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us on substituents effect in the force-
promoted disrotatory ring-opening of
cis-cyclobutenes

Lei Chen and Guillaume De Bo *

Symmetry-forbidden reactions are notoriously difficult to investigate as they are typically overshadowed by

the corresponding symmetry-allowed pathway. Mechanical activation allows access to reaction pathways

disfavoured using other methods of activation, such as the symmetry-forbidden disrotatory ring-opening of

substituted cis-cyclobutenes. In a recent publication, Bowser, et al. have studied the effects of various

substituents on this reaction using atomic force microscopy and computational analysis (B. H. Bowser,

C. L. Brown, J. Meisner, T. B. Kouznetsova, T. J. Mart́ınez and S. L. Craig, Chem. Sci., 2025, https://

doi.org/10.1039/D5SC00253B). The largest effect is observed with substituents close to the scissile bond

having the ability to stabilise the diradical character of the disrotatory ring-opening reaction pathway.
Fig. 1 Thermal and mechanical activation of
cis-BCB (a) and cis-CBE (b) mechanophores,
In polymer mechanochemistry, polymers
are used to activate force-sensitive mole-
cules (mechanophores),1 sometimes
along unusual reaction pathways. The
most striking example of such unique
reactivity is perhaps the symmetry-
forbidden disrotatory ring-opening reac-
tion of cis cyclobutene (CBE) and benzo-
cyclobutene (BCB) mechanophores
(Fig. 1). The rst example was reported by
Moore and coworkers in a landmark
paper demonstrating the anti-Woodward-
Hoffman ring-opening of BCB.2 This
seminal report was quickly followed by
computational and single-molecule
studies of BCB and CBE by the groups
of Marx, Mart́ınez, and Craig.3–8

Mechanical activation offers a unique
opportunity to study the disrotatory reac-
tion pathway in more detail, for example
to investigate substituent effects, as it is
mostly inaccessible to thermal activation.
Previously, Craig and Mart́ınez have
compared the forbidden/allowed ring-
opening of cis/trans BCB and CBE
mechanophores, differing by the presence
of a fused (BCB) or connected (CBE)
phenyl ring(s) at positions 1 and 2 of the 4-
membered ring core (Fig. 1). They found
anchester,
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that BCB and CBE respond in contrasting
ways to mechanical force as the forbidden
ring-opening of cis-BCB occurs at lower
force than the allowed ring-opening of
trans-BCB, while the opposite is true for
cis- and trans-CBE.8

In a recent article published in this
journal, the Craig and Mart́ınez groups
teamed up again (https://doi.org/10.1039/
D5SC00253B) to investigate the effect of
substituents in positions 1,2 and 3,4 of
leading to conrotatory and disrotatory ring-
opening reactions, respectively. Pink disks
indicate the position of the pulling points.
Scissile bonds shown in red.

© 2025 The Author(s
various CBE mechanophores using
atomic force microscopy (AFM) in concert
with computational methods (Fig. 2).9

First, the effect of substitution at
positions 1 and 2, which are remote from
the scissile bond, was investigated on
multimechanophore polymers 1Ph–X pos-
sessing phenyl groups of varying elec-
tronic density (X = H, OMe, F) at these
positions. All three polymers exhibit
a similar activation force (f*) as measured
by AFM (Fig. 2). The low level of inuence
from substituents at these positions was
further conrmed with 1Me, which
displays an activation force in the same
range. In previously investigated systems,
the activation of a CBE mechanophore is
believed to proceed via both disrotatory
and conrotatory pathways at low force,
with the disrotatory reaction channel
being predominant at higher forces.8

This picture was conrmed in the present
study from the activation energy calcu-
lated for the range of forces recorded by
AFM. This means that the ring-opening
could theoretically proceed via
a symmetry-allowed thermal conrotatory
process, leading to an E,Z butadiene, or
via the concurrent force-driven dis-
rotatory pathway to afford the E,E product
(Fig. 1). The subtle difference in contour
length between the 2 butadiene isomers
). Published by the Royal Society of Chemistry
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Fig. 2 Copolymers containing CBE mecha-
nophores with various substituents and
epoxides for adhesion to the tip/surface of
the AFM setup, and their activation force (f*)
determined by AFM.
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View Article Online
was matched with the elongation
plateaus recorded in the AFM proles to
conclude that the disrotatory pathway
was predominant in these experiments.

Substituents at positions 3 and 4,
adjacent to the scissile bond, have
a much greater effect as determined
from polymers 2Me, possessing Me
groups in all four positions, and 2TMS, in
which one of the Me group is replaced by
a trimethylsilylacetylene (TMSA) moiety.
The same contour length analysis was
used to conrm that these polymers also
react predominantly via a disrotatory
mechanism to produce the longer E,E
isomer. However, these ring openings
occur at much lower forces (f*) than in
polymers 1x (Fig. 2), indicating a lower
activation barrier for this disrotatory
process. A mechanophore’s reactivity
can be assessed from its mechano-
chemical coupling (i.e. how efficiently
force affects the activation energy) and
its intrinsic (i.e. force-free) reactivity
along a specic reaction pathway.
Despite their varied f* values, all the
CBE mechanophores show a similar
mechanochemical coupling, which is
inherent to the cis geometry of the core
CBE structure. In contrast, the presence
of Me, and even more of TMSA,
increases the intrinsic reactivity of these
© 2025 The Author(s). Published by the Royal So
CBE mechanophores compared to their
unsubstituted counterpart (1Me). As the
disrotatory pathway displays a signi-
cant diradical character,8 the difference
in reactivity is mainly attributed to the
ability of these groups to stabilise the
developing radicals in positions 3 and 4.
Computational analysis even allowed
the weighing of the stabilising contri-
bution of each group (1.5–2 and 4.5–6.5
kcal per mol per Me and TMSA groups
respectively). Interestingly, 2TMS proved
to be mechanochromic as the TMSA
group imparts the corresponding ring-
opened product with uorescence–
emissive properties due to the conjuga-
tion of TMSA with the butadiene back-
bone, as demonstrated by sonication.

By combining single force spectros-
copy and computational techniques, the
authors were able to investigate the
symmetry-forbidden disrotatory ring-
opening of CBE mechanophores in
great detail. Notably, they were able to
identify the mechanical signature of the
disrotatory process and isolate the effect
of substituents on the ring-opening,
which supports the diradical character
of the disrotatory mechanism. The
competition between concerted and
radical mechanisms has been invoked in
many force-promoted pericyclic reac-
tions and the latter is oen considered
dominant in the nN regime.10 However,
even though it’s been shown computa-
tionally,10,11 there are few experimental
validations of the radical mechanism.12

The possibility of probing these
competing mechanisms, and underlying
effects, by AFM is an exciting prospect
and would help shed light on the reac-
tivity of mechanophores at low force and
strain rate, and near the mechanistic
cross over point. This study further
highlights the unique position occupied
by the eld of polymer mechanochem-
istry in the study of reaction pathways
inaccessible to other methods of
activation.
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