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Summary

Current approaches to the discovery of mechanochemical reactions in polymers are limited by the
interconnection of the zero-force and force-modified potential energy surfaces, since most
mechanochemical reactions are force-biased thermal reactions. Here, carbamoyloximes are developed
as a mechanophore class in which the mechanochemical reaction rates counterintuitively increase
together with the thermal stability. All carbamoyloxime mechanophores undergo force-induced
homolytic bond scission at the N-O bond and their mechanochemical scission rate increases with the
degree of substitution on the a-substituent. Yet, carbamoylaldoximes react to both heat and light with a
pericyclic syn elimination while carbamoylketoximes undergo thermal decomposition at high
temperature and photochemical homolytic scission only from the triplet state. Thereby, the

mechanochemical and thermal reaction trajectories are separated and the thermal stability increases
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alongside the mechanochemical reaction kinetics. This approach may play an important role in the future

of systematic mechanochemical reaction discovery.
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Introduction

The application of extensional strain to a polymer ultimately leads to random covalent backbone scission
in the chain segment with the highest mechanical force concentration.! The selectivity of this process
can be increased by the incorporation of mechanochemically reactive predetermined breaking points,
so-called mechanophores,>® as well as by the choice of polymer architecture.*> The conception of
mechanophores has led to exciting applications, for example in force sensing®'® and force-activated
chemical reactivity.'**° Fundamentally, a mechanophore must have a smaller ultimate strength than the
macromolecular backbone in the material under investigation. Engineering of its mechanochemical
reactivity is hence necessary, but not straightforward, since intuitive molecular design guidelines for
mechanochemistry are underdeveloped.?! Since mechanochemical reactions are force-biased thermal
reactions,?? the mechanochemical and thermal reactivity are generally interconnected. Several examples
have been reported where the mechanochemical reaction has been shown to proceed through an
alternative, pseudopericyclic, and Woodward-Hoffmann-forbidden pathway and leads to reactivities or
product distributions that are unobtainable by the concurrent thermal reaction.”*! Yet, for non-
pericyclic mechanochemical reactions the dilemma remains where mechanophores are conceived by
making them thermally labile. This hampers their successful application due to an accordingly restrictive
processing parameter space.*>** In a notable example, Otsuka and coworkers have reported the thermal
stabilization under retention of the mechanophore character.’* However, a concomitant increase of
scission rate and thermal stability at the same time has never been achieved.

Recently, we have reported carbamoyloximes as a new mechanophore class to protect latent amines.*

We have shown that carbamoylaldoximes undergo force-induced homolytic bond scission at the N—O
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oxime bond where one chain fragment radical decarboxylates to yield the free amine and the other forms
a nitrile (Figure 1, AO pathway). We hypothesize that the introduction of alkyl substituents R in the a-
position of the oxime moiety may affect its mechanochemical reactivity twofold: (i) steric perturbation
and elongation of the oxime bond and (ii) electronic stabilization of the mechanochemically formed
iminyl radical by hyperconjugation.*® We speculate that both effects will increase the mechanochemical

reactivity of the carbamoyloxime motif by lowering the necessary activation energy E..

o/’ O,’ O// O’/
o} o
JJ\ —»F Jk —_—
~ N ~ N ~ O,
o NT 07 ~o NT ot TS —= o NH +N// o TN
R R R

R =H (AO), Me (MKO), carbamoyloxyl radical iminyl radical R=H R = Me,
stabilized by R

Figure 1. Force-induced homolytic scission of carbamoyloximes at the N—O bond. The product distribution as well as
thermal, photochemical, and mechanochemical reactivity depend on the a-substituent R. Dashed bonds indicate connection
points to the polymer architecture.

Here we show that these carbamoylketoximes undergo force-induced N-O scission just as
carbamoylaldoximes, but afford a final ketone due a different radical pathway (Figure 1, MKO and
TKO pathways). We demonstrate that carbamoylketoximes show increased mechanochemical reaction
rates compared to their aldoxime counterparts and that this rate increase correlates with the degree of
substitution on the a-substituent R. Surprisingly, we find that the thermal and photochemical stabilities
of carbamoyloximes increase as well with the introduction of the a-substituent, suggesting diverging
reaction trajectories on the zero-force and on the force-modified potential energy surface, which we
uncover using combined experimental and computational techniques. Thereby, we present a
counterintuitive example of a non-pericyclic mechanophore class where both mechanochemical reaction
rate and thermal stability increase together, which may serve as a mechanistic example for future

systematic mechanophore discoveries.
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Results and discussion

Syntheses of mechanophores and polymers

The carbamoyloxime mechanophores were prepared following an adapted protocol established by us
before’ and the synthesis is detailed in the Supplemental Information (Figure S1). Briefly, a
carbamoylimidazolinium salt was reacted with the corresponding oximes to obtain the diol precursors
of the aldoxime (AQ, R = H), the methylketoxime (MKO, R = Me), and the #-butylketoxime (TKO, R
= fBu). Importantly, all carbamoyloximes showed well-distinguishable '"H NMR spectra (Figure S16,
S22, and S36) facilitating the observation of their reaction conversions. Subsequently, the diols were
incorporated into the center of linear poly(methyl acrylate) (PMA) chains by esterification to the
bifunctional initiator and subsequent telechelic Cu’-mediated controlled radical polymerization yielding
the corresponding polymers PAO, PMKO, and PTKO each in five different molar masses M, (Table

S1).

Mechanochemical reactivities

Initially, density functional theory (DFT)*"* computations using the COnstrained Geometries simulate
External Force (COGEF)*# method at the B3LYP/6-31G(d) level of theory,** followed by
calculations of the restoring force at the geometries immediately before dissociation of the molecule,
were performed to evaluate the mechanochemical reactivity of the carbamoyloximes (Figure 2A). We
found that an increasing degree of substitution on R led to a decreasing scission force with (typically by
COGEF overestimated)* Fnax of 5.55nN, 5.22 nN, and 4.55 nN in THF on respectively truncated
versions of AOQ, MKO, and TKO (Figure S4A, Table S22), qualitatively underlining our initial
hypothesis. Variation of the solvent did not show notable qualitative deviations from this trend (Table
S22).

The mechanochemical selectivity of PAO was determined by us before to 42-66%, depending on the
sonication conditions and M,.* We hence ultrasonicated PMKO with M, = 103 kDa (PMKO3) in
solution using an immersion probe sonicator at 20 kHz (Figure 2B).* Variations in solvent, amplitude,
and mass concentration (Table S3) consistently confirmed the mechanochemical generation of the

ketone with selectivities of 44 to 57%, which was verified by the dedicated synthesis of a PMA-
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substituted ketone control compound. Identical experiments for PTK Oy, yicelded selectivities of 46 to
57% (Table S3). Polar solvents, and in particular H,O, equally accelerated the mechanochemical bond
scission for all carbamoyloximes, as would be expected due to stronger inertial cavitation.’>* The

product distributions and mechanochemical selectivities remained largely unaffected.?
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Figure 2. Mechanochemical scission of the carbamoyloxime mechanophores. (A) COGEF computations showing relative
energy increase upon stretching of AO, MKO, and TKO in the gas phase. (B) Reaction scheme and '"H NMR in CDCl3 excerpts
of the mechanochemical PMKO103 scission upon ultrasonication under varying amplitudes and solvents (Table S2 and S3,
entries 1-4) including a PMA-appended ketone control compound 23. (C) Comparative plot of the rate constants (calculated
according to the initial rates method)*” against the starting molar mass M start for every sonicated sample of PAO, PMKO, and
PTKO. Mean values + SD from the mean. N = 2 independent sonications.

The apparent mechanochemical scission rate constants k., were then measured by sonicating the three
carbamoyloxime derivative polymers at five different M, each in duplicate in dilute THF solutions using
pulsed ultrasonication (1 s on, 1 s off, 2 to 8 °C, 30% amplitude, power intensity I» = 7.4 W-cm, Table
S1 and S4). Gel permeation chromatography (GPC) measurements before and after each sonication
allowed to plot ks, against the initial molar mass M, s (Figure 2C and Table S4,5). k., were
determined from the time-dependent attenuation of the GPC refractive index (RI) signal corresponding
to the initial polymer peak using the initial rates method.*”*® This method was selected since the
respective product formation was minimally affected by competing pathways (e.g., non-selective or

secondary scission) in the early stages of ultrasonication. These experiments unambiguously established
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the mechanophore character of the carbamoylketoximes and proved the reactivity trend

TKO>MKO>AO predicted by COGEF simulations.

Thermal stabilities

Subsequently, the thermal stabilities of the carbamoyloximes were investigated on the small molecule
diols at 90, 130, and 170 °C each for 24 h in DMSO-d¢ after which DMF was added as internal standard
for NMR measurements (Table S21). At 90 °C, AO was quantitatively converted to its corresponding
nitrile confirming previous observations (Figure 3A).*> MKO and TKO showed considerably higher
thermal stabilities and ketone formation was not observed.*” Both MKO and TKO were stable at 130 °C
and converted into an unidentifiable mixture of decomposition products at 170 °C (Figure 3B and C).
An in-depth kinetic analysis of the thermal conversion was conducted by Variable Temperature (VT)
NMR measurements obtaining the reactant concentrations through the integrals of the diagnostic peaks
in combination with DMF as internal standard. For AO conversion, both AO consumption and nitrile
formation expectedly followed first-order kinetics (Figure S3A, B, and C). Rate constants were
extracted at 90, 95, and 100 °C giving E, = 132 kJ mol™! using Arrhenius fitting (Figure S3D). Since
MKO and TKO were thermally stable and degraded non-specifically, their thermal E, could not be
determined. Carbamoylketoximes derived from secondary amines are not prone to thermally dynamic
behavior, and hence this mechanistic interpretation was disregarded as an explanation.’®! Considering
the contrasting mechanochemical reactivity of the carbamoyloximes, these substantial deviations were
thus surprising and suggested that the homolytic mechanochemical reaction pathway deviated from the
thermal reaction pathway for AO.

To understand this behavior, we used DFT at the B3LYP/6-31G(d) level to calculate the zero-force E,
for the homolytic dissociation of the carbamoyloxime mechanophores along the N—O bond in different
solvents (Table S23). For the thermal dissociation in DMF, 139, 230, and 214 kJ mol! were found for
AO, MKO, and TKO. This trend was essentially also solvent-independent and reflected the
experimentally determined thermal stabilities — particularly comparing E. of AO scission with

139 kJ mol™!' determined by DFT and 132 kJ mol"! obtained experimentally. Overall, both experiment
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and computation suggested a counterintuitive increasing mechanochemical reaction rate with

simultaneous increasing thermal stability.
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Figure 3. Thermal reactivities of the carbamoyloxime mechanophores. Reaction schemes and 'H NMR in DMSO-ds
excerpts of the thermal small molecular carbamoylaldoxime degradation at different temperatures including the commercial
nitrile and ketone control compounds of (A) AO, (B) MKO, and (C) a TKO control compound. Every reaction entry is
indicated in Table S21.

Investigation of the reaction mechanisms

To unravel the origin of the observed effects, the dissociation mechanism of the carbamoyloxime
mechanophores was investigated with a series of intermediate trapping experiments (Figure 4A). First,
AO was heated to its dissociation temperature at 90 °C for 1 h in the presence of the spin trap 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) to scavenge and label any radical intermediates.’* Over the
course of the experiment, the nitrile formed expectedly but the DMPO concentration remained constant
and no indicative shifts in the "H NMR spectrum were discerned that hinted towards its reaction with a
radical intermediate (Figure 4B, Figure S8). In a parallel experiment, the photochemical AO scission
was investigated by irradiation of AO at 254 nm for 1 h in the presence of DMPO, which also cleanly
produced the nitrile but did not reveal any trapped radicals.

With the indication that both thermal and photochemical AO scission might be non-homolytic, we
revisited zero-force DFT calculations and performed a potential energy surface scan of the N-O
stretching coordinate. Surprisingly, we found that thermal N-O bond rupture of AO led to a

rearrangement reaction that included an H-transfer from C to O (Figure 4C). The N—O bond PES scan
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showed that the dihedral angle (C—O-N-C) decreased from 174 to 90 ° (Figure S5A), which led the
molecule through a 6-membered transition state during the N—-O bond rupture and H transfer from C to
0.

Taking into account the findings of experiment and computation, we considered a pericyclic syn
elimination featuring a 6-membered transition state (Figure 4A) as a plausible reaction mechanism.
Such an E; mechanism was reported before for the preparative conversion of aldehydes into nitriles
using oximes®® underscoring our hypothesis. Notably, the E; pathway yielded products identical to the

homolytic scission under mechanochemical conditions.
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Figure 4. Thermal and photochemical reaction pathways of AO in the presence of DMPO. (A) Reaction scheme including
proposed pericyclic syn elimination. (B) DMPO; irradiated AO and DMPO for 1 h; heated AO and DMPO for 1 h; and pristine
AOQO recorded in DMSO-ds. (C) Computational PES scan indicating rearrangement with H-transfer from C to O at E. =
139 kJ-mol! (in DMF).

Since the carbamoylketoximes were thermally stable and only showed non-specific degradation upon
heating at 170 °C, we deemed an investigation of the thermal reaction pathway futile and hence
proceeded with comparative photochemical experiments. Carbamoylketoximes are prominent

49-34 yet require the addition of a triplet sensitizer since the

photobase generators to uncage latent amines,
photochemical N-O scission occurs from the T} state.>>> MKO was therefore irradiated at 254 nm for
1 h in the presence of DMPO with and without the addition of the typically used photosensitizer 4-
methoxyacetophenone (MAP, Figure 5A). While irradiation of AO with light in the presence of DMPO
yielded the expected nitrile without the consumption of the spin trap (Figure 4B), the depletion of

DMPO at 6.80 ppm was observed for the irradiation of MKO (Figure 5B). This underscored the

pericyclic character of the aldoxime photoreaction and the homolytic character of the ketoxime
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photoreaction. The aromatic protons of MKO showed a small shift after trapping and overlapped with
two peaks around 7.4 ppm resulting from incomplete trapping in 1 h in the absence of MAP. MKO
photolysis was greatly accelerated by MAP, emphasizing the scission from the T, state (Figure S8 and
S9).

Computational multireference simulations supported these experiments. Using the Complete Active
Space Self-Consistent Field (CASSCF) approach, we found that the T state was stabilized during N-O
bond rupture induced by end-to-end stretching of MKO and TKO (Figure S6). This observation was
further underpinned using the Spin-Flip TD-DFT® approach to calculate the number of unpaired
electrons, which transitioned from zero to two upon bond rupture (Figure S7). This finding plausibly
explained the thermal stability of the N—O bond in the ketoxime derivatives, since (i) direct access to
the reactive T, state is spin forbidden and (ii) the E; mechanism cannot proceed as it involves the transfer

of a proton, which is replaced with R = Me or /Bu in the ketoximes.

- J UL
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Figure 5. Thermal and photochemical reaction pathways of MKO in the presence of DMPO and MAP. (A) Reaction
scheme (focusing exclusively on the NMR-observable potential products). (B) DMPO; irradiated MKO, DMPO, and MAP for
1 h; irradiated MKO and DMPO for 1 h; pristine MKO recorded in CDCls.

Conclusion

We have shown the development of carbamoyloximes as a mechanophore class in which the
mechanochemical reaction rates counterintuitively increase alongside the thermal and photochemical
stabilities (Figure 6). All carbamoyloxime mechanophores undergo homolytic bond scission under

mechanochemical conditions and their mechanochemical reaction rates increase with the degree of
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substitution on the oa-substituent, likely because of the destabilization of the N-O bond and the
stabilization of the formed iminyl radical by hyperconjugation.

Surprisingly, the mechanochemical reaction pathway diverges considerably from its thermal and
photochemical counterparts. For carbamoylaldoximes, both heat and light induce a pericyclic syn
elimination, thereby significantly decrease the activation energy, and subsequently render these
mechanophores thermally and photochemically labile. For carbamoylketoximes, this pathway is not
accessible and homolytic bond scission at the N-O bond dominates, although only from the T; state.
The inaccessibility of both the E; mechanism and the spin forbidden T, excitation plausibly explain the
high thermal and photochemical stability of the carbamoylketoxime mechanophores.

Current approaches to mechanophore discovery are limited by the interconnection of the zero-force and
force-modified reaction trajectories, since both are oftentimes identical or entangled. Here we provided
an example where the mechanochemical and thermal reaction pathways diverge, hence increasing
mechanochemical scission rate and thermal stability at the same time. Such mechanistic considerations

may play an important role in the future of systematic mechanophore discovery.
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Figure 6. Summarizing scheme of the possible reaction mechanisms of carbamoyloximes. While all carbamoyloximes
cleave homolytically under mechanochemical conditions, only the carbamoylaldoximes (AO) undergo a pericyclic syn
elimination under heat and light. Concurrently, carbamoylketoximes (MKO and TKO) are thermally and photochemically
stable while showing increased mechanochemical reaction rates.
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Data availability

All data of this study are documented within the manuscript and its Supplemental Information and are

publicly available in Zenodo at https://doi.org/10.5281/zenodo.10226890.
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