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Disproportionation of TEMPO in acids leads to the formation of an N-oxoammonium salt, which can
further decompose under thermal conditions, yielding the corresponding hydroxylamine, N,O, CO,
and a series of dimerisation products. Overall, acid-catalysed thermal decay of TEMPO leads to ca.

80% yield of hydroxylamine.

Introduction

TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) and its deriva-
tives are persistent free radicals widely used in chemistry’™ and
biology.*® In particular, the redox cycle of TEMPO including the
corresponding hydroxylamine (TEMPOH) and oxoammonium
cation (Scheme 1) forms the basis of many applications such as
catalytic oxidation of alcohols™**? or dismutation of superoxide.’®
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Scheme 1 Inter-conversion of TEMPO, TEMPOH and oxoammonium
salt.

The reduced and oxidised forms of nitroxide radicals are
also involved in the acid catalysed disproportionation reaction.
Protonation of TEMPO is followed by the disproportionation,
yielding TEMPOH and oxoammonium cation (Scheme 2)."**> The
forward and reverse (i.e., comproportionation'®) reactions are well
characterised at ambient temperature, including the measurement
of activation parameters.'*

However, some practical applications of nitroxide radicals in
acidic medium (e.g., mediation of living radical polymerisation of
acidic monomers) require high temperature. The fate of nitroxide
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Scheme 2 Acid-catalysed disproportionation of TEMPO.

radicals in such conditions is therefore important; however litera-
ture data on thermal decomposition of nitroxides are scarce even
for neutral media. Thermal decomposition of 4-oxo-TEMPO was
reported by Murayama and co-workers."”*® It was suggested that
the presence of the carbonyl group makes the 3- and 5-hydrogen
atoms of 4-oxo-TEMPO more reactive, hence a self-reaction at
110 °C leads to the corresponding hydroxylamine and a nitroso-
compound, which eventually yields nitric oxide (NO) and phorone
(Scheme 3). Alternatively, the enol form of the hydroxylamine can
be oxidised to the radical cation via single electron transfer (SET)
followed by dimerisation (Scheme 3).%
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Scheme 3 Thermal decomposition and dimerisation of 4-oxo-TEMPO.

However, these reactions depend on the keto—enol tautomerism.
TEMPO lacking the 4-keto group was reported!” to be stable under
the same conditions. For instance, TEMPO is stable in solvents
lacking H-donating capacity until at least 150 °C.?! In H-donating
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solvents, TEMPO can be reduced to form the corresponding
hydroxylamine (TEMPOH) and amine (TEMPH) at temperature
above 150 °C. Elimination of NO from nitroxides is observed
under photolysis; this reaction leads to the formation of the
corresponding diene, similar to reactions in Scheme 3.2

In the presence of acids, reactions of nitroxides at elevated
temperatures involve disproportionation (Scheme 2). However, the
thermal stability of TEMPO and oxoammonium salt has not been
studied under these conditions. Here, we report a mechanistic
study of TEMPO reactivity in aqueous acids at temperatures 80—
100 °C.

Results and discussion
Reversibility of TEMPO disproportionation at high temperature

In order to predict the reactivity of TEMPO in acidic medium
at elevated temperature, we built a kinetic model by adopting
the reported activation parameters of the disproportionation
reaction.’* TEMPO decay in dilute sulfuric acid (e.g. 0.1 M) was
then monitored by EPR spectroscopy using an oximetry fitting
method.”? Our experimental data at room temperature fit the
kinetic model precisely, but significant deviations were observed
for the data obtained at higher temperature (e.g. 80 °C). Fur-
thermore, the disproportionation reaction is not fully reversible
under these conditions. At room temperature, increasing pH of
disproportionated reaction mixture to neutral values results in
fast comproportionation. For instance, after disproportionation at
room temperature (decay of TEMPO EPR signal is shown in Fig. 1
with crosses), the EPR signal of TEMPO can be brought back
to the original intensity upon neutralisation (Fig. 1, filled circles).
However, we found that after the heating in acid at 80 °C, TEMPO
cannot be recovered by neutralisation (Fig. 1, open circles).
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Fig.1 EPR signal intensity of a solution of 6.4 x 10° M TEMPO in | M
H,SO, after neutralisation to pH = 7 at room temperature (filled circles)
and 80 °C (open circles). Crosses show EPR intensity of the reaction
mixture at room temperature prior to neutralisation.

Due to the high stability of TEMPO at temperatures below
100 °C,* these observations suggest that incomplete reversibility
of TEMPO disproportionation is due to degradation of one of
the disproportionation products, TEMPOH or oxoammonium
salt. For instance, TEMPOH can be readily oxidised. We found,
however, that under acidic conditions, protonated TEMPOH
(pK, = 6.6) has markedly high stability, showing no decompo-
sition/oxidation at 100 °C within the time scale used in this study.
In contrast, the oxoammonium salt decays rapidly at 100 °C; the

decay can be monitored by the disappearance of the UV peak at
476 nm (Fig. 2). The decay fits 1st order kinetics well; the rate
constant for reaction in water at 100 °C was determined as 0.120 £
0.008 min™". The thermal decomposition of oxoammonium salt is
not acid catalysed, as the reaction proceeds with a similar rate in
the pH range from —0.3 to 5. The reaction does not depend on the
presence of oxygen and light. We conclude therefore that stability
of TEMPO in acidic solutions at high temperature is determined
by the decomposition of oxoammonium salt.
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Fig. 2 Decomposition of 0.037 M oxoammonium chloride in 0.05 M
H,S0, at 100 °C monitored by UV-vis spectroscopy. Insert: Disappearance
of the UV band at 476 nm over 21 min.

Oxoammonium salt as an intermediate in TEMPO decomposition

The rapid electron transfer between TEMPO and oxoammonium
cation can very significantly broaden the NMR spectra which com-
plicates product analysis of the oxoammonium salt decomposition
by NMR spectroscopy. Hence, phenylhydrazine was added to the
reaction mixture at different reaction times to reduce paramagnetic
intermediates (and other oxidising species including unreacted
oxoammonium salt). A controlled amount of phenylhydrazine was
also used as an internal reference to quantify the reaction product.
Interestingly, as determined by NMR spectroscopy, TEMPOH
was the only component with substantial concentration after
the decomposition of oxoammonium salt (i.e., after complete
disappearance of the UV band of oxoammonium salt). The yield
of TEMPOH from decomposition of an aqueous solution of
oxoammonium salt at 80 °C was estimated to be ca. 60%. Similarly,
TEMPO decay in 0.1 M sulfuric acid at 80 °C consistently gave
ca. 80% yield of TEMPOH. This unexpectedly clean conversion
leaves only trace amounts of other products in the NMR spectra.
MS spectra of the reaction mixture also revealed TEMPOH as the
major product.

The main product of oxoammonium salt decomposition (and
TEMPO degradation in aqueous acid) is thus the corresponding
hydroxylamine TEMPOH. Since TEMPOH is a two-electron
reduction product of oxoammonium salt, the reaction mixture
must contain oxidation product(s) probably resulting from mul-
tiple electron transfers per molecule. It is also possible that the
reaction leads to a diversity of products with low concentra-
tion. Several possible mechanisms can be proposed to explain
the decomposition of oxoammonium salt. For instance, it was
suggested® that oxidation of H,O by oxoammonium salt leads to
the formation of hydroxyl radical and TEMPO. In acid, TEMPO
would disproportionate to form additional hydroxylamine and
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oxoammonium salt. As a result, this mechanism would lead to the
accumulation of hydroxylamine in the product.

However, this mechanism is unlikely to be correct. Firstly,
oxoammonium salt decomposition was also observed in an-
hydrous conditions. This suggests that thermal decomposition
of oxoammonium salt does not depend on the presence of
H,O. Secondly, the redox potentials of reactions (1)** and (2)*
(Scheme 4) suggest that oxidation of water (to hydroxyl radical)
by oxoammonium cation is physically impossible. Therefore,
oxidation of water was ruled out as a possible reaction pathway.

M H:0 () — "OH (aq) + H* + & E%=+26V
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Scheme 4 Oxidation of H,O by oxoammonium salt and the corres-
ponding redox potentials.

Alternatively, ring opening of oxoammonium salt (Scheme 5)
could lead to a carbocation which would further decompose to a
series of products. Several observations favour the ring-opening
route. Careful analysis of the oxoammonium salt decomposition
mixture revealed some minor components that can be associated
with the ring-opening process. For instance, a small amount of
nitrate (ca. 4%) which could result from oxidation of the ni-
troso derivative was detected using ion-exchange chromatography.
Thermal decomposition of oxoammonium salt in H,O leads to
the formation of a minor species with a UV band at 670 nm,
which slowly diminishes in the presence of acid (Fig. 3). This
is consistent with the ny—m* transition of C-nitroso monomers
which could form via ring opening of the oxoammonium cation.?
These observations are thus consistent with the ring-opening
mechanism of oxoammonium salt decomposition. However the
oxidation products were only detected in small amount, which
leaves a missing piece in the mass balance.

Scheme 5 Ring opening reaction of oxoammonium cation.
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Fig.3 UV spectrum of the reaction mixture containing 0.057 M aqueous
oxoammonium salt heated at 100 °C for 20 min.

Oxoammonium salt decomposition: product analysis

In order to identify the minor reaction products, the decompo-
sition of aqueous oxoammonium chloride was investigated on

a large scale (e.g. several grams). As further degradation of the
ring-opening product may lead to volatile molecules, the reaction
was carried out in a closed system. Interestingly, formation of
gas bubbles was observed during the reaction, alongside a small
amount of green oily substance. The reaction products thus are
distributed between the aqueous, organic and gas phases, which
were analysed separately.

Analysis of the aqueous phase using NMR spectroscopy after
reduction with phenylhydrazine showed TEMPOH as the only
product with a yield of ca. 60%. In order to detect NMR
silent components, the aqueous product was titrated using di-
lute NaOH. The resulting titration curve (Fig. 4) showed two
components present in the aqueous reaction product. The first
component corresponds to a strong acid with a yield of 41.4%.
This strong acid could be HCI and HNO;. Considering ca. 4%
nitrate was detected by ion-exchange chromatography, this means
ring opening of each molecule of oxoammonium chloride releases
a proton, which combines with the chloride anion. The second
component has pK, 6.6 and a yield of 60.2%, which corresponds
to TEMPOH. The assignment was confirmed by titration of a
solution of TEMPOH in sulfuric acid with NaOH, which gave
very similar pK, value. The yield is very consistent with the yield
obtained from quantitative NMR studies. Therefore, the products
in the aqueous phase are TEMPOH and HNO;/HCI.
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Fig. 4 Titration curve of the aqueous phase of an aqueous solution of
2.51 x 10* mol oxoammonium chloride heated at 100 °C for 30 min
and titrated with 0.0207 M NaOH (aq). Left: titration curve. Right:
Ist-derivative of the titration curve.

The gas phase product is colourless, which leaves a limited
number of possible components, including CO, CO,, NO, and
volatile hydrocarbons. A GC-FID method?”” was adopted to detect
small molecule hydrocarbons, which yielded negative results. The
IR spectrum of the gas product (Fig. 5) has distinctive doublets
at 2212/2236 cm™ and 1272/1299 cm™. These distinctive peaks
are consistent with the asymmetric and symmetric stretches of
nitrous oxide (N,0).? In addition, the peak at ca. 2350 cm™
suggests the presence of CO, in the gas product (the intensity
of this peak is much greater than the background CO, signal). In
order to estimate the amount of the gas product, we synthesised
CO, and N,O gases and mixed them in a 1:1 (v/v) ratio. The
IR spectrum of the mixture (Fig. 5) is remarkably similar to the
experimentally observed spectrum of the gas phase. Using these
data and considering the solubility of the gases in water, the yield
of CO, and N,O was estimated to be 8.9% and 6.4%.

The organic phase product proved to be a complicated mixture
of several components. The green colour of the organic phase
suggests absorbance in the visible region of UV light. Indeed,
the UV spectrum of this mixture showed the previously observed
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Fig. 5 Infrared spectra of the gas phase product (solid line) and a model
mixture of CO, + N,O (dashed line).

band at 670 nm (Fig. 3), which is consistent with the presence
of a nitroso compound. TLC and GC traces revealed more than
eight components in the mixture. Since the overall yield of the
organic products accounts for only 3-4% (w/w) of the starting
material, isolation of the components is difficult. GC-MS (EI)
of the organic product did not yield exact structures for each
component. Similar ions were detected for several components on
the gas chromatogram. For instance, the ion at 124 m/z appeared
as molecular ion in six peaks on the gas chromatogram. This ion
can be assigned to CyH,s isomers, probably dienes or cyclic alkenes.
It is likely that several isomers of this compound are present in the
organic phase.

In order to detect less stable products, the organic mixture
was also analysed using MS (ESI) without chromatographic
separation. The resulting mass spectrum provided rich informa-
tion on the reaction products and indication of the reaction
mechanism. The ions at 280, 298 and 327 could correspond
to a series of dimerisation products (suggested structures are
shown in Fig. 6). The compound with m/z 327 is consistent with
a nitroso derivative. We note that a C-nitroso compound was
earlier identified by the UV band at 670 nm. In addition, the ion
at 154 is consistent with the product of oxoammonium cation
dehydrogenation. The presence of this molecule in the product

indicates that dimerised products may have formed by hydrogen
abstraction from oxoammonium salt followed by addition of
TEMPO or another molecule.

Mechanism of TEMPO decay in acid

With the identification of the main products of the oxoammonium
salt degradation, the mechanism for the overall reaction can be
proposed. The major reaction products were TEMPOH, CO,,
N,O and dimerisation products such as C3H;;NO. We propose
that ring-opening of oxoammonium salt leads to a carbocation
followed by elimination of nitroxyl, HNO. Nitroxyl is known to
quickly dimerise to hyponitrous acid, H,N,O,, which dehydrates
to form nitrous oxide, N,O.#3° The carbocation formed can
be deprotonated to yield isomers of 2,6-dimethylhepta-1,5-diene
(CyHy4). The dienes can be oxidised under strong conditions to
form CO, and water. Since the dimerisation products in the organic
phase were formed in small amounts, the dimerisation pathway
probably accounts for a small proportion of the total decomposi-
tion. The hydroxylamine (reduction product) comproportionates
with oxoammonium salt to form a nitroxide radical (e.g. TEMPO).
Hydrogen abstraction from oxoammonium salt by TEMPO forms
an alkyl radical on the piperidine ring, which can dimerise
by reacting with another TEMPO molecule. Alternatively, both
TEMPO** and oxoammonium salt*** can add to the double
bond on the dehydrogenated oxoammonium salt, and thus form
the dimerisation products. The overall mechanism is depicted in
Scheme 6.

Conclusions

In summary, thermal decomposition of TEMPO in acidic medium
proceeds via disproportionation reaction giving stable hydroxy-
lamine (in the protonated form) and oxoammonium salt which
undergoes a ring-opening at high temperature. This is followed
by elimination of HNO from the carbocation and formation of
isomers of C;H,4 diene. Dimerisation of HNO eventually leads to
formation of N,O gas. Oxidation of the dienes by oxoammonium
salt leads to TEMPOH, CO, and trace amount of other products.
The main product of this reaction is TEMPOH with ca. 80% yield.
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Fig. 6 Mass spectrum (+ESI) of the organic mixture (in CHCl;).
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Chemicals and materials

All chemicals were purchased from Sigma-Aldrich and used
as received without further purification unless stated otherwise.
TEMPO oxoammonium chloride was obtained from Nufarm
UK Ltd.

Monitoring TEMPO decay by EPR spectroscopy

Typically a 5 x 10* M TEMPO in H,SO, solution (e.g 0.1 M
H,S0O,) was freshly prepared. Around 70 uL of this solution was
transferred to a glass Pasteur pipette, with the bottom end flame
sealed. The top end was sealed with lab film to prevent solvent
evaporation. The glass pipette was then placed in the EPR cavity
and EPR measurements were undertaken at a desired temperature
(e.g. 80 °C) using a variable temperature setup. Typical EPR
parameters were: modulation amplitude 0.5 G, microwave power
1.00 mW, acquisition time 160 s.

Monitoring oxoammonium salt decomposition by UV-vis
spectroscopy

A solution of oxoammonium chloride (0.037 M oxoammonium
salt in 0.1 M H,SO,) was heated at the desired temperature (e.g.
100 °C). At different reaction times, aliquots of the reaction
mixture were taken and the UV-vis spectra were recorded on a
double beam Hitachi U3000 spectrophotometer.

Mass spectra were recorded on a Bruker micro-TOF spectrometer
equipped with LCQ ion trap with the indicated ion sources.
Gas Chromatography was performed on a VARIAN CP-3800
Gas chromatograph prior to MS analysis where indicated. The
GC column used was a Zebron ZB-5HT inferno column. The
temperature program was held at 60 °C for 2 min, then ramped at
5°C min™ from 60 to 350 °C followed by an isothermal period of
10 min at 350 °C. Helium was used as carrier gas at a flow rate of
2.2 ml min™. EI (70 eV) was operated at 10" unit mass resolution.
ESI was operated in positive ion mode with a digital resolution of
10 unit mass.

Gas phase IR

Infra-red spectra were recorded on a JASCO FT/IR-400 spec-
trometer. For the gas phase IR measurements, gas samples were
generated as follows. The reaction flask was charged with the
reaction mixture, then degassed using freeze—pump—thaw method
and re-filled with N,. Gas formation was estimated by the readings
of an attached gas syringe. The obtained gas samples were injected
into a gas-tight IR cuvette cell (KBr) for measurements.
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