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Abstract: We report a novel co-antioxidant system based on TEMPO (2,2,6,6-tetramethylpiperidine-1-
oxyl) that, in biologically-relevant model systems, rapidly converts chain-carrying alkylperoxyl
radicals to HOOe. Extremely efficient quenching of HOO+ by TEMPO blocks the oxidative chain. Rate
constants in chlorobenzene were measured to be 1.1x10° M's™" for the reductive reaction TEMPO +
HOO+ — TEMPOH + O and 5.0x10" M"'s™" for the oxidative reaction TEMPOH + HOO+ — TEMPO
+ H,0,. These rate constants are significantly higher than that associated with the reaction of HOO«
with a-tocopherol, Nature’s best lipid soluble antioxidant (k= 1.6x10° M"'s™"). These data show that in
the presence of ROO+-to-HOO- chain-transfer agents, which are common in lipophilic environments,
TEMPO/TEMPOH couple protects organic molecules from oxidation by establishing an efficient
reductive catalytic cycle. This catalytic cycle provides a new understanding of the efficacy of the
antioxidant capability of TEMPO in non-aqueous systems and its potential to act as a chemoprotective

against radical damage.
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Introduction

Nitroxides are stable and persistent free radicals that find wide use in (bio)chemical applications, such
as polymerization catalysts, spin labels, organic battery electrodes, and antioxidants.'” In biomedical
applications, recent work explored the use of nitroxides as antioxidants in the inhibition of
ferroptosisf’7 protection from retinopathy,8 and from ischemia—reperfusion.9 Nitroxides are also crucial
intermediates formed during the antioxidant action of aromatic amines and of hindered amine light
stabilizers (HALS), which are widely used as polymer and oil stabilizers,'’ and as active moieties of

nanoantioxidants.'' In these examples, nitroxides protect organic molecules from autoxidation.

Lipid peroxidation is sustained by alkylperoxyl radicals (ROQO¢), which are formed from the reaction of
carbon-centered radicals (Re) with O, that is ubiquitous in biologically relevant environments.'? In
water, nitroxides react very quickly with alkylperoxyl radicals (k = 2.8-10 x 10° M's™") leading to the
oxidation of the nitroxide to form the oxoammonium cation (Reaction 1), via proton-coupled electron
transfer mechanisms.> The formation of oxoammonium ion is also the key step in the reaction with
superoxide (HOO+ / O,") in water, where nitroxides behave in a catalytic fashion by cycling between

the oxoammonium and the nitroxide redox states (Reactions 2 and 3).4
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These reactions explain the antioxidant activity of nitroxides in aqueous systems."> However, this
mechanism cannot be invoked in the many cases in which nitroxides reduce the extent of autoxidation

14 and in oils,'" particularly near room

in lipophilic environments such as the interior of membranes
temperature. In fact, dialkyl nitroxides are only weak retardants of the autoxidation of hydrocarbons

and of polyunsaturated lipids in model apolar solvents."> The limited activity of nitroxides in this
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connection is due to the quenching of alkyl radicals (Reaction 4)" or to the (inefficient) H-atom
transfer reaction from a C-H bond of the alkyl peroxyl radical to the nitroxide to afford the
corresponding hydroxylamine (Reaction 5)."® Some of us reported the first case of efficient quenching
of ROO¢ by nitroxides in non-aqueous solvents wherein the reaction of dialkyl nitroxides with ROO¢ in
MeCN can be substantially accelerated by the addition of a weak acid.'” The proposed mechanism is a
proton-coupled electron transfer from the nitroxide and the acid to ROOe, producing the corresponding
hydroperoxide and the oxoammonium salt (Reactions 1 and 6, where H' is provided by a carboxylic

acid). '

Interestingly, nitroxides have been reported to act as catalytic antioxidants in organic solvents when the
chain-carrying radicals are hydroperoxyl (HOO¢), such as during the autoxidation of alcohols and
amines at temperatures of 323-348K. Inhibition was suggested to occur via reactions 7 and 8, where 7

is the rate determining step.lgb

(I)H

N
+HOO — \i/\j/ +0, (7)
o
i
+ HOO® — \i/\Nj/ + HyO; (8)

Pliss et al. recently reported that 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) catalytically inhibited

C,)'

\E\lj/
(I)H

\E\lj/

the autoxidations of substituted ethylenes and 1,3-butadienes at 323 K, in which reactions HOO- serves

as the chain carrying radical."”

Based on these observations, we envisaged that the catalytic quenching of HOO-+ could be the key to a
general strategy to achieve efficient inhibition of autoxidation in non-aqueous systems. Although
reaction 7 could explain the observed antioxidant behavior, it has not been demonstrated directly.”
With the aim of rationally exploiting the catalytic antioxidant activity of nitroxides, we report herein
the first experimental measurement of the rate constants and the kinetic solvent effect of reactions 7
and 8, in the case of prototypical nitroxide TEMPO and of its hydroxylamine TEMPOH. We also

describe how co-antioxidants present in common lipophilic biomaterials interact with TEMPO to
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remove chain-carrying alkylperoxyl radicals through a highly efficient catalytic cycle. We further

discuss how this catalytic system can be used to underpin the design novel co-antioxidant systems.
Results and discussion

1) Experimental determination of the values of k7 and kg

Hydroperoxyl (HOO¢) is involved in the initiation of lipid peroxidation of membranes when exposed to
a source of superoxide,”’ as well in the propagation of the peroxidative chain of alkylamines,?

18 and cyclohexadiene derivatives™ in non-aqueous media. To study this reaction, we

alcohols,
measured the rate of the autoxidation of 1,4-cyclohexadiene (CHD), initiated at constant rate by
azobisisobutyronitrile (AIBN) at 30 °C, by measuring the O, uptake as previously reported (see

Scheme 1).22

O,
AIBBN ——=, ROO*

ROO" + @ —> ROOH +

o= O Ohvoo
(0)0)

HOO® + @ — HOOH +

HOO* + HOO+ — HOOH+0;

Scheme 1. Autoxidation mechanism of 1,4-cyclohexadiene (CHD).

The rate of the CHD autoxidation was monitored by O, consumption; Figure 1A shows that this
autoxidation was strongly inhibited by the addition of TEMPO. Preliminary experiments showed that
the direct reaction between TEMPO and CHD (i.e. without the radical initiator AIBN) does not occur

on the time-scale of the autoxidation experiments, see Figure 1S.
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Figure 1. A) Inhibition of the O, consumption during the autoxidation of CHD in PhCI initiated by
AIBN at 30° in the presence of either 5 uM of TEMPO (red line) or 5 uM of TEMPOH (blue line) and
simulation with COPASI (solid lines). B) Concentrations of TEMPO and TEMPOH under the same
conditions as panel A. C) EPR spectroscopic (dots) determination and simulation with COPASI (solid
lines) of the concentration of TEMPO during CHD autoxidation in the presence of (a) TEMPO (inset:
EPR spectra) or (b) TEMPOH, both at 5 uM. D) Time evolution of the concentration of TEMPO and
TEMPO monitored by GC-MS on exposing a solution of TEMPO to atmospheric oxygen at 303 K.

On the other hand, during the autoxidation there is a rapid quantitative reduction of TEMPO to
TEMPOH as demonstrated through GC-MS (Figure 1B, Figure 2S and Figure 3S), UPLC-MS (Figure
48S) analysis of the reaction mixture. These data demonstrate the reduction of TEMPO to TEMPOH
whilst showing no formation of the (most expected) oxidized oxoammonium species. Parallel

autoxidation experiments monitored by EPR spectroscopy (Figure 1C and Figure 5S) showed a time-
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evolution of TEMPO that was superimposable on the CG-MS data, and these were used for quantitative

analysis of reaction kinetics (vide infra).

The conversion of TEMPO to TEMPOH is incomplete. After the first few minutes of autoxidation, a
steady-state is reached wherein the [TEMPO] and [TEMPOH] are in a ratio of ~96:4, and this ratio was
maintained throughout the experiment (Figure 1B). This suggests that TEMPOH is oxidized back to
TEMPO through the reaction with chain-carrying HOO- radicals (Reaction 8, as suggested by
Denisov'® and Pliss') during the inhibition process. Indeed, when tested on the autoxidation of CHD,

TEMPOH had an identical antioxidant effect to that of TEMPO (Figure 1A).

We investigated other potentially competing reactions that may lead to the oxidation of the
hydroxylamine. TEMPOH is efficiently oxidized to TEMPO by atmospheric oxygen: This is a well-
known reaction that challenges the purification of the hydroxylamine following its synthesis (Reaction

7).

®)
I
-0

N
+0, — = + HOO’ (-7)

Since this reaction would deplete the hydroxylamine and yield chain-carrying hydroperoxyl radicals, it
would have pro-oxidant effect, rather than an antioxidant effect as shown in Figure 1A. The kinetics of
-7 was investigated using GC-MS to follow the disappearance of TEMPOH in the presence of O in
different organic solvents. The reaction was slow, with a #;, of about 3 hours, and quantitatively
yielded TEMPO (see Figure 1D, Scheme 1S, Figures 6S and 7S). Second order rate constants, k.7, were
measured to be 0.026 M's™ and 0.016 M"'s™ in PhCl and EtOAc, respectively, at 303 K (vide infra):
The values that are too low to justify the steady states of TEMPO and TEMPOH, which require rapid

interconversion.

In the polar aprotic solvents MeCN and AcOEt, the antioxidant abilities of TEMPO and TEMPOH
were smaller than those measured in PhCl (O, consumption plots are shown Figure 8S and Figure 95),
suggesting that reactions 7 and 8 are negatively affected by hydrogen bonding with the solvent. This is

expected for the transfer of a hydrogen atom linked to an electronegative atom.”

Autoxidation of CHD inhibited by TEMPO or TEMPOH in acetonitrile containing D,O showed a

dramatically smaller antioxidant effect with respect to the corresponding experiment in the presence of
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H,0 (Figure 2 and Figure 10S). This deuterium kinetic solvent effect confirms that the key mechanism

is the formal transfer of an H atom.

0 500 1000 1500 2000 2500 3000 3500
time/s

Figure 2. Autoxidation of CHD in MeCN without inhibitors (a) or in the presence of 1.3% v/v H,O (b),
1.3% v/v D,O (c¢), TEMPO (d), 1.3% v/v H,O + TEMPO (e), 1.3% v/v D,O + TEMPO (f).

The foregoing findings indicate that the reaction between TEMPO and HOO-+ (Reaction 7) can be
explained as an efficient H-atom transfer to afford TEMPOH and O,. A second important aspect of the
results shown in Figure 1A is that the number of radicals trapped by each TEMPO molecule
significantly exceeds the value of 1 that would be expected from a stoichiometric reaction between
TEMPO and HOOe-. As anticipated, this is explained by the fact that TEMPOH is also able to
efficiently react with HOOe, with the formation of H;O, and TEMPO (Reaction 8). Therefore,
reactions 7 and 8 couple to produce a reductive catalytic cycle for TEMPO + HOOQ-e. Notably, this cycle
operates in a fashion that is alternative to the oxidative cycle previously established for TEMPO in

aqueous solutions.

To obtain the values of rate constants k7, k7 and kg, we quantitated by EPR spectroscopy the time-
evolution of TEMPO during autoxidation experiments inhibited either by TEMPO or TEMPOH. The
findings from these measurements matched our chromatographic results. Therefore,
TEMPOH/TEMPO relative concentrations determined by EPR and CG-MS served as constraints for
the analysis of the O, consumption traces of CHD autoxidations performed using the kinetic simulation
software “COPASI”.%® The numerical analysis of O, consumption plots required literature values of the

rate constants for CHD autoxidation,” and the rate of initiation that was measured in our preliminary
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experiments using the inhibition period method (see Scheme 2S, Table 1S and Figure 11S).”” The
procedure resulted in excellent fits of the experimental traces and yielded values of &; and kg in PhCl
and AcOEt, which are reported in Table 1. A similar analysis of the kinetics of TEMPOH
disappearance under O, (Figure 1D) provided the values of k; (Table 1).

Table 1. Values of k7, k7 and kg (M"'s ). The ratio of the rate constants reflects the effect of solvent on

the reactions.

rate constant PhCI® AcOE¢?! solvent effect
ky (1.1£0.1) x 10’ (1.940.3) x 10’ 58
k. (2.6+0.2) x 107 (1.6£0.1) x 107 1.6
kg (5.0£0.4) x 10’ (1.7£0.2) x 10° 29

[a] mean of three measures, +Standard Deviation.

The values reported in Table 1 indicate that the reaction between TEMPO and HOO« in PhCI occurs
with nearly diffusion-controlled rate constant, in alignment with the large exothermicity of the reaction,
(AH =~ -9 kcal/mol in DMSO).?® The results also indicate that reaction 8 is one order of magnitude

slower than reaction 7, making it the rate-determining step of the catalytic antioxidant cycle.

In a polar solvent, k7 decreases by 58-fold. The kinetic solvent effect (KSE) in k7 can be attributed to
the hydrogen bonding between HOO+ and the solvent (i.e. S""HOQe¢), which renders it less reactive as
an H-atom donor (see Scheme 2A). Unexpectedly, ks in PhCl is significantly larger than the rate
constant for the reaction between TEMPOH and ROO-« (k= 1.6 x 10° M's™" at 303 K in the case of the
peroxyl radicals derived from styrene).'” This result can be explained by considering the smaller steric
requirement of HOO- relative to ROOe. The value of kg decreases in AcOEt relative to the rate constant
in PhCl by an amount that is about half of the decrease observed for k7. The decrease in kg likely result
from two parallel effects: The formation of a weak TEMPOH S hydrogen bond complex,'” and the
“remote” H-bond effect in the abstracting radical, wherein S""HOO-+ has a somewhat lower reactivity
than HOO- toward H-atom abstraction (Scheme 2B).*** The negligible KSE found for k.; can be
attributed to a weak H-bond of TEMPOH with solvents, in-line with previous findings. For
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comparison, the KSE for the reaction of TEMPOH with alkylperoxyl radicals was kinhPhCI/ kinhMeCN =

1.3 at303 K.Y

From the measured values of k; and k., the free energy change of the TEMPO + HOO- reaction is
9 determined to be -14.5 kcal/mol and -12.4 kcal/mol in PhCI and AcOEt, respectively.

oNOYTULT D WN =

19 TJS """""""""""""""""""""""""""" '
20
21 o

N

22 S-—-HOO + —>—> no reaction

OH-~

B S
. \ N /
30
31 HOO + —>— no reaction
32

48 Scheme 2. Kinetic solvent effect on the reactions of HOO+ with TEMPO (A) and TEMPOH (B).

The possibility that singlet O, is formed in Reaction 7 was considered, but it was discounted on the

>4 basis of results from autoxidation experiments in the presence of the 'O, trap 9,10-diphenylanthracene,
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as the typical UV-vis spectrum of the trap was unchanged throughout the reaction (see Figure 12S).%

The results of theoretical calculations, (see below) also discount the formation of 'O, in reaction 7.

2) Theoretical calculation of the barriers of reactions 7 and 8

We began our modeling efforts with an exploration of the spin state associated with reaction 7.
We considered the possibility that the reaction might occur on the singlet spin surface, thereby
generating '0,. Transition state (TS) structures for the hydrogen atom transfer reaction involving the
triplet and open-shell singlet systems were examined, and both were found to be genuine TSs with
single imaginary vibrations along the hydrogen atom transfer coordinate. At the level of theory
employed in the examination of reactions 7 and 8 more generally (see below), i.e. CAM-B3LYP-
D3/aug-cc-pVTZ//B3LYP-D3J/6-3lJrG(d,p),30 the triplet TS was found to be 2.4 kcal/mol lower in
electronic energy than the singlet. Additional calculations were performed in order to assess the
sensitivity of the triplet-singlet TS energy difference to the level of theory. Single-point energy
calculations using the B2PLYPD3*! and DSDPBEP86* double-hybrids and the wavefunction-based
composite CBS-QB3** method verified that the triplet TS was lower than the singlet by 3.2, 2.6 and 2.3
kcal/mol, respectively. Thermal and entropic corrections to fee energy further increase the triplet-
singlet separation by about 0.8 kcal/mol. On the basis of these results, we conclude that reaction 7
occurs on the triplet surface with a rate constant that is at least two orders of magnitude higher than that
associated with the singlet surface. The results of our calculations and our '0, trap experiments support

the conclusion that the reaction occurs on the triplet spin surface.

The calculated relative free energies associated with reaction 7 on the triplet surface are
summarized in Figure 3a. In PhCI, the reactants form a hydrogen-bonded pre-reaction complex (AGog
= -1.0 kcal/mol) prior to surmounting a relative free energy barrier of 5.7 kcal/mol. The computed
transition state (TS) structure is shown in Figure 4a. The reaction is calculated as overall exergonic by -
10.4 keal/mol and leads to the formation of TEMPOH and *0O,. Calculations using AcOEt as the
solvent give a barrier of 6.3 kcal/mol, which is in qualitative agreement with our experimental findings.
These results are consistent with the stronger hydrogen-bond accepting ability of AcOEt compared to

PhCl, and the consequences this has on the reaction rate constants.>
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A Calculated Relative Free Energies Reaction 7 B Calculated Relative Free Energies Reaction 8
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Figure 3. Calculated free energy reaction coordinate associated with reactions A) 7 and B) 8, relative
to reactants. Key: Pre-RC = pre-reaction complex, TS = transition state complex, Post-RC = post-

reaction complex.

Figure 3b shows the calculated results for reaction 8. The results demonstrate that a very strong
hydrogen-bonded, pre-reaction complex forms between TEMPOH and HOOe, viz. AG = -4.2 kcal/mol
in PhCl, see Fig. 4b. This double hydrogen bond results from a strong orbital interaction between the
TEMPOH nitrogen lone-pair and the O-H o* orbital of HOO+ and a weaker interaction between a
HOOQe O lone-pair and the O-H o* orbital of TEMPOH. The zero-point corrected electronic energy
calculated for this hydrogen bond is 16.4 kcal/mol in the gas-phase. For comparison, the high-level ab

1.3 Relative to

initio value for the strong hydrogen bonding in the uracil-uracil dimer is 17.4 kcal/mo
reactants, the free energy barrier to hydrogen atom transfer is computed to be 9.1 kcal/mol (TS shown
in Figure 4c) and is strongly downhill to products. In AcOEt, calculations predict weaker hydrogen

bonding and a higher reaction barrier, consistent with the experimental results.
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N

1.251

Figure 4. Computed structure of the a) TS associated with reaction 7, and the b) pre-reaction and ¢) TS

associated with reaction 8. N = blue; O = red; C = grey; H = white. Distances are in Angstroms.

The computed TS structures associated with reactions 7 and 8 are shown in Figure 4 (a,c), along with
the strongly hydrogen-bonded pre-reaction for reaction 8 (Fig. 4b). We note that the TS show in Fig. 4a
has a cisoid structure. This is expected on the basis of previous work that showed that hydrogen atom
transfer reactions in which lone pair-lone pair overlap can occur in the TS develop partial bonding
character that stabilize the structures relative to transoid TSs wherein such overlap cannot occur (see

Figure 138).*°

3) Catalytic co-antioxidant systems

Our results show that TEMPO is a powerful catalytic quencher of HOO¢ in non-aqueous solvents.
However, it is not obvious how this property is connected to antioxidant activity toward substrates that

autoxidize through ROOe formation, such as the unsaturated lipids in bio-membranes. We
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hypothesized that TEMPO unleashes its antioxidant activity in the presence of molecules that act as co-
antioxidants able to transfer the chain-reaction from ROO¢ to HOOe. Indeed, a number of structures
commonly found in natural oxidizable materials or in biological systems could serve as chain-transfer
co-antioxidants. For instance, CHD is the model for widespread terpenoid components of vegetable oils
(e.g. a-terpinene, y-terpinene, a-phellandrene, etc.) known to oxidize via HOO«.>" 1,4-Hydroquinones
are ubiquitous in biological systems (e.g. ubiquinol) and are known to form HOO-+ upon reaction with
ROO-.* Additionally, biologically ubiquitous aliphatic amines®* and alcohols'® are known to form
HOQe during their autoxidation. Since k7 and kg far exceed the rate constants of reactions of ROO+ with
common chain-breaking antioxidants, it is reasonable to expect that the TEMPO/TEMPOH system

would be efficient even in the presence of relatively small amounts of co-antioxidants.

We demonstrate the efficacy of catalytic co-antioxidant system by studying the autoxidation of styrene,
which is a typical substrate that forms ROOe. Inhibition of this autoxidation by TEMPO is sought in
the presence of CHD and three other model compounds that yield HOO+ upon reaction with free
radicals, namely 2,5-di-tert-butylhydroquinone (QH,),”® trimethylamine® and benzylic alcohol® — as

summarized in Scheme 3.

' . (Ij
Q2 5 | AENJL
}\ : D H,0, or ROOH
! 1 HOO
nitiati . N A, B,C,D )
nitiation ——= R ROO | !
: : OH . .
>< ; Oz N HOO or ROO
) ]
ROOH RH | ; [ ]
1) autoxidation of the 1) trasformation of ROO Ill) catalytic HOO'
substrate RH into HOO decomposition

Scheme 3. Mechanism explaining the co-antioxidant effect of TEMPO in the presence of (A) 1,4-
cyclohexadienes, (B) triethylamine, (C) 1,4-hydroquinones or (D) benzyl alcohol.

The results presented in Figure 5 provide support for our co-antioxidant hypothesis. Styrene

autoxidation is inhibited nearly to the point of elimination by the CHD-TEMPO, (panel A), QH,-
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TEMPO (panel B), EtsN-TEMPO (panel C) co-antioxidant couples. Significant, albeit incomplete,
inhibition is obtained with the Ph\CH,OH-TEMPO co-antioxidant couple (panel D).
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Figure 5. O, consumption during the autoxidation of styrene (4.3 M) in chlorobenzene initiated by
AIBN at 30° without antioxidants (a in panels A, B, C and D), or in the presence of: TEMPO 5 uM (b
in panels A, B, C and D), CHD 0.27 M or CHD 0.27 M and TEMPO 5 uM (c and d in panel A), Ets;N
0.018 M or EtsN 0.018 M and TEMPO 5 uM (c and d in panel B), QH, 5 uM or QH, 5 pM and
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TEMPO 5 uM (c and d in panel C), PhnCH,OH 0.24 M or PhCH,0OH 0.24 M and TEMPO 5 uM (c and
d in panel D).

Inspection of the kinetic traces in Fig. 5 reveals that while some chain-transfer co-antioxidants like QH,
and Et;NH are able to retard autoxidation on their own due to quenching of ROOe radicals and
replacing with faster terminating HOOe, addition of micromolar amounts of TEMPO boosts the
antioxidant protection by largely suppressing the radical chain. This co-antioxidant system out-
performs Nature’s best antioxidant, o-tocopherol (see Figure 14S). More importantly, and unlike
typical antioxidants that quench peroxyl radicals on stoichiometric basis by blocking one to two
radicals per antioxidant molecule, TEMPO acts in a catalytic fashion by inhibiting autoxidation over a
longer duration, the extent of which depends on the availability of the chain-transfer agent. The
relatively lower performance of PhCH,OH-TEMPO co-antioxidant couple can be explained by the
lower efficiency of the alcohol in affording ROOe to HOO-e chain-transfer. Despite the lower
efficiency, we were able to obtain relevant co-oxidant activity with TEMPO even in the case of
unactivated primary alcohol n-octanol (Figure 15S). In general, the very large rate constants for HOOs
quenching by both TEMPO and TEMPOH (reactions 7 and 8) suggest that, under most common
experimental conditions, the limiting step governing the efficacy of the co-antioxidant system lies in

the chain-transfer process.

To provide proof-of-concept of the validity of our “co-antioxidant hypothesis™ in a biological
context, we investigated the oxidation of turpentine oil. Turpentine oil, obtained from pine wood, is a
commodity produced on a scale of ca. 250,000 tons annually, and has a broad range of uses: from the
manufacturing of paints and coatings, to that of plastics, food, cosmetics and pharmaceuticals.* It is
based on a-pinene, that undergoes facile autoxidation mediated by alkylperoxyl radicals,”' a process
that may be involved in its toxicity.* This natural material also contains variable minor amounts of
other components such as a- and y-terpinene (e.g. 0.95% and 1.65%, respectively, in the specimen we
investigated, see Figure 16S and Table 2S). Figure 6 shows that, at micromolar levels, TEMPO
completely blocks turpentine autoxidation by exploiting the natural content of CHD-like terpinenes that

act as co-antioxidant chain-transfer agents.’ 7
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Figure 6. Oxygen consumption during the autoxidation of vegetable turpentine oil (Pinus spp) 75%
V/V initiated by AIBN (0.05 M) in PhCl at 30°C in the absence of inhibitors (a) or in the presence of
TEMPO 0.5 uM (b) or 5 uM (c).

Conclusions

The prototypical nitroxide TEMPO reacts very efficiently with HOOe, forming the corresponding
hydroxylamine that is oxidized back to TEMPO by a second HOOe. The rate constants for these two
processes are ca. 2.8 and 1.5 orders of magnitude faster, respectively, in comparison to Nature’s most
effective lipid-soluble, phenolic antioxidant o-tocopherol (kuoo = 1.6x10° M's™ in PhCI at 30 °C).**
The efficiency of reactions 7 and 8 gives rise to a reductive catalytic cycle alternative to the established
oxidative cycle observed in aqueous solution (Scheme 4). Our findings help resolve the long-standing
mysterious antioxidant behavior of nitroxides in non-aqueous solvents, and open new insights in the

role of nitroxides as HOOe sensors in the biological milieu.*
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Scheme 4. Catalytic quenching of HOO+ by TEMPO.

The catalytic antioxidant activity of TEMPO can be fully exploited in the presence of molecules able to
transfer the chain-carrying radicals from ROOQOe< to HOOe-. Using cyclohexadienes, hydroquinones,
alcohols and amines as model compounds in combination with TEMPO, we demonstrated the efficacy
of these co-antioxidant systems in protecting naturally-occurring organic molecules from oxidation.
The models are representatives of ubiquitous natural compounds in animal tissue, for example
ubiquinol present in lipoproteins and in cellular membranes, and in plants (e.g. y-terpinene’’).
Therefore, TEMPO can be used to provide extraordinary protection of biomaterials from the damage

due to exposure to reactive oxygen species.

More generally, the effectiveness of the nitroxide-based catalytic cycle depends on the ability of the
oxidizable substrate to form HOOs radicals during autoxidation,* and on the availability of suitable
chain-transfer agents. We expect this chemistry to be very useful in the rational design of versatile,

highly effective co-antioxidant systems.

Experimental section
Materials

All solvents (PhCl, MeCN, ethyl acetate) were of the highest grade commercially available (>99,9%
HPLC grade), and used as received. 1,4-cyclohexadiene (CHD, 97%) was percolated on alumina and

silica before each experiment in order to remove traces of stabilizer. The initiator 2,2'-azobis(2-
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methylpropionitrile) (AIBN), was recrystallized from methanol before use. 9,10-Diphenylanthracene
(97 %), 2,2,6,6-tetramethylpiperidin-1-yl)oxyl, TEMPO (99 %), 2,2,5,7,8-pentamethyl-6-chromanol
(97 %), 2,5-di-tert-butylhydroquinone (99%) and triethylamine (=99%) were from Sigma Aldrich and
were used as received. 1-Hydroxy-2,2,6,6-tetramethylpiperidine, TEMPOH, was synthesized by
reducing TEMPO with sodium ascorbate as previously reported, and its characterization was consistent
with literature values.* Turpentine was purchased from Muller & Koster and used as received. Its

composition was determined by GC-MS, as reported in the Supporting Information.
Measurements of autoxidation rates

Autoxidation experiments were performed by measuring the oxygen consumption in a two-channel gas
uptake apparatus, immersed in a thermostatted bath, based on Validyne DP15 pressure
transducer.”***"*® The rate of initiation (R;) was calculated from preliminary set of experiments from
the length of the inhibition period, #.p, using 2,2,5,7,8-pentamethyl-6-chromanol (TOH) as a reference
antioxidant during autoxidation of styrene.47 The values of k7 and ks (see manuscript) were obtained by
numerical fitting of the O, consumption traces measured during the CHD autoxidation, by using the
kinetic simulation software COPASI, freely available on the internet.”® This method was previously
used by our group and gave excellent results in the case of the CHD autoxidation inhibited by
2,2,5,7,8-pentamethyl-6-chr0man01246l and in the case of non-classical antioxidants.* The reaction

scheme used to simulate the experimental data is reported in Scheme 1S.
Determination of TEMPO and TEMPOH by GC-MS

The air equilibrated autoxidizing reaction mixture containing 10 % CHD in MeCN or PhCI or EtOAc
with 0.05 M AIBN and TEMPO (5 uM) was sampled every 8 minutes and subjected to GC-MS
analysis in a Trace 1310 — ISQ-QD GC-MS equipment (Thermo Fisher Scientific) equipped with a
Combipal thermostatted autosampler (CTC) using a Zebron ZB-5 column 30m x 0.25 mm x 0.25 pm
(Phenomenex) ramped from 50°C to 150°C at 20°C/min and eluted with He at 1.2 mL/min. Mass
spectra were acquired in the range 40-650 amu and in multiple SIM mode at m/z 141, 142, 156, 157.
Several calibration curves for TEMPO and TEMPOH were built with genuine standard solutions using
either the full scan signal or the SIM at m/z 141 and 156 for TEMPO and at m/z 142 and 157 for the

hydroxylamine (R*> 0.99) to confirm quantitative analysis under different acquisition modes.

Determination of TEMPO and TEMPOH by UPLC-MS
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UPLC-MS analysis of the autoxidizing mixture in MeCN was performed with an Accela LCQ Fleet
equipment (Thermo Fisher Scientific) on Hypersil Gold (Thermo) 100 mm x 2.1mm x 1.9 um CI18
column, thermostatted at 35°C, eluted with 1% aqueous formic acid (A) and acetonitrile (B) with
gradient from 80%A-20%B to 30%A-70%B in 8 min, with flow of 250 puL/min. Injection volume was
2 uL. ESI+ spectra were recorded in the range m/z 50-500 with Ton spray voltage 5 KV, capillary
voltage 15V and tube lens 110V. Since the signal-to-noise ratio for TEMPO was too low for reliable
quantitative analysis, no calibration was performed, and analysis was used only to confirm GC-MS on
qualitative grounds. Identification of TEMPO and TEMPOH and absence of TEMPO" was obtained by

injecting genuine standards.
Determination of TEMPO by EPR spectroscopy

EPR experiments were performed with a Bruker Elexsys 500 spectrometer equipped with a Super X-
Band ER049 microwave bridge and a quartz Dewar. Temperature was maintained at the desired value
by a Bruker B-VT100 variable temperature unit and monitored before and after each experiment with a

Delta OHM HD9218 type K thermocouple and was stable within + 0.1°C.

An air saturated solution containing 10 % CHD in either PhCl or AcOEt with 0.05 M AIBN and
TEMPO or TEMPOH (5 uM) was put in the cavity of the EPR spectrometer at 303K in an open quartz
tube (4 mm ID). The time evolution of the concentration of TEMPO was monitored at regular intervals,
both from the intensity of the first spectral line (an= 15.6 G, g = 2.0062) and from the double integral
of the EPR spectrum.

Computational Details

The geometries of reactants, products, pre- and post-reaction complexes and the transition state
structures were optimized using B3*LYP*-D3°%/6-31+G(d,p) with the SMD’" implicit solvent model.
Frequency calculations at this same level of theory and basis set confirmed that the optimizations lead
to local maxima for the transition state structures and local minima for all other species and provided
thermal corrections to free energies. Single-point energies were calculated on all optimized structures
using CAM-B3LYP?*’-D3/aug-cc-pVTZ basis sets with SMD solvent. All calculations were performed
with the Gaussian-09 program.’? Optimized geometries and calculated energies are reported in the ESI

(Tables S2-S7).
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Supporting Information

Additional experiments, experimental details, composition of turpentine, calculations and simulations

(44 pages).
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