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Over the past decades, it became clear that next to heat and light, pericyclic reactions can be induced
mechanochemically when the reacting motifs are embedded as latent force-responsive groups (mechan-
ophores) into polymer architectures. Not only does this enable a variety of functions and applications on
a material level, but moreover grants access to symmetry-forbidden reaction products with respect to the
Woodward—Hoffmann rules. The latter indicates that polymer mechanochemistry follows its own set of
rules that, however, regarding underlying mechanisms and design rationales is far from being holistically
understood. Here we review the existing body of literature and identify common structural features and
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substitution prerequisites to the polymer framework shining light on the differences between polymer
mechanochemical pericyclic reactions and their traditional counterparts. By this, we believe to contribute
to the major challenge of not only retrospectively describing force-induced reactivity but eventually
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Introduction

The use of mechanical force to induce chemical bond trans-
formations in polymers enables reactions that cannot proceed
using other, more established physical stimuli, such as light
and heat. Unlike heat, force is a vector quantity, ie. it is
intrinsically directional with regard to bond orientation.
Moreover and contrarily to light, force-controlled reactions
proceed on the ground state potential energy surface (PES).>
Reductively, force acting on molecules can be interpreted as
alteration of the geometries and distances of the atoms partici-
pating in the force-controlled chemical reaction - comparable
to Hammond’s postulate of transition state theory.> While
force and pressure have been applied to steer chemical reac-
tions for millennia, e.g. in milling processes,*® the relatively
young field of polymer mechanochemistry allows to exert
better control over the applied force to the respective partici-
pating reactants. Whereas milling acts on the reactants omni-
directionally by compression and impact, polymer mechano-
chemistry relies on the extension of macromolecular termini
that are substituted to individually defined positions of the
reacting molecular motif - the mechanophore. This allows
precise localization of the force and hence introduces a sense

“DWI - Leibniz Institute for Interactive Materials, Forckenbeckstr. 50, 52056 Aachen,
Germany. E-mail: goestl@dwi.rwth-aachen.de

bInstitute for Technical and Macromolecular Chemistry, RWTH Aachen University,
Worringerweg 1, 52074 Aachen, Germany

+These authors contributed equally to this work.

2274 | Polym. Chem., 2020, M, 2274-2299

finding a common molecular design guideline.

of directionality by ‘force-coupling’ certain bonds within the
mechanophore.” In consequence, most reactions in polymer
mechanochemistry known today rely on the extension-induced
selective bond scission as initial step of the mechanochemical
reaction. Notably, this paradigm might be challenged in the
future with the discovery of ‘molecular anvils’ that can exert
compressive forces on molecules in a directional fashion, too.®
However, polymer mechanochemistry is more than a collection
of destructive processes as the downstream formation of new
bonds can be achieved, e.g. by the force-activation of latent
catalysts.’

The force-induced bond-scission along the path of hun-
dreds of covalent bonds within the mechanophore-centred
polymer is a competition between these bonds. Hence, selecti-
vity regarding the identity of the bond that cleaves can only be
achieved by tailor making the mechanophore such that it exhi-
bits a higher force-dependent scission rate than the polymer
backbone or other functional moieties. While the electronic
structures of the reactants remain widely unaffected by force
when compared to light and heat, atomic motion along the
reaction coordinate is altered by molecular stress and strain."°
This renders the design process of new mechanophores unin-
tuitive and hence is generally carried out by educated guessing
while building on already established motifs."* Thermal bond
dissociation energies (BDEs) are used as a first estimation to
assess the propensity of a covalent bond to undergo scission
under force.'” This approach is intrinsically flawed as it
assumes identical reaction pathways along the PES for thermal
and mechanochemical reactions,"® but has yielded reasonable

This journal is © The Royal Society of Chemistry 2020
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successes in the past. A BDE of about 300 k] mol™" (72 kcal
mol™") can be considered mechanochemically promising"*
(the BDE of a C-C bond is ca. 360 k] mol™* (86 kcal mol™"), for
perspective).

A plethora of mechanochemically labile bonds exist that
can be cleaved by various forms of force. However, a strikingly
large amount of these mechanophores relies on motifs that
undergo pericyclic reactions, more precisely those pericyclic
reactions that lead to bond dissociation. This is initially sur-
prising as, e.g. cycloeliminations, involve the dissociation of
two covalent bonds and intuitively one could assume that this
would be mechanochemically more difficult than the dis-
sociation of a single covalent bond elsewhere in the macro-
molecule. Yet, many papers have been published over the last
decades indicating that dissociative pericyclic reactions are
indeed selectively accessible by mechanical force, though they
might not always follow the thermally or photochemically
established mechanisms and thus occasionally oppose the
Woodward-Hoffmann (WH) rules.”” While excellent reviews
are available focusing on the functions and applications that
can be realized by employing mechanophores in materials as
well as their interpretation,”'®® we here explicitly and com-
prehensibly review all polymer mechanochemical transform-
ations based on pericyclic and pseudopericyclic reactions on
the mechanophore level in relation to their molecular designs.

Cycloelimination of [2 + 2]
cycloadducts
Four-membered carbocycles

The formation of strained cyclic structures is an established
strategy to reduce the internal stability of molecules.
Cyclobutane is one of the simplest strained cycles as a four-
membered ring bearing only saturated carbon atoms. As cyclo-
butane can be formally seen as the [2 + 2] cycloadduct of two
alkenes, subjecting it to a force-induced cycloelimination reac-
tion was considered promising and subsequently achieved
(Scheme 1).>*7>°

Scheme 1 General scheme of the bonds involved in the cycloelimina-
tion of a [2 + 2] cycloadduct. Attachments to polymer framework are
represented as dashed bonds, application and direction of force in bold
arrows, reacting bonds in red — here and throughout the manuscript.
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In 2010, Moore and co-workers synthesized the first
mechanophore based on the cyclobutane motif which showed
mechanochemical activity in solution exerted by ultra-
sonication.>® A  dicyano-substituted cyclobutane ring
(Scheme 2) was integrated into the centre of linear poly(methyl
acrylate) (PMA) chains. The mechanochemical activity of the
motif was qualitatively confirmed by postfunctionalization
with 9-(methylaminomethyl)anthracene (MAMA) that reacted
with the mechanochemically generated a,p-unsaturated system
via Michael-type addition. UV-Vis absorption spectroscopy
revealed the presence of anthryl signals in the polymer under-
lining the successful formation of the reactive double bonds.
From this first encouraging proof of a mechanochemically trig-
gered cycloreversion of a [2 + 2] cycloadduct, further and more
detailed studies followed.

Although the first well-documented experiments were
reported in 2010, earlier works had already referred to this
mechanically induced cycloelimination. However, this was not
investigated in detail, since there the focus was placed on
crack formation events in solid state materials.”’3° The first
study by Kim and co-workers in 2004 focused on light-trig-
gered healing of the material after crack formation induced by
grinding in the solid state.>” Cinnamoyl moieties were used to
construct cyclobutane-based mechanophores that in the
cleaved state would show high and bathocromically shifted
absorptivity to undergo light-induced [2 + 2] cycloaddition
(Scheme 3). The cycloelimination was not further investigated
as only a small fraction of the cyclobutanes underwent this
reaction and the focus was to develop an efficient method for
crack healing.

The reversibility of the mechanochemical scission of cyclo-
butanes was also demonstrated by heat. For this purpose,
Craig and co-workers exploited the well-known heat-induced
[2 + 2] cycloaddition of trifluorovinyl ethers (TFVE) yielding
perfluorocyclobutanes (PFCB) (Scheme 4).*° Employed as
mechanophores in polymers, these could be healed thermally

Scheme 3 Cyclobutane as crosslinker in a polymer network designed
to heal upon light irradiation after grinding-induced cycloelimination.?”
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Scheme 2 Dicyano-substituted cyclobutane undergoing force-induced cycloelimination.?*
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Scheme 4 Structure of the PFCB mechanophores capable of thermal healing after mechanical damage.*°

after mechanochemical scission. Notably, a detailed analysis
of the PFCB cycloreversion mechanism was performed, which
was proposed to involve a 1,4-diradical intermediate. This
interpretation was based on two observations: (i) after the soni-
cation a fraction of PFCB showed different stereochemistry
compared to the isomer of the starting cyclobutane scaffold
implying that a concerted mechanism could be excluded and
(ii) a radical trap added during mechanophore activation was
incorporated into the polymer backbone indicating the pres-
ence of radicals.

Mechanistic considerations

The first prerogative for validating a mechanophore, concern-
ing the exclusion of factors different from the mechanical
force, was proven in detail by Craig and co-workers.”® It was
verified that when mechanical force was applied to cyclo-
butane-based mechanophores within a polymer chain, signifi-
cant dependencies on the average molar mass of the polymer
chain, the dispersity in molar mass and the distribution of the
mechanophore along the polymer chain arise. The latter is
especially prominent in the purpose of rationalizing the force
contribution and it was found that the scission rate dramati-
cally decreased when the mechanophore was not chain-cen-
tered. On the other hand, the same activation was completely
successful without any ‘chain-centered’ requirement when
mechanical force was replaced by light as energy source.

To discuss mechanism and stereochemistry of the mechani-
cally-induced cycloelimination of [2 + 2] cycloadducts, a brief
recapitulation of the WH rules is essential."” For the [2 + 2]
cycloaddition, the number of n-electrons involved is m + n =
4q, so necessarily g = 1. According to the selection rules this
reaction is then thermally allowed in the ‘top-bottom’ (t-b)
and ‘bottom-bottom’ (b-b) addition case, i.e. for two reactants
with different configuration (Z-E or E-Z), and is photochemi-
cally allowed only in the t-b addition case, i.e. for two reactants
with equal configuration (Z-Z or E-E). The stereochemistry of
the addition process is reflected in the configuration of the
cyclic product and due to the principle of microscopic reversi-
bility the cycloreversion follows the same mechanisms and
rules. Scheme 5 shows that the requirement for an allowed
cycloreversion reaction is that the two reacting ¢ bonds must
have identical configurations (syn-syn or anti-anti).

Although it was strongly suggested that the mechanochemi-
cally-induced cycloreversion involved a diradical intermedi-

2276 | Polym. Chem., 2020, 11, 2274-2299
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the mechanism of this process was firstly investigated
in more detail in subsequent works.">™*° For this, Craig and
co-workers studied the mechanochemical cycloelimination of
bicyclo[4.2.0]octane stereoisomers.*®* The high symmetry and
non-scissile nature of this mechanophore facilitated the com-
parison of actual and hypothetical products of the cycloelimi-
nation reaction. Scheme 6a and b show the mechanophore in
syn-syn and anti-syn configuration on the scissile bonds,
respectively. While the former syn-syn cycloelimination is
photochemically allowed yielding the product with E-E double
bonds and thermally allowed yielding the Z-E product, the
cycloelimination from the anti-syn reactant is completely sym-
metry forbidden. However,
mechanochemical products differ significantly from this pre-

the experimentally obtained

diction and a product mixture of Z-Z, E-E and Z-E was
obtained starting from either syn-syn or anti-syn mechano-
phores (Scheme 6¢). In addition, a fraction of 70-80% of the
thermodynamically more stable Z-E product was received in
all cases. These results strongly underline a diradical inter-
mediate obtained by homolytic bond scission as in this form
bond rotation into the thermodynamically more stable pro-
configuration can occur. Importantly, this means that through
polymer mechanochemistry the non-WH products can be
obtained as the reaction pathway can be altered significantly.
Beyond the mechanistic elucidation, the discovery of a
mechanophore class is often accompanied by comprehensive
evaluation of the regio- and stereochemical effects on the
activity. Structure-activity relationships
were investigated by Moore and co-workers starting from the

mechanochemical

dicyano-substituted cyclobutane structure progressively modi-
fying its scaffold.>® They showed that the number and con-
figuration of the substituents modulated the mechanochem-
ical scission rate, which was confirmed by computational
studies. Six different structures were assessed with either no,
one, or two cyano-substituents either in E- or Z-configuration
(Scheme 7). The mechanochemical scission rate was shown to
increase from E- to Z-isomer and with increasing number of
cyano substituents.

The mechanochemical scission rate in dependence of the
mechanophore regioisomerism was moreover investigated by
Sijbesma, Doltsinis, Hawker, Leibfarth, and co-workers.*> In
this study, four-membered ketene dimers bearing polymer
chain substituents in 2,4-position of the cycle (unlike the
common 1,2-substitution discussed above) both in Z- and

This journal is © The Royal Society of Chemistry 2020
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Scheme 5 Allowed pathways related to the respective configurations for both thermal and photochemical [2 + 2] cycloaddition and -elimination
according to the WH rules.

Scheme 6

[¢] z-Z

(a), (b) Theoretically allowed thermal products according to the WH rules: (a) starting configuration syn—syn on the scissile bonds, the

product is Z—-E; (b) starting configuration anti—syn on the scissile bonds, the reaction is symmetry forbidden. (c) Experimentally observed mechano-
chemically generated products. No significant distinction between the starting configurations concerning the stereochemistry of the products can
be made. This suggests formation of a diradical intermediate with three pro-conformations giving three final configurations.

This journal is © The Royal Society of Chemistry 2020
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Scheme 7 Different cyclobutane derivatives studied with regard to
their mechanochemical scission rate (increasing with arrow direction).>*

Scheme 8 Application of heat or force to a ketene dimer bearing
polymer substituents in 2,4-position.>®

E-form were evaluated (Scheme 8). While the cycloreversion
towards the ketenes was observed thermally, force primarily
yielded homolytic C-O scission on the polymer attachment
moieties. This observation inferred that the favoured scission
route is dependent on the position of the application of the
mechanical force to the molecular moiety, which was con-
firmed by computational simulations. The force-coupled
potential energy surfaces were calculated for the cycloreversion
of both Z- and E-ketene dimer as well as for the homolytic
benzylic C-O cleavage and showed that the scission rate of the
C-0 bond dramatically increased with force application. While
the E-ketene dimer simply shows a low decrease in activation
energy upon force application, the Z-isomer even revealed an
increasing activation energy suggesting a force-induced
strengthening effect.

Four-membered heterocycles

The successful mechanochemical activation of four-membered
carbocycles inspired the survey of other four-membered rings
that exhibit interesting functional groups upon cycloelimina-
tion. One of the most commonly occurring four-membered
rings is the p-lactam scaffold and its activation by force via

2278 | Polym. Chem., 2020, T, 2274-2299
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Scheme 9 Cycloelimination of (a) p-lactame-based mechanophore
into ketene and imine, (b) 1,2-azetidinone-based mechanophore into
isocyanate and imine.

cycloelimination was investigated by Moore and Robb
(Scheme 92).>**” This motif dissociates into a ketene and an
imine, ie. the two reactants used for the synthesis of the
f-lactam. Initially, the propensity of the f-lactam to undergo
mechanochemical cycloelimination was evaluated by compu-
tational simulations. The encouraging results thereof were
translated to synthesis and subsequently this motif was proven
mechanochemically active, most likely via a diradical intermedi-
ate. Following a comparable approach, the mechanical cycloeli-
mination of a 1,2-azetidinone was investigated by Craig and co-
workers (Scheme 9b).*® Analogously to the p-lactam, this moiety
cleaves into imine and isocyanate, the latter of which is much
more useful in downstream synthetic applications due to its
longer lifetime compared to ketenes. Importantly, these results
demonstrate that the mechanochemical cycloelimination of
four-membered rings is not limited to carbocycles alone, grant-
ing access to interesting chemical functionalities.

Another intriguing [2 + 2] cycloadduct undergoing mechan-
ochemically induced cycloelimination containing heteroatoms
is the 1,2-dioxetane. This moiety is particularly interesting as it
produces mechanoluminescence and was firstly described by
Sijbesma and co-workers (Scheme 10).*>° Although no mechan-
istic evidence was reported yet, the cycloreversion most likely
occurs via a diradical intermediate. Prominently, one of the
two carbonyl end groups produced after scission remains in
the excited state and relaxes by emission of light. This motif
was then successfully integrated into a variety of materials for
optical stress sensing applications.**>"

Applications

Healing and reporting. The mechanically-induced cycloeli-
mination of [2 + 2] cycloadducts found various chemical and

(0]
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- 7 > .
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e
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Scheme 10 Cycloelimination of a 1,2-dioxetane to the corresponding
ketones of which one is in the excited state giving rise to
mechanoluminescence.

This journal is © The Royal Society of Chemistry 2020
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Scheme 11 Reversible fluorogenic bicyclic mechanophore based on a
cinnamate dimer.>
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materials science applications.”**>™*° For example, a cinnamate
dimer was successfully embedded in a thermoset polymer and
restored its m-conjugation upon cycloreversion hence giving
rise to a fluorescence-based damage reporting nanocomposite
network.”® A similar approach was developed to design a non-
scissile mechanophore exhibiting mechanochromism. For
this, a bicyclic structure was devised also increasing the rate of
the forward [2 + 2] cycloaddition, and thus healing after crack
formation, considerably due to the increased local concen-
trations of the reactants (Scheme 11).°*°*

Mechanochemical gating. The cycloelimination of cyclo-
butane was also exploited to achieve a mechanical gating effect
in a non-scissile double mechanophore scaffold.>® There, the
cyclobutane acted as the first mechanophore, which prevented
the transmission of the mechanical force to the second
mechanophore, a gem-dichlorocyclopropane (gDCC, vide infia).
The second mechanophore was only subjected to force after
the cyclobutane had already undergone cycloelimination and
thus this system dissipated stress via sacrificial bonds efficien-
tly (Scheme 12).°° Prominently, this gating technology has
recently been employed to gate the degradability of polymers.®*

II-conjugated polymers. The principle of non-scissile
mechanophores opens the door to exciting applications.

active

- Cl cl
inactive

Cl ¢l
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Notably, cyclobutane-based mechanophores were condensed
in series to a ladderene structure giving rise to the concept of
mechanochemical unzipping.">*>° Consecutive ring-opening
events induced a consistent elongation of the mechanophore
scaffold without scission of the main chain concurrently gen-
erating a series of conjugated double bonds (Scheme 13). As
the resulting polymer bore features of polyacetylene, this
process was exploited to switch the electronic proprieties of
the resulting material from insulating to semiconducting.
Most notably, Martinez, Xia and co-workers recently showed
that this unzipping mechanism always involves either all or no
mechanochemical activations of cyclobutane mechanophores
within the structure.>

Cycloelimination of [4 + 2]
cycloadducts (retro-Diels—Alder
reaction)

Scissile activation of [4 + 2] cycloadducts

The formal [4 + 2] cycloelimination or retro-Diels-Alder (rDA)
reaction is commonly known as a thermo-reversible reaction in
which a [4 + 2] cycloadduct reacts to the corresponding diene
and dienophile.®> For polymer mechanochemistry, the rDA
was first observed in healable materials.® As the rDA occurred
during crack formation in polymer networks crosslinked with
a DA motif, these could be mended at elevated temperatures
by the forward DA cycloaddition.®® Two DA motifs studied by
Yoshie and co-workers were established in this context: the
furan-maleimide (F-M) and the anthracene-maleimide (A-M)
cycloadduct (Scheme 14).%>-%¢

Though it was shown that these healable motifs underwent
mechanochemically induced bond scission, their thorough
investigation as mechanophores was realized only in sub-

Scheme 12 Copolymer of cyclobutane- and gDCC-based mechanophores to achieve a mechanical gating effect.>®
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Scheme 13 Mechanical unzipping of polyladderenes.

This journal is © The Royal Society of Chemistry 2020
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Scheme 14 (a) Furan—maleimide and (b) anthracene—maleimide DA
adducts and their respective thermoreversible activation by force.

sequent, later works. Up to today, F-M and A-M mechano-
phores were used in various materials with different pro-
perties, including linear and star-shaped polymers,®”7° at
heterointerfaces,”" "> hydrophilic and hydrophobic diblock
copolymer micelles,”*”> hydrogels,”® and in combination with
slide-ring materials.”” The F-M and A-M rDA mechanophore
activation was investigated with standard procedures, such as
compression of bulk solid state materials’® and ultra-
sonication of solutions,”® but also by solvent swelling,®® laser-
induced stress waves,®" and recently also single-molecule force
spectroscopy (SMFS).”?

Makarov, Bielawski and co-workers carried out the first sys-
tematic investigations on the F-M and A-M cycloadducts as
mechanophores in a trendsetting work.** They used both com-
putational simulations and synthetic experiments to investi-
gate the effect of the substitution pattern of the attached
polymer chains. For the F-M cycloadduct, computation
suggested that force application in proximal position (Fig. 1a;
blue) would mechanochemically accelerate the cycloelimina-
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tion reaction whereas force application in distal position
(Fig. 1a; red) would decelerate mechanochemical reactivity. For
the A-M cycloadduct, calculations and experimental data pro-
posed that a substitution in 2-position would completely sup-
press the mechanochemical cycloelimination (Fig. 1b; red).
Confirming this result, no mechanochemical activation was
monitored experimentally, whereas the commonly used 9-posi-
tion remained accessible for the force-induced rDA (Fig. 1b;
blue).

Stevenson and De Bo systematically expanded these results
for the F-M cycloadducts and additionally differentiated
between the endo- and exo-stereoisomers.®* These were investi-
gated with distal and proximal substitution patterns regarding
the attachment points of the polymer chains and incorporated
within the central region of linear PMA (Fig. 2). Whereas
expectedly the endo-stereoisomers thermally cleaved at a

= ©
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© O e
un c
=

endo—

exo—j

mechanoresistant
Faster
distal proximal mechanical
rDA
Fig. 2 Influence of the regio- and stereochemistry in the thermal and

mechanochemical cycloelimination of F~M cycloadducts.®*
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Fig. 1 Force-dependent activation energy for the cycloelimination depending on the substitution pattern in DA cycloadducts of (a) F-M and
(b) A—M. Adapted with permission from ref. 82. Copyright 2013 American Chemical Society.
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higher rate than the exo-variants, the mechanochemical rate
was found to depend more on the attachment points of the
polymer chains than on the stereochemical identity of the DA
adducts. In agreement with the investigations by Makarov and
Bielawski discussed above, the proximal isomers reacted at a
higher rate than the distal isomers. Importantly, the distal exo-
cycloadduct could not be cleaved by force and appeared to be
mechanochemically inactive. This was further underlined by
computational simulations, in which the distal exo-adduct led
to non-selective bond scission.

Notably, Wang and Craig saw room for improvement with
regard to the method employed by Stevenson and De Bo to
differentiate between endo- and exo-adduct mechanochemical
activity.®* By combination of the scissile F-M DA adducts with
the non-scissile gDCC (vide infra) motifs, they found that the
endo-stereoisomers were mechanochemically more labile than
their exo-counterparts.

Otsuka and co-workers combined the F-M DA mechano-
phore with a photochromic diarylethene (DAE) unit providing
a photoregulated lock for mechanochemistry (Scheme 15).5° In
the ring-open form DAE the adduct could be cleaved selective
through the rDA reaction, but after isomerization to the ring-
closed form via UV-irradiation the mechanophore was inert
toward elongational forces due to the removal of the crucial
double bond from the DA adduct.’*®® In their study they also
synthesized and sonicated a control mechanophore with distal
geometry without observing any activation. They calculated the
required energy and force (Epax = 770 KJ mol™ and Fya = 5.19
nN) and confirmed the previously discussed reports regarding
the stability of distal isomers.®** Notably, Robb and co-
workers reported the inverse case, i.e. a mechanoregulated
lock for photochemistry, with a cyclopentadiene-bridged DAE
in a DA adduct with maleimide.®*

During their efforts to tailor the optical properties of
anthracenes released during cycloelimination of A-M DA cyclo-
adducts, Gostl and co-workers also synthesized the untypical
9,10-n-extended

1,4-cycloadduct of a anthracene

Y
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(Scheme 16).°>°" Importantly, while polymer substituents
coupled the force to the 9- and 10-positions, they were not
directly attached to the quaternary carbon atoms participating
in the cycloelimination reaction in 1,4-position. This led to the
absence of mechanochemical reactivity via the rDA pathway
for this derivative highlighting once more the findings of
Makarov and Bielawski discussed above. It is likely that the
force vector did not align well with the reaction coordinates,
yet high thermodynamic stability of the 1,4-cycloadduct could
not be excluded since no further investigations on these
derivatives were performed.®’

Mechanistic considerations

For successful prediction of activation free energies for reac-
tions under force it is necessary to revisit the reaction mecha-
nism. DFT calculations by Makarov, Bielawski and co-workers
suggested that the rDA in the absence of force proceeded in a
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Scheme 16 1,4-cycloadduct of 9,10-n-extended anthracene and male-
imide resistant to force-induced cycloelimination.®®

313 nm

>440 nm

Scheme 15 DAE DA mechanophore with a photoregulated lock for mechanochemistry.®®
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concerted mechanism (Fig. 3a, top).®* Akbulatov and Boulatov
compared those computational simulations with other DFT
functions (e.g. uMPW1K) and also predicted the existence of
an alternative two-step radical dissociation pathway (Fig. 3a,
bottom).'® Although the required energy for this path was,
compared to the concerted mechanism, considerably higher in
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Fig. 3 (a) Concerted (top) and stepwise radical (bottom) mechanism for
the dissociation of DA adducts under force. (b) Changes in the free ener-
gies of the transition states relative to the reactants as a function of
applied force (UMPW1K/6-31+G(d)). (c) A comparison of dissociation
barrier calculated by Akbulatov and Boulatov (grey line) with the pre-
dicted one by Makarov and co-workers. Adapted from ref. 19 with per-
mission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2017.
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a reaction without force, small forces were shown to invert this
order (Fig. 3b and c). The stepwise radical mechanism was
already dominant at an applied force of ca. 0.1 nN. The con-
certed mechanism, on the other hand, was disfavoured under
force and was abandoned completely at forces of ca. 0.4-0.8
nN, depending on the DFT function used and the substituents
attached to the motif. Therefore, dissociation of DA adducts
was inhibited at small forces (0.1 nN) but accelerated with
increasing force.

Flex activation of [4 + 2] cycloadducts

A distinctively alternative way to mechanochemically induce
the cycloreversion of [4 + 2] cycloadducts was developed with
the so-called ‘flex activation’. In contrast to the activation via
the scission of internal bonds that are elongated with the force
vector of the attached polymer segments, for flex activation the
polymer scaffold is used to distort bond angles releasing small
molecules.”” Boydston and co-workers pioneered this method
for the release of furan derivatives (Scheme 17).°>"** They con-
verted main chain alkene moieties in oxanorbornadiene DA
adducts constructed from furan and dimethyl acetylenedicar-
boxylate (DMAD) into alkynes in a cycloelimination reaction.
Incorporation of the DA adducts as crosslinker into PMA or
polyurethane networks followed by compression proved the
release of small furan-containing molecules. Calculated poten-
tial energies estimate an activation energy of ca. 35 kcal mol ™"
for this process.

Roessler and Zimmerman used the growing string method
(GSM) without using the € value as a constraint coordinate and
showed that the reaction mechanism for the flex activation
depended on the applied force.”®> The activation energy
decreased mostly linearly with increasing force and was
approximately 24 kcal mol™" if 4 nN of force were applied rela-
tive to the ground state reaction. Transition states calculated
with different applied forces showed unique @ values, indicat-
ing that the reaction followed a multiparameter pathway and
force influenced only one reaction coordinate.

The concept of flex activation was moreover exploited for
anthracene DA adducts (Scheme 18). The attachment of
polymer chains in 2,6-position of a cycloadduct of anthracene
and phenyltriazolinedione, however, only showed 1% mechan-
ochemical cycloelimination in a strained PDMS network at
125 °C (Scheme 18a).°®°” These harsh conditions are not sur-
prising, as triazolinediones are among the most reactive
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Scheme 17 Flex activation via transient bond angle distortion of oxa-
norbornadiene DA adducts and subsequent cycloelimination without
internal polymer bond scission.
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Scheme 18 Flex activation of anthracene cycloadducts with (a) phenyl-
triazolinedione and (b) maleimide.”®°%°7
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known dienophiles forming cycloadducts with extreme
thermodynamic stability. In contrast, no flex activation was
observed for a comparable anthracene maleimide cycloadduct
(Scheme 18b).”®

Cycloelimination of [3 + 2]
cycloadducts
The debate over 1,2,3-triazoles as mechanophores

One of the most energetically debated motifs regarding its
mechanochemical activity is the 1,2,3-triazole undergoing
force-induced cycloelimination. The forward reaction is the
1,3-dipolar Huisgen cycloaddition and is counted to the
variety of ‘click’ reactions. The scepticism towards this cycloeli-
mination was fuelled by the retraction of the prominent first
investigation of a 1,2,3-triazole carrying polymer substituents
in 1,4-position claiming to be ‘unclicking the click’ by
Bielawski and co-workers (Scheme 19).7%°

In a later study, Bielawski, Makarov and co-workers set out
to examine the reliability of their retracted results and firstly
discussed the regiochemical effects of this cycloelimination
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Scheme 19 Supposed force-induced cycloelimination of the triazole
mechanophore yielding azide and alkyne moities.*®°°
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Scheme 20 Structures of 14- and 15-disubstituted triazole

mechanophores.

reaction by comparing the mechanochemical scission rate of
1,4-substituted with 1,5-substituted triazoles (Scheme 20).'°°
There, they found a slightly increased scission rate for the 1,5-
substituted triazole derivatives which is a very notable finding
hinting towards two distinct scission mechanisms, though the
rate difference of ca. 20% was rather small.

Trying to shine light on this debate, Uggerud and Smale
performed computational simulations in order to mechanisti-
cally explain the mechanochemically facilitated cycloreversion
of the 1,4-substituted triazoles.'® They found that unspecific
chain dissociation, i.e. rupture of the macromolecular back-
bone, was favoured over the cycloreversion reaction, though
the latter was still deemed possible from a theoretical mechan-
ochemical point of view. Hartke, Liining, Beyer and co-workers
even went as far to design and synthesize a 1,4-disubstituted
triazole and bridge it with a second cycle turning this pre-
viously scissile mechanophore into a non-scissile motif that
can be analysed by SMFS employing an atomic force micro-
scope (AFM) (Scheme 21).'°> Upon stretching the covalently
anchored molecule (between two PEG chains, attached to
SizN,) a characteristic length increase was to be measured in
the case of rupture along the triazole branch. While the
authors clearly observed and measured a threshold cleaving
force on this motif of 1-2 nN, it remained unclear whether
these events were indeed attributable to cycloelimination reac-
tions or unspecific chain scission.

Another work raising doubts regarding the mechanochem-
ical activity of the 1,4-disubstituted triazoles was published by
Xia and co-workers who prepared amphiphilic block copoly-
mer micelles connecting the blocks with the triazole motif."*?
Upon irradiation with high-intensity focused ultrasound
(HIFU), they also found that chain scission preferentially
occured on the incorporated ester bonds within their polymers
and not on the triazole moiety. However, the effects of HIFU
on mechanophores are only scarcely investigated and hence
comparability of these measurements is limited. Yet, Dreuw
and Stauch principally confirmed these results by compu-
tational simulation.'® They deemed the cycloreversion of 1,4-
substituted triazoles impossible if forces are conducted to ali-
phatic linkers since the entire mechanochemically robust tri-
azole ring would need to be activated and a rupture event in
the aliphatic chain would be energetically much more favour-
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Scheme 21 Supposed mechanochemical cycloelimination of the non-
scissile bridged 1,4-disubstituteted triazole mechanophore in AFM
measurements.'%?

able. However, cycloelimination of 1,5-substituted-triazoles
should be possible because of the alignment of the scissile
bond with the force vector, although a competition with the
rupture of the C-N bond at the pulling point should be
observed in stretching experiments due to similar force and
energy rupture requirements of these bonds.

Eventually, Marx and co-workers dismissed, also on a com-
putational level, the mechanochemically induced cyclorever-
sion of 1,4-substituted triazoles by Cu'-catalysis — analogously
to the forward reaction and according to the principle of
microscopic reversibility.'®> Destructive pathways were favour-
able when the desired activation free energies were compared.
In contrast, a Ru-assisted mechanochemical unclicking of the
1,5-regioisomer could lower the activation free energy for the
rate-determining step drastically rendering the reaction
feasible.

Blank and co-workers revived the triazoles as mechano-
phores undergoing cycloelimination in a new context when
they investigated the cycloadducts from substituted azides
with molecularly strained cyclooctyne derivatives being an

2284 | Polym. Chem., 2020, 11, 2274-2299
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important in vitro and in vivo ligation motif in the realm of the
biological sciences.'®® Employing computational simulations,
they compared various 1,4- and 1,5-substituted triazoles and
confirmed the previous experiments from Bielawski, Makarov
and co-workers'? stating that 1,5-substituted triazoles were
more suitable for a force-induced cycloelimination reaction. It
was found that 1,5-substituted triazoles opened via an unzip-
ping mechanism in comparison to a shear mechanism in the
case of their 1,4-substituted counterparts. Using these cyclooc-
tyne-azide cycloadducts in single molecule force experiments
using AFM, Fang, Shahbazian-Yassar and co-workers designed
an on-surface reaction cascade that ligated cyclooctyne gener-
ated by the mechanochemically induced cycloelimination with
gold nanoparticles (AuNPs) to confirm the local character of
their experiments.'%”

The force-induced cycloelimination of 1,4-disubstituted tri-
azoles on unstrained alkynes appears to be an unlikely reac-
tion. In simulations and experiments, the required forces to
cleave the triazole ring in a shear mechanism were too high
and led to undesired rupture events in the adjacent polymer
chains. Conversely, 1,5-substituted triazoles and triazoles with
strained cyclooctyne were found to be suitable motifs.

Cycloelimination of [4 + 4]
cycloadducts
Anthracene dimer

Very analogously to the mechanophores discussed above, the
polymer mechanochemical cycloelimination of [4 + 4] cyclo-
adducts was first observed in the context of photohealable
materials. For this purpose, anthracene moieties undergoing a
photoreversible [4 + 4] cycloaddition were used.'*®'*
Dimerization and dissociation of the anthracene and its
respective cycloadduct both are accessible by irradiation with
light of different wavelengths (Scheme 22). Such scaffolds and
their capability of reversible dimerization were studied by
Landfester and co-workers, who successfully integrated them
into a dendritic, photohealable material.*®

Within healable materials, induced damage is generally of
mechanical nature and hence it was reasonable to assume that
the corresponding cycloelimination was also accessible via the
application of force."'*™*"” Chung and co-workers investigated

L0 e OO

_—
—_—

Scheme 22 Photoinduced [4 + 4] anthracene dimerization and photo-
as well as mechanochemical cycloelimination.
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a polymer network bearing the anthracene dimer as cross-
linker.'*® Upon grinding the polymer network, fluorescence
emission stemming from the formation of the individual
anthracene moieties was recorded thus confirming the suc-
cessful cycloelimination (Scheme 22). This optical response
was exploited as crack sensor with comparably high molar
absorptivity and fluorescence almost in the visible region of
the spectrum.

The cycloelimination of anthracene dimer induced by
mechanical force applied through pressure was also studied
more in detail from a kinetic and mechanistic point of view by
Chronister, Bardeen and co-workers."'" Macroscopically, an
increase of pressure resulted in a dramatic acceleration of the
dissociation. This is counterintuitive as dissociative reactions
usually exhibit positive activation volumes. These results
suggested that pressure acted as catalyst rendering this a
purely kinetic effect due to a less voluminous transition state.
It was proposed that pressure stabilized the transition state by
flattening the anthracene rings, followed by rupture and dis-
sociation - a concept comparable to the ‘flex activation’ dis-
cussed above.

Mechanistic considerations

Though the cycloelimination of [4 + 4] cycloadducts was
shown to be promoted by mechanical force, no evidence about
the mechanistic pathway it follows were presented yet.
Computational simulations suggested that the diradical inter-
mediate was energetically favoured compared to the concerted
dissociation pathway.""®
agreement with previous reports concerning the mechano-
chemical cycloelimination of [2 + 2] and [4 + 2] cycloadducts.
However, for [4 + 4] cycloadducts no trapping experiments or

A radical mechanism would be in

spectroscopic analyses were performed that could confirm the
existence of a metastable diradical intermediate.

Yet, a fundamental theoretical study that aimed to elucidate
the fairly high rate of the mechanochemical anthracene dimer
cycloelimination was performed on the basis of a comparison
with the cyclobutane mechanophore.'™ Within the anthracene
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dimer two cyclooctane rings share two covalent bonds connect-
ing the anthracene moieties. Hence, a comparative study
between the cyclobutane and a virtual cyclooctane mechano-
phore were performed. While the cyclobutane showed a ring
strain of ca. 26 kcal mol™ and a BDE of ca. 72 kcal mol™,
cyclooctane reasonably exhibited a lower ring strain of ca.
10 keal mol ™" and a BDE of ca. 160 keal mol~". The ring strain
was established as inversely proportional to the BDE and
simple cyclooctane was hence shown not to undergo any scis-
sion by mechanical force. However, within the anthracene
dimer the BDE drastically decreased to 59 kcal mol™* - even
lower than the BDE of cyclobutane. This suggested a high ring
strain within the anthracene dimer motif and was invoked to
explain the high mechanical sensitivity of this motif.

2-Electron electrocyclic ring-opening
reactions
Gem-dihalocyclopropanes (gDHCs)

An electrocyclic reaction is a pericyclic rearrangement in which
one © bond is converted to one ¢ bond or vice versa following
either a ring-opening or ring-closing mechanism, respectively.
The first proof of a mechanochemically induced 2-electron
ring-opening reaction was presented by Craig and co-
workers."?® They incorporated multiple gDCCs within a back-
bone of Z-poly(butadiene) (PB) by reacting the PB with NaOH
in CHCI; under phase-transfer conditions resulting in dichlor-
ocarbene addition. These gDCC polymers underwent mechan-
ochemical ring-opening in conjunction with chlorine
migration several hundred times within a single polymer
chain, providing a ‘mechanochemical map’ of the stress distri-
butions within linear polymer chains during ultrasonication in
solution (Fig. 4).

The approach of modifying a PB backbone was conse-
quently extended to other gDHCs."*'""*® Notably, Craig and co-
workers found by ozonolysis of mechanochemically formed
double bonds that those regions of the polymer that did and

Ring opening (%)

T T T
0 50 100 150 200

t (min)

Fig. 4 Ultrasonication of gDCC-PB copolymer leads to ring-opened 2,3-dichloroalkenes (O) with simultaneously decreasing M,, (l). Adapted with

permission from ref. 120. Copyright 2009 American Chemical Society.
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those that did not undergo force-induced ring-opening were
continuous, indicating a smooth and monotonic force
reduction from the central chain section towards the
termini.’® Moreover, compressive force could be used to
perform the ring-opening reaction, but tensile load resulted in
no measurable activation, even when applied to the point of
failure of the material.">* This was attributed to the minimum
domain size for successful mechanochemical activation,
which was found to be larger than a single monomer and
hence heterogeneous stress distribution within the employed
polymer framework needed to be taken into account. In
addition, a versatile method for the abundant incorporation of
cyclic mechanophores into high molar mass block copolymers
with excellent long-term stability was developed.'*>**° This
allowed access to ABA-type block structures with the mechano-
phore-rich region in the chain centre allowing high mechano-
chemical turnover.

Mechanistic considerations

Force trapping the transition state. Further studies on the
gDHC mechanophores revealed that force could alter the com-
monly thermally observed disrotatory ring-opening mecha-
nism into a conrotatory pathway by a diradical transition state
formally violating the WH rules."®" First elucidating the diradi-
cal transition state, Craig and co-workers transformed the
thermodynamically more stable gem-difluorocyclopropane
(¢DFC) E-isomer into the less stable Z-isomer (Scheme 23)."*"
Mechanochemical activation ring-opened the gDFCs and
trapped a 1,3-diradical that can be formally seen as the tran-
sition state of the thermal variant of this electrocyclic reac-
tion."”® By this ‘“force trapping’, the diradical lived long
enough that its participation in bimolecular addition reactions
could occur. Moreover, the application of transient tensile
force induced a net isomerization of the gDFC E-isomer into
its thermodynamically less stable Z-isomer, leading to the
counterintuitive result that the gDFC-containing polymer con-
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Scheme 23 (a) gDFC E-isomer and (b) Z-isomer thermally ring-open
and -close through a disrotatory process via 1,3-diradical transition
state. (c) Force leads to the formation and trapping of the 1,3-diradical

transition state, which ring-closes to the gDFC Z-isomer once force is
removed.'?*
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Scheme 24 Ring-closing of a force trapped diradical transition state
leading i.a. to 5% anti-WH products.**?

tracted in response to extensional force. These observations
suggested the possibility of using force not only to bias reac-
tion pathways, but also to directly characterize reaction poten-
tial energy surfaces typically inaccessible by experiments.

Investigating the thermally symmetry-forbidden conrotatory
ring-closing after force trapping the diradical transition state,
Martinez, Craig and co-workers prepared purely Z-form gDFC-
substituted PB (Scheme 24).'*> With this, they showed that
while mechanochemical activation led to ca. 95% conventional
and symmetry-allowed disrotatory ring-closing, ca. 5% conrota-
tory ring-closing towards the anti-WH product could be
observed. This result was confirmed by ab initio molecular
dynamics simulations.

Single-molecule force spectroscopy. SMFS emerged as a
powerful tool to investigate forces associated with both syn-
thetic and biological macromolecules."** As opposed to bulk
material activation, SMFS is distinctly different with regard to
achievable strain rates, the isolated physicochemical environ-
ment and environmental factors, such as temperature,
mechanical vibrations, air currents, or acoustic and electrical
noise. This has to be considered when interpreting the time-
scales on which SMFS experiments are compared to classical
mechanochemical activation in solution or in the bulk.

In order to quantify the extent of WH rule violation by
mechanochemical ring-opening and -closing of gDHCs, SMFS
was utilized. In one of the approaches, SMFS of three mechani-
cally induced reactions along both their symmetry-allowed and
symmetry-forbidden pathways was performed by Martinez,
Craig and co-workers."** It was found that the symmetry-for-
bidden ring-opening reactions of benzocyclobutene (BCB,
vide infra), gDFC and gDCC required approximately 130 pN
less, 560 pN more and 1000 pN more force, respectively, than
their corresponding symmetry-allowed counterparts. These
results provided the first experimental quantitative bench-
marks for mechanically induced anti-WH reactions, while the

This journal is © The Royal Society of Chemistry 2020
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BCB ring-opening was the first demonstration of a force-
coupled symmetry-forbidden reaction that was faster than its
force-coupled symmetry-allowed counterpart.

In another work, single-molecule polymer mechanochemistry
was utilized to induce the disrotatory outward ring-opening of a
Z-dialkyl substituted syn-chloro-gem-chlorofluorocyclopropane
(syn-Cl-gCFC)."*® The forces required to trigger the anti-WH
pathway were ca. 200 pN higher than those involved in the WH
compliant process (1290 vs. 1500 pN). The kinetics were comple-
mented by tension trapping experiments, which suggested that
the reaction proceeded by the previously established diradical
mechanism. Moreover, mechanisms for thermal and mechanical
activation of dimethyl-gCFC were proposed (Scheme 25). The
methyl groups thermally underwent inward disrotation, during
which the electrons of the breaking C-C bond were donated to
the antibonding orbital of the C-Cl bond to assist the scission
of the C-Cl bond subsequently forming the E-alkene product
and following the WH rules. Mechanically pulling on the methyl
groups forced the rotation outwards, although this disfavoured
the cleavage of the Cl-anion, violating the WH rules. During the
mechanically activated ring-opening reaction, syn-Cl-gCFC first
formed a diradical, which then underwent ion separation to
form the Z-alkene product.

SMFS was also applied to observe an irreversible extension
of a gem-dibromocyclopropane (gDBC)-functionalized PB
under tension.'*® The extension of close to 28% in contour
length of the polymer backbone occurred at roughly 1.2 nN
and was attributed to the force-induced isomerization of the
gDBCs into 2,3-dibromoalkenes (Fig. 5). This rearrangement is
valuable for localized stress relief in polyme