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The decay of ONOOH near neutral pH has been examined as a function of isomerization to H* and NOs™,
and decomposition to NO,~ and O, via O,NOO~. We find that in phosphate buffer Kisomerization =
1.11 £ 0.01 5" and Kaisproportionation = (1.3 £ 0.1) x 10° M~" s7" at 25 °C and / = 0.2 M. In the presence of
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Introduction

Peroxynitritet is formed from the reaction of NO* with 05,
which proceeds at a diffusion-controlled rate, &k = 1.6 X
10" M~' s71.*® Because both NO" and O3 are released by acti-
vated macrophages and neutrophils,®"" peroxynitrite can be
formed in vivo.'"> Due to its oxidizing power and nitrating
activity, peroxynitrite is cytotoxic and is associated with inflam-
matory diseases."?

ONOO is stable in a cold alkaline solution in the absence
of carbonyl compounds and metals. The pK, of ONOOH
increases from 6.5 to 7.3 with increasing phosphate concen-
tration.'* Isomerization of ONOOH to HNO;,">'® reaction 1,t
is first-order in ONOOH. Rate constants for the isomerization,
obtained over a period of ca. 40 years, have slightly decreased,
from 1.5 to 1.1 s
of peroxynitrite (Table 1). ONOOH is a powerful one-electron

, most likely because of purer preparations

Institute of Inorganic Chemistry, Department of Chemistry and Applied Biosciences,
ETH Zurich, 8093 Zurich, Switzerland. E-mail: koppenol@inorg.chem.ethz.ch
T“Peroxynitrite” refers to a mixture of ONOO™ and ONOOH, depending on the
PH; “peroxynitrate” refers to a mixture of O,NOO™ and O,NOOH, depending on
the pH. Buffers: Tris, tris(hydroxymethyl)aminomethane; Hepes, 2-[4-(2-hydroxy-
ethyl)piperazin-1-ylethanesulfonic acid; Pipes, 1,4-piperazinediethanesulfonic
acid. Formulae, trivial names and systematic names: ONOO™, peroxynitrite,
(dioxido)oxidonitrate(1—); ONOOH, peroxynitrous acid, (hydridodioxido)oxido-
nitrogen; O,NOO™, peroxynitrate, (dioxido)dioxidonitrate(1—); O,NOOH, peroxy-
nitric acid, (hydridodioxido)dioxidonitrogen; NO ", nitric oxide, oxidonitrogen( ")
or nitrogen monoxide; O;, superoxide, dioxide( 1-) or dioxidanidyl; HNO3,
nitric acid, hydroxidodioxidonitrogen; HO *, hydroxyl, hydridooxygen( ) or oxida-
nyl; NO;, pernitric oxide, nitrogen dioxide or dioxidonitrogen("); CO,, carbon
dioxide, dioxidocarbon; COj, trioxidocarbonate( " 1-); CO;27, carbonate, trioxido-
carbonate(2—); HCO;~, hydrogencarbonate, hydridooxidodioxidocarbonate(1-);
NO,~, nitrite, dioxidonitrate(1—); O,, dioxygen; H,0,, hydrogen peroxide or
dioxidane."”

FReactions 1-5 are part of Scheme 1.
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0.1 M tris(hydroxymethyl)aminomethane (Tris), the decay proceeds more rapidly: Kgisproportionation =
9 x 10° M~" s7". The measured first half-life of the absorbance of peroxynitrite correlates with [Tris]o-
(IONOO7]o + [ONOOH]I,)?, where the subscript 0 indicates initial concentrations; if this function exceeds
6.3 x 10712 M3, then Tris significantly accelerates the decomposition of peroxynitrite.

Table 1 The literature values for rate constant k; of the isomerization of
ONOOH at 25 °C

Year Reference ky/s™t Remarks
1970 28 1.5 @b

1990 12 0.65 + 0.05 e

1992 17 1.3 “

1993 29 1.0+ 0.2 “

1997 30 1.25 “

1997 14 1.20 I=0.2M
1998 31 1.20 I=01M
2003 32 1.10 £ 0.05 I=09M
2012 This work 1.11 £ 0.01 I=0.2M

“Tonic strength is not given. ” At r.t. € At 37 °C.

and two-electron oxidant.’”'® A review of the literature shows
that evidence for the much-cited homolysis of ONOOH to HO"
and NO; is weak: at most 5% of ONOOH may undergo this
reaction.”” In any case, the reaction of otherwise stable
ONOO™ with CO, *° is far more relevant to biology (k = (3-5.8) x
10" M~' s7)*»*? ag it yields, in part, very oxidising species, NO
and COj~ with E°(NO3/NO,”) = 1.04 V** and E°(COj; /CO;>7) =
1.59 V.** These species are responsible for the higher yield of
nitration of phenols compared to nitration by peroxynitrite
alone (4-9% without and 14-19% with 20 mM HCO;™).>>?*™7
Deviations from first-order behaviour®® and formation of
0, and NO,” in a 1:2 stoichiometric ratio®> have been
observed. Both phenomena can be explained with an
additional reaction, namely between ONOOH and ONOO™, a
disproportionation that, given a pK, of ONOOH of nearly 7, is
only relevant near and above neutral pH (Scheme 1). This dis-
proportionation thus fits the observation that NO,” yields
increase with pH and with peroxynitrite concentration.?®”
Gupta et al.’® showed that the disproportionation reaction

This journal is © The Royal Society of Chemistry 2013
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yields initially O,NOO™ and NO, . O,NOOH has a pK, of
5.9°%%% and is relatively stable. When one compares the wave-
lengths of maximal absorptivity and the extinction coefficients
of ONOO™ and O,NOO7, one sees that these parameters are
quite similar: O,NOO™ absorbs with e, = 1650 M~ em™" at
285 nm,*> and ONOO~ with €. = 1705 M™' cm™ at
302 nm.*" Furthermore, the rates of decay of both ONOOH
and O,NOO™ are close to 1 s™* (see below). For these reasons
O,NOO™ went unnoticed as an intermediate during the decay
of peroxynitrite. The decomposition of O,NOO™ yields NO,~
and 0,,>° of which ca. 1-2% is in an excited (*A,0,) state.”?
Estimates for decomposition reaction 3 at 25 °C are k; = 1.0 +
0.2 574,39 1.35 + 0.03 s7.,** and 0.58 s7'.*® k, and k_, are esti-
mated to be 1.05 + 0.23 s7'** and (4.5 + 1.0) x 10° M~* s7,*°
respectively. Redox reaction 5 is thermodynamically favoured,
ApnsG® = =118 k] mol™'. A¢G° (k] mol™) values in aqueous
solution are 62.5 for NO5,** 33.8 for 0;7,*> —38 for NO,” >**
and 16.4 for 0,;*° the reaction proceeds with ks = 1 x 10° M™"
s~1.*” We emphasise that the formation of O,NOO™, a reaction
that is second-order in peroxynitrite, is biologically insignifi-
cant, because the concentration of peroxynitrite that may be
generated by activated macrophages is very low. However,
upon bolus additions of peroxynitrite during in vitro experi-
ments that result in initial concentrations exceeding 0.1 mM,
the formation of peroxynitrate should be taken into account.
In neutral 0.1 M tris(hydroxymethyl)aminomethane (Tris)
buffer, decomposition of peroxynitrite yields up to 40% peroxy-
nitrate with k, = 3 x 10* M™" s7'.*® Decomposition of peroxy-
nitrite in various neutral amine buffers, e.g. 2-[4-(2-hydroxyethyl)-
piperazin-1-yl]ethanesulfonic acid (HEPES) or 1,4-piperazine-
diethanesulfonic acid (PIPES), yields an oxidant that was
suggested to be H,0,."®* However, it could well have been
O,NOOH. The pH of peroxynitrite containing samples is
usually controlled by phosphate buffer, and rarely by Tris or
HEPES buffer (e.g. ref. 49 and 50). At equal pH, similar initial
peroxynitrite concentrations yield more NO,~ in Tris buffer’®
than in phosphate buffer.>® This indicates that a Tris-depen-
dent conversion of peroxynitrite to NO,  takes place. The
possibility that the buffer influences the course or result of a

This journal is © The Royal Society of Chemistry 2013

d.*®*! We therefore also

reaction has rarely been considere
compared decomposition kinetics of peroxynitrite at pH = 6.8
in buffers that contain variable concentrations of phosphate
and Tris and refined the decomposition model by taking into

account reactions (1)-(3).

Materials and methods
Materials

(Me,N)OONO was prepared according to the work by Bohle
et al.,”” dissolved in 0.01 M NaOH and frozen as 25 mM solu-
tions. NaH,PO,-H,O (s), Na,HPO,-12H,0 (s), H,NC(CH,OH);
(s), NaOH (s), 85% H;PO, (aq), and 70% HCIO, (aq), all of
analytical grade, were purchased from Sigma-Aldrich/Fluka
(Buchs, CH), Brenntag Schweizerhall AG (Basel, CH), Merck
(Darmstadt, DE), Riedel-de Haén (Seelze, DE) and used as
received. Ar and N, both of 99.995% purity, were taken from
the in-house gas supply. All solutions were prepared in de-
ionized water that was further purified by using a Milli-Q unit
from Millipore AG (Zug, CH).

Preparation of solutions

All solutions were prepared, stored, transferred and mixed at
room temperature in glass vessels under Ar or N, and used
within one day. Because ONOO™ is sensitive to acid, heat and
light, samples (1.4 g) of deeply frozen 25 mM (Me,N)OONO
(aq) were dissolved in ice-cold 20 mM aqueous NaOH to
produce alkaline ONOO™ solutions that were stored and trans-
ferred at 0 °C and kept in the dark. The fresh alkaline ONOO™
solutions contained ONOO™, NO,~ and NO;~ in a molar ratio
of 10:1:1 (see the section ‘Determination of peroxynitrite,
nitrite and nitrate’). The impurity by NO,” and NO;™ in the
alkaline ONOO™ solutions is most probably formed during the
thawing of frozen (Me,;N)OONO (aq).”® Because the pK, of
ONOOH depends on the ionic strength of the medium,"* the
ionic strength of the Tris buffers and the pH-varied 0.07 M
phosphate buffers was adjusted to 0.2 M by the addition
of NaClO,, which we assume to be inert. Considering the

Dalton Trans., 2013, 42, 9898-9905 | 9899
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ion-pairing of Na*™ with HPO,>",>* we calculated the ionic

strength of our samples at pH 6-8 to be between 0.197 M and
0.206 M. The pK, of ONOOH is 6.7 under these conditions.

Determination of peroxynitrite, nitrite and nitrate

The content of peroxynitrite and of its typical ionic decompo-
sition products - NO,™ and NO;~ - were quantified for the lot
of deeply frozen (Mes;N)OONO (aq) used for kinetics experi-
ments as described before.*® Briefly, a sample (1.4 g) of deeply
frozen (Me,N)JOONO (aq) was subsequently weighted, dis-
solved in ice-cold 2 mM NaOH and analysed by spectro-
photometry at 302 nm (Specord 250 from Analytik Jena AG,
Jena, DE). To determine the content of NO,” and NO;, a
sample (1.4 g) of deeply frozen (Me,N)OONO (aq) was dis-
solved in 30 ml ice-cold 2 mM NaOH. 1 ml of this alkaline
solution was added to 5 ml ice-cold 2 mM phosphoric acid to
yield a mixture with pH = 3. In an acidic solution, peroxynitrite
is mainly present as ONOOH, which isomerises to NO;™. This
acidic solution was neutralised after 5 min by the addition of
4 ml 2 mM NaOH and then analysed by ion chromatography
(Super Sep IC Anion Column from Metrohm AG, Herisau, CH)
with a phthalate eluent of pH = 4.7 and by conductometric
detection (732 IC Detektor from Metrohm AG, Herisau, CH).
To determine the content of NO;~ in the (Me,N)OONO (aq)
sample, the peroxynitrite content was subtracted from the
content of NO; , which resulted after isomerization of
ONOOH. The amount of peroxynitrate was not determined
because it decays very fast in an alkaline medium.

Stopped-flow experiments

The decay of peroxynitrite was initiated by a rapid 1:1 mixing
of an alkaline ONOO™ solution with an acidic buffer solution
in a thermostated (25 °C) stopped-flow unit (SX17MN) from
Applied Photophysics (Leatherhead, UK) and observed for 10 s
by spectrophotometry. Monochromatic light at the absorption
maximum of ONOO™, 302 nm, was used.

For each sample the decay of the absorption was measured
at least four times, and the decay traces were averaged before
analysis. The initial absorption of each mixture was used to
calculate [ONOO™]y: the optical path length is 1 cm, and
€302 nm(ONOO™) =1705 M~ em™.*!

Prior to each decay experiment, the total initial peroxy-
nitrite concentration in the sample, [ONOO™ ]y total, Was
derived from the absorbance of a 1:1 mixture of an alkaline
ONOO™ solution with 20 mM NaOH. Then the experiments
were carried out at the desired pH in a specific buffer. Prior to
switching to another pH and buffer, the standardization
with NaOH was repeated. For each mixture, the final pH value
was measured by an Orion Microprocessor Ionalyzer 901
from Thermo Scientific after mixing, outside the stopped-
flow apparatus. For the decay simulations, the pK, of ONOOH
was calculated from the measured pH, [ONOO™|, and
[ONOO™]o, tota1 at pH = 6.8.

9900 | Dalton Trans., 2013, 42, 9898-9905
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Computations

We assume that at pH < 6 ONOOH isomerises to NO;~ and H"
exclusively; the decay of ONOOH was fitted to a single expo-
nential function that resulted in k,,s. The rate constant k; was
derived from kops, which is a function of pH, pK,onoom)
and ky:

+ K.
kobs - kl [H } - kl - kobs (1 + M) (1)

[H"] + Kaonoom) [H']

Reactions (1)—(3)§ lead to rate laws 2 and 3 for peroxynitrite
and peroxynitrate.

% — _k,[ONOOH] — 2k, [ONOOH][ONOO |  (2)
W = k,[ONOOH][ONOO | — k5[0,NOO"]  (3)

Given the pK, values of ONOOH and O,NOOOH, we calcu-
lated the time-dependent concentrations of the absorbing
species ONOO™ and O,NOO™.

oloNoo ]  ,  [HY)joNoO] . [H'][ONOO | @)
ot ! [H"] 4 Ka(onoon) : [H"] + Ka(onoon)
9[0,NOO™| Ka(o,n00m) [H'][ONOO™ 2
— A2
ot ([Hﬂ + Ka(OZNOOH)> ([Hﬂ + Ka(ONOOH))
K, O, NOO™
Ch a(0,N00H) [02 ] (5)

[H"] + Ka0,n00m)

With the extinction coefficients [£305 nm(ONOO™) = 1705 M~
em ™ €302 nm(0,NOO™) = 1370 M™" em™ from the spectrum in
ref. 38], we reproduced the absorption trace of peroxynitrite
solutions at 302 nm. The calculated absorbance trace was
fitted to the measured absorbance trace by the variation of the
rate constants according to the method of the least squares.
All data analysis and model calculations were carried out in
Microsoft Excel by macro programmes (which are available
from the authors upon request). The kinetics of the mixed-
order decomposition of peroxynitrite was quantitatively com-
pared by the use of the first half-life of the absorbance.

Results

Computation of the decomposition rate constants of
peroxynitrite in phosphate buffer

From the measurement of the initial absorbance at various pH
values, we derive a pKyonoom) of 6.7 at I = 0.2 M which fits
with the dependence of the pK, on ionic strength.

A rate constant k; = 1.11 + 0.01 s™* (n =7, 95% confidence
level) was determined by fitting absorbance traces at pH = 5.3
and I = 0.2 M in 70 mM phosphate buffer (see Fig. 1). At this
pH, [ONOOT] is too low to contribute to significant

§Reactions 1-5 are part of Scheme 1 with correspondingly numbered rate
constants.

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Decomposition of 0.25 mM peroxynitrite at 25 °C and pH = 5.3 in
0.07 M phosphate buffer (/ = 0.2 M) and simulation according to isomerization
only with k; = 1.11 s7". (a) Actual decay curve measured (black) and simulated
(yellow); (b) residuals (green) of the model.
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Fig. 2 Four to six decay traces per pH value (0.25 mM peroxynitrite in 70 mM
phosphate buffer at 25 °C and / = 0.2 M, see Table 2) were measured at 302 nm
and averaged.

disproportionation, and [HNO,], from the nitrite present in
the (Me,N)OONO preparation, is too low to cause undesired
reactions.

It became clear that the results obtained at higher pH
(Fig. 2) could not be fitted with k; = 1.11 s~" (Fig. 3). We there-
fore take into account an additional process, disproportiona-
tion of peroxynitrite to O,NOO~ and NO,.*® For the decay of
0,NOO™ to NO,~ and O,, we take a value of 1.35 s™'.** The

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Four to six decay traces per pH value (0.25 mM peroxynitrite in 70 mM
phosphate buffer at 25 °C and / = 0.2 M, see Table 2) were averaged and fitted
with k; = 1.11 s~". The residuals are much larger than in Fig. 4, the range of
which is indicated by the two dashed lines.

0.0050

0.0025

residuals | Abs

0 2 4 6 8 10
t/s

Fig. 4 The same as Fig. 3, but fitted with k; = 1.11 s™" and k3 = 1.35 s7'.#*
k> was varied to minimise the residuals shown here.

combination of these three processes allows us to fit the
obtained results with significantly smaller errors (Fig. 4).

Fig. 5 shows an actual decay curve of 0.25 mM peroxynitrite
at pH = 6.5 which was fitted according to rate laws 2 and 3
with k; = 1.11 s™' and k; = 1.35 s7.** In addition, the fit
required that k, be 1163 M~" s': the residuals are very small
and do not show any systematic error. This procedure was
repeated at various other pH values, and the results for &, are
presented in Table 2.

The first half-life of the absorbance increases with pH
(Fig. 6) because ONOO™ is stable and the isomerization
of ONOOH is the predominant decomposition pathway of

Dalton Trans., 2013, 42, 9898-9905 | 9901
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Fig. 5 Decomposition of 0.25 mM peroxynitrite at 25 °C and pH = 6.5 in 0.07
M phosphate buffer (/ = 0.2 M) and simulation according to rate laws 2 and 3
with k; = 1.11 57" and k5 = 1.35 571, resulting in k, = 1163 M~" 57", (a) Actual
decay curve measured (black) and simulated (yellow); (b) residuals (green) of
the model; (c) concentrations calculated for ONOO™ (blue) and O,NOO™ (red),
[ONOOH] is not shown.

Table 2 Decomposition of 0.25 mM ONOO™ at 25 °C in 0.07 M phosphate
buffer, / = 0.2 M adjusted by NaClO,4, k; = 1.11 + 0.01 s7', k3 = 135574 n
measurements. The error of 1 is based on all 27 measurements from pH 6.1 to
8.0 at the 95% confidence level

View Article Online

14

12

10

firstts |'s

Fig. 6 Decomposition of 0.25 mM peroxynitrite at pH = 5.3, 6.1, 6.5, 7.0, 7.2,
7.7 and 8.05 in 70 mM phosphate buffer (/ = 0.2 M). The first half-life of the
absorbance measured (+) and calculated (blue lines) based on the best fit of
two decomposition models: (1) (dashed line) according to isomerization only
with k; = 1.11 57" (2) (solid line) according to rate laws 2 and 3 with k; = 1.11
s ky=13x10°M s and ks =1.355"".

Table 3 Decomposition of 0.25 mM peroxynitrite at 25 °C and pH = 6.8 in 0.1
M Tris buffers (/ = 0.2 M) at various phosphate concentrations. n, the number of
determinations

[Phosphate]/M First ¢1,5/s k/(10* M 57 n
0 0.65 + 0.00 14+2 2
0.001 0.68 + 0.02 13+1 5
0.005 0.69 + 0.09 13 +4 3
0.025 0.73 + 0.04 12 +3 3
0.1 0.91 + 0.02 9.3 +0.4 6

Table 4 Decomposition of 0.25 mM peroxynitrite at 25 °C and pH = 6.8 in 0.1

pH First ty),/s k/(10° M s n M phosphate buffers (/= 0.2 M) at various Tris concentrations
5.3 0.69 + 0.01 — 7 [Tris)M LYo Mt s k2(0* M7t s
6.1 0.76 £ 0.04 0.9+1.0 4
6.5 0.92 £ 0.03 1.3+0.3 4 0 1.3 1.2
7.0 1.41 £ 0.02 1.7 +0.1 4 1x107* ¢ 1.3
7.2 2.21 £ 0.06 1.1+£0.1 6 3x107* 1.3 1.5
7.7 4.6+0.1 1.4 £0.1 5 1x107° 1.5 2.0
8.0 9.4+0.1 1.7+0.1 4  3x107° 2.4 2.8
Over all pH values 1.3+0.1 27 0.01 3.7 4.4
0.03 5.1 5.2
0.1 8.0 9.4

peroxynitrite. The first half-life of the absorbance at pH 6-8
can be calculated according to rate laws 2 and 3 with &; =
1115, k, = 1.3 x 10° M ' s7' and k; = 1.35 s much more
accurately than by a model based on a first-order decay only.

Decomposition of peroxynitrite in phosphate buffer and Tris
buffer

The decomposition of peroxynitrite is decelerated by phos-
phate and accelerated by Tris: ¢;/, = 0.75-0.88 s in 0.1 M phos-
phate and 0.1 M Tris, ¢, = 1.33-1.42 s in 0.1 M phosphate

9902 | Dalton Trans., 2013, 42, 9898-9905

Initial total peroxynitrite concentration: 260 pM and ” 340 uM. “Not
determined.

only and ¢, = 0.63 s in 0.1 M Tris only (Tables 3 and 4, and
Fig. 7).

Interestingly, up to a certain concentration, Tris shows no
significant influence on the decay of peroxynitrite. However,
this concentration decreases with increasing initial peroxy-
nitrite concentration. We find that the measured first half-life

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Decomposition of 0.047 mM (blue), 0.25 mM (green) and 0.34 mM
(black) peroxynitrite at pH = 6.8 in 0.1 M phosphate buffers with varied Tris con-
centrations. The solid horizontal lines indicate the first half-life of the absor-
bance of peroxynitrite in the absence of Tris. When [Tris]0<[ONOO’]O,tota\2
exceeds 6.3 x 10™'2 M3, Tris significantly catalyses the disproportionation.

of the absorbance of peroxynitrite correlates with [Tris]y:
[ONOO o, totar”: if [Tris]o[ONOO ]y, toral” €xceeds 6.3 x 107*
M? (1 x 107""* M?), then Tris significantly accelerates the
decomposition of peroxynitrite (Fig. 7).

Discussion

According to rate laws 2 and 3, absorption traces are fitted (e.g.
Fig. 5) and values of the first half-life of the absorbance are
simulated (Fig. 6) without a systematic error for the pH range
6-8. A model restricted to homolysis®” does not simulate the
decay of peroxynitrite in this pH range very well.

The first-order rate constant of the isomerization agrees
with earlier results.

The disproportionation can be regarded as a two-step reac-
tion: a reversible association and a subsequent irreversible
conversion to the products:

k ks _
ONOOH + ONOO™~ ==[ONOOH - ONOO |* 5 H" + 2NO,

k-6
+ O,
O[ products] o keks B
——5,  =k/[ONOOH - ONOO] = . E [ONOOH][ONOO]
= k,[ONOOH][ONOO |
keks
— k = —
ket ks

(8)

Earlier estimates of the parameters of this sequence are
listed in Table 5. The first two are in good agreement with the
disproportionation rate constant determined here; however,
the third estimate is higher.

This journal is © The Royal Society of Chemistry 2013
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Table 5 Rate constants of the decomposition of peroxynitrite into NO,~
and O,

kd/M™' 57 klol(sTY)  ksl(sTh) k/M™ s Source

0.20 +0.01 (2.0 +0.1) x 10° Decay modelling™*

2.5 x10° 25 0.2-0.3 (2-3) x 10° Decay modelling™®

1.7 x 10* 0.025  0.05 1.1 x 10" Decay modelling™
(1.3 £0.1) x 10>  This work

According to rate laws 2 and 3, the concentration of peroxy-
nitrate reaches its concentration maximum ca. 1 s after the
decay of peroxynitrite is initiated (Fig. 5¢). After that peak con-
centration, the second-order disproportionation becomes neg-
ligible in comparison with first-order decay processes 1 and
3. Therefore, decay traces of peroxynitrite deviate from first-
order kinetics in the first 1-2 s.**

The decomposition model according to reactions (1)-(3)§
and (9) fails to reproduce the Tris-dependent first half-life of
the absorbance. It fits the absorption curves with a residual
that indicates a systematic error that increases with the Tris
concentration (not shown). Moreover, it results in k, values
that increase non-linearly with the Tris concentration if the
latter is higher than 10™* M (Table 4). Saturation may cause a
non-linear dependence. The accelerating effect of Tris will be
addressed in a future publication.

We find that k, is one order of magnitude lower in phos-
phate buffer (this work: 1.3 x 10* M~" s7") than in Tris buffer
(this work: 9 x 10> M~ 57", Gupta et al.:*® 3 x 10* M™" s7*, both
in 0.1 M Tris) and that 0.25 mM peroxynitrite decomposes in
0.1 M Tris buffer twice as fast as it does in 0.1 M phosphate
buffer. Therefore, Tris accelerates the disproportionation of
peroxynitrite and thereby increases k,. Indeed, the peroxy-
nitrate yield is, being dependent on the square of the initial
peroxynitrite concentration, 40 times higher in Tris buffer
than it is in phosphate buffer.>® The observed rate of decay of
peroxynitrite accelerates with increasing Tris concentration
(Fig. 7). Furthermore, the first half-life of the absorbance corre-
lates with the concentration product [Tris]y-[ONOO ]y, otar’-
The concentration product [Tris]-[ONOO |iar” is likely part of
the rate law of the additional Tris-dependent decomposition
pathway. If the Tris concentration is high enough, this
additional decomposition pathway contributes significantly
to the overall decomposition. If Tris participates in the dis-
proportionation according to reaction (9) and if ky, in Tris =
ko + ko[Tris], then we obtain an estimate of kg = (8-29) x
10°M s

.k _ _ .
ONOOH + ONOO™ + Tris — O,NOO~ +NO, ™ + TrisH' (9)

It is likely that a more accurate decomposition model can
be achieved by considering a chain of association equilibria
that involve peroxynitrite and Tris.

Peroxyacids, in general, decompose in reactions that are
first-order in both the acid and its conjugate base: typically
with rate constants of 1 x 107°-1 x 107" M~* s7.°° These
rate constants are much smaller than those found for

Dalton Trans., 2013, 42, 9898-9905 | 9903


https://doi.org/10.1039/c3dt50945a

Open Access Article. Published on 23 May 2013. Downloaded on 3/13/2026 7:12:04 AM.

View Article Online

N/O\O
[N 0
(O\H _______ (l) ?/ \,H
— + s
-H+
/Qo H l
A _
H A\O \? ? NO, + 0
7777777 TN _ - + H+ - + 2 2
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Scheme 2

peroxynitrite (1.3 x 10°-3 x 10* M™" s™"). However, in contrast
to other peroxyacids, the atom attached to the OOH group of
peroxynitrite has a lone pair that allows additional reactions -
electrophilic attack and oxidative addition - that may allow
faster decomposition (Scheme 2).

At peroxynitrite concentrations >10~* M, but at lower con-
centration in the presence of Tris, disproportionation of
peroxynitrite in samples competes with reactions of peroxy-
nitrite with target molecules and produces peroxynitrate that
is an artificial reactive intermediate.
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