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High-throughput mechanochemical synthesis is rarely attempted. A bead-beater homogenizer with 24-64
slots offers a unique opportunity for high-throughput mechanosynthesis (HTMS). In this study, C-H bond
activation is achieved by homogenizing multiple samples in one go in simple polypropylene (PP) vials with
stainless steel balls via liquid-assisted grinding (LAG), with enough frictional force being employed to
achieve this challenging transformation. The method demonstrates the preparation of synthetically
useful 2-arylindoles through a regioselective reaction between N-alkylated indoles and aryl iodides,
catalyzed by Pd(i) and facilitated by C2-H activation in the absence of phosphine ligands, using a bead-
beater homogenizer. 5 mol% of Pd(OAc), was sufficient to catalyze C2-activation of indoles in the
presence of a small volume of EtOAc as the LAG agent, affording 2-arylindoles in high to excellent yields
within 9 min. The method demonstrated excellent tolerance to structural variations, including electron-
rich and electron-deficient substituents in both indoles and iodoarenes. However, unprotected indoles
or indoles with deactivated five-membered rings could not participate well in the reaction. This simple,
high-yielding, ambient-temperature high-throughput mechanochemical protocol is devoid of a formal
workup step, and with a low E-factor (4.5) and a high Eco-scale score (73.5), it augments well with

rsc.li/RSCMechanochem sustainability matrices.

Introduction

Mechanochemistry has emerged as a transformative strategy in
modern organic synthesis, providing a solvent-free and energy-
efficient alternative to conventional solution-phase methods.*
Recognized by IUPAC as one of the ten chemical innovations
poised to change the conventional synthetic strategies,”> mech-
anochemistry uses mechanical force to drive chemical reac-
tions, thereby reducing solvent waste and energy requirements.*
Over the past two decades, mechanochemistry has advanced
from simple mortar-and-pestle grinding to sophisticated tech-
niques employing mixer mills, planetary ball mills for batch
reaction, and even twin-screw extruders for continuous-flow
mechanochemistry.* Other specialized approaches include
cryo-mechanochemistry,” photo-mechanochemistry with LED-
equipped jars,® electro-mechanochemistry using piezoelectric
materials,” and thermo-mechanochemistry assisted by external
heating.? Despite these advances, most of these instruments
allow only a single or a couple of reactions to be performed at
a time, which restricts their application in rapid optimization,
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parallel screening, and library synthesis.® High-throughput
experimentation (HTE) is designed to execute multiple experi-
ments in parallel, often using multi-well plates, to accelerate
reaction discovery, optimization, and combinatorial synthesis
while reducing time and resource consumption.’ Only a few
efforts have attempted to combine high-throughput methods
with mechanochemical techniques.>'* One of the examples is
the demonstration of a mini-cell homogenizer in the synthesis
of quinoxalines via cyclocondensation by our group.®

C-H activation has emerged as a powerful strategy in
synthetic chemistry, allowing the direct functionalization of
otherwise inert C-H bonds."” Its atom- and step-economical
nature has enabled diverse bond constructions, avoiding pre-
functionalization of the substrates.”* Recently, mechanochem-
ical C-H activation has proven to be highly effective for con-
structing C-C and C-heteroatom bonds, in particular, for
heteroaromatic sp> C-H activation;'**> however, sheer mecha-
nochemical force, employed by high-end milling equipment
like a mixer-mill or planetary ball-mill, is commonly required
for C-H activation.

2-Arylindoles constitute an important class of heterocycles
that occur in numerous natural products and pharmaceuticals,
highlighting their value as privileged scaffolds in drug discovery
(Scheme 1).*® For example, bazedoxifene is used for the treat-
ment of osteoporosis,"”” while other derivatives have been
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Scheme 1 Some examples of biologically active molecules and drug
candidates with a 2-arylindole substructure.

reported as anti-coagulant,” NorA efflux pump inhibitor,"®
anticancer,” anti-inflammatory,” and anti-MRSA agents.**
Indole is one of the widely explored scaffolds in C-H activa-
tion.”*** Consequently, numerous strategies have been devel-
oped for the synthesis of 2-arylindoles.”>® A pioneering study
on the direct C-2 and C-3 arylation of indoles with aryl halides
was reported by Sames and co-workers* using phosphine
ligands. Later, Sanford®® and Larrosa® independently achieved
phosphine ligand-free, regioselective C-2 arylation of indoles
under acidic conditions. Building on these studies, various
improved protocols have been reported using a broad spectrum
of transition-metal catalysts, predominantly palladium, with
increasing use of 3d transition metals.”® Typical coupling part-
ners include aryl halides,**** boronic acids,**** arene diazo-
nium salts,>***” and aryl iodonium salts.*®*® Despite these
advances, most methods still demand high temperatures (>100
°C), toxic solvents such as DMF, and extended reaction times.
The reliance on phosphine ligands* and protecting groups
further reduces the efficiency and sustainability. Alternative
approaches employing heterogeneous supports, such as Pd
catalysts on porous materials®*>*“** or nanoreactors,*>** have
been explored, alongside greener methods in aqueous
media,**® micellar media,”*® and mechanochemical
synthesis.*>** Nevertheless, elevated temperatures and long
times are often required. In continuation of our sustained
interest in the development of mechanochemical methods for
C-H activation,”** and devising new tools and strategies for
mechanochemistry,” we envisioned that a bead-beater homog-
enizer with multiple reaction slots could be explored to serve
the dual purpose of high-throughput mechanosynthesis
(HTMS) and C-H bond activation. Using Pd(OAc), as the cata-
lyst with EtOAc as a liquid-assisted grinding (LAG) agent, C2-
arylation of indoles via HTMS was achieved in a bead-beater
homogenizer under ambient conditions within 9-15 minutes
(Scheme 2).

Results and discussion

Our initial studies focused on optimizing the C-2 arylation
under homogenization conditions using a model reaction
between N-methylindole (1a) and iodobenzene (2a). The reac-
tion was performed in a 2 mL polypropylene vial using an iGene
Labserve homogenizer with variable rotor heads, capable of
accommodating up to 64 vials simultaneously for parallel

310 | RSC Mechanochem., 2026, 3, 309-315

View Article Online

Paper

Previous work

Ar—X

S AN 1
R1f‘/ H . or
i [ Ar—12Arx

X4 =1, B(OH),, N,* X

Conditions:
Solution phase

Heterogenous
media

Green methods

&

1. [(Cinnamyl)PdCl,), DPPF,
K,CO3, SPGS-550-M-water,
80°C,24h

1. Pd(OAc),, PPh;, CsOAc,

DMA, 125 °C, 24 h 1. Pd/MIL-101 (Cr)

CsOAc, DMF, 120 °C

2. PA(OAC),, A0,
0-0,NCgH,COH,
DMF, tt, 15 h

2. CATMC-Pd, H,O

2. Pd(OAC),, CF5COAg,
50°C, 12h (0Nl SFACORAa

Tween 80/H,0, 25 °C, 1 h

3. Pd@Ui0-66-BTeC,

3. PA(OAC),, AgOAC,
GVL,80°C,5h

AcOH, PEG 400,

3. Pd(OAc),, AgOAG, HFIP,
mixer miller, 30 Hz, 2 h

TFA,120°C,3 h
@ Longer reaction time @ Toxic solvents @ High temperature

Our work
Bead beating homogenizer

N Pd(OAc), (5 mol% A
NS T L ey
Z~N AgOAc (1.2 equiv) Z~N
R EtOAc (LAG) R
60 Hz, 9-15 min

@ Faster reaction
@ Ligand free

@ Noworkup @ High-throughput synthesis
@ Low E-factor

Scheme 2 Available methods for the synthesis of 2-arylindoles.

reactions. In order to achieve optimized conditions in a time-
and energy-efficient manner, 12 reactions were carried out at
a time. The reactions were repeated to get consistent results.
The optimized conditions were established as 1a (1 equiv.), 2a
(1.1 equiv.), Pd(OAc), (5 mol%), AgOAc (1.2 equiv.), EtOAc as the
LAG agent (200 pL), and 1 g of 2 mm stainless steel (SS) balls at
60 Hz frequency, under which 3a was obtained in 81% yield
within 9 min (entry 1, Table 1). The reaction conducted under
neat conditions furnished 3a in 72% yield (entry 2, Table 1).
Further replacement of EtOAc with other milling auxiliaries,
such as PEG-400, EtOH, H,O, or SiO,, resulted in a decreased
yield of 3a (entries 3-6, Table 1). Thus, EtOAc proved to be the
most effective LAG agent, likely due to better mixing. Reducing
the stoichiometric ratio of iodobenzene (2a) to 1.0 equiv. led to
a decrease in the yield of 3a (entry 7, Table 1). However, further
increasing the amount to 1.2 equiv. resulted in no significant
improvement (entry 8, Table 1). Optimization was next directed
towards adjusting the number of stainless steel balls and the
homogenization frequency to evaluate their influence on the
reaction kinetics. Reducing the ball amount to 0.5 g (16 balls)
led to a slower reaction (15 min) and a slightly lower yield (78%),
while increasing it to 2 g (64 balls) produced a similar yield
(80%) without a significant improvement in the reaction effi-
ciency (entries 9 and 10, Table 1). A change in the ball material
from SS to zirconia resulted in a similar outcome in terms of
time for completion and the yield of 3a (entry 11, Table 1).
Meanwhile, reducing the homogenization frequency to 50 Hz or
40 Hz resulted in a slower reaction rate, extending the time
required for complete conversion to 18 min (entries 12 and 13,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1l Optimization of the mechanochemical C2-arylation of indole
Pd(OAc); (5 mol%)
AgOAc (1.2 equiv)

using a bead beating homogenizer®
mH + Ph—I mPh

N N

EtOAc (LAG) \
60 Hz, 9 min 3a

1a\ 2a

(1 equiv) (1.1 equiv)

Entry Variation from standard conditions = Time Isolated yield

1 None 9min 81

2 Neat homogenization 9min 72

3 PEG-400 as LAG 9 min 77

4 H,0 as LAG 9 min 70

5 EtOH as LAG 9 min 76

6 SiO, as milling auxiliary 15 min  75°

7 1.0 equiv. of 2a 15 min 75

8 1.2 equiv. of 2a 9min 81

9 0.5 g of SS balls instead of 1 g 15 min 78

10 2 g of SS balls instead of 1 g 9min 80

11 1 g of zirconia balls 9min 76

12 40 Hz instead of 60 Hz 18 min 78

13 50 Hz instead of 60 Hz 12 min 79

14 PhBr instead of 2a 30 min  12°
15 PhOTf instead of 2a 30 min  14°
16 2% of Pd(OAc), 15 min  45°
17 10% of Pd(OAc), 9min 79

18 AcOH as the additive 9min 80

19 CuOAc (1.2 equiv.) instead of AgOAc 15 min 35

20 Ag,CO; (1.2 equiv.) instead of AgOAc 15 min 62

21 DDQ (1.2 equiv.) instead of AgOAc 15 min Trace
22 BQ (1.2 equiv.) instead of AgOAc 15 min Trace
23 K,S,0g instead of AgOAc 15 min Trace

% Experimental conditions: the reactions were performed using an
iGene Labserve bead-beater homogenizer with 1 g of 2 mm stainless
steel (SS) balls in a 2 mL polypropylene tube using 1a (0.5 mmol), 2a
(0.55 mmol), Pd(OAc), (5 mol%), AgOAc (0.6 mmol) and EtOAc (200
uL), which were milled together at 60 Hz frequency. ” Auxiliary taken
was 2-3 times the weight of 1b. ° Both starting materials were
partially recovered.

Table 1). Reactions were also attempted with PhBr and PhOTf
instead of PhI; however, they were sluggish and afforded only
12% and 14% yields of 3a, respectively, even after 30 min of
homogenization, indicating that the cross-coupling is much
more facile with iodoarenes than other coupling partners
(entries 14 and 15, Table 1). Next, the optimal mol% of the
catalyst, Pd(OAc),, was investigated by conducting reactions
with 2 mol% and 10 mol% of the catalyst (entries 16 and 17,
Table 1). The reaction with 2 mol% of Pd(OAc), was sluggish,
whereas 10 mol% of the catalyst offered a similar outcome to
that with 5 mol%. Unlike earlier reports,***® the presence of
acetic acid had little impact on the outcome, as the reaction
proceeded efficiently even in its absence with a comparable
yield (entry 18, Table 1). Then, cheaper oxidants were evaluated
as a replacement for AgOAc while keeping other parameters the
same (entries 19-23, Table 1). However, AgOAc was found to be
the best oxidant; replacing it with CuOAc or Ag,CO; reduced the
yields to 35% and 62%, respectively, whereas DDQ, 1,4-
benzoquinone (BQ), and K,S,0g gave only trace or low

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conversions. Therefore, the optimized conditions were arrived
at as the use of 5 mol% Pd(OAc), as the catalyst, 1.2 equiv. of
AgOAc as the oxidant in the presence of 200 uL of EtOAc as the
LAG per 0.5 mmol of 1a and 0.55 mmol of 2a (1.1 equiv.) taken
in a 2 mL polypropylene vial, and milling with 1 g of SS balls of
2 mm diameter (32 no.) at 60 Hz frequency in a bead-beater
homogenizer to get the highest yields of 2-arylindoles.
Subsequently, the method was validated by reacting various
indole derivatives (1) with several electronically varied iodo-
arenes (2). To demonstrate high-throughput mechanosynthesis,
12 reactions were set up in parallel to achieve time- and energy-
efficiency, and facilitate faster substrate screening. Towards
this, 0.5 mmol of indoles (1) and iodoarenes (2, 1.1 equiv.) were
taken in 2 mL polypropylene vials containing 1 g of 2 mm SS
balls; then, Pd(OAc), (5 mol%) AgOAc (1.2 equiv.), and EtOAc
(200 pL) were added and the mixtures were homogenized using
an iGene Labserve homogenizer set to 60 Hz (Table 2). A pulse of
180 s was set with 1 minute of pause time. The progress of the
reactions was monitored via TLC at 3 min intervals, and
complete conversion was mostly observed within 9 min unless
otherwise mentioned in Table 2. In a few cases, the reactions
took 15 min to achieve complete conversion. Upon completion,
the crude reaction mixture was transferred from the vial using
a small amount of EtOAc, and the stainless steel balls were
easily separated using a magnetic retriever. As the entire volume
was approximately 1 mL, silica gel (230-400 mesh) was added to
it, and the resulting slurry was subjected to flash chromatog-
raphy. The desired 2-arylindoles (3) were isolated using a work-
up-free approach. Notably, no trace of C3-arylated indole was
observed or isolated, indicating that the method is highly C2-
selective. The 'H and '*C spectroscopic data of the isolated 2-
arylindoles (3) were in full agreement with previously reported
literature values.*® To evaluate the substrate scope, various aryl
iodides (2) were explored with N-methylindole (1a) as the
constant coupling partner. Initially, iodoarenes bearing
electron-donating (Me, OMe) and electron-withdrawing
substituents (CN, CFj, Br) were reacted with N-methylindole,
affording the corresponding 2-arylindoles in good to excellent
yields ranging from 75% to 88% (3a-3g, Table 2). Therefore, the
variation of the electronic behavior in the iodoarenes (2) hardly
has any effect on the yield or the reaction kinetics. Notably, N-
methylindole also efficiently coupled with sterically hindered
iodoarenes, such as those bearing a tert-butyl group (3¢, Table
2), indicating that steric bulk in the substrate has minimal
effect on the reaction outcome. Substrates containing an addi-
tional halogen substituent, such as bromine on the iodoarene,
selectively afforded the corresponding monoarylated products
due to the difference in reactivity (3e, Table 2). Subsequently, N-
benzylindoles (1b) were examined using a similar variety of
iodoarenes. Again, the reactions proceeded smoothly, di-
splaying excellent functional group tolerance and delivering the
desired products in slightly higher yields (87-90%) (3h-3n,
Table 2). The influence of electronic effects at the ortho- and
meta-positions of the iodoarenes (2) was also investigated. In all
cases, the reaction proceeded efficiently, highlighting the
protocol's compatibility with electronically diverse and steri-

cally demanding substrates. Next, the influence of N-
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3g, Ry = CF3, 82% 3n, Ry = NOy, 89%
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3af,°70%

3ag,°72%
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“ In each case, 0.5 mmol of indole derivative (1) and 0.55 mmol of iodoarene (2), Pd(OAc), (5 mol%), AgOAc (1.2 equiv) and EtOAc (200 pL) as the
LAG medium were homogenized for 9 min (unless otherwise stated) in a homogenizer with 1 g of 2 mm SS balls ina2mL polypropylene tube at
60 Hz frequency. ? All yields reported here are isolated yields of the products (3) after column purification. ¢ Homogenized for 15 min.

substitution on the indole core was also evaluated. However,
unprotected indoles or those with an electron-withdrawing
group at the N-atom (e.g., N-Boc) hardly afforded any product
even after prolonged homogenization, indicating that the
optimum conditions are mostly suitable for N-alkylindoles and
not for indoles with a deactivated ring. Furthermore, a series of
C-5 substituted indole derivatives were reacted with iodo-
benzene to afford the corresponding products in high to
excellent yields, with hardly any electronic effect on the yield or
reaction time (3v-3ae, Table 2). However, substitution with
electron-withdrawing groups at the C-6 position resulted in
slightly lower yields (70-74%) and required longer reaction
times (15 min) (3af-3ah, Table 2), likely due to the proximity of
the EWG to the reaction site to influence the reactivity. When
either the C-2 or C-3 position of the indole ring is blocked, the
reaction fails to proceed. This lack of reactivity is attributed to
the absence of a feasible C-3 — C-2 migration pathway (Scheme
3), resulting in the intermediate reverting to the starting
material. This behavior can be attributed to the higher stability
of organometallic intermediates when the metal is bound to the
electron-deficient C-2 center adjacent to the nitrogen atom.*”
However, aryl iodides bearing a strongly coordinating or polar
functional group, such as -NH, or -CO,H, or heteroaryl iodides,
did not furnish any desired product, likely due to the deacti-
vation of the low concentration of palladium catalyst;** in

312 | RSC Mechanochem., 2026, 3, 309-315

particular, the influence is much more pronounced as the total
volume is nominal. Overall, this protocol offers a rapid and
sustainable strategy for the C-2 arylation of indoles, featuring
broad substrate scope, high functional group tolerance, and
compatibility with both electron-rich and electron-poor aryl
iodides. The combination of high-throughput mechanosyn-
thesis, short reaction time (9 min), and workup-free isolation
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2
»o _ Pd(OAc), \
m“ > PR
N 0] —Pd
\
3 Me  Pd(0) Al bac

Pd—Ar A
N ng,O c

Cc \ Me Ar

H

=Pd—Ar H N
N Pd—Ar Me
B \ 1

Mec\,’ N/+

o
/mb,ah?? A N

Scheme 3 Proposed mechanism of C2-arylation of indole (1) by
homogenization.

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

In line with previous reports on ligand-free C-2 arylation of
indoles,®* a plausible Pd(u)/Pd(0) catalytic cycle is proposed
(Scheme 3). Presumably, Pd(OAc), undergoes oxidative addition
with aryl iodide (2) to generate the Ar-Pd(u)-OAc complex, which
attaches to the preferred C-3 position of indole, affording inter-
mediate A. A subsequent 1,2-palladium migration furnishes the
C-2 bound intermediate B, which then undergoes reductive
elimination to deliver the C-2 arylated indole (3) along with the
elimination of Pd(0). The catalytic cycle is completed by AgOAc-
mediated re-oxidation of Pd(0) to Pd(u). As mentioned earlier,
C-2 or C-3 substituted indoles showed no product formation,
which is in accordance with the proposed pathway involving C-3
activation, Pd migration to C-2, and deprotonation.

efficiency, scalability, and operational

Sustainability matrices and
comparatives

The sustainability of the homogenizer-based high-throughput C-2
arylation protocol was assessed using green metrics such as E-
factor and Eco-scale scores. The E-factor for the model reaction for
the formation of 3a was calculated to be 4.5, indicating low waste
generation. Meanwhile, the Eco-scale score was determined to be
73.5 for 3a, positioning the method near the “excellent” category
(Tables S1 and S2, SI). In comparison with conventional homo-
geneous, heterogeneous, and other green methods, the homoge-
nizer approach uniquely combines ambient conditions with fast
reaction kinetics (9-15 min) while maintaining high yields (70-
90%). Previously reported methods generally rely on reactions in
toxic organic solvents at elevated temperatures, or prolonged
reaction times (hours to days), often affording moderate yields,
leading to higher E-factors (up to 60) and lower Eco-scale scores
(Table S3, SI).?2*%% However, in all cases, setting a single reac-
tion at a time makes them time- and energy-intensive. Notably, for
previous mechanochemical methods,*** even though they affor-
ded similar yields and E-factor, the reactions took hours to
complete and required high-end milling equipment (mixer-mill).
Overall, the present protocol represents a sustainable, high-
throughput alternative for C-2 arylation of indoles, offering
time- and energy-efficiency, achieving higher yields, and better
green metrics than existing methodologies.

Conclusions

In summary, we have developed a highly efficient, phosphine-free
mechanochemical protocol for the regioselective C-2 arylation of
N-alkyl indoles by coupling with iodoarenes using a bead-beater
homogenizer. Utilizing 5 mol% Pd(OAc), as the catalyst and silver
acetate as the oxidant, the heteroaryl C-H activation proceeded
smoothly in simple polypropylene tubes with stainless steel balls,
employing minimal EtOAc as an LAG agent. This method repre-
sents a rare example of high-throughput mechanosynthesis
(HTMS), enabling simultaneous processing of 12 reactions under
ambient conditions. Under optimized homogenization condi-
tions, 34 examples of 2-arylindoles were synthesized in high to

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

View Article Online

RSC Mechanochemistry

excellent yields within just 9-15 minutes. The method displays
a broad substrate scope, tolerating both electron-donating and
electron-withdrawing substituents on the iodoarenes and
indoles. The simplicity of the reaction set up, time- and energy-
efficiency, and excellent green metrics (low E-factor, high Eco-
scale score) make it a sustainable and more viable alternative
for C2-arylation of indoles. This work demonstrates the utility of
a bead-beater homogenizer for high-throughput experimentation
in the thriving area of C-H bond activation for the first time.
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