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We report a mechanochemical one-pot Barbier/Simmons—Smith
reaction enabled by ball-milling-mediated activation of zinc(0). This
operationally simple method generates organozinc intermediates
in situ and uses them sequentially in allylation and cyclopropana-
tion without intermediate work-up. The protocol tolerates a broad
range of ketones, exhibits selectivity over other carbonyl groups,
and is compatible with various physical forms of zinc metal. In
selected cases, the reaction proceeds with markedly enhanced
diastereoselectivity under minimal-solvent milling conditions and
was demonstrated on a gram scale using standard ball-milling
equipment. Comparative studies show advantages over conven-
tional solution and neat conditions, highlighting how mechano-
chemistry can uniquely enable tandem organometallic processes as
for C-C bond construction.

Organometallic reagents such as Grignard and organozinc
compounds are widely used in synthesis, with well-
established protocols for their preparation and application
across numerous transformations." However, their handling
often requires rigorous exclusion of air and moisture, low
temperatures, and extensive solvent use.” These practical chal-
lenges have prompted interest in alternative approaches that
simplify reagent generation and streamline transformations.
Mechanochemistry has emerged as a powerful method for
promoting chemical reactivity under solvent-free or solvent-
minimised conditions, enabling efficient formation of both
carbon-carbon and carbon-heteroatom bonds.*" A key feature
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is the ability to generate reactive organometallic intermediates
in situ from zero-valent metals (including Zn, Mn, Mg, Ca, Na,
Li), allowing multi-step processes to be carried out in a single
operation.” For example, Browne and co-workers have reported
a ball-milling strategy for direct activation of zinc metal to form
organozinc reagents, which were applied in one-pot Negishi-
type couplings (Scheme 1(A)).° In related studies, Kubota and
Ito demonstrated the generation of Grignard reagents by ball
milling in air, followed by nickel-catalysed cross-coupling
under solvent-minimised conditions.’

This platform has since been extended to manganese chem-
istry, where reactive arylmanganese intermediates were gener-
ated from elemental Mn and subsequently employed in
addition and coupling reactions.®

These studies highlight the potential of mechanochemistry
to combine multiple synthetic steps in a single jar, minimising
handling and solvent use while enabling access to reactive
species.” Building on this concept, we envisaged a one-pot
sequence comprising a Barbier-type allylation followed by a
Simmons-Smith cyclopropanation, mediated by mechano-
chemical activation of zinc metal (Scheme 1B). Herein, we
report the development of this tandem protocol, which enables
in situ generation and sequential use of organozinc intermedi-
ates for efficient C-C bond formation. The method is compa-
tible with a wide range of ketones, exhibits selectivity in the
presence of other carbonyl groups, and demonstrates a distinct
advantage over traditional solution-phase approaches.

Our investigation commenced with 2-tetralone (1) as a
model substrate (Table S1). Milling this substrate with zinc
dust (10 equivalents), allyl bromide (2, 1.5 equivalents),
diiodomethane (5 equivalents), and 2-methyltetrahydrofuran
(2-MeTHF, 1.5 equivalents) as a liquid-assisted grinding (LAG)
agent at 30 Hz for 3 hours yielded the desired cyclopropane (5)
with a 62% NMR yield and a 54% isolated yield (Table S1, entry
1; see SI).'"® Reducing the quantity of zinc to 7 equivalents
resulted in a diminished, but nonetheless serviceable, NMR
yield of 52% (Table S1, entry 2). Variations in the LAG agent or
increasing its loading led to further reductions in yield (entries
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Scheme 1 Key inspiration and outline of the mechanochemical strategy.
(A) Some previous examples of ball-milling-enabled generation and in situ
use of organometallic reagents. (B) This work: a one-pot mechanochem-
ical Barbier/Simmons—-Smith sequence enabled by sequential zinc
activation.

3, 4, and 5). Notably, omitting 2-MeTHF entirely caused a
significant decrease in product yield to 19%. Adjusting the
amount of CH,I, to either 3.5 or 7.5 equivalents adversely
affected the reaction, producing yields of 51% and 61%,
respectively (Table S1, entry 7). Furthermore, reducing the allyl
bromide quantity to 1.1 equivalents resulted in a 10% reduction
in NMR yield (Table S1, entry 8). The reaction proved less
efficient when grinding auxiliaries, such as sand or magnesium
sulfate, were introduced (Table S1, entries 9 and 10). Across
most experiments, the intermediate allyl alcohol (4) was detect-
able. To mitigate the persistence of intermediate 4—challen-
ging to separate from the cyclopropane product (5)—a one-pot,
two-step protocol was devised. The initial Barbier allylation
proceeded for 1 hour, after which diiodomethane (3) was
added, and milling continued for an additional 2 hours. This
sequence yielded product 5 at 68% NMR yield (64% isolated),
with no residual alkene detected (Table S1, entry 11), thus
establishing it as the optimised condition. Considering prior
reports indicating that zinc activation is largely independent of
its physical form,*'" we evaluated five additional zinc sources
under the optimised conditions. Granular (20-30 mesh), flake,
foil, wire, and shot forms all demonstrated comparable efficacy
to zinc dust. For instance, zinc foil afforded a 58% NMR yield of
product 5.
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Next, under the optimised conditions (Table S1, entry 11),
the scope and limitations of the one-pot Barbier/Simmons-
Smith process were evaluated (Scheme 2).> Replacing diiodo-
methane with bromo-iodomethane resulted in a diminished
yield, although the reaction still proceeded. The protocol
demonstrated efficacy across a diverse range of cyclic ketones,
with substrates comprising four- to eight-membered rings
yielding the corresponding cyclopropanes (7-11) in moderate
to good yields. Notably, 2-indanone was a competent substrate,
furnishing compound 6 with a 58% yield. Tetrahydropyranones
also participated smoothly, affording products 12 and 13.

Under the standard conditions, phenylacetaldehyde
afforded low conversion (28% NMR yield), while representative
imines, esters, and acids were unreactive (see SI). Alternative
allyl sources were investigated. Allyltrimethylammonium chlor-
ide, a solid-state reagent, proved ineffective under these condi-
tions, with 93% of the starting material recovered.'?
Conversely, employing 3-bromo-2-methylpropene facilitated
the formation of product 14 in 58% yield. The reaction did
not proceed with conjugated ketones, such as 1-tetralone,
indicating incompatibility with enone-like systems under the
current conditions. To assess whether this limitation was due
to product instability—potentially from benzylic carbocation
formation in the presence of a Lewis acid—1-phenylethanol
was subjected to the standard reaction protocol. Recovery of
only 23% of the starting material indicated the instability of
benzylic alcohols under milling conditions. In contrast, com-
pound 5, derived from a non-conjugated ketone, remained
unaffected upon re-exposure to the reaction conditions, con-
firming its stability (see SI). Acyclic ketone substrates with
increased steric hindrance or extended side chains (16-22)
were well tolerated, showing no significant reduction in effi-
ciency, except for the mesityl product (22), which yielded 38%.
The reaction demonstrated broad functional group compatibil-
ity. Aryl ketones featuring electron-donating groups (4-OMe, 4-
OTBS), electron-withdrawing groups (4-CF;), and halogen sub-
stituents efficiently furnished the desired cyclopropanes (23,
24, 26, 28-32) in good to high yields. Conversely, the reaction
failed to proceed with aromatic substrates bearing 4-OH (25) or
4-NO, (27) substituents. The selectivity of the method towards
ketones was thoroughly evaluated in the presence of other
carbonyl functional groups, including methyl esters and ada-
mantane esters. The results demonstrated high selectivity, with
the reaction exclusively targeting the ketone functionalities to
yield the corresponding cyclopropane products (33, 34).
Furthermore, two aliphatic ketones were subjected to the
optimised reaction conditions, both of which reacted efficiently
to afford the desired cyclopropane products (35, 36) in good
yields.

A direct comparison of stirred neat and solution-phase
conditions (2-Me-THF solvent, Scheme 3A) were run using the
tetralone model substrate and keeping stoichiometric ratios
and reaction times (3 hours) consistent between methods.
These control reactions showed no product at room tempera-
ture in either a neat reaction mixture or with 2-MeTHF solution
and only modest conversion when the latter was heated to
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Scheme 2 Scope and limitations of the sequential process. Reactions performed using 1.00 mmol of starting material. All yields are isolated yields after
chromatographic purification. @ Reaction performed using bromo-iodomethane instead of diiodomethane. Compound 39 was deprotected, derivatised
to a solid ester and a combination of X-ray analysis and NMR spectroscopy used to establish diastreoselectivity. Scope and limitations of the
mechanochemical Barbier/Simmons—Smith reaction. (A) Cyclic ketones. (B) Acyclic ketones.

reflux (31%). Under identical stoichiometry and reaction time,
the mechanochemical protocol delivered a significantly higher
yield of 68% highlighting a benefit of ball milling over conven-
tional stirring methods."* Most notably, the use of a substrate
bearing a stereocentre revealed a significant enhancement in
diastereoselectivity under mechanochemical conditions.

The analogous solution-phase reactions consistently gave
d.r. values of ~75:25, whereas the ball-milling protocol deliv-
ered cyclopropanes 37 and 38 as single diastereomers. Cyclo-
propane 39, obtained as an oil, was deprotected and derivatised
to a crystalline ester and its structure confirmed by X-ray
analysis (CCDC 2441709, see SI), establishing the anti relation-
ship of the methyl groups. To explore the relationship between
solvent loading and stereocontrol, cyclopropane 38 was pre-
pared using 1.5, 6, and 12 equivalents of 2-MeTHF under ball-
milling conditions, and 20 and 40 equivalents under reflux. A
clear trend emerges whereby increasing solvent content pro-
gressively reduced diastereoselectivity (Scheme 3B). The mecha-
nistic basis of this behaviour is not fully established. The

1866 | Chem. Commun., 2026, 62, 1864-1868

observed anti-product is consistent with a Felkin-Anh-type
transition state."® This is potentially facilitated by coordina-
tion/chelation of the allyl zinc to the carbonyl electrophile. This
latter chelation clearly improves as the solvent loading is
lowered since competition for zinc coordination is reduced.
The mechanistic rationale as to why such chelation leads to
enhanced discrimination between syn and anti addition is not
yet understood. It is also noted that in order to elicit any
reaction from the solvent based process, the reaction needs
to be heated, where upon discrimination between diastereo-
transistion states will be poorer. To assess the scalability of the
process, the reaction was scaled from 1 mmol to 5 mmol by
increasing the grinding ball size from 4 g to 8 g. Under these
conditions, 1.21 g of the cyclopropane product was obtained
after 3 hours, with no significant reduction in isolated yield
compared to the optimised conditions, despite the change in
ball size/mass (Scheme 3C). Mechanistically, each stage follows
the established solution-phase organozinc pathways: in situ
formation of allylzinc species during the Barbier step and

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Further investigations of the mechanochemical Barbier/Sim-
mons—-Smith reaction. (A) Comparison of mechanochemical, neat, and
solution-phase conditions. (B) Effect of solvent equivalency on diastereos-
electivity under mechanochemical and solution-phase conditions. (C)
Reaction scale-up under ball-milling conditions. ?As determined by
'H NMR analysis of the crude reaction mixture.

ICH,ZnI-mediated cyclopropanation in the Simmons-Smith
step. Because the two transformations were developed sequen-
tially and behave analogously to their solution counterparts, we
have no evidence to suggest any mechanistic deviation under
milling. The novelty therefore lies in the ability to perform both
steps in a single vessel, enabled by zinc activation through
attrition as an operational advantage of the mechanochemical
environment.

In conclusion, we have developed a mechanochemical one-
pot Barbier/Simmons-Smith reaction. By employing organo-
zinc generated in situ through milling, we established a system
that facilitates the allylation of diverse ketones, followed by
cyclopropanation, irrespective of the physical form of the zinc
metal. The reaction exhibited a broad substrate scope and was
successfully scaled up to 5 mmol. The enhanced diastereos-
electivity observed under minimal-solvent milling conditions
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further underscores how solid-state reactivity can modulate
selectivity in ways that are difficult to access in solution. These
results highlight the potential of mechanochemistry to stream-
line tandem organometallic processes, opening opportunities
for further multi-step solvent-minimised sequences.
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