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A mechanoredox-enabled radical annulation under ball-milling

conditions affords 2-substituted benzothiophenes 3 from 2-(methyl-

thio)benzenediazonium salts 1 and alkynes 2. Mechanical energy

drives single-electron transfer without photoredox or electrochemical

systems, providing a practical and environmentally benign approach to

heterocycle synthesis.
Introduction

Radical intermediates can be generated under mild, functional-
group-tolerant conditions, enabling diverse bond-forming reac-
tions.1 Recent advances, particularly in photoredox, electro-
chemical and mechanoredox strategies, have greatly expanded
the synthetic toolbox for controlled radical chemistry.2,3

Mechanochemistry has emerged as a sustainable approach
to bond construction, enabling solvent-free access to unique
and efficient reactivity.4–7 Building on these advances, we sought
to develop a mechanoredox-based radical transformation that
addresses limitations of conventional solution-phase methods.

In this context, the synthesis of 2-substituted benzothioph-
enes was chosen as a benchmark transformation, given the
prominence of this heterocyclic scaffold in pharmaceuticals,
functional materials and agrochemicals,8–19 and its established
accessibility via radical annulation strategies (Fig. 1).20,21

Unlike solution-based approaches that require organic
solvent (typically DMSO), specialised photochemical or
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electrochemical equipment, and in some cases stoichiometric
additives, the mechanoredox protocol exploits mechanical
energy alone to drive single-electron transfer, consistent with
a mechanoredox SET process,3,22 enabling a solvent-free and
promoter-dependent alternative with competitive efficiency,
selectivity, and sustainability. We acknowledge that ball milling
itself requires dedicated equipment and that Al2O3 is used in
stoichiometric quantities; these aspects are weighed against the
advantages when evaluating the practical utility of the method.
Results and discussion

Milling was carried out using a planetary micro mill (Pulveri-
sette 7 Premium Line, Fritsch GmbH, Germany) equipped with
a 20 mL ZrO2 bowl23 and ZrO2 balls (10 mm in diameter).24

When the planetary micro mill was equipped with 10 mm ZrO2

balls, the maximum rotational speed was set to 850 rpm. Due to
Fig. 1 Synthesis of 2-substituted benzothiophenes 3 via radical
annulation strategies.
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the maximum continuous milling time of 1 h, the process was
conducted in two cycles of 1 h milling separated by 1 h cooling
(Fig. 2).25

The reaction conditions were optimised, as summarised in
Table 1. The reaction was conducted using ve ZrO2 balls at the
maximum speed of 850 rpm. An optimization study of the
number of ZrO2 balls was performed, and detailed results are
provided in the SI.27

As shown in Table 1, the absence of a promoter completely
suppressed the reaction (entry 2), highlighting the essential role
of the promoter. A reaction time of 2 h was identied as optimal
(entry 4). To probe the inuence of surface acidity, three
commercially available Al2O3 samples of dened acidity (acidic,
neutral, and basic; Brockmann Activity I, Sigma-Aldrich) were
evaluated under otherwise identical ball-milling conditions
(entries 4–7). The acidic Al2O3 afforded the highest yield (53%,
entry 4), while both neutral and basic Al2O3 gave a reduced but
still appreciable yield of 42% (entries 6 and 7), indicating that
surface Lewis acidity enhances, but is not solely responsible for,
the mechanoredox SET process. Furthermore, conducting the
reaction in DMSO solution in the presence of Al2O3 (entry 8)
afforded no detectable product, conrming that mechanical
Table 1 An initial reaction optimization study26

Entry 2a (eq) Promotersa

1 15 Al2O3 (acidic, 10 eq)
2 15 None
3 10 Al2O3 (acidic, 10 eq)
4 10 Al2O3 (acidic, 10 eq)
5 10 Al2O3 (acidic, 10 eq)
6 10 Al2O3 (neutral, 10 eq)
7 10 Al2O3 (basic, 10 eq)
8 10 Al2O3 (10 eq), DMSO, no ball
9 10 BaTiO3 (10 eq)
10 10 TiO2 (10 eq)

a Commercially available Al2O3 (Brockmann Activity I, Sigma-Aldrich); a
chromatography. c Solution-phase control: reaction performed in DMSO w

Fig. 2 Planetary ball mill used in this study: Fritsch Pulverisette 7
premium line (left), ZrO2 bowl before grinding (right).

RSC Mechanochem.
activation—rather than chemical interaction with the solid
additive alone—is the key driving force for the reaction. In
contrast, replacement of Al2O3 with BaTiO3 led to a reduced
yield (entry 9), while TiO2 was largely ineffective, affording only
a very low yield (entry 10).

These results indicate that the presence of a promoter is
essential for the reaction under mechanochemical conditions.
A reaction time of 2 h was sufficient to achieve optimal
conversion. In comparison, BaTiO3 exhibited lower activity as
a promoter, while TiO2 was largely ineffective under the same
conditions, suggesting that the activity as a promoter is strongly
dependent on the nature of the promoter. The superior activity
of Al2O3 relative to BaTiO3 and TiO2 argues against a purely
piezoelectric mechanism3 and is instead consistent with
a mechanoredox SET process in which mechanical activation
enables single-electron reduction of the diazonium substrate.
The Lewis acidic surface sites of Al2O3 are further proposed to
activate the diazonium substrate toward SET.

To explore the scope of the optimized reaction, 2-(methyl-
thio)benzenediazonium salt 1 was reacted with a variety of
ethynyl compounds, including aryl-, heterocyclic-, and alkyl-
substituted ethynes 2. Detailed results are provided in the SI.
Among the ethynyl substrates examined, ethynylbenzene, 3-
ethynylpyridine, and 3-ethynylthiophene, which afforded rela-
tively high yields, were selected and subsequently reacted with
variously substituted derivatives of 2-(methylthio)benzenediaz-
onium salt 1 to synthesise a series of 2-substituted
benzothiophenes 3 (Fig. 3). Most of the compounds were iso-
lated in moderate yields; notably, hetero–heterocyclic
compounds (3b and 3c) could also be readily obtained. These
results compare favourably with those of related solution-phase
methods: for the benchmark substrate 3a (R2 = Ph), the pho-
toredox method of Koenig and co-workers20 affords 70–85% in
14 h in DMSO, and the electrochemical method of Zeng and co-
Reaction time (h) 3a Yield (%)b

0.5 27
0.5 <1
1 40
2 53
3 53
2 42
2 42

milling 2 <1c

2 35
2 4

cidic (pH ∼4.5), neutral (pH ∼7.0), basic (pH ∼10.0). b Aer column
ithout ball milling; conrms that mechanical activation is essential.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scope of the optimized reaction.

Fig. 4 Proposed reaction mechanism.
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workers21 affords 60–75% in DMSO, compared with 53% in 2 h
under solvent-free mechanochemical conditions in the present
work. Notably, the hetero–heterocyclic products (3b and 3c
series, R2 = 3-pyridyl and 3-thienyl) are, to the best of our
knowledge, novel compounds not previously reported by either
solution-phase method, further demonstrating the synthetic
utility of the present approach. A comprehensive comparison
for all directly comparable substrates is provided in SI Table S2.

To gain insight into themechanism of themechanochemical
reaction, radical trapping experiments were conducted. Ball
milling of 1a with TEMPO completely suppressed formation of
3a (3% yield) and afforded the TEMPO adduct 4 in 80% yield,
unambiguously conrming the intermediacy of a free aryl
radical.28 The formation of the TEMPO adduct 4 was conrmed
by 1H NMR spectroscopy. Based on literature reports,3,20–22,28–30

together with our experimental results, a plausible reaction
mechanism is proposed in Fig. 4; more detailed and rigorous
mechanistic investigations are currently underway.
Conclusions

In summary, we have developed a mechanoredox-enabled
radical annulation strategy for the synthesis of 2-substituted
benzothiophenes 3 under solvent-free and promoter-dependent
ball-milling conditions. This protocol exploits mechanical
energy to drive single-electron transfer, providing a sustainable
alternative to established photoredox and electrochemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
approaches. A range of aryl- and heterocyclic-substituted
ethynes 2 were successfully employed, affording the desired
benzothiophenes 3 in generally moderate yields, including
hetero–heterocyclic derivatives (3b and 3c). Control experi-
ments and promoter screening conrmed the crucial role of the
promoter under mechanochemical conditions, while radical
trapping studies support the involvement of radical interme-
diates. Overall, this study demonstrates the potential of
mechanoredox chemistry as a practical and environmentally
benign platform for radical heterocycle synthesis, expanding
the synthetic toolbox for sustainable bond-forming reactions.
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