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Oxime metathesis: tuneable and versatile chemistry for
dynamic networks

In this manuscript we explore the use of oxime metathesis as
a versatile dynamic network in polymers. We discover that
polymers bearing oximes can be reprocessed under acid
catalysis while maintaining their structural integrity.
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Oxime chemistry has emerged as a versatile tool for use in a wide range of applications. In particular, the
combination of oximes with esters and urethanes has enabled the realisation of Covalent Adaptable
Networks (CANs) with improved and tunable dynamic properties. Nevertheless, an exclusively oxime-
based chemistry has not yet been explored in the fabrication of CANs. In this work, we investigate the

. 49t N ber 2023 mechanism of the acid-catalysed dynamic exchange of oximes. We propose a metathesis mechanism

eceived 9th November . . . . . s .

Accepted 28th December 2023 that is well supported by both experimental and computational studies, which highlight the importance
of the substituent effect on the exchange reaction kinetics. Then, as a proof of concept, we incorporate

DOI: 10.1039/d35c06011) oxime groups into a cross-linked polymeric material and demonstrate the ability of oxime-based
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Introduction

The term Dynamic Covalent Chemistry (DCC) refers to a variety
of reactions that involve covalent bonds that can be cleaved,
reformed or exchanged upon a given applied stimulus." This
enables the creation of dynamic chemical systems with a wide
range of potential applications such as drug delivery, molecular
machines, sensors and bioconjugation.”* The introduction of
DCC into polymeric materials has led to the development of
Covalent Adaptable Networks (CANs),>® which consist of cross-
linked structures bound through reversible covalent bonds. The
dynamic nature of the cross-linking points allows CANs to be
recyclable and reprocessable while keeping thermoset-like
mechanical properties.”®

To date, a large variety of dynamic reactions have been
explored to produce CANSs, including transesterification,’
transcarbamoylation,' disulfide exchange,'"'> Diels-Alder'
and imine exchange.* Imine chemistry in particular provides
a versatile method for the fabrication of dynamic networks."
Indeed, imine chemistry has been used to fabricate dynamic
networks from the reaction of amines and aldehydes, obtaining
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polymers to be reprocessed under acid catalysis while maintaining their structural integrity.

materials that are reshapable and reprocessable.'®'” However,
although the hydrolytic stability of imine bonds has been used
advantageously for the development of acid-degradable mate-
rials,® hydrolysis reactions are often a drawback when it comes
to the practical use of these systems.

Oximes have emerged as robust alternatives to imines or the
related hydrazones.'>*® Their enhanced kinetic and thermody-
namic stability is attributed to electronic contributions from the
delocalisation of the O- lone pair in the C=N bond.** For
example, direct evidence of the enhanced stability of oximes
over imines has been seen in polyethylene glycol-like poly-
mers.”> Whilst PEG-containing imine linkages suffered rapid
hydrolysis in aqueous buffer (pH = 7.4), the analogue PEG-
oxime degrades only 25% in 5 days.

Interestingly, the increased hydrolytic stability of oximes has
also been used for the preparation of dynamic hydrogels.>*>
For instance, Sumerlin and coworkers reported oxime-based
hydrogels obtained from a statistical keto-functional copol-
ymer of N,N-dimethylacrylamide (DMA) and diacetone acryl-
amide (DAA) reacted with functional alkoxyamines.”* The
resulting hydrogels were self-healable and stimuli-responsive.

In the search for more robust dynamic materials, oximes
have appeared in literature in combination with other chemis-
tries. For instance, the combination of oxime-type linkages in
ester, urethane and urea chemistries has allowed the prepara-
tion of poly(oxime-ester),*® poly(oxime-urethane)*” and poly(-
urea-oxime-urethane)s.?® In all cases the introduction of oxime
chemistry has allowed the materials to be reprocessed, even
without the addition of a catalyst.

It is well-known that imines undergo exchange through three
different competing reactions: imine metathesis, trans-
amination and imine formation/hydrolysis (Fig. 1).>° Due to the
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Fig. 1 Imine dynamic exchange mechanisms comprising metathesis,
transamination and hydrolysis. Acid-catalysed oxime metathesis
reaction presented herein.
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similar structural features of imines and oximes, in this work we
aim to investigate the metathesis of oximes as a potential
dynamic exchange mechanism which can be translated from
molecular reactions to polymeric materials. Thus, we will
consider equimolar systems relying on pure oximes, without
amine or free oxime excess.

Results and discussion

To understand the dynamic behaviour of oximes, we first
prepared a representative set of oxime ethers (3a-3i, Scheme 1)
starting from the corresponding aldehydes 1a-1g (ESI section,
Materials and methodsf).

We ran an initial set of reactions exploring the catalyst effect,
by choosing oximes 3b and 3¢ as model compounds (Fig. 2b and
S11). The equimolar reaction was conducted in bulk at 100 °C
and the progress was followed by "H-NMR spectroscopy using
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Schemel Chemicalstructures of the oxime-ethers synthesised in this
work.
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Fig.2 (a) Summary of the catalyst loading screening for 3b/3c and 3a/
3g oxime pairs. Kinetic plots of the metathesis reaction between (b) 3b
and 3c (EDG-EWG,) and (c) 3a and 3g (EDG-Neutral). p-TSA is used as
catalyst. 100% conversion refers to point when equilibrium is reached
and calculated from the integration of the H-NMR peaks of the
starting and product oxime protons.

10% of catalyst loading. We selected representative organo-
catalysts: 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as a strong
base, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as a dual nucle-
ophile and base catalyst and para-toluene sulfonic acid (pTSA)
as a strong acid. Methane sulfonic acid (MSA) was also included
for two main reasons: (1) MSA is anhydrous whilst pTSA is
monohydrate, so we could assess the influence of water in the
reaction and (2) it has a similar pK, as pTSA but is liquid which
would ease their further inclusion in resin for the polymer
synthesis.

The exchange reaction occurred only in the presence of
strong acids. As a representative example, Fig. S1 shows the
NMR spectra in the range 6.5-8.5 ppm recorded at 0, 15 and 120
minutes for the reaction between oxime 3b and 3c. At ¢t = 0 min,
the spectrum shows the characteristic singlets at 8.05 and
7.72 ppm of the oxime protons (-CH=N-0-) of the two starting
oxime-ethers, 3b and 3c. As the reaction progressed, two new
singlets appeared, at 8.11 and 7.66 ppm that are related to the
new oxime-ethers formed, 3a and 3d. The reaction reached
equilibrium after 120 minutes in the presence of 10% mol p-
TSA. Notably, from the analysis of the complete "H-NMR
spectra, only a small amount (<2% concerning the oxime-
ethers) of the corresponding aldehydes could be identified,
indicating that oxime-ethers are resistant to hydrolysis in the
employed conditions. In the selected oxime pair (3b, bearing an
electron donor group, EDG, and 3c bearing an electron with-
drawing group, EWG) equilibrium was reached after 2 h. When
decreasing the catalyst loading to 5% or 2.5%, more than 24 h
were needed to reach equilibrium, thus suggesting that the
reaction kinetics have a strong acid dependence (Fig. 2). When
considering a pair of oximes with different substituting groups
(3g, bearing a neutral -H group, and 3a, bearing an EDG),
equilibrium was rapidly reached even at low acid concentra-
tions, needing only 30 minutes in the case of 10% loading.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Given that equimolar reactions were run and that the pres-
ence of residual water or free oxime was negligible, these results
indicated two main features: (i) the reaction takes place only in
the presence of a strong acid catalyst and (ii) there is a signifi-
cant substituent effect in the reaction kinetics. Due to the
similarity between oxime and imine bonds, we initially
hypothesised that the reaction must proceed via metathesis and
could follow the same mechanism previously proposed for acid-
catalysed imine metathesis (Fig. 3a, and Scheme S1%).%**
Hence, we considered hydrolysis or excess of free oxime to have
a negligible impact in this study.

To support the above interpretation, we performed quantum
chemical calculations (using B3LYP with a Def2-TZVP basis set
and D3BJ dispersion correction) in the catalysed and non-
catalysed model reactions. Fig. 3b reports the (ZPE corrected)
Gibbs free energies as computed using the harmonic approxi-
mation and ideal gas thermodynamic statistics. The reaction
proceeds through two transition states (TS1 and TS2) and one
intermediate (INT). The relevant structures for the protonated
system are highlighted in boxes. The reactants transform into
the intermediate INT, passing through TS1. The energetic cost
is attributed to the loss of the two double C=N bonds. The
formation of the INT cyclic complex requires the formation of
two new C-N bonds; their formation is not concerted although
it takes place almost simultaneously and with no trace of
additional minima in the potential energy surface.

The path from INT toward the products follows an analogous
but reversed evolution. The overall thermodynamics of the
reaction is essentially isoergonic and this feature is indepen-
dent of the protonation state. Due to the ring strain of the 4-
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Fig. 3 (a) Proposed mechanism for the acid catalysed oxime

metathesis studied herein. (b) Gibbs free energies (B3LYP-D3BJ/Def2-
TZVP level) of the stationary points along the reactions path. The
yellow lines and data correspond to the protonated pathway; the grey
lines to the non-catalysed one. Insets correspond to the geometries of
the TS1, INT and TS2 at the B3LYP/Def2-TZVP level of the protonated
system.
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membered cycle, the cyclic intermediate INT is located at higher
energies compared to both the reactants and the products. Its
formation is destabilised by a significant negative entropic
contribution due to the nature of the condensation reaction
that brings its Gibbs free energy to 18 and 13 kcal mol ™" above
the reactants for the neutral and protonated systems, respec-
tively. In contrast with thermodynamics, the kinetics of the
reaction are clearly influenced by the protonation state. In the
neutral system, both barriers amount to nearly 70 kcal mol !,
a situation that would render the reaction almost impossible,
even under relatively energetic conditions. The weakening of
the C=N provided by the protonation of one nitrogen is suffi-
cient to bring both activation barriers down to slightly less than
30 kecal mol ™", thus making the proton a very effective catalyst
for the reaction.

Intrigued by the fast exchange observed in the model pair 3a/
3g, we extended the study to seven oxime pairs, as representa-
tives of the different combinations of EWG, EDG and neutral
substituent groups in the aromatic oximes. The results are
summarised in Fig. 4, S2-S4.f We found that the exchange
reaction kinetics varied substantially based on the nature of the
substituents (from 30 min to 6 h to reach the equilibrium).

Notably, EDGs promoted faster exchange reactions (ie.
30 min for 3f/3a pair) while the presence of EWGs led to longer
reaction times (3d/3i pair). We surmise that the changes in the
kinetics may be related to the stabilisation of the rate-
determining step of the proposed mechanism, which would

Oxime Substituents Time to reach
. -R4 R, -
pair nature equilibrium
3d/3i -NO, -CF3 EWG/EWG 6 hours
3d/3e -NO, -CN EWG/EWG 6 hours
3g/3d H -NO, \eutral/EWG 2 hours
3a/3d -NO, EDG/EWG 2 hours
3g/3h -H -Cl allEWG* 30 minutes
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Fig. 4 Substituent effect study for the acid-catalysed oxime metath-
esis (10% p-TSA loading). (Top panel) Time required to reach equilib-
rium in the oxime metathesis reaction, depending on the substituents
—R1and R2 (*Halides are both EWG and EDG. Here we are considering
EWG as predominant since it controls reactivity). (Bottom panel)
Kinetic plot calculated from the integration of the *H-NMR peaks of
the starting and product oxime protons. 100% conversion refers to
point when equilibrium is reached.
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imply the nucleophilic attack of the non-protonated oxime-
ether by the protonated one (Scheme S2t). When -R1 is an
EDG, the positive charge will be better stabilised, thus making
the oxime-ether protonation easier. Moreover, an EDG on the
non-protonated oxime-ether increases the nitrogen lone pair
availability, making it more nucleophilic, thus facilitating the
attack on the protonated oxime-ether. In contrast, an EWG
hinders the oxime-ether protonation and also reduces the
availability of the lone pair to act as a nucleophile, thus causing
a drop in the reaction rate. To further explore these hypotheses,
we conducted a computational study with two oxime couples
(including EDG and EWG substituents and varying the initial
protonation site) to determine the possible impact of substitu-
ents on the activation energies. The results, reported in Tables
S1, S5-S8,T evidence a clear difference in the activation ener-
gies, with the EDG/EDG couple resulting in lower activation
energy. Moreover, the obtained differences in activation ener-
gies are comparable with the reaction rate differences observed
experimentally.

To exploit this dynamic system, we explored its imple-
mentation as the dynamic unit in a vitrimeric material. Hence,
as a representative network, we achieved the cross-linking via
a thiol-ene reaction wusing trimethylolpropane  tris(3-
mercaptopropionate) (TPTM), hexanedithiol (HDT) and the di-
allyl monomer 6a, which contains the dynamic dioxime
(Fig. 5a, see Methodst).>* To confirm the stability of these
dynamic bonds in the material, we assessed first the hydrolytic
stability of the dioxime by "H NMR. Thus, 6a was dissolved in
a mixture of DMSO and water (8:2) with 5% of MSA and the
mixture was heated at 70 °C for 16 h (Figure S9t). No change was
observed in the NMR, detecting no aldehyde formation as a by-
product. Conversely, an analogue imine was investigated (7)
showing immediate hydrolysis upon dissolution in DMSO with
5% of MSA (Fig. S10%).

We attempted to study the network formation by means of
FTIR, unfortunately, due to peak overlapping (SH stretch with
oxime and aromatic C-H stretches), the thiol-ene reaction
could not be tracked (Fig. S11at). Nevertheless, we obtained an
elastomeric material, with a T, of —26 °C, as determined by DSC
analysis (Fig. S141) and a gel content of 94% (Soxhlet in THF).

:?n/.a:% 10° 10" 102 10°  10*  10°
A
MSA

S
(5% mol)

=

Fig. 5 (a) Chemical structures of monomers used for building the
thioether-oxime network. (b) Normalised stress-relaxation curves of
PTE-DOx at different temperatures. (c) Visual appearance of PTE-DOx
before and after reprocessing under hot pressing at 130 °C and 9 kPa
for 30 minutes.

PTE-DOx
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To prove the dynamic behaviour of the network, induced by
the oxime metathesis, stress relaxation measurements in the
linear viscoelastic regime were performed, applying a strain of
1% (Fig. 5b). The relaxation time (7) was given by the point at
which the stress of the samples relaxed to 1/e of their original
stress. Full relaxation was observed and a linear regime is
observed in the evaluated temperature range, as confirmed in
the Arrhenius plot (Fig. 6b). In agreement with the molecular
reactions, no stress relaxation was observed in the absence of
MSA catalyst.

Also, the reprocessability of the PTE-DOx was tested by
cutting it into small pieces and subjecting it to compression
moulding at 130 °C for 30 minutes at 9 kPa (Fig. 5c¢). The
reprocessed sample was characterised by FTIR and its rheo-
logical properties were tested by small amplitude oscillatory
shear experiments in frequency sweeps, showing a plateau
modulus close to the corresponding original material (Fig. 6c,
orange, and S161). As shown by ATR-FTIR, the reprocessed
material showed no significant chemical change (Fig. S18at).

To translate the substituent effect observed in the theoretical
calculations and model reactions to the polymer network (faster
oxime metathesis), a monomer bearing EDGs was included in
the study. Thus, monomer 6b was prepared from the corre-
sponding methoxy-substituted terephtal-aldehyde, and the
cross-linking of the network was achieved as depicted in Fig. 6a.
Due to the high crystallinity of 6b and hence poor solubility,
only a network containing 20% mol of 6b was achieved (PTE-
DOx-OMe), since 50% content led to heterogeneous films and
100% was not able to crosslink (Fig. S147). As for PTE-DOx, the
obtained material, also showed elastomeric behaviour, exhib-
iting a T, around —29 °C and a gel content of 92% (Fig. S147).

As for PTE-DOx, the dynamic behaviour of the methoxy-
containing network was evaluated through stress-relaxation
experiments (Fig. S15t). Noticeably, as seen in the Arrhenius

Initiator
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TPTM MSA
(5% mol) 80%
. _ormA, 2 20%
hv
HDT \
PTE-DOX-OMe
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Fig. 6 (a) Synthetic scheme for the synthesis of PTE-DOx-OMe
network. (b) Arrhenius plot of the characteristic relaxation time of the
dioxime materials and the corresponding activation energies. (c) G’ vs.
frequency scans at room temperature for as-made and reprocessed
materials.
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plot (Fig. 6b), and in agreement with the model molecular
reactions and supported by the DFT calculations, the electron
donating substituent in the aromatic ring seems to accelerate
the dynamic exchange in the polymer network, leading to faster
relaxation times (i.e. ~400 s faster for PTE-DOx-OMe). Inter-
estingly, the activation energy for both networks was similar (84
and 80 kJ mol ™, respectively) suggesting that the substituent
does not affect the temperature-dependent behavior of the
material but it is clearly affecting the relaxation time.**?*
Considering that we only have a 20% of methoxy-substituted
oximes, these results seem consistent. Comparable behaviours
have been observed in related thiol-yne crosslinked networks.*

PTE-DOx-OMe could be also reprocessed by hot pressing and
the mechanical properties, evaluated by frequency sweep, are
comparable with those found for the original material (Fig. S17
and S187). Again, no chemical changes were noticed by means
of FTIR (Fig. S1971).

Conclusions

Summarising, we have reported here the first example of an
acid-catalysed oxime-metathesis reaction, performed between
aromatic oxime-ethers. The proposed mechanism is supported
by quantum chemistry studies that suggested the presence of
a 4-membered cyclic intermediate and demonstrated the key
role of the acidic catalyst. The study of the aromatic substituent
effect on the oxime metathesis reaction rate highlighted how it
can be easily tuned by changing the substituent; this experi-
mental evidence is in line with the computational results. In
addition, a model reaction involving a dioxime demonstrated
its superior hydrolytic stability compared to the corresponding
imine analogue. Finally, to show the applicability of this new
reaction in the polymer field, two oxime-based CANs were
prepared (PTE-DOx and PTE-DOx-OMe) and their dynamic
character and reprocessability were demonstrated. The elasto-
meric materials were reprocessable showing comparable
modulus to the virgin materials and the substituent effect in the
polymer network was observed, agreeing with the faster relax-
ation times with the EDG-substitution in contrast to the EWG
pairs. These features of the oxime metathesis reaction, together
with the ease of oxime preparation and their resistance to side
reactions (i.e. hydrolysis), make us believe that it will be
a powerful tool in the field of DCC and dynamic networks.
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