1339, 1046, 899, 817.
HRMS (ESI): m/z calc. for C30H;oN3NaOg [M + Na]™ 540.1172,
found 540.1170.

3,3'-Methylenebis(2-hydroxynaphthalene-1,4-dione)  (3z):°
reaction time: 1 hour (350 mg, 97% yield), yellow solid, purified
by recrystallization in ethanol, mp: 251.5-254.0 °C. '"H NMR
(DMSO-dg, 500 MHz) 6 7.97 (ddd, J 7.6, 6.2, 1.4 Hz, 4H), 7.88-
7.71 (m, 4H), 3.76 (s, 2H); FT-IR (ATR, Vpa/cm™): 3071, 1678,
1457, 1307, 1262, 1210, 1069, 974, 732.

Conclusions

In summary, we have developed a simple, efficient, and envi-
ronmentally benign mechanochemical protocol for the
synthesis of functionalized arylmethylene-bislawsones (3) via
the reaction of lawsone with a broad range of aldehydes. The
use of sulfonated chitosan as both a biodegradable grinding
auxiliary and a solid acid catalyst proved crucial, providing high
yields, short reaction times, and broad functional group toler-
ance under solvent-free conditions. This approach also enables
straightforward catalyst recovery and reuse over multiple cycles
with minimal loss of activity, demonstrating its practical
applicability. The scalability of the process without compro-
mising efficiency further highlights its potential as a sustain-
able alternative to conventional solution-based methodologies
for the preparation of arylmethylene-bislawsones.

Author contributions

I. S.J. and J. B. P carried out most of the experiments, prepared
the starting materials, and began the method optimization. The
manuscript was written by I. S. J., F. C. S., D. T. G. G.,and V. F. F.
All authors provided manuscript inputs and result discussions.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data presented in this study are available in the published
article and its online supplementary information (SI). Supple-
mentary information: experimental procedures, characteriza-
tion data, nuclear magnetic resonance spectra, and high-
resolution mass spectrometry analyses are provided. See DOI:
https://doi.org/10.1039/d6ra00136;j.

Acknowledgements

Fellowships granted by CNPq, CAPES, and FAPER]J are gratefully
acknowledged. This work was partially supported by FAPER]

RSC Adv, 2026, 16, 16229-16240 | 16237


https://doi.org/10.1039/d6ra00136j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00136j

Open Access Article. Published on 24 March 2026. Downloaded on 4/6/2026 4:55:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

grant numbers CNE E-26/203.954/2024 and Pensa Rio E-26/010/
00168/2015. CNPq bolsa A 304243/2024-8.

References

1

[\

M. Dong, X. Ming, T. Xiang, N. Feng, M. Zhang, X. Ye, Y. He,
M. Zhou and Q. Wu, Recent Research on the
Physicochemical Properties and Biological Activities of
Quinones and Their Practical Applications: A
Comprehensive Review, Food Funct., 2024, 15, 8973-8997,
DOI: 10.1039/D4F002600D.

(@) C. E. Dalgliesh, Naphthoquinone Antimalarials. Mannich
Bases Derived from Lawsone, J. Am. Chem. Soc., 1949, 71,
1697-1702; (b) K. Bock, N. Jacobsen and B. Terem,
Reaction of 2-hydroxy-1,4-naphthoquinone with aldehydes.
Synthesis of 2-hydroxy-3-alk-1-enylnaphthoquinones, J.
Chem. Soc., Perkin Trans., 1986, 1, 659-664, DOI: 10.1039/
P19860000659.

(@) Z. N. Tisseh and A. Bazgir, An efficient, clean synthesis of
3,3'-(arylmethylene)bis(2-hydroxynaphthalene-1,4-dione)
derivatives, Dyes Pigm., 2009, 83, 258-261, DOI: 10.1016/
j.dyepig.2008.09.003; (b) P. F. Carneiro, M. C. F. R. Pinto,
R. K. F. Marra, V. R. Campos, J. A. L. C. Resende,
M. Delarmelina, J. W. M. Carneiro, E. S. Lima, F. C. Silva
and V. F. Ferreira, Insight into and Computational Studies
of the Selective Synthesis of 6H-Dibenzo[b,h]xanthenes, J.
Org. Chem., 2016, 81, 5525-5537, DOIL 10.1021/
acs.joc.6b00864; (¢) D. T. G. Gonzaga, R. S. P. Gomes,
R. K. F. Marra, F. C. Silva, M. W. L. Gomes, D. F. Ferreira,
R. M. A. Santos, A. M. V. Pinto, N. A. Ratcliffe, C. C. Cirne-
Santos, C. S. Barros, V. F. Ferreira and I. C. N. P. Paixao,
Inhibition of Zika Virus Replication by Synthetic Bis-
Naphthoquinones, J. Braz. Chem. Soc., 2019, 30, 1697-1706,
DOI: 10.21577/0103-5053.20190071.

B. Mitra and P. Ghosh, Humic acid: A Biodegradable
Organocatalyst for Solvent-free Synthesis of Bis(indolyl)
methanes, Bis(pyrazolyl)methanes, Bis-coumarins and Bis-
lawsones, ChemistrySelect, 2021, 6, 68-81, DOI: 10.1002/
slct.202004245.

G. Kaur, D. Singh, A. Singh and B. Banerjee, Camphor
sulfonic acid catalyzed facile and general method for the
synthesis  of  3,3-(arylmethylene)  bis(4-hydroxy-2H-
chromen-2-ones), 3,3’-(arylmethylene) bis(2-
hydroxynaphthalene-1,4-diones) and 3,3’-(2-oxoindoline-
3,3-diyl)bis(2-hydroxynaphthalene-1,4-dione) derivatives at
room temperature, Synth. Commun., 2021, 51, 1045-1057,
DOI: 10.1080/00397911.2020.1856877.

Z. Liu, S. Yin, R. Zhang, W. Zhu and P. Fu, High-Efficiency
Synthesis of Carbon-Bridged Dimers via Bioinspired Green
Dimerization Involving Aldehydes, ACS Sustainable Chem.
Eng., 2022, 10, 655-661, DOL: 10.1021/
acssuschemeng.1c06194.

S. Nirmale, K. Patil, A. Kumbhar and A. Rajmane, Brgnsted
Acid Saponin Combined Catalyst (BASapC) for the
Synthesis of Diverse 1,1-Dihomoarylmethane Scaffolds in
Aqueous Solution, ChemistrySelect, 2024, 9, €202403008,
DOI: 10.1002/slct.202403008.

16238 | RSC Adv, 2026, 16, 16229-16240

View Article Online

Paper

8 (a) H. W. Wang, Z. Wang, C. Wang, F. Yang, H. Zhang, H. Yue

and L. Wang, Lipase catalyzed synthesis of 3,3-
(arylmethylene)bis(2-hydroxynaphthalene-1,4-dione), RSC
Adv., 2014, 4, 35686-35689, DOIL: 10.1039/C4RA06516F; (b)
F. Asghari-Haji, K. Rad-Moghadam and N. O. Mahmoodi,
An efficient approach to bis-benzoquinonylmethanes on
water under catalysis of the bio-derived O-carboxymethyl
chitosan, RSC Adv., 2016, 6, 27388-27394, DOI: 10.1039/
C5RA26580K; (¢) G. Brahmachari, Sulfamic Acid-Catalyzed
One-Pot Room Temperature Synthesis of Biologically
Relevant Bis-Lawsone Derivatives, ACS Sustainable Chem.
Eng., 2015, 3,  2058-2066, DOI: 10.1021/
acssuschemeng.5b00325.

9 G. L. N. Thuy, D. T. Tuyet Anh and H. Thi Phuong, DMAP-

catalyzed efficient and convenient approach for the
synthesis of 3,3'-(arylmethylene)bis(2-hydroxynaphthalene-
1,4-dione) derivatives, Nat. Prod. Commun., 2021, 16, 1-7,
DOI: 10.1177/1934578X211045808.

10 S. Shaikh, I. Yellapurkar, S. Bhabal, M. M. V. Ramana and

J. A. Shaikh, A Novel Ultrasound-Assisted Approach for the
Synthesis of Biscoumarin and Bislawsone Derivatives
Using rGO/TiO, Nanocomposite as a Heterogeneous
Catalyst, Chem. Afr., 2023, 6, 1479-1494, DOIL: 10.1007/
$42250-023-00587-6.

11 (a) A. S. de Oliveira, L. C. Lianes, R. J. Nunes, R. A. Yunes and

I. M. C. Brighente, Use of Ultrasound and Microwave
Irradiation for Clean and Efficient Synthesis of 3,3’-
(Arylmethylene)bis (2-hydroxynaphthalene-1,4-dione)
Derivatives, Green Sustainable Chem., 2014, 4, 177-184,
DOIL:  10.4236/gsc.2014.44023; (b) M. V. de Aratjo,
P. S. O. de Souza, A. C. de Queiroz, C. B. B. da Matta,
A. B. Leite, A. E. da Silva, J. A. A. de Franca, T. M. S. Silva,
C. A. Camara and M. S. Alexandre-Moreira, Synthesis,
Leishmanicidal Activity and Theoretical Evaluations of
a Series of Substituted bis-2-Hydroxy-1,4-Naphthoquinones,
Molecules, 2014, 19, 15180-15195, DOIL:  10.3390/
molecules190915180.

12 (a) E. Evangelista and S. Cunha, Mechanosynthesis of

Enaminones and Mechanochemical Telescopic Synthesis
of B,y-Unsaturated Butyrolactams, Asian J. Org. Chem.,
2024, 13, 202400434, DOIL: 10.1002/ajoc.202400434; (b)
E. O. L. Filho, A. S. N. Aguiar, L. L. Borges, V. F. Ferreira
and F. C. Silva, Mechanochemistry Metal-Free Synthesis
and Molecular Modeling Study of 4-Arylamino-1,2-
naphthoquinones by C sp>Csp” Bond Formation, J. Braz.
Chem. Soc., 2025, 36(6), 20250019, DOIL: 10.21577/0103-
5053.20250019; (¢) L. Vaghi, E. Palomba and A. Papagni,
Al,O; promoted mechanochemical nucleophilic aromatic
substitution, RSC Mechanochem., 2024, 1, 342-348, DOI:
10.1039/D4MR00039K; (d) Y. S. Zholdassov, L. Yuan,
S. R. Garcia, R. W. Kwok, A. Boscoboinik, D. J. Valles,
M. Marianski, A. Martinij, R. W. Carpick and
A. B. Braunschweig, Acceleration of Diels-Alder reactions
by mechanical distortion, Science, 2023, 380, 1053-1058,
DOI: 10.1126/science.adf5273; (e) T. Seo, K. Kubota and
H. 1Ito, Mechanochemistry-directed ligand design:
Development of a high-performance phosphine ligand for

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


https://doi.org/10.1039/D4FO02600D
https://doi.org/10.1039/P19860000659
https://doi.org/10.1039/P19860000659
https://doi.org/10.1016/j.dyepig.2008.09.003
https://doi.org/10.1016/j.dyepig.2008.09.003
https://doi.org/10.1021/acs.joc.6b00864
https://doi.org/10.1021/acs.joc.6b00864
https://doi.org/10.21577/0103-5053.20190071
https://doi.org/10.1002/slct.202004245
https://doi.org/10.1002/slct.202004245
https://doi.org/10.1080/00397911.2020.1856877
https://doi.org/10.1021/acssuschemeng.1c06194
https://doi.org/10.1021/acssuschemeng.1c06194
https://doi.org/10.1002/slct.202403008
https://doi.org/10.1039/C4RA06516F
https://doi.org/10.1039/C5RA26580K
https://doi.org/10.1039/C5RA26580K
https://doi.org/10.1021/acssuschemeng.5b00325
https://doi.org/10.1021/acssuschemeng.5b00325
https://doi.org/10.1177/1934578X211045808
https://doi.org/10.1007/s42250-023-00587-6
https://doi.org/10.1007/s42250-023-00587-6
https://doi.org/10.4236/gsc.2014.44023
https://doi.org/10.3390/molecules190915180
https://doi.org/10.3390/molecules190915180
https://doi.org/10.1002/ajoc.202400434
https://doi.org/10.21577/0103-5053.20250019
https://doi.org/10.21577/0103-5053.20250019
https://doi.org/10.1039/D4MR00039K
https://doi.org/10.1126/science.adf5273
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00136j

Open Access Article. Published on 24 March 2026. Downloaded on 4/6/2026 4:55:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

palladium-catalyzed mechanochemical organoboron cross-
coupling, J. Am. Chem. Soc., 2023, 145, 6823-6837, DOIL
10.1021/jacs.2¢13543; (f) E. Juaristi and C. G. Avila-Ortiz,
Salient achievements in Synthetic Organic chemistry
enabled by Mechanochemical Activation, Synthesis, 2023,
55, 2439-2459, DOL: 10.1055/a-2085-3410; (g) B. R. Naidu,
T. Sruthi, R. Mitty and K. Venkateswarlu, Catalyst-free
mechanochemistry as a versatile tool in synthetic
chemistry: a review, Green Chem., 2023, 25, 6120-6148,
DOI: 10.1039/D3GC01229H; (k) N. Fantozzi, J.-N. Volle,
A. Porcheddu, D. Virieux, F. Garcia and E. Colacino, E.
Green metrics in mechanochemistry, Chem. Soc. Rev., 2023,
52, 6680-6714, DOL: 10.1039/D2CS00997H; (i) V. Martinez,
T. Stolar, B. Karadeniz, I. Brekalo and K. Uzarevic,
Advancing mechanochemical synthesis by combining
milling with different energy sources, Nat. Rev. Chem.,
2022, 7, 51-65, DOIL 10.1038/s41570-022-00442-1; (j)
C. Espro and D. Rodriguez-Padron, Re-thinking organic
synthesis: Mechanochemistry as a greener approach, Curr.
Opin, Green Sustainable Chem., 2021, 30, 100478, DOI:
10.1016/j.cogsc.2021.100478; (k) T. Friscic, C. Mottillo and
H. M. Titi, Mechanochemistry for Synthesis, Angew Chem.,
Int. Ed. Engl, 2020, 59, 1018-1029, DOI: 10.1002/
anie.201906755.

13 C. Bolm and J. G. Herandez, Mechanochemistry of Gaseous
Reactants, Angew. Chem., Int. Ed., 2019, 58, 3285-3299, DOI:
10.1002/anie.201810902.

14 K. L. Ardila-Fierro and J. G. Hernandez, Intermediates in
Mechanochemical Reactions, Angew. Chem., Int. Ed., 2024,
63, €202317638, DOIL: 10.1002/anie.202317638.

15 (a) B. Pugin and H. U. Blaser, Immobilized complexes for
enantioselective catalysis: when will they be used in
industry?, Top. Catal., 2010, 53, 953-962, DOI: 10.1007/
$11244-010-9514-8; (b) C. Lucarelli and A. Vaccari,
Examples of heterogeneous catalytic processes for fine
chemistry, Green Chem., 2011, 13, 1941-1949, DOL
10.1039/COGCO00760A.

16 C. Vogt and B. M. Weckhuysen, The concept of active site in
heterogeneous catalysis, Nat. Rev. Chem., 2022, 6, 89-111,
DOI: 10.1038/541570-021-00340-y.

17 P. Lanzafame, S. Perathoner, G. Centi, S. Gross and
E. J. M. Hensen, Grand challenges for catalysis in the
Science and Technology Roadmap on Catalysis for Europe:
moving ahead for a sustainable future, Catal. Sci. Technol.,
2017, 7, 5182-5194, DOI: 10.1039/C7CY01067B.

18 A. Chaudhary, S. Pasricha, H. Kaur and N. Avasthi,
Multicomponent reactions through pristine and modified
chitosans: current status and future prospects, J. Iran.
Chem. Soc., 2022, 19, 2191-2253, DOI: 10.1007/s13738-021-
02477-5.

19 N. Anbu, S. Hariharan and A. Dhakshinamoorthy,
Knoevenagel-Doebner condensation promoted by chitosan
as a reusable solid base catalyst, Mol Catal, 2020,
484(No), 110744, DOI: 10.1016/j.mcat.2019.110744.

20 S. Behrouz, M. N. S. Rad and M. A. Piltan, Chitosan-silica
sulfate nanohybrid: a highly efficient and green
heterogeneous nanocatalyst for the regioselective synthesis

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

21

22

23

24

25

26

27

28

29

View Article Online

RSC Advances

of N-alkyl purine, pyrimidine and related N-heterocycles
via presilylated method, Chem. Pap., 2020, 74, 113-124,
DOI: 10.1007/s11696-019-00863-1.

K. Hasan, Methyl salicylate functionalized magnetic
chitosan immobilized palladium nanoparticles: an efficient
catalyst for the Suzuki and Heck coupling reactions in
water, ChemistrySelect, 2020, 5, 7129-7140, DOI: 10.1002/
slct.202001933.

R. Beiranvand and M. G. Dekamin, Trimesic acid-
functionalized  chitosan: A novel and efficient
multifunctional organocatalyst for green synthesis of
polyhydroquinolines and acridinediones under mild
conditions, Heliyon, 2023, 9, e16315, DOI: 10.1016/
j-heliyon.2023.e16315.

R. P. Sourkouhi, M. G. Dekamin, E. Valiey and M. Dohendou,
Magnetic decorated 5-sulfosalicylic acid grafted to chitosan:
A solid acid organocatalyst for green synthesis of
quinazoline derivatives, Carbohydr. Polym. Technol. Appl.,
2024, 7, 100420, DOI: 10.1016/j.carpta.2023.100420.

I. S. de Jesus, J. B. de Pontes, A. S. de Carvalho, P. G. Ferreira,
A. S. de Souza, F. C. da Silva, V. M. F. Paschoalin,
D. O. Futuro and V. F. Ferreira, Recent Advances in the
Application of Sulfonic Acid Chitosan as Heterogeneous
Organocatalyst in Organic Reactions, Curr. Org. Chem.,
2025, 29, 1078-1091, DOI: 10.2174/
1385272829666241029121512.

1. S. de Jesus, J. B. de Pontes, V. M. F. Paschoalin, F. C. da
Silva and V. F. Ferreira, Direct Lawsone O-Alkylation
Employing Sulfonic Acid-Functionalized Chitosan as
a Biodegradable Organocatalyst, ACS Omega, 2025, 10,
4163-4169, DOI: 10.1021/acsomega.4c07165.

(@) K. Khan and Z. N. Siddiqui, An Efficient Synthesis of Tri-
and Tetrasubstituted Imidazoles from Benzils Using
Functionalized Chitosan as Biodegradable Solid Acid
Catalyst, Ind. Eng. Chem. Res., 2015, 54, 6611-6618, DOL:
10.1021/acs.iecr.5b00511; (b) S. B. Bathula, K. Mukkanti
and V. Hariharakrishnan, Chitosan-SO;H: A Green
Approach to 2-Aryl/Heteroaryl Benzothiazoles under
Solvent-Free Conditions at Room Temperature, Asian J.
Chem., 2018, 30, 1512-1516, DOL  10.14233/
ajchem.2018.21209.

R. Perumal, B. Bathrinarayanan, M. Ghashang and
S. S. Mansoor, An Efficient One-Pot Synthesis of 7,7-
Dimethyl-2-(2-ox0-2H-chromen-3-yl)-4-aryl-7,8-
dihydroquinolin-5(6H)-one Derivatives Using Chitosan-
SO3H as Biodegradable Organocatalyst, J. Heterocyclic
Chem., 2019, 56, 947-955, DOI: 10.1002/jhet.3473.

A. Kumar, C. Patel, P. Patil, S. Vyas and A. Sharma,
Chemoselective synthesis of bis(indolyl)methanes using
sulfonic acid-functionalized chitosan, Chem. Pap., 2019, 73,
3095-3104, DOI: 10.1007/s11696-019-00846-2.

N. Sahiba, A. Sethiya, J. Soni, P. Teli, A. Garg and S. Agarwal,
A facile biodegradable chitosan-SO;H catalyzed acridine-1,8-
dione synthesis with molecular docking, molecular
dynamics simulation and density functional theory against
human topoisomerase II beta and Staphylococcus aureus

RSC Adv, 2026, 16, 16229-16240 | 16239


https://doi.org/10.1021/jacs.2c13543
https://doi.org/10.1055/a-2085-3410
https://doi.org/10.1039/D3GC01229H
https://doi.org/10.1039/D2CS00997H
https://doi.org/10.1038/s41570-022-00442-1
https://doi.org/10.1016/j.cogsc.2021.100478
https://doi.org/10.1002/anie.201906755
https://doi.org/10.1002/anie.201906755
https://doi.org/10.1002/anie.201810902
https://doi.org/10.1002/anie.202317638
https://doi.org/10.1007/s11244-010-9514-8
https://doi.org/10.1007/s11244-010-9514-8
https://doi.org/10.1039/C0GC00760A
https://doi.org/10.1038/s41570-021-00340-y
https://doi.org/10.1039/C7CY01067B
https://doi.org/10.1007/s13738-021-02477-5
https://doi.org/10.1007/s13738-021-02477-5
https://doi.org/10.1016/j.mcat.2019.110744
https://doi.org/10.1007/s11696-019-00863-1
https://doi.org/10.1002/slct.202001933
https://doi.org/10.1002/slct.202001933
https://doi.org/10.1016/j.heliyon.2023.e16315
https://doi.org/10.1016/j.heliyon.2023.e16315
https://doi.org/10.1016/j.carpta.2023.100420
https://doi.org/10.2174/1385272829666241029121512
https://doi.org/10.2174/1385272829666241029121512
https://doi.org/10.1021/acsomega.4c07165
https://doi.org/10.1021/acs.iecr.5b00511
https://doi.org/10.14233/ajchem.2018.21209
https://doi.org/10.14233/ajchem.2018.21209
https://doi.org/10.1002/jhet.3473
https://doi.org/10.1007/s11696-019-00846-2
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00136j

View Article Online

RSC Advances Paper
tyrosyl-tRNA synthetase, J. Mol. Struct., 2022, 1268, 133676,
DOI: 10.1016/j.molstruc.2022.133676.

30 (a) J. Safari, Z. Zarnegar, M. Sadeghi and F. Azizi, Chitosan-
SO;H: An Efficient and Biodegradable Catalyst for the
Green Syntheses of 1,4-dihydropyridines, Curr. Org. Chem.,
2016, 20, 2926-2932, DOI: 10.2174/
1385272820666160805112; (b) Y. Xiao, Y. Xiang, R. Xiu and
S. Lu, Development of cesium phosphotungstate salt and
chitosan composite membrane for direct methanol fuel
cells, Carbohydr. Polym., 2013, 98, 233-240, DOI: 10.1016/
j-carbpol.2013.06.017.

31 Y. Wan, K. A. M. Creber, B. Peppley and V. T. Bui, Ionic
conductivity of chitosan membranes, Polymer, 2003, 44,
1057-1065, DOIL: 10.1016/S0032-3861(02)00881-9.

32 D. Tan and F. Garcia, Main Group Mechanochemistry: From
Curiosity to Established Protocols, Chem. Soc. Rev., 2019, 48,
2274-2292, DOI: 10.1039/C7CS00813A.

33 G. Sharma, S. V. Kumar and H. A. Wahab, Molecular
docking, synthesis, and biological evaluation of
naphthoquinone as potential novel scaffold for H5N1
neuraminidase inhibition, J. Biomol. Struct. Dyn., 2018,
36(1), 233-242, DOI: 10.1080/07391102.2016.1274271.

34 C. S. Bortolot, L. S. M. Forezi, R. K. F. Marra, M. L. P. Reis,
B. V. F. de S4, R. 1. Filho, Z. Ghasemishahrestani, M. Sola-
Penna, P. Zancam, V. F. Ferreira and F. C. da Silva, Design,
Synthesis and Biological Evaluation of 1H-1,2,3-Triazole-
Linked 1HDibenzo[b,h]xanthenes as Inductors of ROS-
Mediated Apoptosis in the Breast Cancer Cell Line MCF-7,
Med. Chem., 2019, 15, 119-129, DOIL 10.2174/
1573406414666180524071409.

Open Access Article. Published on 24 March 2026. Downloaded on 4/6/2026 4:55:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

16240 | RSC Adv, 2026, 16, 16229-16240

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


https://doi.org/10.1016/j.molstruc.2022.133676
https://doi.org/10.2174/1385272820666160805112
https://doi.org/10.2174/1385272820666160805112
https://doi.org/10.1016/j.carbpol.2013.06.017
https://doi.org/10.1016/j.carbpol.2013.06.017
https://doi.org/10.1016/S0032-3861(02)00881-9
https://doi.org/10.1039/C7CS00813A
https://doi.org/10.1080/07391102.2016.1274271
https://doi.org/10.2174/1573406414666180524071409
https://doi.org/10.2174/1573406414666180524071409
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00136j

	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan

	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan

	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan
	Mechanochemical synthesis of bis-benzoquinonylmethanes promoted by sulfonic acid-functionalized chitosan


