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ad dodecyl sulfate nanorod
materials mediated by mechanochemistry and
green solvent-free catalytic synthesis of
heterocyclic derivatives†

Zhiqiang Wu, ‡*ab Yuan Min,‡b Yongqin Li,b Fang Qian,b Lin-an Cao,b Rong Tan, c

Enke Feng, b Jiya Ding*b and Pengxi Jiangd

In this work, the lead dodecyl sulfate material (Pb(DS)2) was successfully synthesized for the first time via

a mechanochemical ball milling method. The synthesized material was comprehensively analyzed using

scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), Fourier

transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis (TGA), X-ray

photoelectron spectroscopy (XPS) and nuclear magnetic resonance (NMR) spectroscopy. The results

demonstrate that the Pb(DS)2 catalyst, synthesized via solvent-free mechanical ball milling, possesses

a distinctive solid nanorod morphology. Furthermore, the catalyst efficiently promotes the synthesis of

heterocyclic derivatives in a solvent-free environment within 20 minutes, achieving a target product yield

of up to 98%. Specifically, it produced bis(indolyl)methane derivatives with yields ranging from 78% to

98%, and quinoxaline derivatives with yields ranging from 87% to 98% within the same timeframe. The

Pb(DS)2 catalyst also exhibits remarkable catalytic activity in the Biginelli reaction. Notably, the catalyst

maintains excellent and stable performance over eight recycling cycles.
Introduction

In recent years, mechanochemistry has emerged as one of the
most promising alternatives to traditional liquid-phase reac-
tions, owing to its solvent-free and environmentally friendly
nature. This approach has revolutionized various elds of
chemistry,1,2 showcasing epoch-making signicance. Mecha-
nochemistry utilizes mechanical energy to drive physical and
chemical transformations, enabling the design of complex
molecules and nanostructured materials. Additionally, it
enhances the dispersion and recombination of multiphase
components, while accelerating reaction rates and efficiencies
by generating highly reactive surfaces. In addition to their effi-
ciency and practicality, mechanochemical reactions are
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distinguished by their occurrence in the solid state without the
need for bulk solvents, making them inherently solvent-free.3,4

The mechanochemical synthesis method offers numerous
advantages, including shortened reaction times, clean and safe
reaction conditions, high product yields, minimal or no use of
organic solvents, and distinct product selectivity. The mecha-
nochemical synthesis method demonstrates multiple advan-
tages over traditional synthesis processes, mainly reected in
the following three dimensions: rst, in terms of reaction effi-
ciency, this method can signicantly shorten the reaction time
and increase the product yield; second, in terms of environ-
mental friendliness, its reaction process has the characteristics
of being clean and safe, and can effectively reduce or completely
avoid the use of organic solvents, which conforms to the prin-
ciples of green chemistry. Finally, in terms of product control
capability, this technology can achieve precise control of
product selectivity through mechanical force regulation. This
multi-dimensional advantage gives it signicant application
value in the eld of sustainable chemical synthesis.5 Mecha-
nochemical synthesis has emerged as a viable alternative for
green chemical processes, particularly in organic synthesis,6–9

coordination polymer chemistry,10–12 and the development of
metal–organic frameworks (MOFs),13 among others. The rapid
development of mechanochemical synthesis provides a simple,
efficient, economical and environmentally friendly approach for
preparing solid catalysts, demonstrating broad application
© 2025 The Author(s). Published by the Royal Society of Chemistry
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prospects.14 Multi component reactions (MCRs) are important
tools for constructing complex molecules in organic synthesis,
capable of forming multiple chemical bonds in a one pot
process.15–17 Heterogeneous catalysts have attracted much
attention for their improved reaction efficiency and selectivity
in MCRs. These catalysts can promote coupling between
different reactants, generating compounds with biological
activity and industrial application value.

Nitrogen-containing heterocyclic compounds have gained
signicant importance in pharmaceuticals and bioactive
natural products over the last decade. Notably, bis(indolyl)
methanes and quinoxalines have demonstrated substantial
pharmacological relevance due to their diverse biological
activities. Various types of catalysts have been used to synthe-
size these derivatives, including Ru3(CO)12/CsOH$H2O,18 silica
gel,19 Ni(OTf)2,20

tBuONa/DMSO,21 Ni@Co3O4,22 TCCA,23 ionic
liquids,24 etc.25,26 However, many of these methods are hindered
by issues such as expensive catalysts, the use of toxic solvents,
prolonged reaction times, complex post-processing procedures,
and difficulties in catalyst recycling. Consequently, there is
a pressing need to develop a straightforward, cost-effective, safe,
and environmentally friendly approach for synthesizing N-
containing heterocyclic compounds. Lead metal has a wide
range of applications in the eld of organic synthesis, especially
in the synthesis of specic organic compounds.27 Its excellent
physical and chemical properties make it a common element in
chemical laboratories.28–31 Lead based catalysts exhibit excellent
catalytic performance in oxidation and reduction reactions. For
example, nano-b-lead dioxide catalysts can be used for photo-
catalytic CO2 reduction, converting CO2 into high-value C2+

chemicals.32 Similarly, in organic coupling reactions, lead based
catalysts can promote the reaction and generate the target
product. For example, lead catalysts can be used for photo-
catalytic a-alkylation reactions to achieve C–C bond formation
of aldehydes.33 Although lead itself has certain toxicity, lead
catalysts can play an important role in specic green chemistry
processes through rational design and use. For example, in
some photocatalytic reactions, lead catalysts can achieve effi-
cient organic synthesis under mild conditions, reducing envi-
ronmental impact.32

In the late 1990s, Kobayashi et al. pioneered the develop-
ment and investigation of Lewis acid surfactant combination
catalysts (LASCs; the catalysts mainly include Sc(DS)3, Fe(DS)3,
Zr(DS)4, etc.) in aqueous organic catalytic synthesis, including
Fourier alkylation, Michael addition, allylation reactions, and
even other asymmetric reaction types, all of which achieved
ideal catalytic effects.34–39 Wu et al. utilized Sc(DS)3 to synthesize
Friedländer quinoline derivatives from 2-aminobenzophenone
and fatty aldehydes in an aqueous medium at 40 °C, with a yield
of over 90% for the target products.40 Zolgol et al. employed
Zr(DS)4 to facilitate the reaction of indole with aldehydes or
ketones at room temperature in an aqueous system, achieving
positive outcomes. Despite the catalyst maintaining repeated
catalytic performance aer multiple centrifugation operations,
it had a shorter cycle life.41 Subsequently, Shekouhy et al. also
used Zr(DS)4 to efficiently synthesize a series of quinoline
derivatives by catalyzing the reaction between 2-
© 2025 The Author(s). Published by the Royal Society of Chemistry
aminobenzamide and carbonyl compounds at room tempera-
ture within a short timeframe.42 Ollevier et al. utilized the
Fe(DS)2 catalyst system to carry out the Mukaiyama aldol reac-
tion in an aqueous phase, achieving excellent results with high
enantioselectivity (ER value of 98 : 2).43 Furthermore, Singh et al.
advanced the eld by developing Fe(DS)3 catalysts for the effi-
cient synthesis of quinoxaline compounds in the aqueous
phase.44 Additionally, Veisi et al. investigated the synthesis of
bis(indolyl)methanes catalyzed by Fe(DS)3 in water.45 The
synthesis method of the LASC catalyst system is simple and
rapid, effectively addressing the issues of Lewis acid decom-
position in water and the inherent incompatibility between
organic matter and water. However, there are still signicant
challenges in the regeneration application of catalysts and the
use of demulsiers in post-treatment processes, which can lead
to the generation of large amounts of toxic metal and surfactant
organic wastewater (approximately 350 mL of SDS toxic waste-
water is generated for every 2.74 mmol of LASC catalyst
prepared). The utilization of mechanochemical methods not
only mitigates wastewater generation but also enhances
product yield, improves catalyst reusability, and addresses
some of the limitations associated with the LASC catalyst. The
mechanochemical method demonstrates multi-dimensional
collaborative advantages: rst, in the dimension of environ-
mental benets, it effectively reduces wastewater discharge
through solid-state reaction mechanisms and signicantly
improves atomic economy; second, at the level of process
optimization, it simultaneously increases the product yield and
the recycling rate of the catalyst to achieve efficient resource
utilization. What is more worthy of attention is that in terms of
catalytic system innovation, the inherent limitations of coordi-
nation unsaturated site catalysts (LASCs) have been broken
through, successfully solving key problems such as the easy
inactivation of active sites and the difficulty in regulating
reaction selectivity. The coupling effect of this triple advantage
provides a new technical path for the development of green
chemical processes. Furthermore, our group has recently
developed a mechanochemical synthesis method for preparing
the La(DS)3 catalyst and has comprehensively investigated its
structural and physicochemical properties. Additionally,
a series of organic small molecule products were synthesized via
solvent-free grinding, yielding promising results.46

Based on this, the preparation of Lewis acid composite
catalysts via mechanochemical grinding under solvent-free
conditions and their application in solvent-free solid-state
grinding reactions show signicant potential. Mechanochem-
istry plays a pivotal role in advancing green chemistry by
restricting or effectively reducing the generation of pollutants
from the source. In this work, we successfully synthesized the
Pb(DS)2 catalyst using mechanochemical methods for the rst
time and applied it to the synthesis of bis(indolyl)methane and
quinoxaline derivatives under solvent-free conditions. The
catalyst offers several advantages, including simple prepara-
tion, solvent-free reactions, and short grinding times. In addi-
tion, it is noteworthy that the Pb(DS)2 catalyst exhibits an
efficient cyclic service life, with experimental results indicating
negligible loss of the Pb element. This not only maintains the
RSC Mechanochem., 2025, 2, 584–597 | 585
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catalyst's activity but also prevents environmental contamina-
tion from heavy metals.
Results and discussion
Characterization of the Pb(DS)2 catalyst

The experiment included a comprehensive structural charac-
terization of the Pb(DS)2 catalyst to gain deeper insights into its
catalytic performance. The morphology and structure of the
catalyst are illustrated in Fig. 1. It is noteworthy that the Pb(DS)2
catalyst, prepared using a solvent-free mechanochemical ball
milling method at room temperature, displayed a uniform
nanorod-like structure without distinct pore distribution, as
depicted in Fig. 1b. In contrast, pure lead nitrate exhibited an
irregular nanorod-like morphology, as shown in Fig. 1a. High-
resolution transmission electron microscopy (HRTEM) anal-
ysis revealed that the Pb(DS)2 catalyst possessed a solid nanorod
shape with a diameter ranging from approximately 2.5 to 3.0 nm
(Fig. 1c). This unique morphology may be attributed to the
structural reorganization of lead nitrate and SDS under
mechanical force, as well as the double-layer linear arrange-
ment of SDS molecules in a head to head and tail to tail
conguration. The formation of nanorod-like materials may be
inuenced by mechanical stress, and special nanorod like or
nanosheet layer materials may be more conducive to electron
mass transfer and transmission, which will effectively improve
the catalytic performance of the material.47 The selected area
electron diffraction (SAED) pattern revealed three concentric
rings with diffraction radii of ∼3.45 nm, ∼1.71 nm and
∼1.15 nm corresponding to the (001), (002) and (003) planes of
Pb(DS)2, respectively (as shown in Fig. 1d). Although the
Fig. 1 SEM images of (a) Pb(NO3)2 and (b) Pb(DS)2, HRTEM images of (c
spectra.

586 | RSC Mechanochem., 2025, 2, 584–597
crystallinity of catalyst Pb(DS)2 is not high, the presence of
diffraction concentric rings still conrms the existence of
Pb(DS)2. The XRD characterization results also conrmed the
above conclusion (Fig. 2a). Compared with the SDS sample, the
XRD diffraction peaks of the Pb(DS)2 catalyst were signicantly
weaker and broader, indicating a certain degree of decrease in
its crystallinity. In this work, it was demonstrated for the rst
time that Pb(DS)2 nanorod-like composite materials synthe-
sized by mechanical ball milling exhibit superior catalytic
performance in several representative organic synthesis reac-
tions (as shown in Tables 2 and 3). Energy dispersive X-ray
spectroscopy (EDS mapping) veried the presence of C, O, S,
and Pb elements within the Pb(DS)2 catalyst.

The structural characterization of the Pb(DS)2 catalyst was
conducted using X-ray diffraction (XRD) analysis, as shown in
Fig. 2a. In the low-angle region of the X-ray powder diffracto-
grams, three strong reections were observed, with the peak at
the lowest angle exhibiting the highest intensity for the catalyst.
The solid displayed a moderate degree of crystallinity, as evi-
denced by the relatively broad diffraction peaks observed in the
low q region. According to Bragg's law (nl = 2d sin q, where q is
the diffraction half angle and l is the wavelength of the incident
wave), SDS exhibited three distinct sharp diffraction peaks at
3.98 nm, 2.00 nm, and 1.34 nm, respectively, while Pb(DS)2 also
displayed three different diffraction peaks with intensities of
3.48 nm, 1.72 nm, and 1.14 nm, respectively. It is worth noting
that compared to SDS, all three diffraction peaks in the Pb(DS)2
catalyst exhibit a signicant red shi towards longer wave-
lengths. Furthermore, the diffraction peaks of the catalyst are
relatively broader, indicating a certain degree of reduction in
) Pb(DS)2, and the SAED pattern of (d) Pb(DS)2, including EDS mapping

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XRD (a), FT-IR (b), 1H-NMR (c), and 13C-NMR (d) spectra of Pb(DS)2, respectively.

Fig. 3 The XPS of the Pb(DS)2 catalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Mechanochem., 2025, 2, 584–597 | 587
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Fig. 4 The experimental evaluation of Pb(DS)2 recycling (a), elemental analysis of the fresh Pb(DS)2 catalyst and after 8 runs (A), TGA (b), FT-IR (c)
and XRD (d), respectively.
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the crystallinity of the Pb(DS)2 catalyst compared to SDS, which
is consistent with the SAED analysis mentioned above.

Fig. 2b shows the FT-IR spectra of SDS and the Pb(DS)2
catalyst. The spectrum of the Pb(DS)2 catalyst displays charac-
teristic bands corresponding to: (i) stretching and bending
vibration modes of the alkyl chain, with similar positions and
relative intensities, such as 2919 cm−1 and 1378 cm−1 repre-
senting the bending and stretching vibrations of –CH3, and
2851 cm−1 and 1475 cm−1 representing the bending and
stretching vibrations of –CH2;48 and (ii) stretching and bending
vibration modes of the anionic headgroup at 463 cm−1

(symmetric OSO3–bending); 574 cm−1 and 610 cm−1 (degen-
erate asymmetric OSO3–bending); 847 cm−1 (symmetric S–OC
stretching); 963 cm−1 (asymmetric S–OC stretching); 1063 cm−1

and 1107 cm−1 (degenerate symmetric OSO3-stretching); and
1211 cm−1 and 1153 cm−1 (asymmetric OSO3-stretching).49 The
signicant shis and splittings of both symmetric and asym-
metric modes, compared to the SDS spectrum, were attributed
to the interaction between dodecylsulfate anions and Pb(II)
cations.50 Consequently, the local geometry of the OSO3 site is
highly asymmetric and close to C2v symmetry.51 The headgroup
588 | RSC Mechanochem., 2025, 2, 584–597
region is particularly sensitive to changes induced by positively
charged species.52 The spectrum of SDS closely resembled that
reported by Sperline53 for the SDS1/8 hydrate material, where
only a minor splitting of the OSO3 group was observed (C3v

symmetry51). The catalyst was characterized by 1H-NMR,
revealing chemical shis at d = 0.84 ppm (triplet, 6H, and J =
6.82 Hz); 1.26 ppm (m, 36H); 1.46 ppm (m, 4H); and 3.67 ppm
(triplet, 4H, and J = 6.66 Hz) in DMSO (Fig. 2c). In the DMSO
solvent, the water signal at d= 3.37 ppm is attributed to the H2O
molecules from the catalyst and solvent. The 13C-NMR spectrum
of Pb(DS)2 in DMSO shows characteristic peaks of dode-
cylsulfate compounds at d = 14.40, 22.58, 26.00, 29.22, 29.52,
29.54, 29.56, 31.79, and 66.03 ppm (Fig. 2d). The SEM analysis
(Fig. 1b) clearly indicates that the Pb(DS)2 catalyst has a distinct
nanober rod-shaped structure.

The X-ray photoelectron spectroscopy (XPS) analysis was
employed to investigate the chemical state and valence of the
elements in Pb(DS)2, as shown in Fig. 3. The narrow scans of C
1s, O 1s, S 2p, and Pb 4f were deconvoluted to investigate the
bonding information of each element in detail. The XPS spec-
trum of C 1s (Fig. 3a) exhibited binding energy peaks at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The optimization of reaction conditionsd

Entrya Catalyst Carrierb (g) Time (min) T (°C) Yieldc (%)

1 60 rt N.R.
2 NaCl 30 rt <1
3 NaCl 30 75 <1
4 Pb(DS)2 NaCl 30 rt <5
5 Pb(DS)2 NaCl 30 50 15
6 Pb(DS)2 NaCl 30 75 66
7e Pb(DS)2 NaCl 30 100 98
8e Pb(DS)2 NaCl 30 100 98
9e Pb(DS)2 NaCl 30 100 89
10 Pb(DS)2 NaCl 20 100 98
11 Pb(DS)2 NaCl 10 100 73

a Reaction conditions: indole 1 (2 mmol; 0.234 g); 4-nitrobenzaldehyde 2 (1 mmol; 0.151 g); Pb(DS)2: lead dodecyl sulfate (0.05 g); 100 °C; solvent-
free; solid phase grinding. b NaCl: sodium chloride (0.5 g). c Heating in an oven for 20 min prior to the ball milling reaction. d Isolated yields: all
product yields were obtained by column chromatography. e The amount of Pb(DS)2 was 0.0625 g; 0.05 g; 0.0375 g; respectively.
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284.6 eV, 285.2 eV, and 286.1 eV, corresponding to C–H/C–C, C–
C, and C–O bonds, respectively. The high-resolution spectrum
of O 1s (Fig. 3b) for the Pb(DS)2 catalyst revealed three main
peaks at 532.2 eV, 533.6 eV, and 535.6 eV, attributed to lattice
oxygen, –O–S, O]S, and C–O–S bonds. The binding energy of
the Pb(DS)2 catalyst at 168.9 eV and 170.0 eV corresponds to the
–O–S and –O]S bonds (as shown in Fig. 3c), respectively. In
addition, the high-resolution XPS spectra of Pb 4f in the cata-
lyst, primarily composed of the spin–orbit splitting of Pb 4f7/2
and Pb 4f5/2, are illustrated in Fig. 3d. For solid-phase grinding
synthesized Pb(DS)2 materials, two characteristic peaks located
at 139.5 eV and 144.3 eV are assigned to Pb 4f7/2 and Pb 4f3/2.
This indicates the potential presence of metal Pb(II) ions in the
form of oxides.

From a mechanochemical perspective, the recyclability and
reusability of metal catalysts are critical factors in their poten-
tial industrial application. In order to assess these properties,
the reusability of the Pb(DS)2 catalyst was tested in a catalytic
model reaction involving o-phenylenediamine and benzoyl (as
shown in Fig. 4a). Aer the initial catalytic cycle, the catalyst was
readily recovered from the reaction mixture by ltration,
washed with ethyl acetate and ethanol (3 × 5 mL), and dried at
45 °C overnight. Subsequently, a new quinoxaline synthesis
reaction was conducted using the regenerated catalyst. The
results demonstrate that Pb(DS)2 displays exceptional stability
in the model catalytic reaction. Aer eight repeated uses, the
target product maintained a yield of 94% with no signicant
decrease in catalyst activity. In addition, it was observed that the
loss of lead and sulfur elements in fresh catalysts and catalysts
© 2025 The Author(s). Published by the Royal Society of Chemistry
reused 8 times was approximately 0.11% and 0.13% per cycle,
respectively (as shown in Fig. 4a(A)), which efficiently ensured
the intrinsic structure and basic composition of the catalyst,
and effectively controlled the pollution caused by the loss of
toxic substances to the environment. Similarly, the experiment
quantitatively analyzed the loss of each catalyst, as shown in
Fig. S1.† Quantitative amplication experiments were con-
ducted using a 30-fold equivalent catalyst (detailed experi-
mental methods can be found in the ESI†). It can be seen from
S1 that the amount of catalyst used in each cycle experiment
shows a decreasing trend. This indicates that mechanical
grinding can cause catalyst particles to become ner and more
easily lost during repeated use. The cycling stability experiment
data (Fig. S1†) reveal a signicant law of catalyst mass attenu-
ation: with the increase of the number of cycles, the catalyst
feed amount shows a stepwise decreasing feature. This mass
loss mainly results from two synergistic mechanisms: rst, the
particle powdering effect induced by mechanical stress – the
shear force generated during the grinding process continuously
reduces the particle size of the catalyst, resulting in an increase
in specic surface area and surface energy; second, catalyst loss
and escape during the operation process, which is specically
manifested as the micro-loss of ultrane particles during the
transfer process. This dual loss mechanism jointly intensies
the irreversible consumption of the catalyst. Therefore, the
catalytic effect of the catalyst shows a slight downward trend
during the cycling process. However, the ICP characterization
results indicated that the loss of lead and sulfur elements
remained almost constant in each cycle. The test results showed
RSC Mechanochem., 2025, 2, 584–597 | 589
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Table 2 Synthesis of bis(indolyl)methane derivatives using the Pb(DS)2 catalysta

a Reaction conditions: 1 (2.0 mmol); 2 (1.0 mmol); Pb(DS)2 (0.05 g); NaCI (0.5 g); heating in an oven for 20 min prior to the ball milling reaction;
solvent-free; grinding for 20 min; isolated yields.
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that the loss of lead and sulfur elements in the fresh catalyst
and aer 8 cycles was 0.11% and 0.13%, respectively.

The catalytic and stable performance of catalysts is inher-
ently linked to their stable morphology and internal structure,
underscoring the crucial relationship between the structure and
activity. The experiment shows that the Pb(DS)2 catalyst has
excellent catalytic and cycling performance. In this work,
a detailed structural analysis was conducted on the catalyst aer
eight reuse cycles. Thermal gravimetric analysis (TGA) of all
samples over the temperature range of 25–400 °C reveals
distinct weight loss trends categorized into three temperature
regions, denoted as regions I, II, and III (as depicted in Fig. 4b).
The analysis of region I is particularly meaningful, as both the
fresh catalyst and the catalyst aer 8 repeated cycles experi-
enced weight loss from room temperature to approximately 175
°C, while the raw material SDS appeared from room tempera-
ture to approximately 200 °C. This is due to the release of free
water molecules upstream of the catalyst surface and the
decomposition of low molecular weight compounds. The
temperature required for organic catalytic reactions is typically
below 175 °C, with the Pb(DS)2 catalyst ensuring structural
590 | RSC Mechanochem., 2025, 2, 584–597
integrity and catalytic activity within this range. Both fresh and
recycled catalysts exhibit excellent thermal stability in this
temperature range. It is evident that the loss of the fresh
Pb(DS)2 catalyst in region I is 3.3%, while the loss of the catalyst
aer 8 reuse cycles is 3.1%. It is speculated that the reason may
be that the catalyst has undergone repeated mechanical
grinding, resulting in a denser structure of the material and
a continuous increase in crystallinity, thereby signicantly
improving its thermal stability. The realization of this special
phenomenon is more pronounced in regions II and III. Specif-
ically, between 160 °C and 260 °C (region II), both fresh and
recovered catalysts experienced signicant weight loss, with
loss rates of approximately 52.9% and 36.0%, respectively.
Compared with fresh catalysts, catalysts that are reused 8 times
have lower quality loss and higher stability characteristics. In
region III, ranging from 260 °C to 400 °C, the catalyst undergoes
a more moderate loss of around 10%.

The FT-IR analysis showed that the characteristic peak
positions of the catalyst remained basically consistent in the
fresh state and aer 8 cycles (as shown in Fig. 4c). There was
a slight change in peak intensity, particularly at 2920 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Synthesis of quinoxaline derivatives using the Pb(DS)2 catalysta

a Reaction conditions: 4 (0.5 mmol); 5 (0.5 mmol); Pb(DS)2 (10% wt): NaCI (0 5 g). Preheating for 20 minutes at 75 °C before proceeding with the ball
milling reaction; solvent-free; grinding for 20 min; isolated yields.
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2851 cm−1. The change in peak intensity also indicates an
increase in the crystallinity of the material, which is consistent
with the results of TGA analysis. Compared with fresh Pb(DS)2
catalysts, the XRD results of the catalyst aer 8 repeated uses
exhibited signicant differences (as shown in Fig. 4d). The
diffraction peak positions of the catalyst have changed aer
multiple grinding, with the three crystal planes ((001), (002),
and (003)) in the spectrum shiing to the right, particularly the
(001) crystal plane. This shi indicates a reduction in lattice
spacing and a rightward shi in diffraction peak positions due
to multiple mechanical grinding. These observations are
consistent with previous characterization results, suggesting an
improvement in the stability performance of the catalyst aer
multiple grinding. In addition, the catalyst aer 8 repeated uses
was characterized and analyzed through other experimental
methods, including SEM, TEM, and NMR (as shown in Fig. S1†).
The results showed that even aer 8 repeated cycles, the catalyst
maintained the same nano rod like morphology and charac-
teristics as the original catalyst Pb(DS)2. These research results
all demonstrate that the superior catalytic and thermal stability
of Pb(DS)2 catalysts can be attributed to the nanorod-like
structure of the material. Even aer undergoing 8 repeated
© 2025 The Author(s). Published by the Royal Society of Chemistry
grinding cycles, the material's nanorod-like structure remains
intact. Additionally, the NMR data conrm that the funda-
mental composition of the material remains unchanged,
ensuring the preservation of its inherent properties.
Catalytic performance evaluation of the Pb(DS)2 catalyst

In order to develop an environmentally friendly and energy-
saving method for synthesizing biologically important hetero-
cyclic compounds, we prepared the Pb(DS)2 catalyst in situ by
solvent-free mechanical ball milling. In fact, there have been
many reports on this green catalytic method and new catalysts
recently, such as the hybridization of C–H and C–N bonds using
the CF2Br2 catalyst54 under light conditions. This work employs
solvent-free synthesis of nitrogen-containing heterocyclic
compounds, including bis(indolyl)methane derivatives and
quinoxaline derivatives, all of which involve the reconstruction
of C–H and C–N bonds at room temperature.55 Initially, we
selected the synthesis of bis(indolyl)methane derivatives as
a model reaction and optimized the reaction conditions using
various Pb(DS)2 catalysts and solvent-free grinding. Through
rigorous catalyst screening, we identied the optimal
RSC Mechanochem., 2025, 2, 584–597 | 591
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Table 4 Catalytic Biginelli reaction using the Pb(DS)2 catalyst
a

a Reaction conditions: 2 (0.5 mmol); 7 (1.0 mmol); 8 (0.5 mmol); Pb(DS)2 (10 wt%); NaCI (0.5 g); heating in an oven for 20 min prior to the ball
milling reaction; solvent-free; grinding for 20 min; isolated yields.
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conditions for synthesizing compound 3a, achieving a remark-
able 98% product yield with the Pb(DS)2 catalyst, 0.5 g NaCl as
a grinding assistant, 20 minutes of grinding time, and 100 °C
reaction temperature (Table 1, entry 10).

With the optimized conditions established, we systemati-
cally explored the substrate scope for the synthesis of bis(in-
dolyl)methane derivatives by employing a variety of aldehydes
and indoles, as summarized in Table 2. To our delight,
compounds bearing a wide range of substituents were obtained
with good to excellent yields (Table 2, 3a–3n). We investigated
the reaction between indole and benzaldehyde with different
substituent groups to expand the universality of substrates (3a–
3i). It is apparent that the electron withdrawing groups of the
benzaldehyde compounds achieved better yields in a shorter
time (3a–3f) when compared with their electron donating
groups (3g–3i). Compound 3n was synthesized for the rst time
with a target yield of 78%. Furthermore, we extended our
investigation to the reaction between 4-nitrobenzaldehyde and
indole compounds with different substituents to further
broaden the range of substrates. The results have demonstrated
excellent production of the target product in a short period of
time (3j–3m). In addition, all synthesized compounds were
obtained by calculating their TON and TOF values.
592 | RSC Mechanochem., 2025, 2, 584–597
The newly developed nanorod Pb(DS)2 catalyst was employed
in the synthesis of nitrogen-containing heterocyclic compounds
through mechanical ball milling, aiming to validate its efficacy
for organic catalytic reactions. Pb(DS)2 demonstrated excep-
tional performance in the model reaction (the optimization of
reaction conditions is shown in Table. S1†), and it was applied
to hydrogen transfer reactions involving o-phenylenediamine
and various benzoyl compounds with different substituents
under optimized conditions (as shown in Table 3). This result
illustrates the hydrogen transfer reaction between benzoyl and
different aromatic 1,2-diamine compounds (6a–6f). Notably,
both electron donating and electron withdrawing groups in
aromatic 1,2-diamines were found to be compatible with
benzoyl groups, underscoring the robustness of the Pb(DS)2
catalyst in the reaction system. Particularly, the reaction
between o-phenylenediamine and benzoyl yielded an impres-
sive 98% yield (6a), while other products achieved target yields
exceeding 87% (6b–6f). Similarly, reactions involving 1,2-dike-
tone substituted with bis(4-methoxy) and o-phenylenediamine
with various substituents resulted in target product yields of
90% (6g), 87% (6h), and 92% (6i), respectively. Specically, the
reaction of 1,2-diketones substituted with bis(4-uoro) and o-
phenylenediamine with various substituents resulted in high
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of different methods for catalytic synthesis of
bis(indolyl)methane derivatives

Entry Catalysts Conditions Time Yield

1 Fe(DS)3 Water, R.T. 5 h 97 (ref. 62)
2 PANF-PAMSA Water, R.T. 4 h 95 (ref. 63)
3 DBSA Water, 40 °C 1 h 90 (ref. 64)
4 PPL Water, 50 °C 72 h 98 (ref. 65)
5 Itaconic acid Water, 100 °C 45 min 95 (ref. 66)
6 Amberlyst MeCN, R.T. 6 h 98 (ref. 67)
7 BF3$Et2O Et2O, R.T. 2 h 93 (ref. 68)
8 Al(DS)3 H2O : EtOH (2 : 1), R.T. 4 h 89 (ref. 69)
9 Sr(DS)2 H2O : EtOH (2 : 1), R.T. 12 h 90 (ref. 69)
10 I2 EtOH, 40 °C 24 h 96 (ref. 70)
11 Bu4NHSO4 EtOAc, 60 °C 1 h 90 (ref. 71)
12 FePO4 Glycerol, 75 °C 5 h 84 (ref. 72)
13 DAHP Solvent-free, 80 °C 2 h 89 (ref. 73)
14 MgAl2O4 Solvent-free, 100 °C 2 h 54 (ref. 74)
15 La(DS)3 Solvent-free, 50 °C 30 min 96 (ref. 46)
This work Pb(DS)2 Solvent-free, 100 °C 20 min 98
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product yields exceeding 90% (6j–6l), regardless of steric
hindrance. These compounds, containing abundant uorine
substituent groups, may exhibit advantageous biological activ-
ities. Similarly, TON and TOF values were calculated for all
compounds.

Multicomponent reactions can synthesize more than two
repeated products in one step, enabling the formation of the
desired product in the shortest time and the most efficient way.
Fig. 5 The speculated mechanism of the Pb(DS)2 catalyzed indole meth

© 2025 The Author(s). Published by the Royal Society of Chemistry
These reactions are atomically and energetically economical
compared to linear synthesis. These reactions have the advan-
tages of short reaction times, high yields, cost-effectiveness, and
less waste generation. In addition, it can be said that almost all
reactants are involved in the production of the product without
the need to separate the intermediates, which is actually in line
with the principles of green chemistry.56,57 Heterocyclic
compounds are considered as important structural units in
many drugs and bioactive molecules, and have a wide range of
important applications in human life and various industrial
and biological elds.58–60 Nitrogenous and oxygenic rings are the
two most important classes of this class of compounds, and
they are widely found in the skeletons of drugs and bioactive
materials.58,61 The Biginelli reaction, a multi-component
organic reaction that involves the formation of C–C and C–N
bonds, is an effective way to synthesize multifunctional
heterocyclic compounds and one of the most inuential
multicomponent reactions.58 Building on the successful use of
the Pb(DS)2 catalyst in previous reactions, we sought to broaden
the scope of catalytic reactions by exploring a three-component
Biginelli reaction. Through this approach, we were able to
synthesize six target products with yields ranging from 79% to
90% in a short timeframe (9a–9f), as illustrated in Table 4.
These results demonstrate that the Pb(DS)2 catalyst is effective
in facilitating multi-component reactions, highlighting its
catalytic prowess. This study unveils a novel pathway for the
environmentally friendly synthesis of heterocyclic bioactive
ylation reaction.

RSC Mechanochem., 2025, 2, 584–597 | 593
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organic molecules. Future research by our team will delve
further into this promising area of investigation.

In addition, this work systematically compared the synthesis
of bis(indolyl)methane derivatives using other series of catalyst
materials. Compared with other catalysts reported in the liter-
ature, the Pb(DS)2 catalyst material exhibits advantages such as
a simple preparation method, short reaction time, no require-
ment for organic solvents, and high catalytic efficiency. The
Pb(DS)2 catalyst maintained its activity over 8 consecutive reuse
cycles without a signicant decrease in activity (Table 5).

Based on the aforementioned analysis, we speculate to
provide a mechanism for the Pb(DS)2 catalyzed indole methyl-
ation reaction (as shown in Fig. 5), which is consistent with the
typical proton acid catalyzed reaction mechanism.46,75 The
catalyst activates the carbonyl group in aromatic aldehydes,
then reacts with indole, followed by dehydration to eliminate
water molecules, ultimately producing bis(indolyl)methane
derivatives.
Conclusion

The Pb(DS)2 catalyst with uniform size nanorod structure was
successfully prepared by a mechanical chemical ball milling
method, showing good catalytic activity and stability. The
catalyst enabled highly efficient solvent-free synthesis of
heterocyclic derivatives, such as bis(indolyl)methane derivatives
(78–98%) and quinoxaline derivatives (87–98%) in 20 minutes.
In addition, the Pb(DS)2 catalyst has also demonstrated excel-
lent catalytic performance in the Biginelli reaction. Elemental
analysis showed that there was no signicant change in the
composition and content of the elements in the catalyst, which
effectively maintained the activity and stability of the catalyst.
Especially the loss of lead element can minimize environmental
pollution to the greatest extent possible (the loss of Pb element
in the catalyst is about 0.11% per cycle). In conclusion, the
Pb(DS)2 catalytic material presented in this study exhibits
a simple preparation method, excellent catalytic performance,
wide reaction versatility, and long cycle life. With the develop-
ment of mechanochemical research, this kind of catalyst system
is expected to be widely used in various solvent-free mechano-
chemical reactions.
Experimental section
Materials

All reagents were purchased from Shanghai Titan Co., Ltd and
Aladdin Reagent Co., Ltd. All reagents and drugs were of
analytical grade (AR).
Preparation method of the Pb(DS)2 catalyst

First, lead nitrate (Pb(NO3)2; 1.0 mmol; 0.331 g) and sodium
dodecyl sulfate (SDS; 2.0 mmol; 0.577 g) were weighed in
a specic ratio and combined with stainless steel grinding balls
(diameter: 5 mm (with 6 additions) and 8 mm (with 3 addi-
tions), volume ratio 1 : 4) in a planetary ball mill jar (ball powder
mass ratio of 10 : 1), and then subjected to continuous ball
594 | RSC Mechanochem., 2025, 2, 584–597
milling at 600 rpm for 30 minutes. Upon completion of the
reaction, the resulting mixture was transferred to a beaker,
dissolved in distilled water, stirred, and washed. The white
precipitate obtained was ltered using a sand core funnel,
washed with a small amount of distilled water until neutral (3×
5 mL), and the white solid product was collected. Subsequently,
the product was dried in a vacuum drying oven at 45 °C for 24
hours to yield the nal white solid powder, identied as
Pb(DS)2. Further experimental details can be found in the ESI.†
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