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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." It is identified by the
IUPAC as one of 10 world-changing technologies.”? While a large
variety of reactions have been successfully carried out under
mechanochemical conditions, often demonstrating unique
features that are unprecedented in conventional processes,
various milling techniques and conditions have also been
exploited.®* This includes mechanochemistry under cryogenic
conditions,* photomechanochemistry using LED-wrapped
transparent jars,” electromechanochemistry by using piezo-
electric materials,® thermo-mechanochemistry using heat-guns’
or even continuous-flow mechanochemistry using twin-screw
extruders.® 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.’

“Department of Chemistry, Birla Institute of Technology and Science Pilani, KK Birla
Goa Campus, NH 17B Bypass Road, Zuarinagar, Goa, 403726, India. E-mail:
mainak@goa.bits-pilani.ac.in; amrita@goa.bits-pilani.ac.in; Fax: +91-832-255-7031;
Tel: +91-832-2580-347; +91-832-2580-320

*UGC-DAE CSR, Kalpakkam Node, Kokilamedu 603104, TN, India

T Electronic supplementary information (ESI) available: General information,
experimental procedures, IR study, solution phase study, comparative table,
spectral data and copies of spectra. See DOI: https://doi.org/10.1039/d4mr00100a

72 | RSC Mechanochem., 2025, 2, 72-78

Quinoxalines are an important class of nitrogen-containing
benzo-fused heterocycles due to their ubiquitous use in phar-
maceuticals and advanced functional materials.® Riboflavin
(vitamin B2) and several antibiotics such as echinomycin, ler-
omycin and actinomycin possess a quinoxaline scaffold
(Fig. 1).**** Structurally diversified quinoxalines exhibit
remarkable biological activities, including anti-cancer, anti-
HIV, anti-dengue, antituberculosis, anti-malarial, antioxidant,

anti-tumour, antidiabetic, antiulcer, and antidepressant
Quinoxalines OH o
HONon HO)k@
.. -
N N o]
N /N\fo >, o
- N S 7 SN
N N
~ Z
o OH 0 N

Riboflavin - Vitamin B2~ 'Zmiphenazine C - Tyrphostin -

Tyrosine kinase inhibitor

N._Ph
N

XX

X N” Ph

DPQC - anti-bacterial activity

N N w
/(\I\j\ i )NI\\ ) on
HNT NN HJLNHEt H.NT N7 N O

TG100-115 - PI3 K inhibitor

(0

antitumor activity
Varenicline - Nicotinic

L XY
~ S
Py .
acetylcholine receptor Br

Brimonidine - Alpha-agonist

Pyrido[2,3-b]pyrazines NH,

(p-Tol

D-106669 - PI3 K, ERK2 inhibitor

Fig. 1 Selected bioactive quinoxalines and pyrido[2,3-alpyrazines.
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activities, and possess enzyme inhibitory and receptor antago-
nist properties.’®* 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.* With an
additional N-atom, pyrido[2,3-b]pyrazines possess vast bioac-
tivities as well as light-emitting properties.*>*¢

The vast use of quinoxaline derivatives instigates tremen-
dous research interest among chemists to develop efficient and
sustainable synthetic methods for this scaffold.’**” The
conventional synthetic strategies, developed by Korner'®* and
Hinsberg," 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,* in situ reduction of nitroarenes followed by
condensation with carbonyl,” tandem redox reactions,
condensation with a-halo carbonyl,* or coupling of arynes with
o-phenylenediamine are also reported.> However, a vast litera-
ture is available for quinoxalines based on heterogeneous
catalysis exploiting nanoparticles,” silica nanomaterials,*
carbon nanomaterials,* and solid sulfuric acid as the catalysts>®
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,* ionic liquids,*® deep
eutectic solvents,* etc. The synthesis of quinoxalines adapting
green technologies such as microwaves and sonochemistry is
also reported.®* In all cases, even if the reaction media or the
technology is benign, the requirement of catalysts or chro-
matographic purification steps adds to costs and environmental
hazards.

Mechanochemistry has been frequently employed in
synthesizing quinoxaline derivatives by grinding or milling the
reaction mass, often in the presence of a catalyst and/or milling

Previous work

Grinding Si0,/A1,04/EtOH

Ref. 34b,d.e
(need for grinding auxiliary)

aNHe O
R—:(;[ + /j ,: —— reaction time: upto 45 min Ry~ @ ]
NH, 07 -7

nano-kaolin/ BF;/Fe;04 Ref. 34a.c

(dehydrative cy ion) AcOH
(use of catalysts)

Ball-milling
NH. SN
| J
Z NH, P (metal based catalyst)

reaction time: 30 min Ref. 35a

LT

Ref. 35b

PTSA, TCCA_
KCo,

TCCA = Trichloro
isocyanuric acid

NH, 0

A

SO QRN
NH; Ar” CH,

(a-halogenation, cyclization)

A Catalyst required 3 Use of milling auxiliary

DI Higher E-factor

3 High-end milling equipment
3 Longer reaction time [ Use of organic solvent for purification
Current work

HOMOGENIZATION

N NH:

N + j : T ;
SN, g N
NMR pure product

[ [ o [ [
[

Fig. 2 Available synthetic routes to quinoxalines.
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auxiliaries (Fig. 2).*** 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 Al,O3, SiO,, and EtOH (for
liquid-assisted grinding) respectively, as grinding auxiliaries
under solvent-less conditions, but the products were extracted
and purified using organic solvents.>*”%¢ 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 after operating at high-frequency (50 Hz).*** 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.*** 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 first time, explored the
potential of homogenization, as an alternative to ball-milling,
for highly efficient synthesis of quinoxalines and pyrido[2,3-5]
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 after 3 min indicated
incomplete conversion, and further homogenization up to
15 min ensured complete conversion, which afforded qui-
noxaline 3a in 96% isolated yield after chromatographic puri-
fication (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 reaction mixture 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 after 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
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Table 1 Optimization of homogenization conditions for the synthesis of quinoxalines®
NH, o]
©i . )J\H/Ph homogenization ©: I
NH, Ph 3 conditions
1a 2a
o-Phenylene diamine Benzil LAG/milling Ball amount Ball size Time Yield®
Entry (equiv.) (equiv.) auxiliary (no. of balls) (ball type) RPM (min) (%)
1 1 1 Neat 0.25 g (8) 2 mm (SS) 2800 15 9%
2 1 1 EtOH 0.25 ¢ (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 H,0 0.25 g (8) 2 mm (SS) 2800 9 71
5 1 1.05 Neat 0.25 g (32) 2 mm (SS) 2800 3 9
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 1g(32) 2 mm (SS) 2800 3 98
9 1 1 Neat 1g(32) 2 mm (SS) 4000 3 99°
10 1 1 Neat 1g(32) 2 mm (SS) 4000 1 99°
11 1 1 Neat 1g(2) 5 mm (SS) 4000 6 99
12 1 1 Neat 1g(86) 1 mm 4000 6 97
(zirconia)
13 1 1 Neat 1g(116) 2 mm (glass) 4000 3 98

% The reactions were carried out in an iRupt Jr. indigenous mini-cell homogenizer instrument with 32 2 mm SS balls in 2 2 mL polypropylene tube to

optimize the reaction conditions. o-Phenylenediamine (1) and benzil (2) were considered as the model substrates. ?

isolated yields. © No purification was required.

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 finer investigation of reaction kinetics,
TLCs were checked after each minute, and it was observed that
the reaction was actually completed in 1 min only (entry 10,
Table 1). After air-drying the crude product, "H and “*C NMR
spectra were collected without purification, and clean spectra of
3a revealed that the crude solid is sufficiently pure, indicating
no need for additional workup and purification 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).** The samples from the reaction
mixture were collected after (a) physical mixing and homoge-
nization after (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, ESIf). Furthermore, IR data were compared for pure
starting materials and the product (3a). The study showed the
steady disappearance of the C=O0 stretching peak of benzil at
1662 cm™ ' and the formation of new peaks at 770 em ™ and
1346 cm ™!, which are two prominent peaks of 3a, just after 30 s
of homogenization (Fig. S2, ESIf). 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

All yields reported here are

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
a model reaction for the formation of 3a (Table S1, ESIt). Simple
physical mixing by using a stirring bar under catalyst-free and
solvent-free conditions hardly progressed even after 2 h (entry 1,
Table S1, ESIT). 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 purification 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 and more 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 after each
minute and the complete conversion was generally observed
within a minute. In a few cases, if the reactions did not progress
much after 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. After
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 quinoxalines
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% 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 homogenlzer instrument at 4000 rpm for 3 min.

All products with 99% yield were obtained by simple removal from the tube with no

further purification. © The products (3) purified by flash chromatography and isolated yields are reported.

easily separated by using a magnet retriever, thus indicating
a simple reaction set-up, fast reaction, and easy isolation of the
product (Fig. S2, ESIt). The crude mixture, after air-drying, was
directly subjected to NMR and ESI-MS analysis unless otherwise
noted. The "H and "*C NMR data of all the synthesized products
were consistent with those of previously reported quinoxaline
derivatives.**** 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 significantly 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, 4,4’-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 purification 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 2,2'-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[2,3-5]

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 purification. 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

NH,
LT A
NH,

R P
Z N R
3g,t

1a,f 2c, e homogemzatuon
SS beads (1 g) o)
4000 RPM, 3 min
=N

\
N
3ac

(2.5 mmol each) Me

o-Diaminoarene 1,2-Dicarbonyl Product Time (min) Yield” (%)
1a (R, = H) 2¢ (R = Me) 3g 3 99
1f (R, = NO,) 2e (R =H) 3t 3 99
1b 2h 3ac 3 99

“ The reported yields are of quinoxalines without a formal purification
step.
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Comparative analysis and sustainability metrics

Quinoxaline synthesis is one of the oldest reactions, reported by
Korner and Hinsberg in 1884,'" 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, ESIt). For the
cases of proclaimed “green” protocols, the use of catalysts
during the reaction or the organic solvents for chromatographic
purification or recrystallization adds to costs and environ-
mental hazards, and increase E-factors (Table S2, ESIt). The
current protocol is mostly devoid of work-up and purification
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 S2f). A quick
comparison of the current methods with other mechanochem-
ical methods is also conducted (Table S3, ESIT). 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, ESIf). 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 "H and *C NMR are available in the ESL{

Conclusions

To summarize, for the first 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
significant, 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 purification 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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