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Mechanistic insights into mechanochemical
oxidation of 1,1-disubstituted alkenes mediated by
polymer-derived mechanoradicals
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Polymer-derived mechanoradicals generated under solid-state conditions offer a unique platform for
driving chemical
a mechanoradical-mediated oxidation of 1,1-disubstituted alkenes using a polymer as the radical source

transformations that are difficult to achieve in solution. Here, we report
and molecular oxygen as the oxidant. Ball milling of polystyrene (PS) in the presence of diarylethene
(DAE) derivatives under air resulted in backbone cleavage of PS in addition to oxidative cleavage of the
alkene moiety to afford the corresponding diaryl ketone (DAK) derivatives. Electron paramagnetic
resonance (EPR) spectroscopy revealed the formation of oxygen-centered radical species, suggesting
a reaction pathway involving the addition of mechanoradicals derived from PS to DAE, followed by
reaction with molecular oxygen. The experiments using poly(methyl methacrylate) (PMMA) instead of PS
gave similar results, indicating that the oxidative cleavage proceeds irrespective of the polymer species.
Gel permeation chromatography with a UV detector further supported the addition of PMMA-derived
mechanoradicals to DAE derivatives. Substituent effect studies showed that DAK formation occurs for
DAE derivatives with both electron-donating and electron-withdrawing substituents, whereas oxirane
derivatives (DAO) were observed only for derivatives with electron-withdrawing groups, reflecting
substituent-dependent stability of DAO. These findings establish polymer-derived mechanoradicals as

Accepted 22nd May 2026
effective
DOI: 10.1039/d6mr00040a

rsc.li/RSCMechanochem free conditions.

Introduction

Oxidative cleavage reactions are one of the fundamental reac-
tions in organic chemistry, in which carbon-carbon double
bonds (C=C) are cleaved by oxidation to generate carbonyl
compounds, such as ketones and aldehydes. These reactions
are widely employed in organic synthesis and play a central role
in total synthesis and pharmaceutical synthesis."” Tradition-
ally, oxidative cleavage reactions have relied on the use of strong
oxidants, including ozone,® potassium permanganate,” and
ruthenium-based oxidants,*® many of which suffer from draw-
backs related to safety, toxicity, and environmental impact.****
Consequently, the development of more environmentally
benign oxidative methods has attracted increasing attention,
and the use of molecular oxygen (O,) as an oxidant has emerged
as an appealing alternative.
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initiators for alkene oxidation

in the solid state and demonstrate the potential of

mechanochemistry as a powerful platform for elucidating radical oxidation mechanisms under solvent-

In recent years, oxidative cleavage of alkenes using molecular
oxygen has been achieved through radical-mediated catalytic
processes.? Representative radical sources include N-
hydroxyphthalimide (NHPI),'*¢ 2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPO),"” thiols or disulfides,"®** and 2,2’-azobis-
isobutyronitrile (AIBN).>'">* However, reports on the formation
of synthetically important products such as epoxides remain
limited,'***** and the underlying reaction mechanisms are not
yet fully understood.

Along with the development of polymer mechanochemistry,
studies exploiting so-called mechanoradicals, radical species
generated by homolytic scission of polymer backbones under
mechanical stimuli, for polymer modification and the detection
of chain scission events have been actively pursued.*®*° To date,
mechanoradicals have been utilized for self-strengthening
gels,***> the introduction of fluorescence properties,* > and
the elucidation of fracture mechanisms in polymeric
materials.>***® In contrast, despite their unique reactivity, the
application of polymer-derived mechanoradicals to the trans-
formation of low-molecular-weight compounds remains largely
unexplored, with only a single example reported to date,* to the
best of our knowledge.
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Scheme 1 (a) Conventional solution-phase oxidative cleavage of 1,1-
disubstituted alkenes using molecular oxidants. (b) Polymer-derived
mechanoradical-mediated oxidative cleavage of DAE derivatives
under solvent-free solid-state conditions (this work).

A defining feature of mechanochemical reactions is that they
proceed in the solid state. In the absence of solvent, reactive
species and catalysts are free from solvation and diffusion
effects that are characteristic of solution-phase reactions. Such
reaction environments can stabilize reactive intermediates or
transition states that are otherwise difficult to observe in solu-
tion, thereby providing a powerful platform for gaining mech-
anistic insight.**** Moreover, solid-state reactions minimize
solvent usage, simplify reaction systems, and often exhibit
favourable energy efficiency compared with photochemical or
thermal reactions.**™** From this perspective, polymer-derived
mechanoradicals offer a promising and environmentally
benign approach for exploring new reaction systems.

In this study, we aimed to expand the scope of trans-
formations of low-molecular-weight compounds driven by
mechanoradicals generated under solid-state conditions. As
a model system, we focused on 1,1-diarylethene (DAE) deriva-
tives, a representative class of 1,1-disubstituted alkenes, and
investigated their mechanochemical oxidative cleavage using
polymer chains as a radical source and atmospheric oxygen as
the oxidant (Scheme 1). The radical intermediates generated
during the solid-state reactions were characterised by electron
paramagnetic resonance (EPR) spectroscopy, while the struc-
tural evolution of the closed-shell intermediates and products
was analysed by nuclear magnetic resonance (NMR) spectros-
copy and gel permeation chromatography (GPC). Through this
approach, we elucidated the reaction mechanism of radical-
mediated oxidative cleavage of 1,1-disubstituted alkenes
within solid polymer matrices and demonstrated the potential
of mechanochemical reactions as a versatile platform for
mechanistic analysis.

Results and discussion

To investigate whether oxidative cleavage reactions can be
induced by mechanoradicals generated upon polymer chain
scission, a mixture of 1,1-bis(4-methoxyphenyl)ethene (DAE-
OMe/OMe) and polystyrene (PS) was subjected to ball milling. "H
NMR analysis of the milled sample revealed the emergence of
new signals that were not attributable to either DAE-OMe/OMe or
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Fig. 1 'H NMR spectra of (a) DAE-OMe/OMe, (b) PS, (c) DAK-OMe/
OMe and (d) a ground mixture of DAE-OMe/OMe and PS (CDCls, 500
MHz).

PS (Fig. 1). These signals were consistent with those of the cor-
responding diaryl ketone (DAK) derivative (DAK-OMe/OMe), the
oxidative cleavage product of DAE-OMe/OMe, indicating that
oxidative cleavage had occurred under the milling conditions.
Notably, the isolated yield of DAK-OMe/OMe (29%) was in good
agreement with the conversion of DAE-OMe/OMe calculated
from the "H NMR spectrum of the milled mixture (32%), sug-
gesting that the oxidative cleavage reaction proceeded with high
selectivity under the applied reaction conditions.

GPC analysis before and after ball milling showed a signifi-
cant decrease in the number-average molecular weight (M,) of
PS, confirming that polymer chain scission was induced by
mechanical grinding, thereby generating mechanoradicals
(Fig. 2).

To determine whether the formation of DAK-OMe/OMe
originated from the polymer-derived mechanoradicals,
a control experiment was conducted in which DAE-OMe/OMe
was ball-milled in the absence of PS. As a result, only the signals
of DAE-OMe/OMe were observed in the 'H NMR spectrum
(Fig. S61), indicating that no reaction occurred. These results
demonstrate that a polymer-derived radical source is essential
for the mechanochemical oxidative cleavage of DAE.

To further examine the involvement of radical species in the
oxidative cleavage process, EPR measurements were performed
before and after ball milling of a mixture of DAE-OMe/OMe and
PS. As a control experiment, EPR spectra of PS alone were also
recorded before and after milling. No EPR signals were detected
for PS alone, whereas a distinct radical signal was observed only
when DAE-OMe/OMe was present during ball milling (Fig. 3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 GPC profiles of a mixture of PS and DAE-OMe/OMe before and
after grinding (THF, RI).

The calculated g value of 2.0042 is characteristic of oxygen-
centred radicals, consistent with the formation of relatively
stable oxygen-centred radical species.

To evaluate the influence of reaction parameters on the
mechanochemical oxidation reaction, the effects of ball-milling
time, PS molecular weight, DAE loading, and the presence of
molecular oxygen were examined under otherwise comparable
conditions (Table 1). First, the dependence of the reaction on
ball-milling time was investigated. When the milling time was
shortened from 60 min to 30, 15, and 10 min, the "H NMR yields
of the DAK product decreased to 14%, 9.9%, and 6.5%,
respectively (entries 1-4). GPC analysis of the milled PS samples
further showed that the molecular weight of PS decreased
progressively with increasing milling time, indicating that
polymer chain scission becomes more extensive during pro-
longed milling (Fig. S63). These results are consistent with the
idea that longer milling times promote additional chain scis-
sion and thereby increase the number of polymer-derived
radicals available for productive reaction with the DAE
substrate.

Next, the effect of PS molecular weight was examined. When
PS samples with different molecular weights were employed,
the "H NMR yield of the DAK product increased with increasing
polymer molecular weight. Specifically, PS with M,, = 792, 320,
38, and 6 kDa gave DAK yields of 17%, 13%, 6.9%, and 1.0%,
respectively (entries 5-8). GPC analyses before and after ball
milling showed that the extent of molecular-weight reduction
became more pronounced as the initial molecular weight of PS
increased, whereas PS with M,, = 6 kDa exhibited little change
in its GPC trace after milling (Fig. S64-S67). These results
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Fig. 3 EPR spectra of (a) PS alone before and after grinding and
(b) a mixture of PS and DAE-OMe/OMe before and after grinding.
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Table 1 Effect of reaction parameters on the mechanochemical
oxidation reaction

PSM, DAE-OMe/OMe Ball-milling time 'H
Entry (kDa) (nmol) (min) NMR yield (%)
1 1940 50 60 294
2 1940 50 30 14
3 1940 50 15 9.9
4 1940 50 10 6.5
5 792 50 60 17
6 320 50 60 14
7 38 50 60 6.9
8 6.0 50 60 1.0
9 1940 10 60 7.3
10 1940 25 60 7.6
11 1940 100 60 11
12 1940 500 60 1.1
13P 1940 50 60 3.5

“ Isolation yield. * Under N,-like conditions.

suggest that higher-molecular-weight PS undergoes more
extensive chain scission under the present milling conditions,
thereby generating a larger number of mechanoradicals and
promoting more efficient reaction with the DAE substrate. The
effect of substrate loading was also examined by varying the
amount of DAE-OMe/OMe relative to PS (entries 9-12). Using 10,
25,100, and 500 umol of DAE-OMe/OMe gave 'H NMR yields of
7.3%, 7.6%, 11%, and 1.1%, respectively, indicating that an
intermediate substrate loading is optimal under the present
conditions. At lower DAE loadings, productive trapping of
polymer-derived radicals by the alkene substrate is likely less
efficient, allowing competing pathways to become more
significant. In contrast, at higher DAE loadings, the composi-
tion of the milling mixture may become less favorable for effi-
cient polymer chain scission and productive radical generation.

Finally, the role of molecular oxygen was examined by
carrying out the reaction under conditions designed to mini-
mize exposure to O, (entry 13). Under these conditions, the 'H
NMR yield of the DAK product decreased markedly to 3.5%,
indicating that molecular oxygen plays an essential role in the
present transformation. This result supports the view that O, is
involved not only as the terminal oxidant but also in key radical
processes leading to product formation.

To further investigate the addition reaction of polymer-
derived mechanoradicals to DAE derivatives, poly(methyl meth-
acrylate) (PMMA) was employed in place of PS. Because PMMA
does not absorb at 254 nm, it enables monitoring of the addition
process by GPC with UV detection (A = 254 nm). A mixture of
PMMA and DAE-OMe/OMe was subjected to ball milling. 'H
NMR analysis of the reaction mixture revealed the formation of
DAK-OMe/OMe as the major product, similar to the results ob-
tained wusing PS (Fig. 4). These results indicate that
mechanoradical-mediated oxidative cleavage proceeds regardless
of the type of polymer. However, the "H NMR spectrum of the
milled mixture showed that both the conversion of the DAE
derivative (12%) and the NMR yield of the DAK derivative (8%)
were lower than those observed with PS. This difference is
attributed, at least in part, to the lower molecular weight of
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Fig. 4 H NMR spectrum of a mixture of DAE-OMe/OMe and PMMA
after grinding (CDClz, 500 MHz).

PMMA (M,, = 1.4 x 10°) compared to PS (M, = 1.9 x 10°), which
likely results in a reduced amount of mechanoradicals generated
upon mechanical scission. In addition, signals attributable to
methyl methacrylate (MMA) were observed in the 'H NMR
spectrum of the reaction mixture, suggesting that depolymer-
ization of PMMA occurs under the milling conditions.*® Accord-
ingly, depolymerization processes mediated by polymer-derived
mechanoradicals are likely to compete with the addition of
mechanoradicals to DAE derivatives, thereby contributing to the
reduced efficiency of the oxidative cleavage reaction.

GPC analysis before and after ball milling of PMMA with
DAE-OMe/OMe using a refractive index (RI) detector showed
that the M, of PMMA decreased from 138 000 to 24 000, con-
firming mechanically induced cleavage of the PMMA chain
(Fig. 5). Notably, GPC analysis using a UV detector (A = 254 nm)
revealed the emergence of polymer peaks (M,, = 7900) after ball
milling of PMMA in the presence of DAE-OMe/OMe, whereas no
such peaks were observed after ball milling of PMMA alone.
Since PMMA itself does not absorb at 254 nm, these results
indicate that mechanoradicals generated from PMMA added to
DAE-OMe/OMe, resulting in the formation of polymer chains
bearing DAE-derived structures at the chain ends.

On the basis of these results, a plausible mechanism for the
mechanoradical-mediated oxidative cleavage of DAE derivatives
is proposed as follows (Scheme 2). Under the present aerobic

RI
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Fig. 5 GPC profiles of (a) PMMA before grinding, (b) PMMA after
grinding and (c) a mixture of PMMA and DAE-OMe/OMe after grinding
(THF).
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Scheme 2 Plausible mechanism for the reaction of DAE derivatives
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milling conditions, polymer-derived mechanoradicals and/or
oxygen-trapped radical species may react with DAE derivatives
to generate oxygenated radical intermediates. Subsequent
radical processes, including oxygen addition, hydrogen
abstraction, and fragmentation of alkoxy-type intermediates,
are proposed to lead to the formation of the corresponding DAK
derivatives. In this fragmentation step, release of the DAK
product would concomitantly generate a polymer-end carbon-
centered radical, which is considered to be chemically analo-
gous to the initially formed mechanoradical and may therefore
participate in subsequent radical processes under the milling
conditions. A related fragmentation pathway, in which an
alkoxy-type intermediate gives a carbonyl product together with
a carbon-centered radical that undergoes further O, trapping
and radical transformations, has also been proposed in the
literature.'® At present, however, the experimental data do not
allow us to unambiguously identify the rate-determining step of
the overall mechanism.

Although mechanochemical reactions under solvent-free
conditions differ fundamentally from solution-phase reac-
tions, substituent effects analogous to those observed in solu-
tion are sometimes observed.*””** To evaluate the substrate
scope of the mechanoradical-mediated oxidative cleavage and
to obtain further mechanistic insights, the effect of aromatic
substituents on the reaction was investigated. A series of nine
DAE derivatives bearing electron-donating or electron-

withdrawing substituents at the para positions were
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Fig. 6 Chemical structures of the investigated DAE derivatives.
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synthesized, and their mechanochemical oxidative cleavage
reactions were examined (Fig. 6). To enable a clear discussion of
electronic effects, meta-substituted derivatives, for which the
electronic influence is diminished, as well as ortho-substituted
derivatives, which may introduce kinetic effects, were not
investigated in this study.
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Fig. 9 Conversion ratio of DAE derivatives to radical species calcu-
lated based on EPR measurements.

For all DAE derivatives, ball milling with PS resulted in the
formation of the corresponding DAK derivatives. These results
indicate that mechanoradical-mediated oxidative cleavage
proceeds regardless of the electronic nature of the substituents
(Fig. S37, S50-S57). The yields determined by "H NMR spec-
troscopy were below 35% for all substrates, and no systematic
trend associated with substituent effects was observed (Fig. 7).

EPR measurements after ball milling revealed radical signals
for all samples. All g values exceeded 2.004 and thus indicated
that these species were oxygen-centred radicals (Fig. 8). The
amount of generated radicals was comparable across most DAE
derivatives, and no clear substituent effect was observed,
consistent with the conversion data (Fig. 9).

Notably, the "H NMR spectra of the ground DAE derivatives
bearing electron-withdrawing substituents showed a character-
istic singlet at approximately 3.3 ppm, which could not be
assigned to the corresponding DAK products. In contrast, this
signal was absent for DAE derivatives without electron-
withdrawing substituents. Similar trends have been reported
previously for radical-mediated oxidation of aryl-substituted
1,1-disubstituted alkenes.”” Because protons on oxirane rings
are known to appear in this region, the newly observed signal
was tentatively assigned to a 2,2-diaryloxirane (DAO) structure.
To confirm this assignment, DAO derivatives were indepen-
dently synthesized.

Guided by reported Corey-Chaykovsky-type epoxidation
conditions,* the synthesis of three DAO derivatives bearing
aromatic substituents with different electronic properties (DAO-
CN/CN, DAO-Bu/Bu, and DAO-OMe/OMe) was examined to
evaluate their relative stability. Initially, the synthesis of DAO-CN/
CN bearing electron-withdrawing substituents on the aromatic
rings was carried out, affording the desired product in 87% iso-
lated yield. The "H NMR spectrum of the synthesized DAO-CN/
CN was in excellent agreement with that of the newly observed
unassigned signals in the spectrum obtained after grinding
a mixture of DAE-CN/CN and PS. These results demonstrate that
the mechanoradical-mediated oxidative cleavage of DAE deriva-
tives bearing electron-withdrawing substituents affords the cor-
responding oxiranes in addition to ketones (Fig. 10).

Epoxidation of DAE-‘Bu/‘Bu bearing moderately electron-
donating substituents gave peaks attributable to DAO-‘Bu/‘Bu
in the *H NMR spectrum of the crude product. However, upon
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Fig.10 H NMR spectra of (a) DAO-CN/CN and (b) a mixture of PS and
DAE-CN/CN after grinding (CDCls, 500 MHz).

standing as a solid powder under ambient conditions for 5 h,
the signals of DAO-“Bu/'Bu disappeared, accompanied by an
increase in spectral complexity in the aromatic region (Fig. 11).
Similarly, for the ball-milled mixture of DAE-‘Bu/’Bu and PS,
a characteristic signal attributable to DAO-‘Bu/’Bu was initially
observed at 3.27 ppm immediately after milling, but it di-
sappeared within several hours (Fig. S58).

Furthermore, the "H NMR spectrum of the crude product
obtained from the Corey-Chaykovsky reaction of DAE-OMe/
OMe showed no signals in the 3.0-3.5 ppm region characteristic
of epoxy groups, indicating that DAO-OMe/OMe was not
produced (Fig. 12). As observed for the crude product with ‘Bu
groups, the aromatic region of the spectrum became more
complex. These results suggest that DAO derivatives bearing
electron-donating substituents are thermodynamically unstable
and that the stability of DAO derivatives is strongly influenced
by the electronic nature of the oxirane ring.

The relationship between the chemical shift of the B-carbon
of DAE derivatives and the formation and persistence of DAO
derivatives determined by "H NMR spectroscopy after ball
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Fig. 11 'H NMR spectra of (a) the crude products of the Corey—
Chaykovsky reaction with DAO-'Bu/'Bu and (b) the crude products left
for 5 h (CDCls, 500 MHz).
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Fig. 12 'H NMR spectrum of the crude products of the Corey-
Chaykovsky reaction of DAE-OMe/OMe (CDCls, 500 MHz).

milling is summarized in Table 2 (Fig. S58). DAE derivatives
with an electron-rich B-carbon (6 = 112.58 ppm) showed no
detectable DAO-derived signals after ball milling with PS. DAE
derivatives with a B-carbon of intermediate electron density (6 =
112.95-113.49 ppm) exhibited transient DAO signals that di-
sappeared within several hours. In contrast, for DAE derivatives
with an electron-poor B-carbon (6 = 114.48 ppm), DAO-derived
signals remained detectable even several hours after milling.
These results further support that DAO derivatives are increas-
ingly stabilized as the electron density of the oxirane ring
decreases.

Previous studies have proposed radical-mediated pathways
in which DAO derivatives serve as intermediates en route to
DAK formation during oxidative cleavage of DAE derivatives.**
To examine whether such a pathway also operates under
mechanochemical conditions, the reactivity of DAO-CN/CN,
a thermodynamically stable DAO derivative, with mechanor-
adicals was investigated.

Ball milling of DAO-CN/CN alone resulted in no significant
changes in the "H NMR spectrum (Fig. $62). Furthermore, ball
milling of a mixture of DAO-CN/CN and PS also produced no
appreciable changes in the spectrum (Fig. S60). These results
indicate that, at least for DAO derivatives bearing electron-
withdrawing substituents, conversion from DAO to DAK via
mechanoradical-mediated pathways does not occur.

On the basis of all the findings obtained, a plausible pathway
for DAO formation during the mechanoradical-mediated
oxidation of DAE derivatives is proposed as shown in Scheme
3. In analogy with literature precedents for peroxyl-radical-
mediated alkene oxidation, oxygenated radical intermediates
generated under the aerobic mechanochemical conditions may
react with DAE derivatives to form peroxide-type intermediates,
from which DAO derivatives may be produced. Earlier gas-phase
studies proposed epoxide formation as a major outcome of
peroxyl-radical addition to alkenes, whereas a more recent study
under atmospheric conditions suggests that non-epoxide
pathways can also operate, depending on the reaction
conditions.***

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Oxirane generation immediately after grinding and approximately 3 hours later®

R' OMe SMe H ‘Bu SMe CF, Ac Ac CN

R* OMe OMe OMe ‘Bu SMe OMe OMe Ac CN
6/ppm 111.67 112.58 112.95 113.16 113.49 114.48 114.62 117.61 118.54
Right after grinding - — + + + + + + +

3 hours later — - - - — + + + +

“ + indicates detected; — indicates not detected.
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Scheme 3 Plausible mechanism for the mechanoradical-mediated
formation of DAO derivatives.

Mechanoradical

Accordingly, DAO formation in the present system may
proceed through peroxide- and/or alkoxy-radical pathways
under mechanochemical conditions. Importantly, our control
experiments indicate that stable DAO derivatives are unlikely to
act as obligatory intermediates in the formation of DAK under
the present conditions. Instead, DAO and DAK are more plau-
sibly formed through divergent pathways from common
oxygenated radical intermediates.

Conclusions

In summary, we have demonstrated that polymer-derived
mechanoradicals generated by chain scission can serve as
effective initiators for the oxidative cleavage of 1,1-disubstituted
alkenes using molecular oxygen as the oxidant. Ball milling of
PS in the presence of DAE derivatives led to polymer chain
cleavage accompanied by the formation of DAK derivatives, the
oxidative cleavage products of DAE. EPR spectroscopy revealed
the formation of oxygen-centered radicals, suggesting a reaction
pathway in which polymer-derived mechanoradicals initially
add to DAE derivatives, followed by reaction with atmospheric
oxygen during the oxidative cleavage.

Investigation using PMMA further demonstrated that
mechanoradical-mediated oxidative cleavage proceeds regard-
less of the polymer identity, while indicating that the amount of
generated mechanoradicals influences the overall reaction
efficiency. Moreover, GPC analysis using UV detection revealed
that mechanoradicals can be partially incorporated into

© 2026 The Author(s). Published by the Royal Society of Chemistry

polymer chains via addition of the mechanoradical to DAE
derivatives.

Collectively, these results demonstrate that polymer-derived
mechanoradicals can trigger oxidative transformations of DAE
derivatives through radical addition processes and serve as an
effective tool for probing radical oxidation mechanisms in the
solid state. This work establishes a versatile platform for
elucidating elementary steps of radical reactions using solid-
state mechanochemistry and is expected to contribute to the
future development of mechanochemical reaction control and
mechanistic analysis.
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