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offers access to quinoxalines in
minutes: a solvent-free, catalyst-free protocol with
a near-zero E-factor†

Abboy Chatterjee,a Didreekshya Mahanta,a Shamima Hussain,b Amrita Chatterjee *a

and Mainak Banerjee *a

A reagent-free, catalyst-free, sustainable methodology was developed for fast and effortless synthesis of

quinoxalines by mixing and homogenizing the substrates in a mini cell homogenizer. The

mechanochemical agitation between several aromatic (and heteromatic) 1,2-diamines and various 1,2-

dicarbonyl compounds with stainless steel balls in simple polypropylene vials at 4000 rpm afforded the

corresponding quinoxalines and pyrido[2,3-b]pyrazines via cyclocondensation within a few minutes

mostly in quantitative yields. The use of an equimolar ratio of substrates and complete conversion

ensured quick access to quinoxalines in a sufficiently pure form offering the additional advantages of

a work-up free and purification-free approach. As eliminated water molecules in the process do not

contribute to waste, the E-factor of the method is practically zero.
Introduction

Over the last few decades, “mechanochemistry” has gained
substantial attention as an efficient technology for organic
transformations with a motto to reduce environmental hazards
in pharmaco- and agro-chemical processes and assist in
attaining sustainable development goals.1 It is identied by the
IUPAC as one of 10 world-changing technologies.2 While a large
variety of reactions have been successfully carried out under
mechanochemical conditions, oen demonstrating unique
features that are unprecedented in conventional processes,
various milling techniques and conditions have also been
exploited.3 This includes mechanochemistry under cryogenic
conditions,4 photomechanochemistry using LED-wrapped
transparent jars,5 electromechanochemistry by using piezo-
electric materials,6 thermo-mechanochemistry using heat-guns7

or even continuous-ow mechanochemistry using twin-screw
extruders.8 In most cases, a mixer mill or a planetary ball mill
is used for laboratory-scale demonstrations, which are limited
to a few reactions at a time. There is hardly any attempt at
combinatorial chemistry under mechanochemical agitation.9
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Quinoxalines are an important class of nitrogen-containing
benzo-fused heterocycles due to their ubiquitous use in phar-
maceuticals and advanced functional materials.10 Riboavin
(vitamin B2) and several antibiotics such as echinomycin, ler-
omycin and actinomycin possess a quinoxaline scaffold
(Fig. 1).10–12 Structurally diversied quinoxalines exhibit
remarkable biological activities, including anti-cancer, anti-
HIV, anti-dengue, antituberculosis, anti-malarial, antioxidant,
anti-tumour, antidiabetic, antiulcer, and antidepressant
Fig. 1 Selected bioactive quinoxalines and pyrido[2,3-a]pyrazines.
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activities, and possess enzyme inhibitory and receptor antago-
nist properties.10,13 In addition, quinoxaline-derived functional
molecules and materials have been employed in diverse areas
with commercial implications, such as electroluminescent
materials, dyes, organic semiconductors, and OLEDs.14 With an
additional N-atom, pyrido[2,3-b]pyrazines possess vast bioac-
tivities as well as light-emitting properties.15,16

The vast use of quinoxaline derivatives instigates tremen-
dous research interest among chemists to develop efficient and
sustainable synthetic methods for this scaffold.10a,17 The
conventional synthetic strategies, developed by Körner18 and
Hinsberg,19 involve the condensation of o-phenylenediamine
with 1,2-dicarbonyl compounds or 1,2-ketoesters or oxalic acid
derivatives. Several contemporary methods involving the
oxidation of a-hydroxy carbonyl and condensation with o-phe-
nylenediamine,20 in situ reduction of nitroarenes followed by
condensation with carbonyl,21 tandem redox reactions,22

condensation with a-halo carbonyl,23 or coupling of arynes with
o-phenylenediamine are also reported.24 However, a vast litera-
ture is available for quinoxalines based on heterogeneous
catalysis exploiting nanoparticles,25 silica nanomaterials,26

carbon nanomaterials,27 and solid sulfuric acid as the catalysts28

for the cyclocondensation of o-phenylenediamine with 1,2-
dicarbonyl compounds, usually carried out in a benign medium
(e.g. water or EtOH). The other notable greener methods include
quinoxaline synthesis in micellar media,29 ionic liquids,30 deep
eutectic solvents,31 etc. The synthesis of quinoxalines adapting
green technologies such as microwaves and sonochemistry is
also reported.32,33 In all cases, even if the reaction media or the
technology is benign, the requirement of catalysts or chro-
matographic purication steps adds to costs and environmental
hazards.

Mechanochemistry has been frequently employed in
synthesizing quinoxaline derivatives by grinding or milling the
reaction mass, oen in the presence of a catalyst and/or milling
Fig. 2 Available synthetic routes to quinoxalines.

© 2025 The Author(s). Published by the Royal Society of Chemistry
auxiliaries (Fig. 2).34,35 For example, Li et al., Singh and co-
workers, and our group developed hand-grinding processes
for the cyclocondensation of o-phenylenediamine and 1,2-
dicarbonyl compounds in basic Al2O3, SiO2, and EtOH (for
liquid-assisted grinding) respectively, as grinding auxiliaries
under solvent-less conditions, but the products were extracted
and puried using organic solvents.34b,d,e By a similar strategy,
Carlier's group used a vibrating ball-mill for the synthesis of
quinoxalines, which took several hours for complete conversion
even aer operating at high-frequency (50 Hz).35d In a recent
study, Wu et al. used a costly metal catalyst, lanthanum dodecyl
sulfate for the same transformation in a ball-mill in the pres-
ence of NaCl as the milling auxiliary.35a We envisaged that this
prospective high atom-efficient strategy for quinoxaline could
be more benign and cost-effective if it is achieved just by fric-
tional force without a catalyst, solvent, or any other auxiliary to
eventually achieve a near zero E-factor. We also envisioned that
a multi-station cell homogenizer could offer the scope of
combinatorial chemistry and parallel synthesis for organic
transformations. With the intention of exploring new equip-
ment for mechanochemistry, we, for the rst time, explored the
potential of homogenization, as an alternative to ball-milling,
for highly efficient synthesis of quinoxalines and pyrido[2,3-b]
pyrazines (Fig. 2).

Results and discussion
Optimization of the reaction conditions

Our initial investigations were centered on optimizing the
cyclocondensation under homogenization conditions using
a model reaction between equimolar quantities of o-phenyl-
enediamine (1a) and benzil (2a). The reactions were conducted
using an iRupt Jr. mini-cell homogenizer in a 2 mL poly-
propylene vial containing 0.25 g of 2 mm (8 no.) stainless steel
(SS) balls, and the mixture was homogenized at 2800 rpm. Thin-
layer chromatography (TLC) analysis aer 3 min indicated
incomplete conversion, and further homogenization up to
15 min ensured complete conversion, which afforded qui-
noxaline 3a in 96% isolated yield aer chromatographic puri-
cation (entry 1, Table 1). Thus, it may be noted that
homogenization by SS balls, even in polypropylene containers,
can offer enough frictional force to carry out chemical trans-
formations. In order to expedite the reaction, small amounts of
EtOH, PEG-400, and water were added to the reactionmixture as
the liquid-assisted grinding (LAG) agent, and homogenization
was conducted for several minutes (entries 2–4, Table 1). For
EtOH and PEG-400 complete conversion was achieved aer 9
and 6 min, respectively (entries 2 and 3, Table 1). In contrast,
water as the LAG agent produced a reduced yield of 3a,
presumably because of partial hydrolytic decomposition of the
intermediate imine bonds (entry 4, Table 1). Altering the stoi-
chiometric ratio of benzil (2a) did not enhance the reaction rate
(entries 5 and 6, Table 1). However, in all these cases, column
chromatography was required to obtain the pure product (3a).
Considering that the reaction under neat conditions produced
better yield, further optimization studies were conducted under
neat conditions by varying the number of balls and the
RSC Mechanochem., 2025, 2, 72–78 | 73
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Table 1 Optimization of homogenization conditions for the synthesis of quinoxalinesa

Entry
o-Phenylene diamine
(equiv.)

Benzil
(equiv.)

LAG/milling
auxiliary

Ball amount
(no. of balls)

Ball size
(ball type) RPM

Time
(min)

Yieldb

(%)

1 1 1 Neat 0.25 g (8) 2 mm (SS) 2800 15 96
2 1 1 EtOH 0.25 g (8) 2 mm (SS) 2800 9 98
3 1 1 PEG 400 0.25 g (8) 2 mm (SS) 2800 6 97
4 1 1 H2O 0.25 g (8) 2 mm (SS) 2800 9 71
5 1 1.05 Neat 0.25 g (32) 2 mm (SS) 2800 3 96
6 1 1.1 Neat 0.25 g (32) 2 mm (SS) 2800 3 94
7 1 1 Neat 0.5 g (16) 2 mm (SS) 2800 6 98
8 1 1 Neat 1 g (32) 2 mm (SS) 2800 3 98
9 1 1 Neat 1 g (32) 2 mm (SS) 4000 3 99c

10 1 1 Neat 1 g (32) 2 mm (SS) 4000 1 99c

11 1 1 Neat 1 g (2) 5 mm (SS) 4000 6 99
12 1 1 Neat 1 g (86) 1 mm

(zirconia)
4000 6 97

13 1 1 Neat 1 g (116) 2 mm (glass) 4000 3 98

a The reactions were carried out in an iRupt Jr. indigenous mini-cell homogenizer instrument with 32 2 mm SS balls in a 2 mL polypropylene tube to
optimize the reaction conditions. o-Phenylenediamine (1) and benzil (2) were considered as the model substrates. b All yields reported here are
isolated yields. c No purication was required.
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homogenization frequency to check its impact on yield and
reaction kinetics (entries 7–9, Table 1). Quantitative conversion
to 3a was observed when 1a and 2a were homogenized in a 2 mL
vial with 1 g of SS balls at a frequency of 4000 rpm for 3 min
(entry 9, Table 1). For a ner investigation of reaction kinetics,
TLCs were checked aer each minute, and it was observed that
the reaction was actually completed in 1 min only (entry 10,
Table 1). Aer air-drying the crude product, 1H and 13C NMR
spectra were collected without purication, and clean spectra of
3a revealed that the crude solid is sufficiently pure, indicating
no need for additional workup and purication steps. In
subsequent studies, the ball size was changed to 5 mm (SS
balls), the ball material was changed to zirconia and glass, and
the mixture was homogenized at 4000 rpm (entries 11–13, Table
1). Although yields were comparable, the reactions took more
time to complete. To understand how fast homogenization
facilitates the conversion, time-scale infrared (IR) spectroscopy
was conducted on the model reaction between o-phenylenedi-
amine (1a) and benzil (2a).36 The samples from the reaction
mixture were collected aer (a) physical mixing and homoge-
nization aer (b) 15 s, (c) 30 s, (d) 1 min, and (e) 3 min, and
solid-state IR data were collected from the reaction mixture
(Fig. S2, ESI†). Furthermore, IR data were compared for pure
starting materials and the product (3a). The study showed the
steady disappearance of the C]O stretching peak of benzil at
1662 cm−1 and the formation of new peaks at 770 cm−1 and
1346 cm−1, which are two prominent peaks of 3a, just aer 30 s
of homogenization (Fig. S2, ESI†). The time-scale IR study
revealed that the homogenization quickly activates a cyclo-
condensation process, and quinoxaline synthesis follows fast
74 | RSC Mechanochem., 2025, 2, 72–78
reaction kinetics. For a comparative analysis of the effect of
homogenization on reaction kinetics, several reactions were
attempted under neat mixing and in the solution phase with
amodel reaction for the formation of 3a (Table S1, ESI†). Simple
physical mixing by using a stirring bar under catalyst-free and
solvent-free conditions hardly progressed even aer 2 h (entry 1,
Table S1, ESI†). For the catalyst-free solution phase, the reac-
tions mostly undergo partial conversion to product 3a, and in
all these cases, work-up and chromatographic purication were
required for isolation purposes. However, the generality of the
solution phase catalyst-free quinoxaline syntheses was not
tested. Nonetheless, homogenization was found to be a much
faster andmore efficient method, and 1 g SS balls and 4000 rpm
were set as the optimum conditions for this cyclocondensation
for the validation of the method with the synthesis of a series of
quinoxalines.
Substrate scope for the synthesis of quinoxalines (3)

To demonstrate the broad applicability of this method, a series
of o-diaminoarenes (1) and 1,2-dicarbonyl compounds (2) were
homogenized in a 2 mL vial containing 1 g of SS balls at
4000 rpm, setting the timer to 60 seconds for 3 min (Table 2).
The progress of the reactions was monitored via TLC aer each
minute and the complete conversion was generally observed
within a minute. In a few cases, if the reactions did not progress
much aer 1 min and a pasty mass was obtained upon
homogenization, a few drops of EtOH were added, as indicated
in the Table 2 footnote, and the reactions were further
homogenized for 2 min to achieve complete conversion. Aer
transferring the crude product from the vial, the SS balls were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope for the homogenization facilitated synthesis of quinoxalinesa,b,c

a In each case, 0.5 mmol of 1 and 0.5 mmol of 2 were homogenized in a 2 mL polypropylene tube with 32 2 mm SS balls in an iRupt Jr. indigenous
mini-cell homogenizer instrument at 4000 rpm for 3 min. b All products with 99% yield were obtained by simple removal from the tube with no
further purication. c The products (3) puried by ash chromatography and isolated yields are reported.
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easily separated by using a magnet retriever, thus indicating
a simple reaction set-up, fast reaction, and easy isolation of the
product (Fig. S2, ESI†). The crude mixture, aer air-drying, was
directly subjected to NMR and ESI-MS analysis unless otherwise
noted. The 1H and 13C NMR data of all the synthesized products
were consistent with those of previously reported quinoxaline
derivatives.34,35 Screening various o-diaminoarenes (1) having
both electron-donating and electron-withdrawing groups in the
ring with benzil (2a) revealed that the electronic effects of
substituents in the ring did not signicantly impact the reaction
rate and the yield, as reactions afforded products in 99% yields
within 3 min (entries 3a–3e, Table 2). Although the conversion
is quantitative, a 1% loss in yield is actually because of a very
small amount of powdery product sticking to the small SS balls,
and we decided not to use any organic solvent for the recovery.
Similarly, 4,40-dimethyl benzil (2b) took part in the reaction
(entry 3f, Table 2). When benzil was replaced by an aliphatic
dicarbonyl, butanedione (2c), the series of reactions again
© 2025 The Author(s). Published by the Royal Society of Chemistry
afforded quinoxalines in quantitative yields (entries 3g–3l,
Table 2). The reactions with 1,2-cyclohexanedione (2d) and
glyoxal (40% in water, 2e) proceeded smoothly to completion
producing the corresponding quinoxalines in excellent yields
and showing no apparent electronic effect (entries 3m–3u,
Table 2); however, a short-bed column purication was
preferred to get glyoxal derived quinoxalines in higher purity as
a small amount of polar impurities were observed in TLC.
Subsequently, reactions of polyaromatic dicarbonyls such as
acenaphthaquinone (2f) and phenanthraquinone (2g) afforded
near quantitative yields of products (entries 3v–3aa, Table 2).
Next, a couple of indeno[1,2-b]quinoxalinones were synthesized
by condensing ninhydrin (2h) with o-diaminoarenes in 99%
yields (entries 3ab,3ac, Table 2). We also explored the scope of
the method with heteroaryl diketone using 2,20-pyridil and ob-
tained a nearly quantitative yield of the product (entry 3ad,
Table 2). To further demonstrate the broad utility of our
method, we explored the synthesis of a series of pyrido[2,3-b]
RSC Mechanochem., 2025, 2, 72–78 | 75
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pyrazines by taking 2,3-diaminopyridines and condensing them
with several aromatic and aliphatic dicarbonyl compounds
under the same homogenization conditions (entries 3ae–3am,
Table 2). Again, the reactions afforded sufficiently pure pyrido
[2,3-b]pyrazines in excellent yields. Next, a short series of pyr-
azine derivatives were also synthesized by the condensation of
2,3-diaminomaleonitrile and dicarbonyls (entries 3an–3aq,
Table 2). In all previous cases, the homogenization was con-
ducted between two solids or for a solid–liquid combination.
We sought to verify whether two liquids, under reduced fric-
tional force, can undergo cyclocondensation during homoge-
nization at 4000 rpm. We were pleased to observe that the
homogenization of ethylenediamine and 2,3-butanedione
afforded the dihydropyrazine derivative in a good yield in 3 min
(entry 3ar, Table 2).
Scale-up synthesis

The scalability of the homogenization technique was investi-
gated by using 2.5 mmols each of 1,2-dicarbonyl compounds
and o-diaminoarenes for three reactions at a time (viz. synthesis
of 3g, 3t, and 3ac) using 1 g of SS balls in 2 mL polypropylene
tubes and homogenized at 4000 rpm (Table 3). This time, the
compounds occupied about half of the total volume of the
reaction tubes. Interestingly, the complete conversion was again
observed in just 3 min indicating that enough space is still
available for proper homogenization. At the same time, this also
demonstrates a semi high-throughput synthesis to access three
quinoxaline derivatives at a time. The yield in all cases was
identical as compared to small-scale reactions (on the 0.5 mmol
scale) needing no purication. Furthermore, scale-up in the
mini-homogenizer was not feasible due to the limitation of jar
size. However, this indicates that a higher version of the cell
homogenizer with multiple stations and bigger space may
certainly be used for gram-scale synthesis as well as high
throughput screening purposes.
Table 3 Scale-up synthesis

o-Diaminoarene 1,2-Dicarbonyl Product Time (min) Yielda (%)

1a (R1 = H) 2c (R = Me) 3g 3 99
1f (R1 = NO2) 2e (R = H) 3t 3 99
1b 2h 3ac 3 99

a The reported yields are of quinoxalines without a formal purication
step.

76 | RSC Mechanochem., 2025, 2, 72–78
Comparative analysis and sustainability metrics

Quinoxaline synthesis is one of the oldest reactions, reported by
Körner and Hinsberg in 1884,18,19 and being an important
bioactive scaffold, it has witnessed a recent upsurge in the
development of various synthetic methods, including the use of
various homogeneous and heterogeneous catalysts, green
technologies such as microwaves, water as media, etc. A
complete comparative analysis of a few thousand available
literature studies seems out of scope. Therefore, the present
method was compared with selected conventional solution
phase methods and green protocols (Table S2, ESI†). For the
cases of proclaimed “green” protocols, the use of catalysts
during the reaction or the organic solvents for chromatographic
purication or recrystallization adds to costs and environ-
mental hazards, and increase E-factors (Table S2, ESI†). The
current protocol is mostly devoid of work-up and purication
steps and can achieve a near-zero E-factor. For example, the
estimated E-factor and ecoscale score for the formation of 3a are
0.01 and 97.5, respectively (entry 9, Table S2†). A quick
comparison of the current methods with other mechanochem-
ical methods is also conducted (Table S3, ESI†). Once again, the
current method is way superior to other available mechano-
chemical methods for quinoxaline synthesis via cyclo-
condensation in terms of simplicity of the reaction set-up,
reaction completion time, and various other greener attributes
(Table S3, ESI†). The cost calculation revealed that the
manufacturing cost for 1 mol of 3a is USD 48.7, which is similar
to the cost of starting substrates only (USD 49.1) without taking
the equipment and manpower costs into account.
Experimental

The general information, instrumentation, synthetic proce-
dures, the spectral characterization of all quinoxaline deriva-
tives and copies of 1H and 13C NMR are available in the ESI.†
Conclusions

To summarize, for the rst time, we have demonstrated that
a mini cell-homogenizer can be used for chemical trans-
formations, taking a cyclocondensation reaction as an example,
and developed a reagent-free, catalyst-free eco-friendly protocol
for fast access to several quinoxaline derivatives. The homoge-
nization of equimolar mixtures of a variety of 1,2-dicarbonyl
compounds and o-diaminoarenes in polypropylene vials in the
presence of 2 mm stainless steel balls at 4000 rpm resulted in
the formation of the corresponding quinoxalines in excellent to
quantitative yields within just 3 min. This method was further
extended to the synthesis of a short series of pyrido[2,3-b]pyr-
azines and pyrazines using 1,2-diaminopyridines and dia-
minomaleonitrile. The steric and electronic effects were not
signicant, as in most of the cases, the full conversion took
place in just 3 min under the same mechanochemical condi-
tions. Notably, the simple, high-yielding ambient-temperature
protocol is devoid of workup and purication steps, leading to
a near-zero E-factor and ecoscale score in the high 90 s, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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are excellent attributes for sustainability matrices. We also
investigated the potential for scale-up and demonstrated the
semi high-throughput enabling three reactions at a time with
excellent outcomes. This work demonstrates the scope of
exploring the vast potential of a bead homogenizer as a new tool
for mechanochemical transformations. As 24-station homoge-
nizers are available, combinatorial chemistry and high-
throughput screening can potentially be performed.
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J. P. Noronha and M. Vieira, Eur. J. Med. Chem., 2015, 97,
664–672, DOI: 10.1016/j.ejmech.2014.06.058.

11 (a) J. I. Ahamed, G. R. Ramkumaar, P. Kamalarajan,
K. Narendran, M. F. Valan, T. Sundareswaran,
T. A. Sundaravadivel, B. Venkatadri and S. Bharathi, J. Mol.
Struct., 2022, 1248, 131418, DOI: 10.1016/
j.molstruc.2021.131418; (b) H. F. VanBrocklin, J. K. Lim,
S. L. Coffing, D. L. Hom, K. Negash, M. Y. Ono,
J. L. Gilmore, I. Bryant and D. J. Riese, J. Med. Chem., 2005,
48, 7445–7456, DOI: 10.1021/jm050607w.

12 (a) T. Fortier, A. Belouin, F. Vuillermet, J. Bourret and
G. Pelletier, Eur. J. Org Chem., 2024, 27, e202400297, DOI:
10.1002/ejoc.202400297; (b) M. S. Palanki, E. Dneprovskaia,
J. Doukas, R. M. Fine, J. Hood, X. Kang, D. Lohse,
M. Martin, G. Noronha, R. M. Soll, W. Wrasidlo, S. Yee and
H. Zhu, J. Med. Chem., 2007, 50, 4279–4294, DOI: 10.1021/
jm051056c.

13 (a) I. A. Bashir, A. O. Oyewale, S. Lee, A. B. Aliyu, H. Ibrahim
and H. Y. Etukudoh, J. Mol. Struct., 2024, 1315, 138947, DOI:
10.1016/j.molstruc.2024.138947; (b) Y. M. Syam,
M. M. Anwar, S. S. Abd El-Karim, S. A. Elseginy, B. M. Essa
and T. M. Sakr, RSC Adv., 2021, 11, 36989–37010, DOI:
10.1039/d1ra06799k; (c) M. Montana, F. Mathias, T. Terme
and P. Vanelle, Eur. J. Med. Chem., 2019, 163, 136–147,
DOI: 10.1016/j.ejmech.2018.11.059; (d) T. Kaushal,
G. Srivastava, A. Sharma and A. Singh Negi, Bioorg. Med.
Chem., 2019, 27, 16–35, DOI: 10.1016/j.bmc.2018.11.021; (e)
M. Imanishi, M. Sonoda, H. Miyazato, K. Sugimoto,
M. Akagawa and S. Tanimori, ACS Omega, 2017, 2, 1875–
1885, DOI: 10.1021/acsomega.7b00124.

14 (a) D. Gedefaw, M. Prosa, M. Bolognesi, M. Seri and
M. R. Andersson, Adv. Energy Mater., 2017, 7, 1700575,
RSC Mechanochem., 2025, 2, 72–78 | 77

https://doi.org/10.1039/9781782621980
https://doi.org/10.1021/acscentsci.6b00277
https://doi.org/10.1021/acscentsci.6b00277
https://doi.org/10.1002/anie.201906755
https://doi.org/10.1002/ejoc.201700961
https://doi.org/10.1002/ejoc.201700961
https://doi.org/10.1016/j.trechm.2021.02.008
https://doi.org/10.1016/j.trechm.2021.02.008
https://doi.org/10.1515/ci-2019-0203
https://doi.org/10.1515/ci-2019-0203
https://doi.org/10.1038/s41570-022-00442-1
https://doi.org/10.1038/s41570-022-00442-1
https://doi.org/10.1002/anie.201805263
https://doi.org/10.1002/1521-4125(200204)25:4&percnt;3C401::AID-CEAT401&percnt;3E3.0.CO;2-S
https://doi.org/10.1002/1521-4125(200204)25:4&percnt;3C401::AID-CEAT401&percnt;3E3.0.CO;2-S
https://doi.org/10.1002/anie.202218719
https://doi.org/10.1002/anie.202003565
https://doi.org/10.1002/anie.202003565
https://doi.org/10.1002/anie.202009844
https://doi.org/10.1039/D3SC05796H
https://doi.org/10.1002/anie.201913625
https://doi.org/10.1039/C7CC07758K
https://doi.org/10.1002/slct.202301401
https://doi.org/10.3390/molecules26041055
https://doi.org/10.1016/j.ejmech.2014.06.058
https://doi.org/10.1016/j.molstruc.2021.131418
https://doi.org/10.1016/j.molstruc.2021.131418
https://doi.org/10.1021/jm050607w
https://doi.org/10.1002/ejoc.202400297
https://doi.org/10.1021/jm051056c
https://doi.org/10.1021/jm051056c
https://doi.org/10.1016/j.molstruc.2024.138947
https://doi.org/10.1039/d1ra06799k
https://doi.org/10.1016/j.ejmech.2018.11.059
https://doi.org/10.1016/j.bmc.2018.11.021
https://doi.org/10.1021/acsomega.7b00124
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00100a


RSC Mechanochemistry Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
6/

1/
24

 9
:0

7:
02

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1002/aenm.201700575; (b) J. Yuan, J. Ouyang,
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