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Kinetics and mechanism for acid-catalyzed
disproportionation of
2,2,6,6-tetramethylpiperidine-1-oxyl

ra%

Vasily D. Sen’®* and Valery A. Golubev®

Disproportionation of cyclic nitroxyl radicals (NRs) in acid solutions is of key importance for the chemistry of these
compounds. Meanwhile, the data reported on the mechanism of this reaction in dilute acids are inconsistent with
those on the stability of NRs in concentrated acids. Here we have examined the kinetics and stoichiometry for the
disproportionation of 2,2,6,6-tetramethylpiperidine-1-oxyl (1) in aqueous H,SO, (1.0-99.3 wt%) and found that (1)
the disproportionation of 1 proceeds by the same mechanism over the entire range of acid concentrations, (2) the
effective rate constant of the process exhibits a bell-shaped dependence on the excess acidity function X peaked at
X=—pKyus =5.8+0.3, (3) a key step of the process involves the oxidation of 1 with its protonated counterpart TH*
yielding oxopiperidinium cation 2 and hydroxypiperidine 3 at a rate constant of (1.4 = 0.8) x 10°M " -s™ ', and (4) the
reaction is reversible and, upon neutralization of acid, disproportionation products 2 and 3H* comproportionate to
starting 1. In highly acidic media, the protonated form 1H is relatively stable due to a low disproportionation rate.
Based on the known and newly obtained values of equilibrium constants, both the standard redox potential for the
1H*/3 pair (955 + 15mV) and the pH-dependences have been calculated for the reduction potentials of 1 and 2 to
hydroxylamine 3 that is in equilibrium with its protonated 3H" and deprotonated 3~ forms. The data obtained
provide a deeper insight into the mechanism of nitroxyl-involving reactions in chemical and biological systems.
Copyright © 2008 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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INTRODUCTION

Cyclic nitroxyl radicals (NRs) are being widely used as EPR probes
in chemical and biological studies.”" ! Over the past two decades,
ever increasing attention has been given to applications based on
the capability of NRs and their redox counterparts to undergo
rapid one- or two-electron transfer, as shown in Scheme 1 for the
most popular their representative, 2,2,6,6-tetramethylpiperidine-
1-oxyl (1).

The redox pair oxoammonium cation (2)/NR (1) is able to
catalyze the dismutation of superoxide radical in a way similar to
that in case of natural superoxide dismutase (SOD). Initially, NR
reduces the protonated form of superoxide (i.e., hydroperoxide
radical HO3) to give oxoammonium cation 2 and hydrogen
peroxide. This is followed by oxidation of another superoxide
radical O3~ with cation 2 leading to regeneration of 1 and
formation of dioxygen (Scheme 2).*

In combination with cell permeability, such a property of NRs
opens perspectives for their clinical application as drugs for
treating diseases accompanied by oxidative stress.’®

Another application of NRs is selective oxidation of alcohols
with cation 2 to carbonyl or carboxyl compounds which
takes place as a two-electron transfer process. This reaction is
transformed into catalytic one when hydroxylamine 3 s
reoxidized back to cation 2 with an appropriate primary oxidant

which alone is ineffective for alcohols.”' Any of compounds
1-3 can be used as a primary catalyst.

Due to facile charge transfer in the 2/1 redox pair and its
stability, piperidine NRs may also be used as redox shuttle
molecules for overcharge protection of Li-ion cells or even as
cathode-active material in an organic-based battery.'""?

The redox cycle 1-2-3 (Scheme 1) involves the acid-
independent 2/1 pair and acid-dependent 1/3 and 2/3 pairs.
Under the action of strong acids (HA), NRs undergo dispropor-
tionation reaction involving two of this redox pairs, 2/1 and 1/3.
Besides piperidine nitroxyls"'>'* (see Scheme 3), the acid-indu-
ced disproportionation was observed for di-tert-butylnitroxyl,"'!
nitronyl-"® and imidazoline-'"! NRs.

Deep insight into the mechanism and quantitative character-
ization of disproportionation reaction seem important for further
promotion of the above-mentioned and new applications of NRs.
For instance, the disproportionation reaction may turn out useful
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Scheme 1. Redox cycle 1-2-3 and related acid-base equilibria for NR 1

for identification of reactive sites in heteropolyacids.'® Another
interesting example is the rapid and reversible disproportionation
of NRs covalently bonded in the major groove of DNA® In this
case, the easiness of disproportionation and regeneration of NRs
upon variation in pH can be indicative of either favorable for
electron transfer arrangement of NRs linked with DNA or of the
occurrence of electron transfer through the DNA chain. In order to
shed light on the mechanism of the NRs-catalyzed oxidation of
alcohols, the acid-catalyzed disproportionation of 1 in a nonaqu-
eous solution has been studied by electrochemical methods.>”

Previously, we studied the kinetics of disproportionation
reaction for 1 within a limited range of acid concentration
(<0.2 M), which did not allow us to quantitatively characterize all
steps of the proposed reaction mechanism.?'’ Meanwhile, the
kinetics of this reaction in concentrated acids has not been
explored so far. The absence of EPR signal from radical 1 dissolved
in concentrated (40-80%; here and hereinafter, wt%)
aqueous H,50, was associated® with line broadening due to
rapid proton exchange between 1 and its protonated counter-
part TH* (Scheme 1). Inconsistency between the data of!'>'42"]
and™ was briefly discussed by Volodarsky et al.!**
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Scheme 2. SOD-mimetic activity of NRs
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Scheme 3. Disproportionation of radical 1 under the action of strong
acids

For further insight into the mechanism of disproportionation
reaction, we studied its kinetics for radical 1 within a wide range of
acid concentrations in terms of the excess acidity concept and
found that acid-catalyzed disproportionation of NRs in both dilute
and concentrated acids proceeds by the same mechanism. The
rate and/or equilibrium constants for all steps of disproportiona-
tion reaction for 1 have been calculated based on the obtained
and literature data. The known value of E$,; and obtained
equilibrium constants were also used to determine the standard
reduction potential for the TH*/3 pair and the pH-dependences
have been calculated for the reduction potentials of 1 and 2 to
hydroxylamine 3 that is in equilibrium with its protonated 3H™
and deprotonated 3™ forms (Eq/3s and Ey3s, respectively).

EXPERIMENTAL

Kinetics

The kinetics of disproportionation of 1 in H,SO,4 was studied by
EPR or absorption spectroscopy. EPR spectra were taken (at
25+ 1°C) with an EPA-2M spectrometer using glass ampoules
about 1mm in their inner diameter. At [11<5 x 107*M, the
intensity of EPR signal from 1 was found to be a linear function of
[1]. Changes in the Q-factor of a resonator were taken into
account upon gluing a thin cell with the reference sample of solid
2,2-diphenyl-1-picrylhydrazyl (DPPH) to a working ampoule.
Reaction mixtures were prepared either by adding solid 1
(purified by vacuum sublimation) to aqueous H,SO, (analytical
grade) at ~20°C under intense stirring or by mixing a small
portion of a 0.1-0.01 M aqueous solution of 1 with an ice-cooled
solution of H,SO,. The reaction rates were determined from the
consumption of 1 in 1.0-27.1% H,SO,4 or from the consumption
of TH™ in 86.4-99.3% H,S0,. At [H,SO,] = 30-85%, the reaction
rate was too high to be measured by conventional technique. The
concentration of 1 was calculated from the expression:
(1= (I15,/1°4)[1],, where I, lo, s, and I refer to the amplitudes
of EPR signals from the reaction mixture, from the aqueous
reference solution of 1 of a known concentration, and from the
DPPH sample when the working ampoule was filled with
either H,SO, solution or water, respectively; and [1], is the
concentration of 1 in the aqueous reference solution. The 15/l
ratio depends on [H,50,4] and can attain a value up to 1.5.

The EPR spectrum of TH" in concentrated H,SO, consists of
three doublets'?? with close linewidths, which is typical of the
triplet EPR signal from 1 in water (Fig. 1).

In view of identical linewidths and different multiplicity of the 1
and TH™ spectra, the concentration of cation radical TH* was
calculated from the expression: [TH1=[(I; + 1,)I5/1%][1],.
where I, + 1, is a sum of the amplitudes of two components of
the low-field doublet in the spectrum of TH* (Fig. 1). In
concentrated H,SO,, the initial [1H'] does not exceed 3% of the
value corresponding to the added amount of 1, presumably, due
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Figure 1. Low-field EPR-signal from 1 in water (dashed) and low-field
doublet of 1H™ in 99.3% H,50, (solid line)

to relatively slow (~2min) dissolution of 1 and its rapid
disproportionation to 2 and 3H™ on the surface of crystals. This
is also supported by somewhat higher initial [TH], upon
dissolution of fine crystals of 1. The value of [1H*] as determined
from the first record of the EPR spectrum of the reaction solution
was regarded as the initial [1H*], (t=0).

Absorption spectra were taken with a Specord UV-Vis spec-
trophotometer. The absorption spectrum of 1 in water exhibits
two bands peaked at Ay 428 (6=1254+0.2) and 245nm
(e=1970+£50M"-cm ™ ").2" For [2] <1072M, the absorption
spectra of 2 are independent of the type of anion (A =Cl™ or
0.5502") present in solution and show two bands with maxima at
Jmax 470 (6=19.5+0.2) and 236 nm (¢ = 1770 £ 50M ' - cm )"
(see Supplementary Material, Fig. S1). The reaction rates were
determined from the consumption of radical 1 and accumulation
of cation 2 using the following relationships:

[1] = [Di(e2), — Da(2),]/10[(e1)(€2), — (£2);(€1),]

2] = [D1(e1), = Da(e1)4]/10[(e2)1 (£1), = ()4 (2),]

where D is the optical density of reaction mixture in a 10-cm cell
and ¢ are the molar extinction coefficients of 1 (g4) and 2 (&5) in
water: (g4); =94=+0.1, (¢4),=58=%0.1, (¢3);=52+0.1, and
(62)>=19.5+02M""-cm™". The outer subscripts 1 and 2 pertain
to the wavelengths 397 and 481 nm, respectively. In this spectral
range, the solutions of 3 were transparent. Errors in kinetic
calculations are given in terms of standard deviations.

Stoichiometry

The above spectrophotometric determination of 1 and 2 affords
also to control the reaction stoichiometry. At 100% selectivity of
the disproportionation reaction, the condition [1]o=[1]+ 2[2]
should hold true (see Scheme 3), where [1], is the initial and [1]
and [2] are the running concentrations of 1 and 2. The fulfillment
of this condition in dilute H,SO, is supported by the data in
Fig. S2 (see Supplementary Material). Checking its validity in
concentrated H,SO, was made as follows. A solution of NR 1
(2 x 1072 M, 2ml) was added to 2 ml of 93% H,SO, within 5 min
under stirring and ice cooling. The absorption spectrum of the
obtained solution in ~58% H,SO, in the visible was nearly the
same as the spectrum of 5 x 10> M solution of salt 2 (A~ = CIO;,
synthesized as described in Ref.14) in 58% H,SO,. This means
that, in concentrated H,SO,, the disproportionation of 1 mol 1

also gives rise to selective formation of 0.5 mol of salts 2 and 3H*.
The reaction mixture was EPR-silent before and after its dilution
with water to a total volume of 40 ml. To this dilute solution, solid
NaHCOs (7.5 g) was added in small portions under stirring and ice
cooling until pH 7-8, and the mixture was allowed to stay at
~25°C for 1h. In doing so, the comproportionation reaction
between 2 and 3 took place with 96 + 3% regeneration of 1 as
evidenced by EPR measurements. Therefore, the disproportiona-
tion of 1 features high selectivity and reversibility over the entire
acidity range.

RESULTS AND DISCUSSION

Kinetic study

According to our data and Ref22 the EPR spectrum of 1 in
solution, for [H,50,4] < 30%, consists of three lines (ay = 1.73 mT)
attributed to unprotonated 1; while for [H,SO,4] > 85% it exhibits
three doublets (ay=2.15mT, a4y =0.31 mT) assigned to cation
radical TH™. At intermediate [H,S0,], as-prepared solutions of 1
are EPR-silent. To account for such facts as these, the authors??
set up the hypothesis of broadening the EPR-signal due to fast
proton exchange between 1 and TH* at 30% < [H,50,4] < 85%.
But our previous" and newly obtained results presented below
are in contradiction with this assumption.

Radical 1 at [H,50,] < 30% and cation radical TH™ at [H,50,4] >
85% decay at a rate which depends on acid concentration. Both
the processes, consumption of 1 and TH™, obey the second-order
kinetics (with respect to [1] and [1H™], respectively) over a wide
range [(2-50) x 10 °M] of initial concentrations Co. With
increasing [H,S04], the effective rate constants ks were found
to grow in the range of 1-27.1% and drop in the range of 86.4-
99.3% (see Supplementary Material). The effective rate constants
ke as derived from optical absorption spectra at [1]o = (3-10) x
1073 M and [H,50,] = 1.0-10.2% coincide with those determined
from EPR data. In a course of reaction, the sum [1]+ 2[2] as
derived from optical measurements remains virtually unchanged
and equal to [1]o. The data on preparative yields of 2 and 3H™
(A= =05502") obtained in reaction of 1 with concen-
trated H,50,"* well agree with the stoichiometry depicted in
Scheme 3. Taken together, these data clearly indicate that, on
going from dilute to concentrated acids, the mechanism of dis-
proportionation of 1 remains to be the same and includes reactions
(1-3). Stoichiometric Eqn (4) is the sum of reactions (1-3).

K.
SN—0e + H = =—"= >NeOH Q)
1 1H+
~ ke
N+ N+ ~N
_N—0e + _Ne=OH —= °N=O0 + _N—OH @
k,g 2 3
~ K3H+ - H
— + - -
_N—OH + H — /N\OH (3)
3H+
K,
N ~N +
2 >N—0e + 2H' —= >N=o0 >N\SH “)
1 2 3H+
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For pH < 2, equilibrium (4) shifts to the right®*" and, hence, the
rate of the reverse comproportionation reaction between 2 and 3
is negligibly small for [H,SO,4] = 1.0-99.3%. Preliminary analysis of
the kinetic data by the use of Hammett's acidity function Hy has
shown that, in the range [H,SO4] = 1.0-27.1%, the slope of the
log kei—Ho plot is equal to 1.35. For analysis of acid-catalyzed
reactions for which A(log kef)/AHo # 1, most convenient seems to
be the excess acidity function approach.’?*

According to the proposed mechanism and in terms of the Cox
and Yates approach,?¥ the disproportionation rate for 1 can be
written in the form:

—d([1] + [THY])/dt = ket[1)3 = 2k2aramm /fy =
= 29[1][1H (A fau /fe) (5)

Here ker is the measured rate constant; k3 the medium-
independent rate constant®® of reaction (2) (in dilute solution);
[1], [TH™], and [1]s the concentrations of 1, TH' and their sum,
respectively; a and f the activities and activity coefficients of the
reagents; f the activity coefficient of the transition state.

Given that [1]y = [1]+ [TH*] and Kyue = (UIHYIIHY ) (fifiyy/
fan-+), after necessary transformations (see Supplementary Material)
we come to Eqns (6) and (7) describing the dependence of ks on
the excess acidity function X for [H,SO4] <30% (Eqn 6) and
[H,SO4] > 85% (Eqn 7), respectively.

log ket — log [H'] = log(2k?) + pKiuy +m*m*X + log f; (6)
log ket +log [HT]=log(2k3) —pKiny +(m* —2)m*X+log fy  (7)

Here m* and m” are the slope parameters?* typical of equili-
brium (1) and the transition state in the rate-limiting step (2),
respectively. For [H,50,4] = 1.0-27.1%, the plot of log ke — log [H*]
versus X was found to be linear (Fig. 2, line 7), with a slope equal to
1.95 4 0.09, intercept of —0.47 £ 0.04, and correlation coefficient
of 0.993.

For [H,50,] = 86.4-99.3%, the plot of log ke¢ + log [HT] versus X
was also found to be linear (Fig. 2, line 2), with a slope of
—1.16 +0.06, intercept of 11.20+ 0.54, and correlation coeffi-
cient of 0.996.

At X=0, the intercepts of plots T and 2 are equal to log(2k3) +
pKin+ +logfi and 10g(2k3) — pKyus + log f1, respectively. From

2 2 L2
+; o f;
3 1 — > =]
o is]

; - +

x° &L
g g

0 - -0

2 T T 7f T T -2

0 1 26 8 10
X

Figure 2. Excess acidity analysis of the disproportionation of 1 in sulfuric
acid at 25°C: (1) logkes—log[H*] versus X and (2) logkes+ log [H']
versus X

the difference and sum of these expressions (at the evident
condition log(2k3)>>logf;), we obtain: pKiys+=—5.803,
Kin+=(8+4) x 10°M,and k3 =(1.4+0.8) x 10°M ™" -s™". Large
uncertainty in the values of Kyu4 and k3 arise largely from the
long-range extrapolation of line 2 to X=0 (Fig. 2). A good
agreement between the ratios of mean values - k3/Kiyy =
14 % 10°/8 x 10°=0.18M 2.5 for concentrated H,SO, and k»/
Kiu+ =021 M2 s~ for dilute (<0.2 M) acids®®" - can be regarded
as an evidence for the applicability of our approach.

The above data show that logkes exhibits a bell-shaped
dependence on X; maximum value of ke correspond to such
value of X at which aq = din+. The measured values of log ks lie
on the linear wings of this dependence. From the slopes of plots 7
and 2 in Fig. 2 - m"m*=1.95+0.09 and (m” —2)m*=—1.16 +
0.06, respectively — we obtain: m” = 1.25 4 0.05 and m* = 1.56 -+
0.14. Similar values of parameter m* are typical of tertiary anilines
and indoles.”” The rate and equilibrium constants defining the
disproportionation of 1 in aqueous acids are summarized in
Table 1.

Reduction potentials

The data of Table 1 and the reported®” value of E%,; =750 +
5mV (reported data on the half-wave potential are Ey;q=
740 + 10°® and 732 mV??) were used to calculate the standard
reduction potential E%y4/3 and the pH-dependence of the
reduction potential of 1 to the sum of 3H", 3, and 3. The
reduction of 1 to the sum of 3H™, 3, and 3™ includes half-reaction
(8) and acid-base equilibria (3) and (9).

SN—0s + e =——= °N—O_ ®)
1 3
K3
SN—0 + H === TN-OH ©)
5 3

Given that [3]y =[3H*] +[3]+[3 ] =[1], the dependence of
Ea/3s ON ady4 can be written in the form™®:

E1jss = E?/37 — (RT/F) In KsKzpy

+ (RT/F) In(KsKsn+ + ans Kany + ajy.) (10)

Table 1. Rate and equilibrium constants for disproportiona-
tion of 1 in aqueous acids at 25 °C
Constant Value Ref.
PK1n+ —58+0.3 This work
—55+1 22
KM s (14+08) x 10° This work
ko, M5 51+1 21
52+1 28
PK3n+ 6.90 & 0.02 21
7.5 28
Ky (M™?) (33+0.2) x 10* 21
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Figure 3. Reduction potential E3,; (1) and Eq3s—pH relationships as
calculated from Eqn (10) (2) and obtained by voltammetric*® (3) and
polarographic®" (4) measurements

Taking the value of K, = ([2](315)/([11°a% ) = 3.3 x 10°M 2 from
Table 1, we obtain that, at pH 2.26 ([2][3]x)/[11> = 1. At this pH value
(point A in Fig. 3), the potentials of both direct and reverse reactions
are identical and equal to Fq35 = E3/; = 750 mV. At pH 0, the last
term in Egn (10) is negligible, whence it follows that E,3s =
ES/s— — (RT/P)In KsKspu+ = ES1 + (RT/AIn K, = 1017 mV. Assuming
that K3 =2 x 107 "*M (just as for H,NOH"Y), from Eqn (10) we
can estimate the value of £33 = —213mV. At pH < 12, the value
of K3 has no influence on the E;,35—pH plot of Eqn (10) (Fig. 3,
curve 2).

With account of uncertainty in the constants used, the error bar
for curve 2 in the range pH < 12 must not exceed £10 mV. Curve
2 calculated from equilibrium constants and the voltammetrically
determined curve 3 well agree, except for the range of low pH
where the voltammetric data'®® presumably may have a
systematic error. As follows from Scheme 1, the two-electron
reduction potential Ey/ss =E3)3 + Eq/3s. Note that, at pH> 11,
cation 2 is known***? to add OH~, thus forming N-oxide 4
(Scheme 1). Therefore, in alkaline media its reduction potential
can be expected to decrease. The value of pKzy+ =6.90 + 0.02
measured®'? with a thoroughly calibrated pH meter is markedly
lower than the value of 7.5 estimated'®® from the inflexion point
in the Eq/35—pH plot (see Supplementary Material).

For cation radical TH*, its standard reduction potential was
calculated from the equation ESu4/3 = E9q + (RT/F)In K. Taking
Ko/Kapg = (4.1 £0.3) x 10> M~ (from Ref. 21) and Kyt = (8 + 4)
10°M, we obtain that ESy4/3=955=+15mV. For the simplest
cation radical H,N*"—OH, estimates®®! gave that its E° value is
1.340.1V, which is markedly higher than the value of ESuy /3,
which can associated, at least in part, with the + I-effect of alkyl
substituents in TH*.

Stability of NRs toward acid disproportionation

The equilibrium constant K3 = K»/Kyq+Ksn+ is @ measure of NRs
resistance to their reversible acid-catalyzed disproportionation.
NRs with electron withdrawing substituents exhibit higher values
of Kiu+ and Kzy4, lower value of K4, and hence they are more
resistant to disproportionation in acids.?"**' For instance,
imidazoline and nitronyl NRs are more acid-resistant than radical

R R
— HA — N*'HI
Yo Y
: :
Os Oe A

5 6

Scheme 4. Protonation of second basic group in imidazolinoxyls 5

1 due to the -l-effect of the imino and nitrone groups,
respectively. Moreover, in strong acids these groups undergo
protonation, as shown in Scheme 4 for imidazolinoxyls 5. In
some cases, cation-radical salts 6 are stable enough to be isolated
as analytically pure compounds.?>34

The basicity of the nitroxyl group in 6 further decreases in
comparison to 5 due to protonation of imino group. For example,
the half time of disproportionation t;,, in 36% HCl calculated for 1
by Eqn (5) and experimentally found for 5 (R=Ph)** at initial
concentrations 5x 107 *M are equal to <1s u ~12min,
respectively. Supposing that the value of k3 only slightly depends
on the type of NR, one may conclude that stability of NRs in acid
media is defined mainly by the basicity of nitroxyl group. In
contrast to piperidine-1-oxyl 1, the disproportionation products
of radical 5 are unstable and completely hydrolyze during ~48 h
(36% HCl, 20 °C)"**! with disclosure of the imidazoline cycle.

CONCLUSIONS

(1) For the first time, all steps of the acid-catalyzed reversible
disproportionation of NRs have been quantitatively charac-
terized using radical 1 as an example.

(2) NRs are very weak bases. Piperidine-1-oxyl 1 is characterized
by the value of pKijy+=—5.8+0.3 which corresponds to
half-protonation in ~64% H,SO,.

(3) Due to high reduction potential of protonated piperidi-
ne-T-oxyl THY (ESu4/3 = 955 + 15 mV), it is capable of oxidiz-
ing its unprotonated counterpart 1 to oxoammonium cation
2 (E37=750+5mV) at the rate constant k= (1.4+
0.8) x 10°M "5,

(4) Nitroxyls bearing electron-withdrawing substituents show a
lower basicity of their nitroxyl group and a higher stability in
acidic media. The degree of reversibility of the acid-catalyzed
disproportionation for particular NRs may be used as a
measure of stability of their “NR-oxoammonium cation-
hydroxylamine” redox cycle.
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