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Mechanochemical generation of nitrogen-centred
radicals for the formation of tertiary amines in
polymersT
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Force-activated functional groups in polymers may inform the design of future smart materials in which
mechanical events trigger productive chemistry. The availability of such mechanochemically active tools
(mechanophores) is perpetually increasing, but the limited understanding of mechanochemical reactivity
complicates the identification of new molecular motifs that render reactive groups accessible by force.
Here, we expand the chemical scope of our previously reported carbamoyloxime mechanophore motif
from latent secondary to tertiary amines by harnessing the reactivity of transient nitrogen-centred
radicals formed in the mechanochemical reaction pathway. Carbamoyloximes are modified with an N-
pentenyl substituent which undergoes a consecutive intramolecular 5-exo-trig ring-closing reaction with
an aminyl radical generated upon force-induced homolytic scission of the mechanophore, thereby
enabling the hitherto unexplored mechanochemical activation of latent tertiary amines. We therefore
show that carbamoyloxime mechanophores are nitrogen-centred mechanoradical generators expanding
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Introduction

Mechanophores introduce latent functionality in polymers and
can be activated on demand by mechanical force." Thereby, they
convert molecular bond scission into programmed productive
responses.”® For example, mechanophores have enabled force-
induced polymerizations,”® the optical detection of force-
induced events,>'® mechanochemical recycling,"** and sono-
pharmacology,'*'* which motivates underlying fundamental
research on new derivatives.

To date, the activation or release of a variety of chemical
functionalities has been reported including acids,>™” active
metal centres,'®>* carbenes,” and persistent radicals.”***
However, the discovery of new force-accessible functional
groups remains complicated due to a limited understanding of
mechanochemical reactivity.”®*” Consecutive cascade reactions
of mechanochemically generated transient species are hence
a plausible strategy to increase the accessible chemical space
using available mechanophores.* This has been demonstrated
for simple moieties, such as azo or disulfide bonds, which
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the chemical space of polymer mechanochemistry.

undergo homolytic cleavage under force.”>*® For example, the
highly reactive radical species resulting from azo bond cleavage
have been used for self-amplifying downstream processes, such
as polymerization and self-immolation,*-** or sonopharmacol-
ogy.** Disulfide breakage, on the other hand, generates a thiyl
radical and subsequently a thiol whose nucleophilic character
has been used to induce intramolecular cyclization reactions,
for payload release from carbonates and carbamates.***

Other concepts have been developed to enable the mecha-
nochemical activation of primary amines through hydrolysis of
imine functions generated from aziridines®” or through the
release of small molecules from latent carbamates.>®***
Moreover, we have recently achieved the activation of a chemi-
cally useful secondary amine using carbamoyloxime mechano-
phores.*> While latent mechanoresponsive primary and
secondary amines for the incorporation into polymers are thus
available, tertiary amines are still lacking despite their broad
use as organic bases or organocatalysts for polymer-related
applications, such as the synthesis of epoxy resins,* poly-
urethanes,** or vitrimers.**

The underlying challenge of the mechanochemical activa-
tion of latent tertiary amines is the requisite mechanophore
bond scission. Therefore, generating tertiary amines by simply
using one of the established pathways for mechanochemical
amine generation with an adjusted number of N-substituents is
either not possible in the case of the aziridine mechanophore
given the hydrolysis step that furnishes the amine, or would
correspond to a hypothetical carbamate of a quaternary
ammonium ion, which does not exist.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Mechanochemical activation and subsequent 5-exo-trig cyclization of modified carbamoyloxime mechanophore for the generation
of a tertiary amine. Dashed bonds signify attachment points to the polymer structure. The initially broken covalent bond is shown in pink.

Here, we demonstrate the mechanochemical activation of
a latent tertiary amine through a reaction pathway of a suitably
modified carbamoyloxime mechanophore. Therefore, we exploit
the formation of reactive transient nitrogen-centred radicals to
enable a consecutive intramolecular ring-closing reaction
(Scheme 1). The mechanochemical reaction pathway of carba-
moyloximes has been investigated by us previously.*>*® Over-
stretching induces homolytic N-O bond scission, which on the
one side produces an iminyl radical that reacts to an imine
function and subsequently hydrolyzes to a ketone if the a-
substituent is not H. The transient carbamoyloxyl radical formed
on the other side decarboxylates to give an aminyl radical, which
can take up an H-atom to afford a secondary amine. Nitrogen-
centred radical species are considered versatile synthons for
the construction of N-heterocycles due to their reactivity toward
spZ-systerns, yielding, e.g., lactams, pyridines, quinolines, or
pyrrolidines.*”** One important pathway toward nitrogen-
containing cyclic moieties are intramolecular ring-closing reac-
tions yielding the kinetically preferred exo-product.** The reac-
tion rate hereby depends on the nucleophilicity of the respective
nitrogen-centred radical, which in the case of aminyl radicals
leads to a significant increase in reaction rate for the protonated
aminium radical.*”** Additionally, hydrogen atom donors (HAD)
can be employed to terminate the forming cyclic carbon radical
species, shifting the equilibrium to the product side.*”* Here, we
make use of the aminyl radical species formed upon activation of
the carbamoyloxime mechanophore for a consecutive intra-
molecular 5-exo-trig ring-closing reaction,” thereby demon-
strating the unprecedented mechanochemical activation of
latent tertiary amines in polymers.

Results and discussion

Key structural modification to enable the targeted intra-
molecular 5-exo-trig cyclization was the incorporation of an N-
pentenyl substituent. The recently established carbamoyl
methylketoxime (MKO) mechanophore derivative was chosen
given its superior mechanochemical kinetics as well as thermal
and UV resistance and facile synthesis (Scheme 2).** Reductive
amination of protected 4-(hydroxymethyl) benzaldehyde 1 fur-
nished secondary amine 2, from which the synthesis was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of N-pentenyl-substituted carbamoyl methyl-
ketoxime incorporated in linear PMA. (i) 4-Pentenylamine, MeOH, N,,
rt., 3 h. (i) NaBHy4, N, 0 °C tor.t., 30 min. (iii) CDI, EtsN, THF, N5, 60 °C,
overnight. (iv) TBAF, THF, N5, O °C to r.t., 30 min. (v) Mel, EtzN, MeCN,
Ny, r.t.,, 36 h. (vi) EtsN, MeCN, Ny, r.t., overnight. (vii) e-Bromo isobutyryl
bromide, EtsN, THF, N,, 0 °C to r.t., overnight. (viii) Methyl acrylate,
Cu®, CuBr,, MegTREN, Ar, r.t., 6 h.

carried out analogously to the established procedure for MKO.
Carbamoylating the amine function of 2 wusing carbon-
yldiimidazole (CDI), followed by deprotection of the hydroxyl
group and methylation of the imidazole rendered the carbamoyl
imidazolinium salt 3 susceptible to coupling with ketoxime 4,
thus affording the carbamoyl methylketoxime diol 5. Cu’-
mediated controlled radical polymerization was used to incor-
porate 5 into the centre of linear poly(methyl acrylate) (PMA)
chains, yielding the polymer 6 (M,, = 90 kDa, D), = 1.3). The
thermal stability of 5 was assessed by "H NMR in DMSO-d, at
130 °C for 24 h (Fig. S2t), found to correspond to the heat
tolerance of unmodified MKO, and thus remained unaffected by
the structural changes.

Subsequently, we analyzed the mechanochemical scission
kinetics of 6. Despite introducing the N-pentenyl substituent in
a location distant to the initial mechanochemical bond scission
site, we evaluated potential deviations between the N-O bond of
MKO and 6. Therefore, we performed CoGEF>**** simulations
which qualitatively suggested a probable activation of the tar-
geted N-O bond (Fig. S1t).
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Fig. 1 Mechanochemical activation after US (20 kHz, 30% amplitude,
1:1s pulse, 30 min) of (a) 6 in comparison to (b) pristine PMA without
mechanophore (M, = 88 kDa, Dy = 1.3). MMDs obtained by gel
permeation chromatography (GPC) with refractive index detector in
THF relative to a PMMA standard.

Furthermore, we successfully verified the accelerated bond
scission of 6 subjected to ultrasound (yielding US-6) using an
immersion probe sonicator at 20 kHz. We compared the
apparent scission rate to pristine PMA (Fig. 1) and determined
an average mechanochemical selectivity of bond scission of
40% (Table S41), which is comparable to our previously re-
ported carbamoyloxime mechanophores.*>*

The molar mass distribution (MMD) of 6 showed a shoulder
toward higher M which could possibly arise from bimolecular
termination during the polymerization. However, the same
shoulder appeared in all MMDs obtained after repeating the
polymerization of 6 (Fig. S40t1). We therefore suspected the
fractional incorporation of the N-pentenyl substituent double
bond. This was further supported by the uniform MMD of
a control carbamoyloxime mechanophore polymer ¢6 that
featured an aliphatic N-substituent (Fig. S287). This issue could
potentially be resolved by identification of a monomer that
would undergo stronger ideal, non-azeotropic copolymerization
with the pentenyl moiety. Since, however, the monomer choice
was limited to ensure efficient force transmission during
ultrasonication®* and the loss of the double bond was not
within the detectable range of "H NMR analysis (Fig. $397), we
considered the amount of incorporated double bond to have
a negligible impact.

We then investigated the targeted 5-exo-trig cyclization upon
activation of 6 by US. As described above, addition of a weak
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acid enhanced the reactivity by protonating the aminyl radical
and a suitable HAD trapped the ring-closed carbon radical 10
(Scheme 3a). Ultrasonication of 6 was therefore carried out in
different conditions: without the addition of additives (Table 1,
entries 1a-c), in presence of malonic acid (A, Table 1, entries 2a-
¢), and in presence of A and 1-4 cyclohexadiene (CHD) as HAD
(Table 1, entries 3a—c). Each experiment was analyzed by GPC
and '"H NMR spectroscopy and the overall fraction of polymer
chain scission f, the chain scission selectivity for mechanophore
activation S, the fraction of activated mechanophore x,., and
the fractional decrease of the N-pentenyl double bond in the
formed products x4 were determined (Tables 1, S4, and S57). To
exclude any potential uncontrolled chemical transformation or
degradation of the mechanophore, specifically, the N-pentenyl
double bond, in the presence of A and CHD during ultra-
sonication, we verified the stability of the small molecule 5
toward acidic environment (Fig. S31) as well as during ultra-
sonication of pristine PMA in the presence of A and CHD
(Fig. S5t).4%%°

Considering the reaction pathway of the (protonated) aminyl
radical 8, two scenarios were possible: (i) cyclization and
formation of the tertiary amine 11. (ii) No cyclization yielding
the secondary amine 9. Other cyclization modes using aminyl or

Table 1 Fraction of scission f, selectivity S of the mechanochemical
reaction, overall fraction of activated mechanophore x,., and frac-
tional decrease of the double bond xg4

Entry Reactants Vi S“b1% Xact” xg”
la 6 1.58 29 0.46 0.45
2a 6+A 1.36 31 0.42 0.77
3a 6 + A+ HAD 1.09 36 0.40 0.99
1b 6 0.99 33 0.33 0.48
2b 6+A 1.04 38 0.40 0.81
3b 6 + A+ HAD 1.14 43 0.50 1.13
1c€ 6 0.78 45 0.35 0.64
2¢¢ 6+A 0.87 50 0.44 0.93
3c¢ 6 + A+ HAD 0.91 49 0.45 1.10
3d° ¢6 + A + HAD + olefin 0.76 42 0.35 0

“ Determined by GPC. ” Determined by "H NMR. ¢ NMR spectra shown
in Fig. 3.

TOOFE e

2 c6 +
1 R

F A, HAD, MeCN

%

(@) Mechanochemical reaction pathways of 6 in presence of A and HAD. Secondary amines formed during the reaction were

visualized through the selective labelling with RhBITC after workup. (b) Mechanochemical activation of control carbamoylketoxime c6 lacking

vinyl functionality for cyclization with added vinyl control.
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aminium radicals are kinetically unlikely.**® Evaluating the
products of this reaction thus posed a challenge as it required
the differentiation between a chain-terminal secondary and
tertiary amine. We employed Rhodamine B isothiocyanate
(RhBITC) as selective labelling agent for secondary amines
being unreactive towards tertiary amines® (Fig. S77) to treat 6
after US (Scheme 3a). This allowed to compare the fraction of
secondary amine formed in different reaction conditions.

Comparing the relative UV absorption by GPC of RhBITC-
treated US-6 with and without addition of A and HAD, respec-
tively, elucidated the influence of cyclization-promoting addi-
tives on the amount of formed secondary amine 9 during the
mechanochemical reaction. US-6 was washed with 1 M aqueous
NaOH solution prior to the reaction with RhBITC to receive
amines instead of ammonium salts formed due to the presence
of A during sonication, and a threefold determination was
performed (Fig. 2). Addition of A decreased the degree of
functionalization with RhB and even more so when HAD was
added, indicating diminished competing formation of
secondary amines in reaction conditions favorable for the 5-exo-
trig cyclization.

Direct analysis of 11 by *"H NMR via the 2-methylpyrrolidine
moiety that could be distinguished from the signals of 9 was
hampered due to overlapping polymer backbone signals.
Tertiary amine formation could however be estimated from
diagnostic changes in observable signals of carbamoyloxime
moieties before and after mechanochemical activation. Fig. 3a
shows the included aromatic protons of starting material 6, the
iminyl pathway products (imine and ketone function)
accounting for the amount of activated 6, and the vinylic proton
of the N-pentenyl substituent, for which the chemical shift was
the same before (6) and after (9) mechanophore cleavage
(Fig. S367), unless the double bond was consumed during
cyclization.

To ensure that the double bond only reacted during cycli-
zation, a control mechanophore ¢6 with N-alkyl substituent to
prevent intramolecular ring-closing was incorporated into
linear PMA (Scheme 3b) and ultrasonicated in cyclization-
promoting conditions along with a small molecule vinyl
control (Table 1, entry 3d). After sonication, the double bond of

— 1c

24 26 28 30
v, /mL

24 26 28 30
V. /mL

24 26 28 30
V. /mL
Fig.2 (a—c) GPC elugrams in THF with UV-vis detector of 9-RhB after
sonication in triplicate with different additives. Annotations in the
legends of the graphs are referenced to the entries in Table 1.
Absorption was normalized and corrected by the fraction of activated
mechanophore Xgct.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Mechanochemistry

d US-6 +A
5
s
e — US-6 + A + HAD

7,9 78 77 58 57 5,6

S/ ppm

Fig. 3 'H NMR analysis of the mechanochemical reaction of 6. (a)
Scheme denoting all measured protons. From top to bottom *H NMR
spectra corresponding to (b) starting material 6, (c) US-6 (Table 1, entry
1c), (d) US-6 + A (Table 1, entry 2c), (e) US-6 + A + HD (Table 1, entry
3c), and (f) control US-c6 (Table 1, entry 3d).

the vinyl control was found unaltered, indicating absence of
a competing intermolecular reaction (Fig. 3f). Thus, the intra-
molecular 5-exo-trig cyclization for ultrasonicated 6 could be
monitored by the decrease of the vinylic proton signal of the N-
pentenyl substituent. Upon ring-closing, the double bond
would react to tertiary amine 11 and the corresponding vinylic
proton signal therefore would disappear, whereas if no cycli-
zation would take place, secondary amine 9 would form, and the
signal would remain unchanged. The decrease of the double
bond upon mechanochemical activation was therefore quanti-
fied by "H NMR (Table 1) using the signal integrals of remaining
starting material 6 (Fig. 3, Hp), products from the iminyl
pathway (H and Hy), and double bond signal (H,).

The decrease of the double bond followed the expected
reactivity trend of the 5-exo-trig cyclization: no additives < A <A
+ HAD (Table 1), which was in accordance with and reinforced
the results of the previous RhBITC-labelling experiment. The
measured values x4 > 1 were attributed to the limited sensitivity

RSC Mechanochem., 2025, 2, 240-245 | 243
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and resolution of NMR measurements toward polymer end
groups and suggested a slight general overestimation of the
determined values. However, the qualitatively observed overall
reactivity trend was validated with the consistent threefold
determinations which yielded significantly differing x4
depending on the employed reaction conditions. Since the
control experiments excluded significant side reactions in
which the double bond function was involved, its consumption
during irradiation with US was plausibly traced back to
mechanochemically induced ring-closing, yielding 11 as tertiary
amine.

Conclusions

Carbamoyloxime mechanophores undergo force-induced
homolytic cleavage at the N-O bond, which triggers a radical
cascade culminating in the formation of secondary amine on
the one side, and nitrile, imine, and ketone polymer end groups
on the other side. Here, we expanded the chemical scope of this
mechanophore class by using the transient nitrogen-centred
aminyl radicals to enable a consecutive 5-exo-trig cyclization
reaction for the mechanochemical, additive-supported activa-
tion of a latent tertiary amine. In the future, more accurate
tertiary amine-selective measurements may allow a more
detailed interpretation of the underlying mechanism. Never-
theless, the herein presented approach of exploiting carba-
moyloxime mechanophores as modifiable platform for
nitrogen-centred mechanoradical chemistry holds promise for
future research on the chemical versatility of this mechano-
phore class.
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