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M echanochemistry has become an emerging and alterna-
tive tool in transformational chemistry, in which bond break-
ing and the subsequent chemically driven reactions are
primarily induced by external forces. Several mechanisms
can be identified ranging from purely mechanical (such as
grinding, shearing, cracking, or friction) to others regarded as
thermal processes (particularly those resulting from sono-
chemical activation). Part of the difficulty in ascertaining
mechanochemical reactions is that they represent multiscale
phenomena operating across multiple length scales, from
supramolecular stages (e.g. crystals or polymers) to molecular
scales of individual bonds.['*!

Among structures susceptible to mechanical forces, poly-
mers exhibit a wide range of responses that can be controlled
and amplified through their structure.”! In this context, the
concept of functional mechanophore represents a striking
point. Thus, polymer-bound small molecules may experience
forces transferred from the polymer chain segments. Two
teams led by Moore and Bielawski have recently applied this
approach to reconfigure atropisomers, which would otherwise
be configurationally stable under thermal conditions.” (R)-
and (S)-1,1'-bis-2-napthol (binol) derivatives,®! have proven
to be extremely versatile ligands and catalysts in asymmetric
synthesis. With isomerization barriers exceeding 30 kcal
mol ¥ these molecules displaying axial chirality do not
undergo thermal isomerization and can therefore be resolved.

Bielawski and co-workers rightly reasoned that configura-
tional inversion should proceed via planar intermediates,
which could be generated by applying a tensile force to
naphthyl rings by means of polymer chains with a critical
molecular weight. Such a force would ultimately be able to
surmount the restricted rotation, thereby converting one
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enantiomer into the other (Scheme 1). To verify this con-
jecture, a conveniently functionalized substrate, (S)-1,1'-
binaphthyl-2,2'-bis-(2-bromoisobutyrate), was subjected to
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Scheme 1. Configurational inversion of chiral atropisomers under
ultrasound conditions. US = ultrasound.
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single-electron transfer(SET)/living radical polymerization
with methyl acrylate to yield a polymer with an approximate
molecular weight of 100 kDa (referred to as S;ek). Such a
binaphthyl unit embedded in a polymer chain was then
sonicated under Ar in CH;CN (at 20 kHz, 12.8 mm Ti probe;
power intensity =10.1 Wem™2). To avoid polymer degrada-
tion, pulsed irradiation was applied (1.0 s on and 1.0 s off) and
an average temperature of <9°C was maintained. Circular
dichroism (CD) analyses showed a progressive decrease in
intensity of the Cotton effect signal at 230 nm over time. After
a sonication period of 24 hours more than 95% of Sy had
undergone racemization. The postsonicated material showed
almost identical spectroscopic characteristics (except the CD
spectra) to that of presonicated Sjgk. Similar results were
attained with a polymer having the opposite configuration at
the binaphthyl unit (Rygk)-

It is remarkable that these researchers paid attention to
power intensity optimization in this carefully executed
sonochemical study. The applied intensity (10.1 Wcm™2)
corresponds to 23 % power setting, although other instrument
settings were also considered (20, 25, and 28 % ). Sonication at
20% revealed no decrease in the Cotton effect signal,
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whereas irradiation at 28 % showed appreciable chain scis-
sion. Results at 23 and 25 % were comparable (> 95 % loss in
CD signal intensity) and no change in molecular weight was
observed.

The role of ultrasound was crucial in promoting isomer-
ization; as independent experiments carried out in solutions
of Spk at reflux in a high-boiling solvent (Ph,O, b.p. =257°C)
showed no change in its CD signal intensity. This result
confirms the high isomerization barrier for such atropisomers
(decomposition of S;yk occurred at 364 °C). If the monomeric
substrate is sonicated in the presence of a poly(methyl
acrylate) (PMA) homopolymer with a comparable molecular
weight, the postsonicated material changed neither its CD
spectrum nor molecular weight; a fact evidencing still further
that only mechanophores covalently linked to a polymer
chain will experience forces induced by ultrasound.

As mentioned above, mechanical activation of polymers
appears to be largely dependent on their molecular weight.
The authors observed that below a molecular mass threshold,
the postsonicated materials exhibited no significant changes
relative to the presonicated polymers. In other words, the
polymer chain is too short to transfer the mechanical forces
required for bond cleavage, though chain scission rates can be
enhanced in the presence of weaker bonds at specific
positions in the polymer backbone.” In contrast, high-
molecular-weight polymers are prone to degradation upon
sonication. When the binaphthyl core was incorporated into a
methyl-acrylate-based polymer with a number-average mo-
lecular weight of M, =2.8 MDa, sonication under the same
conditions caused significant degradation (final M, =
156 kDa) with minimal change in CD signals. Clearly,
cleavage along the chain is faster than isomerization of the
mechanophore.

It is convenient to mention that recent related studies
have also demonstrated the feasibility of this strategy, in
which selective bond scission of the chain-centered mecha-
nophore is triggered by mechanical force generated with
ultrasound.”’ Polymer molecules become distorted and
stretched as they undergo fast structural changes induced by
cavitational collapse. At the final stage of this process the
associated shock wave causes sufficient stress within the
polymer to be responsible for bond scission.!”! Sijbesma and
co-workers have, for example, applied the concept to activate
catalysts that can further promote organic reactions. Here, a
metal center is chelated by two N-heterocyclic carbenes
(NHCs), each attached to a polymer chain. Sonication of
longer polymers results in large shear forces in solution, which
ultimately cleave the metal-ligand bond to generate an active
catalyst. Under sonication, polymeric Ag— and Ru-NHCs
catalyze transesterification and ring-opening metathesis poly-
merization, respectively (Scheme 2).’! In a more impressive
result, Moore and co-workers showed that mechanical stress
applied to a polymer-bound benzocyclobutene circumvents
the Woodward-Hoffmann rules.!"”!

Although completely different from the mechanochemis-
try worked out by Bielawski and co-workers, it is noteworthy
to highlight (in the present context) cases of stereoselective
changes on small molecules that are induced by ultrasound.
Documented results are varied and a satisfactory rationale is
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Scheme 2. Proof of concept: a catalytic mechanophore becomes active
under sonication only when the attached polymers reach a critical
mass.

not always possible.'!l Stereoselective alterations can occur if
sonication is able to change the energy difference of the
transition states. Unlike polymers, shear forces in solution
would hardly cause scission in small molecules; therefore
salient examples are usually associated to reactions on
activated surfaces. Thus, in an early case reported by Luche
and co-workers, the Barbier reaction of enantiopure (S)-2-
halo-octanes proved to be significantly dependent on the
nature of the halide, and hence on the rate of C—X bond
breaking.'"!' A bromo derivative generates a reactive radical
anion on the activated metal surface. As the rate-determining
SET is sonication dependent, a more efficient irradiation
increases the concentration of the radical ion and accelerates
its addition to the carbonyl group in an anti orientation to the
leaving bromide ion. Configuration inversion occurs in
24% ee and high yield, while conventional conditions give a
product with very small enantioenrichment in a slower
reaction (Scheme 3, top).

An outstanding result was also attained during the
cyclization of 9-iodotabersonine to the alkaloid vindolinine,
both having the core skeleton of terpenoid indole alkaloids.
The ultrasonic energy largely determines the stereochemical
outcome. Sonication with a high-energy probe produces four
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Scheme 3. Stereoselective transformations induced by sonication on
activated metals.
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diastereomers; on lowering the power intensity only two were
obtained. A single stereoisomer was instead obtained with the
lower power provided by an ultrasonic bath, although the
yield was rather modest (Scheme 3, bottom).["¥! Low-energy
irradiation presumably drives the process on the metal
surface where the enhanced stereoselectivity arises from the
lower freedom of the adsorbed species. Higher energy favors
desorption and random selection then occurs in the bulk
solution.

Unlike reactions on surfaces or crystalline slurries,"
homogeneous reactions do not usually exhibit a marked
stereoselective bias caused by mechanical effects resulting
from postcavitational collapse; this is because shear forces
and shock waves will affect molecules randomly. Accordingly,
the idea of employing polymers of appropriate length and
molecular weight distribution is certainly appealing; they act
as molecular tweezers that propagate and amplify mechanical
forces induced by sonication, such as cutting or kneading.

In summary, the polymer-based ultrasound-induced re-
configuration strategy devised by Bielawski and co-workers
represents an innovative protocol for enantiomer intercon-
version that overcomes the high barriers of configurationally
stable stereoisomers. Using the chemoselective activation
that balances isomerization versus polymer chain scission,
further applications in asymmetric processes should be
anticipated.
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