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Peroxynitrite (OdNOO-) is formed by the reaction of cold aqueous solutions of hydrogen peroxide and nitrous
acid, followed by rapid quenching with base. Reduction of this peroxy anion with sulfite (OdNOO- + SO32-

f NO2
- + SO42-) at pH 12-14 is slow but is catalyzed markedly by dissolved Cu(II), which, in this medium,

exists predominantly as Cu(OH)4
2-. Nonexponential kinetic profiles for 10 runs, carried out with [OH-] ) 0.005-

0.50 M, [OdNOO-] ) 0.16-0.58 mM, [SO32-] ) 7.5-75 mM, and [CuII] ) 1.0-4.0 µM, are consistent with
a sequence (eqs 8-13 in the text) in which Cu(I) is generated from the one-electron reduction of Cu(II) by
SO32-, after which Cu(I) reduces peroxynitrite to NO2 by competing protonated and nonprotonated paths.
Subsequent reduction of NO2 is taken to be rapid. The proposed sequence then attributes the catalytic role of
copper, in this system, to its ability to support a single-electron route to supplement the uncatalyzed path,
which has been taken to entail direct oxygen atom transfer. Vanadium(V) and molybdenum(VI), which exist in
this medium predominantly as the oxo anions VO4

3- and MoO42-, are devoid of catalytic action. The couples
Fe(II,III) and Mn(II,III) are also catalytically inactive, presumably due to the very low solubility of several of the
metal hydroxides at the high pH values employed.

Peroxynitrite (OdNOO-), the anion of the weak acid
peroxynitrous acid (pKa 6.5),2 is formed by the rapid combina-
tion (k ) 6 × 109 M-1 s-1 at 25°C)3 of the two biologically
important4 odd-electron diatomic species nitric oxide and
superoxide (O2-). Although the acid is unstable, the anion can
be preserved for weeks in a strongly basic media at-18 °C.5
Raman spectra6 support a predominantcisstructure for this ion.

The production of peroxynitrite, which has been found to
be cytotoxic,7 in biosystems has been confirmed,8 and it has
been proposed as an active agent in reactions associated with
vascular injuries9 and in the development of atherosclerotic
lesions.10

Several activation paths come to mind for the OdNOO-/
OdNO2H couple. The N-O bond may be broken heterolytic-
ally to yield the NO+ cation, a powerful nitrosating agent. In
addition, evidence has been presented that reactions of the acid
may proceed, at least in part, via excitation of its predominant
cis- to a more reactive trans-form11 or formation of a cyclic

(three-membered ring) intermediate.12 Spontaneous homolysis
of the O-O bond to form the unusually reactive hydroxyl radical
appears to be ruled out thermodynamically.13

Although an array of reports is at hand describing oxidations
by peroxynitrite of both inorganic14 and organic15 coreagents,
all quantitative studies, with but two exceptions,14b,chave been
carried out with care taken to exclude contamination by
transition metal ions. This expedient is likely to bypass
mechanistic features of such oxidations. Moreover, extensions
to bioconversions should deal with the possibility of trace metal
species in such systems. Past experience with reactions of
hydroperoxides,16 peroxy acids,17 and metal-peroxo com-
plexes18 demonstrate striking changes in reaction rates, kinetic
patterns, and product distributions resulting from the intervention
of metal centers at low concentrations.

Transition metal ions open additional routes. Reactions 1-3
feature oxidative changes at the metal center analogous to the
familiar Fenton-type activation of peroxy compounds.19 Each
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requires a metal having at least two accessible oxidation states
differing by one unit (e.g., MII, MIII ).
In other cases, a metal center may activate the transfer of an

electrophilic fragment to a reductant (R:), via preliminary
coordination, but with no change in the oxidation state (eqs 4
and 5), a route which is characteristic of such oxyphilic d0

centers as Ti(IV) and Mo(VI).20

There are constraints associated with the study of metal
catalysis in such systems. The very low solubilities of many
transition metal hydroxides at pH’s great enough to allow
peroxynitrite to persist dictate using these metals as slightly
dissociated complexes rather than as their aqua ions. A number
of the most effective d-block sequestrants feature hydroxamic
acid units or catecholate residues,21 neither of which is expected
to survive under strongly oxidative conditions. Moveover, some
degree of substitution-lability at the metal ion should be
retained, since the action of these centers is customarily initiated
by coordination to the peroxide function.
In the present study, which deals with the reduction of

peroxynitrite with sulfite as catalyzed by copper, conversions
are carried out in strongly basic solutions (pH 12-14) to
minimize the complications that are associated with the uncata-
lyzed reaction22 and the self-decomposition of the oxidant, since
both processes are markedly accelerated by H+. These experi-
ments are possible because Cu(II) exhibits an appreciable
amphoteric character in aqueous alkaline media.23

Experimental Section

Materials. All solutions were prepared from Millipore water, which
was treated with zinc amalgam, as described, to remove Cu2+,24 boiled
for 2 h, and then purged with N2 for 2 h more to remove dissolved O2.
Sodium perchlorate and standard solutions of NaOH (1.0 M) (Aldrich
products) and sodium sulfite (MCB) were used as received. Sulfite
solutions were prepared with deaerated water, kept under N2, and
standardized daily iodometrically.25 Copper sulfate was crystallized
once from water. Peroxynitrite solutions were prepared using slight
modifications of the literature methods,14a,d,22were kept at-18 °C,
and were standardized spectrophotometrically each day (ε302 ) 1670
M-1 cm-1).14d

Stoichiometric Studies. The stoichiometry of the peroxynitrite-
sulfite reaction, as catalyzed by copper, was examined under N2 in
0.025 M NaOH in a short path length (0.20 cm) spectrophotometric
cell. Deficient quantities of sulfite were added to a known concentration
of peroxynitrite. After a 40 min waiting period, the decreases in
absorbance at 302 nm were measured. These changes, after minor
adjustments to reflect the (much slower) CuII-catalyzed self-decomposi-
tion of the oxidant in the same time period, were compared to those
occurring when peroxynitrite was treated with excess sulfite. Results
are summarized in Table 1.
Kinetic Studies. Reactions were monitored from measurements of

absorbance decreases at 302 nm using a Shimadzu 1601 recording
spectrophotometer. Temperatures were kept at 24.0( 0.2 °C.
Conversions were carried out in basic solutions (0.005-0.50 M
NaOH),26 and the ionic strength was maintained at 1.0 M using NaClO4.
Excess sulfite was used in all kinetic runs. Decay profiles were curved
but not exponential, generally exhibiting an approach toward linearity
during the first third of the reaction but becoming more nearly
exponential during the latter stages (Figure 1). Comparisons of initial
rates throughout the series of runs suggested a first-order dependence
on [SO32-] at low concentrations of this reductant but an approach to
kinetic saturation at higher levels, as well as inhibition by OH-.
Variation with [OdNOO-] was less marked than that corresponding
to unit order, whereas rates appeared to be proportional to [CuII] at
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MII + OdN-O-OHf MIII (OH)+ NO2
• (1)

MII + OdN-O-OHf MIII (NO)+ O2H
- (2)

MII + OdN-O-OHf MIII (NO2
-) + OH• (3)

N O

M

O–O

+ R: R:O + M(O N O–) (4)

(5)
H+

R:N O + M(OOH–)N O

M

O–O

+ R:

Table 1. Stoichiometry of the Reaction of Peroxynitrite with
Sulfite As Catalyzed by Coppera

[OdNOO-],
mM

[SO3
2-],

mM
∆[OdNOO-],

mMb ∆[OdNOO-]/∆[SO3
2-]

1.80 1.00 0.95 0.95
2.25 1.80 1.77 0.98
4.15 3.00 2.86 0.95
5.54 3.00 2.89 0.96

aReactions were carried out at 24°C under N2 in 0.025 M NaOH;
µ ) 1.0 M (NaClO4); [CuII] ) 2.0× 10-6 M. Indicated concentrations
are initial values.bMeasured at 302 nm (optical path length 0.20 cm)
and corrected for loss of OdNO2

- resulting from its Cu(II)-catalyzed
self-decomposition (see Experimental Section).

Figure 1. Kinetic profile at 302 nm for the reduction of peroxynitrite
(3.1× 10-4 M) with sulfite (7.5× 10-3 M), as catalyzed by Cu(II)
(2.0× 10-6 M) in 0.025 M NaOH at 24°C; µ ) 1.0 M (NaClO4). The
circles are experimental values, whereas the solid line represents
absorbances calculated from numerical integration of differential
equations based on reaction 6 and sequence 8-16, taking the parameters
from Table 3. The extinction coefficient used for peroxynitrite is 1.67
× 103 M-1 cm-1, and the other species were considered to be negligibly
absorbent. Optical path length) 1.00 cm.
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concentrations of CuII less than 5.0µM but reached a (reproducible)
maximum at levels slightly above this value.
The peroxynitrite-sulfite reactions were also catalyzed perceptibly

by CoIII (added as (NH3)6Co(ClO4)3 or (NH3)5Co(H2O)(ClO4)3) but not
by VO4

3-, MoO4
-, or ReO4-. Experiments to establish catalysis by

FeIII or MnII were not informative due to precipitation of the hydroxides
of these metals in the basic media employed.

Results and Discussion

Gubeli and co-workers23bhave studied the speciation of dilute
solutions of Cu(II) at high pH and report formation constants
of 1014.5 and 1015.6 for the hydroxo complexes Cu(OH)3

- and
Cu(OH)42- (25 °C, 1.0 M). Combination of these values with
KH2O leads to the acidity constant for Cu(OH)3(H2O)-.

The tetrahydroxo complex is then nearly half-protonated in 0.08
M NaOH. The steady increase in rates as [catalyst] is raised to
5× 10-6 M, in conjunction with the observed ceiling at slightly
greater concentrations, suggests a maximum set by the solubility
of Cu(II) in this medium, in agreement with the limit (5µM at
pH 13) documented by Gubeli.
The close approach to 1:1 reactant ratios for these oxidations

(Table 1) indicates that conversions are predominantly to nitrite
and sulfate

The slight departures from unit stoichiometry probably reflect
uncertainties in the extrapolation procedure used to accom-
modate the self-decomposition of the oxidant.
The progressive change in the character of the decay profiles

as each reaction proceeds implies a gradual shift in the rate-
limiting step in the catalytic sequence. Shortly after mixing,
rates are determined principally by a process not involving
peroxynitrite, yielding an active catalytic species, which then
reacts rapidly with the oxidant. During this stage of reaction,
the action of peroxynitrite resembles that of a scavenger.
However, as the oxidant is depleted, it is consumed more slowly
and its disappearance becomes more nearly rate determining,
approaching exponential behavior. The observed deceleration
of the net reaction with increasing pH points to one or more
protonation equilibria in the reaction path.
The recognized ease with which sulfite reduces Cu(II) to

Cu(I) in highly basic media27,28strongly suggests that the active
reductant in the catalytic sequence is a Cu(I) species. Catalysis
then involves recycling between the oxidation states of the
copper, and a key question is whether the higher state is Cu(II)
or Cu(III). The latter is much less usual, but a rapidly growing
array of Cu(III) complexes have been characterized,29 a number
of which are prepared by oxidation in basic media.30 Since,
however, stabilization of this hypervalent state appears to require

either a medium with a high oxidizing potential31 or such
unusual ligands as periodate,32 tellurate,33 dialkyl dithiocarbam-
ates,34 biuret,35 deprotonated peptides,36 or dioximate anions,37

none of which is present in the system at hand, interpretation
of our data in terms of a Cu(I,II) cycle is taken to be more
reasonable.
Data for all runs are consistent with sequence 8-13, in which

SV is an abbreviation for the radical anion SO3
•-. It is further

assumed that Cu(I) in these solutions exists at two protonation
levels, designated [(OH)3CuI(H2O)]2- and [(OH)2CuI(H2O)2]-.
Net rates at the beginning of each run are set mainly by the
generation of Cu(I) (step 9), whereas rates near the end depend
also on steps 11 and 12, both of which involve OdNOO-. In
addition, reactions 14-16 have been included to accommodate
minor contributions from the catalyzed self-decomposition of
the oxidant (which is very nearly first order in substrate in the
time frame considered) and the uncatalyzed OdNOO--SO32-

reaction, rates of which, at the various [OH-] values, were
previously determined.22

The reduction of peroxynitrite by CuI is taken to proceed via
a combination of a protonated route (steps 10 and 12) and a
deprotonated path (step 11). The rapid reaction of the two odd-
electron species, SO3•- and NO2• (step 13), occurs after all of
the rate-determining processes and is kinetically silent. No

(27) The strongly positive potential, 0.71 V, for the reaction

SO3
2- + 2Cu(OH)2 f SO4

2- + 2H2O+ Cu2O+ 2OH-

at pH 14, calculated from data of Bard,28 should not be greatly altered
by the partial conversion of the copper species to soluble hydroxo
complexes.
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Cu(OH)3(H2O)
- h Cu(OH)4

2- + H+ Ka ) 10-12.9 (6)

OdNOO- + SO3
2-98

Cu(II)
NO2

- + SO4
2- (7)

[(OH)3Cu
II(H2O)]

- + SO3
2- y\z

K8
[(OH)3Cu

IISO3]
3- + H2O

(8)

[(OH)3Cu
IISO3]

3- + H3O y\z
k9

k-9
[(OH)3Cu

I(H3O)]
2- + SV (9)

[(OH)3Cu
II(H2O)]

2- + H+ y\z
K10

[(OH)2Cu
I(H2O)2]

- (10)

[(OH)3Cu
I(H2O)]

2- + OdNOO- 98
k11

[CuII(OH)4]
2- + NO2

• + OH- (11)

[(OH)2Cu
I(H2O)2]

- + OdNOO- 98
k12

[CuII(OH)4]
2- + NO2

• + H2O (12)

SV + NO2
• 98
k13
98
OH-

NO2
- + SO4

2- (13)

[(OH)3Cu
II(H2O)]

- + OdNOO- y\z
K14

[(OH)3Cu
II(O2NdO)]2- + H2O (14)

(OH)3Cu
II(O2NdO)]2- + H2O98

k15

[(OH)3Cu
II(H2O)]

- + NO2
- + 1/2O2 (15)

OdNOO- + SO3
2- 98

k16
SO4

2- + NO2
- (16)
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details concerning the route for the catalyzed self-decomposition
of the oxidant (step 15) are suggested since this constitutes only
a small fraction of the entire change.
Expression of this sequence as a series of differential equa-

tions and numerical integration using an adaptation of the pro-
gram KINSIM38 yield concentrations of the participating species
at appropriate time intervals during the course of each reaction.
Incorporation of the molar absorbance of peroxynitrite (the only
species absorbing appreciably at 302 nm) yields calculated
values of the absorbance of the reaction solutions at each point.
Rate constants and equilibrium constants leading to optimal

agreement between calculated and observed absorbances are
listed in Table 2 and summarized in Table 3. The parameters
pertaining to this sequence are not wholly independent; our
experiments allow an estimate ofK14k15 but not of the individual
constants. The bimolecular rate constant,k13, for the reaction
of the two odd-electron species, which is set near the diffusion-
controlled limit, does not affect the quality of fit. Absorbances
calculated from the parameters in Table 3 are compared to a
representative experimental curve in Figure 1.39,40

The proposed mechanistic sequence thus ascribes the catalytic
role of copper in this system to its ability to support a single-

electron path. This supplements the uncatalyzed route which,
based on earlier evidence,22 has been taken to entail direct
oxygen atom transfer. At the same time, the observed absence
of catalytic activity associated with vanadium(V) and molyb-
denum(VI) species is not unexpected. These d0 states, when
active, are thought generally to promote peroxide heterolyses
via metal-peroxo complexation and resultant polarization of
the O-O bond. At the low catalyst concentrations and the very
high basicities employed here, these metal states exist predomi-
nantly as the strongly negative oxo complexes MoO4

2- and
VO4

3-, in which the electrophilic character of the metal centers
has been severely diminished. Since the O-O bond in
peroxynitrite is already markedly polarized by the electron-
attracting nitrosyl function, further external enhancement of this
effect is vanishingly small.

Some catalytic action by the single-electron couples Fe(II,III)
and Mn(II,III) might be anticipated. Because of the negligible
amphoterism exhibited by these states, experiments in basic
media require that such centers be utilized as slightly dissociated
complexes. Whether available sequestrants will accomplish the
necessary solubilization without shifting the interconversion
potentials beyond the effective range or curtailing the substitu-
tion lability needed for rapid metal-peroxy coordination remains
to be seen.
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Table 2. Representative Kinetic Data for the Oxidation of Sulfite by Peroxynitrite As Catalyzed by Cu2+ a

[Cu2+],
µM

[SIV],
mM

[ONOO-],
mM

[NaOH],
M

K8,
M-1

k9,
s-1

k-9,
M-1 s-1

K10,
M-1 s-1

k11,
M-1 s-1

k12,
M-1 s-1

k13,
M-1 s-1

K14‚k15,
M-1 s-1

k16,b

M-1 s-1

1.0 7.5 0.33 0.025 52 14 1× 105 4.8 440 8.0× 104 1× 109 75 0.059
2.0 7.5 0.31 0.025 50 12 1× 105 5.1 475 8.5× 104 1× 109 75 0.059
4.0 7.5 0.30 0.025 52 12 1× 105 5.0 450 8.0× 104 1× 109 75 0.059
2.0 25.0 0.29 0.025 50 12 1× 105 5.0 480 8.5× 104 1× 109 75 0.059
2.0 75.0 0.28 0.025 50 13 1× 105 5.1 480 8.5× 104 1× 109 75 0.059
2.0 7.5 0.58 0.025 48 11 1× 105 5.0 475 8.4× 104 1× 109 75 0.059
2.0 7.5 0.16 0.025 52 13 1× 105 5.2 480 8.6× 104 1× 109 75 0.059
2.0 7.5 0.18 0.025 50 12 1× 105 5.0 460 8.3× 104 1× 109 75 0.076
2.0 7.5 0.20 0.20 51 13 1× 105 5.0 450 8.2× 104 1× 109 75 0.053
2.0 7.5 0.17 0.50 47 11 1× 105 4.8 420 8.0× 104 1× 109 75 0.051

aReactions were carried out under N2 at 24°C and at ionic strength) 1.0 M (NaClO4). Parameters were obtained from the best fit of integrated
forms of sequence 8-16 to experimental curves (see text and ref 38).b Values from the measured variation, with acidity, of the rate constant for
the uncatalyzed redox reaction.22

Table 3. Rate Constants and Equilibrium Quotients Contributing to
the Oxidation of Sulfite by Peroxynitrite As Catalyzed by Dissolved
Coppera

K6 1.3× 10-13Mb k11 4.6× 102 M-1 s-1

K8 50 M-1 k12 8.3× 104 M-1 s-1

k9 12 s-1 k13 1× 109 M-1 s-1 c

k-9 1× 105 M-1 s-1 K14k15 75 M-1 s-1 d

K10 5.0× 1010M-1 k16 0.051-0.076 M-1 s-1 e

a Parameters pertain to reaction and sequence 8-16 in text. Reac-
tions were run at 24°C; µ ) 1.00 M (NaClO4). [OH-] ) 0.005-0.50
M, [SO3

2-] ) 7.5-75 mM, [OdNOO-] ) 0.16-0.58 mM, [CuII] )
1.0-4.0 µM, λ ) 302 nm. Values listed are those giving optimum
agreement between calculated and observed absorbances for 10 runs
in which concentrations of reagents, catalyst, and acidity were varied.
bReference 23.c Value set at diffusion-controlled limit.d Steps for the
CuII-catalyzed decomposition of peroxynitrite. The observed acidity
dependence for this competing reaction also reflects equilibriumK6.
eAcid-dependent uncatalyzed redox reaction.22
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