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Research summary:
1. General objectives

The purpose of this grant has been to provide basic chemical research in support
of a major projcct undertaken at Brookhaven National Laboratory (BNL) whose purpose
was to provide better understanding of the complex chemical processes occurring in
nuclear storage tanks on the Hanford reservation. More specifically, the BNL grant
(EMSP #73824, Sergei V. Lymar, PI) was dirccted at evaluating the cxtent of radiation-
induced formation of peroxynitrite anion (ONOO") in the tanks and its possible use in
chemical remediation schemes. In its original submission, grant DE-FG07-98ER 14905
was incorporated as a subcontract in EMSP 73824, but was later changed to an
independent grant to avoid unnecessary duplication of administrative support (i.c., at both
WSU and BNL).

Two research projects were carried out under the auspices of this grant
comprising:

) mechanistic studies directed at evaluating the extent of generation of radical
species ("OH, *NO;) during peroxynitrite decay

) kinetic analyses of the oxidation of chromic species to chromate ion by peroxo
compounds

As discussed in the original EMSP proposal (EMSP #73824, Sergei V. Lymar, PI), the
_ﬁrst study is crucial to understanding potential peroxynitrite-initiated reaction sequences
in the mixed-waste Hanford tanks and the second is relevant to remediation strategies that
would improve long-term storage of the wastes by removing chromic polymers that
nterferc with vitrification. Results from the supporting studies done in my lab under the
auspices of ER14905 are summarized below,



2. Secondary radical formation during peroxynitrite decay

Protonation or formation of Lewis acid adducts of ONOO" leads to its rapid
isomerization to NO; or decomposition to NO;” plus Ox in reactions that are highly
dependent upon medium conditions. Many of the chemical oxidatigns carried out by
peroxynitrite involve secondary species produced during decomposition as the actual
oxidants. The identities of these secondary oxidants have been hotly disputed for nearly
a decade, but identifying them is clearly essential to understanding the overall chemical
reactivity of peroxynitrite. In earlier work, we established that CO,-catalyzed
peroxynitrite decay proceeded via formation of a ONOO™CO;" adduct that underwent
homolysis of its peroxo O-O bond to yield “NO; and “CO;’ as secondary oxidants.
Although we have also shown that analogous decay of the ONOOH via O-O homolysths to
yield *NO; and *OH is consistent with all of the known chemistry of the relevant species,
this view has been strongly opposed by others who, for various reasons, deny that
ONOOH can be a precursor to ‘OH. To resolve this issue, we have designed and carried
out experiments to distinguish between the homolysis mechanism and mechanisms by
others that do not involve intermediary formation of radicals. The results, presented in
the appended manuscript i, are totally consistent with the homolysis mechanism, but
exclude the other mechanisms from consideration. This work is important because it
places the notion that ONOOH spontaneously decomposes to generate these strongly
oxidizing radicals on a firm foundation.

3. Chromium(ILl) oxidation by potassium monoperoxide (“‘oxone”)

The purpose of these studies was to provide comparison of the reactivity of
ONOO" with that of a second peroxide that, unlike peroxynitrite, was relatively stable in
the absence of reductants, yet retained its strongly oxidizing properties. The kinetics of
oxidation of Cr(Ill) by oxone (2KHSOs-KHSO4K:S0,) in strongly alkaline media
(mimicking the Hanford tank environment) were carried out by adding acidic Cr(NOs);
solutions to an excess of oxone in 2.5 M NaOH. Under these conditions, the oxone has a
decay halftime of several hours at room temperature, as determined by iodometric
titration. For kinetic runs, however, reagent solutions of oxone were prepared in 0.1 M
acetic acid, pH 4.5, a medium in which they were considerably more stable. (For
example, an oxone solution with 3 mmol/L oxidizing capacity lost only ~ 10% of its titer
after several days storage at 10° C.) Stock Cr(Ill) solutions were prepared by dissolving
Cr(NO3);'9H,0 in 0.1 M HNOs; these were standardized by digesting the complex ion in
strongly alkaline solution containing HO,". Under these conditions, Cr(III) species are
quantitatively converted to CtO,>, whose concentration can be determined by
spectrophotometric titration. Kinetic runs were made by adding Cr(T1J) to 2.5 M NaOH,
followed immediately by a stoichiometric excess of oxone. Under all conditions
investigated, a complex kinetic waveform for CrQ,> formation was observed, comprising
at least three temporally resolved steps. Relative amplitudes and apparent reaction
halftimes for these steps were insensitive to the manner in which Cr(IIl) was added to the
basic solution and to the reagent concentrations over the range, [Cr(ID)] = 20-50 pM,
[oxone] = 1-8 mM. Approximate half-times for the three steps were: ¢ 12(1) = 2 min,
t12(2) = 16 min, and ¢,,(3) = very slow (hours); for most runs, the intermediate pathway



copstituted ~ 50% of the total added Cr(JII). The likely explanation for this behavior is
that Cr(TII) undergoes hydrolytlc polymerization to less reactive species in competition
with its oxidation to CrO4*, Nonetheless, the absence of dependence of rates upon
[oxone] indicates that reactions of all of the species are complex. These data have not
been published, but have been forwarded to Dr. Lymar for inclusion in his grant reports
(i.e., EMSP #73824).

4. Other activities

Although this grant has expired, Dr. Lymar and I continue to informally
collaborate on some of the project goals. Most notably, we are currently jointly writing
an invited review of peroxynitrite chemistry for publication in Chemical Reviews. This
manuscript will be completed by early spring.

3. Publications emanating from this grant:

H S. V. Lymar, R. F. Khairutdinov, and J. K. Hurst: “Hydroxyl Radical Formation
by O-O Bond Homolysis in Peroxynitrous Acid” Inorg. Chem. 42, 5259-5266
(2003). (appendcd)

()] S. V. Lymar and J. K. Hurst: “The Chemistry of Peroxynitrite and Peroxynitrous
Acid”, Chem. Revs., in preparation.
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Peroxynitrite decay in weakly alkaline media occurs by two concurrent sets of pathways which are distinguished
by their reaction products. One set leads to net isomerization to NOs~ and the other set to net decomposition to
0, plus NO.~. At sufficiently high peroxynitrite concentrations, the decay hali-time bacomes concentration-independent
and approaches 2 limiting value predicted by a mechanism in which reaction is initiated by unimolecular homolysis
of the peroxo O—O bond, i.e., the following reaction. ONOOH — *OH + “NO,. This dynamical behavior excludes
alternative postulated mechanisms that ascribe decomposition to bond rearrangement within bimolecular adducts.
Nitrate and nitrite product distributions measured at very low paroxynitrite concentrations also corespond to predictions
of the homolysis model, contrary to a recent report from anather laboratory. Additionally, (1) the rate constant for
the reaction ONOQ~ — *NO + *Q,~, which is critical o the kinetic model, has been confirmed, (2) the apparent
volume of activation for ONOOH decay (AVF = 9.7 + 1.4 cm¥mol) has been shown to be independent of the
concentration of added nitrite and identical to most other reported values, and (3) complex pattems of inhibition of
O formation by radical scavengers, which are impossible 10 rationalize by alternative proposed reaction schemes,
are shown to be quantitatively in accord with the homolysis model. These observations resolve major disputes over
experimental data existing in the literature; despite extensive investigation of these reactions, no verifiable experimental
evidence has been advanced thal contradicts the homolysis model.

Introduction

Interest in the chemical reactivity of peroxynitrous acid
(ONQOH) has been rekindled by recognition that this
powerful oxidant' could be formed in respiring tissues by
radical coupling of “O;~ and *NO and might (hereby be a
major contributor to diseases associated with oxidative sress
and cellular mechanisms of host resistance to pathogenic
organisms.2 The oxidative behavior of ONOOH is highly
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Beckman. J. 8. Chem. Res. Toxicol. 1992, 5. 834842,
(2) Radi, R.: Peluffo, G.; Alvarcz, M, N.; Navitiat, M.: Cayota, A. Free
Radical Biol. Med, 2001, 30, 463~488. Stuehr, D.; Pou. S.; Rosen,
G. M. J. Biol. Chem. 2001, 276. 14533—14536, Hurst. J. K.: Lymar,
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unusual in the sense that many of its reactions are first-order
in ONOOH and independent of the reductant concentration.
Further, stoichiometric oxidation of the other rcactant is never
achicved in these reactions, with a significant portion of the
product mixture being the ONOOH isomerization product,
nitric acid. These properties indicate that oxidation requires
rate-limiting conversion of ONOOH into sccondary specics
that are the actual oxidants.?

The formation of radical intermediates in oxidations of
simple aromatic compounds was cvident 50 ycars ago from
the appcarance of diaryl compounds in the producr mixturcs.”
and on early kinetic study established that decomposition to
nitric acid was consistent with intermediary formation of
*OH.’ Hydroxyl radical was again suggested as the reactive
species in a seminal paper that drew atiention 1o the possible

(3) See, e.g.: Lymar. S. V. Jiang, Q.: Hurst, J. K. Blochemistry 1996,
35, 7855~17861.

(4) Haifpenny. E.; Robinson. P. J. Chem. Soc. 1952, 939=946

(5) Mahoney, L. R. J. Am. Chem. Soc, 1970, 92, 52625263,
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Scheme 1. Radical Pathways for Peroxynitritc Decay?
i) direct decomposition:

ONOOH == "OH +'NO,

ONOO 1 H20>—-> 2H' +2NO7

OH+ 01 + NO

Net: ONOOR + ONOO’ —+ O, +2NO; +H*

iii) NO; -mediated decomposirion:
ONOO' ===='NO + 0y

Lymar et al.

i} NO, -mediated isomerization:

OH +'N02

NO{T HIn}——— 2H* +NO; +NOy

ONOOH — "OH +'NO,

Net: ONOOH o H™ + NOy

) NsO pcaralyzed decomposition:

H;O}-—» 2H + 2NOy ONOO' 'NO +°0y
"NO, + OH 04+ NOy' N;0, 0, + NO;
NOz’t ONOO L—— ‘NO, +'NO; + NO;

ONOOH =~ 'OH +NO,
Net: ONOOH + ONOO’ —» 0, +2NO, +H”

V) Fe(CN) 4~ inhibition of O; formation:
(NO;" abscnt):

(NO, -mediaied):

OH +NO,

ord

ONOOH === "OH +'NO,

Fe(CN

Fe(CN)™

Net: 20N00° —» 0, + 2N0;'

r S
ONOOH ~ "OH +'NO, 2PN o3+ NO; + 2 Te(CN) >

)" NO-- 3-
02 +FE(CN)6

NO; + Fe(CN)>

Net: ONOOH + 2 F(CN)" —e NO, + OH +2 Fe(CN)¢™

* Homolysix of the O~0O bonds in ONOOH leads to Initial formation of geminate {"NO, "OH} radical pairs, which then either (1) recombine to regenerute
ONOOH. (2) isomerize within the solvent cage to give HNOs. or (3) escape the cage as radicals to underpo bimolecular reactions with other solution
components. Fer clarity. only those reactions that follow cage escape are shown. as the caged radicals are 100 shorr-lived to engage in reactions other than
with themselves. Only ~28% of the total ONOOH undergoing decay lcads to formation of these cage-scparated radicals %7 Although not shown, isomerization
of ONOOH 1o H* + NO; ™ is included in the mechanistic analysir of the data according to the homolysis model (as outlincd in the Supporting Information).

biological significance of peroxynitrite.* However, this view
was gquickly abandoned when thermodynamic estimates
suggested that the O—0 bond in ONOQH was too strong to
account for the rate of first-order oxidations by ONOOH:;
i.e.. thc measured rate constant for these reduciant-
independent oxidations was greater than that predicted for
O—-0 bond homolysis.! An alternative mechanism was
proposed which assigned the activation step to cis == trans
isomerization of ONOOH with eijther the trans conformer
or an unstable “transoid” intermediate being the reactive
species. This model was widely adopted by the biomedical
community at that time.

The thermodynamic analysis which formed the basis for
rejection of O—O homolysis as the activation step was
questioned by Merényi and Lind, who, by using a different
sct of premises, found that the calculated homolysis rate
constant was consistent with measured values.” The ensuving
dcbate aver the rclative merits of the two caleulations® led
us to seek resolution of the issue by examining whether
intermediary formation of "OH and *NO; could account
quantitatively for product disgributions obtained from ONGOH
decomposition.” In acidic media, ONOOH isomerizes quan-

(6) Beckman. J. S.; Beckman. T. W.; Chen, J.; Marshall, P. A.; Frecman,
B. A. Proc. Nail. Acad. Sci U.S.A. 1990, 87. 16201624,
(7) Merényi. G.: Lind, J. Chem. Res. Toxicol. 1997. 70. 1216—1220.
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tisatively 1o HNOs; in neutral 1o weakly alkaline media, a
competing pathway involving decomposition 0 O, + 2NO,~
is expressed.?~1? This behavior can be modeied by invoking
a fairly complex set of reactions initiated by O—O homolysis:
the important components comprising this set are displayed
in Scheme 1 (pathways i—iv). Although these pathways are
not cntirely independent, each can prevail under certain
reaction conditions. Because the rate constants for every
clementary reaclion in these pathways have been independ-
ently measured, it is possible in this case to calculate without

(8) Koppenol, W, H.; Kissncr. R, Chem. Res. Toxicol. 1998, /1. 87—90.
Merényi, G.; Lind. J.. Goldsteln, S.: Czapski, G. Chem. Res. Toxical.
1998, 71, 712—713. Very recenily, the latter rescurchers have shown
that calculaton of the Gibb's energy of formation of ONOOH based
upon the kinctically determined cquilibrium constant for the reaction,
ONOOH + H:0 == HNO; + H;0: (Mcrényi. G.: Lind, }.; Czapski,
G.: Goldstein. S. Inorg. Chem. 2003, 42, 3796=3800) yiclds the same
value as previously estimated by Merényi and Lind from the kinetically
determined ONOO™ ==°0;~ + *NO cquitibriom constant. !¢ Thus. their
cajcularions using thermodynamic ¢ycles based upon two distinci
reactions yield m sclf-consistent dats vet. theredy providing stronp
support for the O—0 homolysis mechanism.

9) Coddingron, J, W.: Hurst. J. K.; Lymar. 5. V. J. Am, Chem. Soc. 1999,
121, 2438=2443.

(10) Pfeiffer. S.. Gorren, A. C. F.; Schmidt. K.: Werner. E. R.: Hansen,
B.: Bohie, D, $.: Mayer. B, J. Binl. Chem. 1997. 272. 3465=3470.

an ;am B.: Denicola, A.: Radi. R, Chem. Res. Toxicol. 1995. 8. 859—

(12) Maek, G.; Korth, H.-G.; Schuchmann, H.-P.; von Sonnteg, C. J.
Photachem. Photobiol.. A: Chem. 1996, 101, 89~103.



O=0 Bond Homolysis in Peroxynitrons Acid

introducing any adjustable parameters the product distribu-
tions over a wide range of experimental conditions. We found
that the model accurately predicted these distributions for
all conditions reported in the literature and also accounted
for some otherwisc puzzling effects of added radical
scavengers, We concluded that 0—O homolysis is indeed
the activation process in first-order reactions of ONOOH.

This conclusion has recently becen challenged by Koppenol
and Kissner. who have examined the product distrabutions
over a wider range of cxperimental conditions.'* Although
their results are generally in agreement with earlier published
data®'® they find that, in alkaline solution at very low
peroxynitrite concentrations, the measured yield of NO,y™ is
Jess than predicted by the radical modcl. Indeed, if these
data are correct, the radical model would have to be modified
(in a way that is not obvious) or abandoned. Koppenol and
co-workers have also challenged the model on a second point,
namely, the rate constant used for the reaction step involving
dissociation of peroxynitrite anion, i.e., ONOO~ — "NO +
*0,". This rate constant, which is critical to the calculations,
was measured indirectly by Merényi and Lind by observing
the rate of formation of the nitroform anion, C(NO,);~, in
alkaline solutions containing the “0,~ scavenger, tetranitro-
methane, C(NO;)4.'* Koppenol and co-workers reporied that
C(NO,);~ formation was not inhibited when the medium also
contained excess “NO. which is inconsistent with the mech-
anism proposed by Mcerényi and Lind." However, in
reexamining this experiment, Merényi, Goldstein, and co-
workers found (hat under an atmosphere of *NO the reaction
of ONOO~ with C(NO,). was completely inhibited, as the
mechanism predicted.'

Since the whole issue of significant radical formation by
ONOOH now rests upon resolving experimental discrepan-
cies between laboratorics, we have undertaken a careful
recxamination of the points in dispute, Our findings, reported
herein, remain totally consistent with the radical mechanism,
Moreover, we prescnt arguments on the basis of dynamical
and stoichiometric cvidence that eliminate from consideration
an alternative mecchanism proposed to account for ONOOH
decomposition to O, and NO,~."*?

Experimental Section

Materials. Alkaline peroxynitrite solutions were prepared by
three different methods and stored frozen at —80 °C until used,
Flow-mixing of NaNQ, with acidic solutions of H,0, foliowed by
an alkaline quenching according to the explicit procedures of Saha
et al. gave ~100 mM ONOO" solutions that also contained ~20
mM NO,~.'7 Ozonolysis of 0.1 M NaNjs at pH 12 (NaOH) using a
home-built ozonjzer gave solutions that accurnulated maximally
50=60 mM ONOO~, which then declined upon further exposure
to O,. essentially as reparted by Uppu et al.!® To minimize residual

N3~ content,’® ozonolysis was camried out unti) the ONOO-
concentration had dropped to 25=30 mM: these solviions also
contained ~20 mM NO;~. Frozen solutions of tetramethylammo-
nium peroxynitrite, synthesized according to Bohle ¢t al..!® were
kindly provided by Prof. Koppenol. ETH. Zurich. Decomposition
of thesc peroxyuitrite solutions during melting was minimized by
addition of a small amount of NaOH to the frozen pellet hefore
warrning the sample. The solutions so oblained were ~20 mM in
ONOO-~ and contained ~4 mM NO,". To assess the short-termn
stabilities of the various prcparations, decomposition rates of dilute
ONOO~ were bricfly investigated at pH 12 and 23 °C. For &ll the
preparations, decomposition was approximately linear in time over
the span of 1=2 h: the rates of ONOO™ loss in 5 mM samples
prepared frorn H;0,/NaNQ; and OyNaN; were ~10%/h. and that
in 0.4—0.8 mM (CH;);N(ONOO) was ~20%/h. Addition of 0.67
mM dicthylenetriaminepentaacetic acid did not affect the (CHz)uN-
(ONOQ) decomposition rate. As indicated in subsequent sections,
all preparations gave equivalent results.

Methods. The kinetics of C(NO;);:~ formation from C(NO;)e
were measured in an all-glass apparatus designed specificaily to
rigorously exclude Oy, This apparatus consisted of a round 50 mL
mixing chamber connccled via a 4-way V-bore stopcock to an
optical cuvette.® The system was purged by percolating gases
through the reaction medium: by rotating the stopcock 90°, the
purging gas pressure could be used to drive the solution from the
mixing chamber into the cuvetic. The apparatus was also fited with
8 doublc-septum antechamber through which anaerobic reactant
solutions couvld be introduced using standard Syringe-transfer
techniques: the donble-septum amangement prevented adventitious
O, from being carried into the resction compartment during piercing
of the septa. In a typical expefiment, the reaction medium was first
purged to obtain an atmosphere of N3 or *NO. and then ONOO~
and C(NO,;), were added in that order, Immediatcly following the
last addition, the optical cuvette was ioaded and C(NO,);~ formation
was monitored at 350 nm using a conventional diode armay
spectrophotometer (Hewlett-Packard 8452A). The time required o
mount the cuvetre was ~30 s, 5o for the fastest reactions studied
the first ~30% of the reaction was not recorded. Dinitrogen trioxide
was removed from commercial "NO (AGA Specialty Gas, Cleve-
land. OH) by slowly passing the gas through two 0.5 M NaOH
scrubbing towers, followed by a tower containing H,O. The
efficiencies of the scrubbers were checked by cycling No/"NO/N;
through the reaction medium in the apparatus under conditions that
duplicated those used for the kinetics experiments and then
measuring the amount of accumulated NO;™ using the standard
Griess colorimetric assay.>’ Whereas accornulation of NO;™ in the
first NaOH scrubber was extensive (~1 mM), thc amounts in the
second and third scrubbers were negligible and the amount in the
reaction medium was below detectable limits (S5 #M).

The yield of NO;~ formed during alkaline decomposition of
ONOOH was determined by measuring accumulated NO,™ when
known amounts of the peroxide were decomposed in anacrobic
buffers prepared from NaH;PQ, (pH 4.5) or Na;HPO, (pH 9.3).
For cach such analysis, scrial additions of NO,™ that had bcen
standardized spectrophotometrically (€3¢0 = 24.7 M~ em ') werce

(13) Kissner. R.; Koppenol. W. H, J, Am. Chem. Soc, 2002, 124. 234—
239.

(14) Merényl. G.; Lind. J. Chem, Res. Toxicol. 1998, 11, 243--246.

(15) Nauser. T.: Merkofer, M. Kissner, R.: Koppenol. W, H. Chem. Res.
Toxicol, 2001, /4. 348350,

(16) Goldstein. S.: Czapski. G.. Lind. J.: Merényi. G. Chem, Res. Toxicol.
2001, 14. 657—660.

(17) Saha, A.; Goldsecin, S.; Cabelli, D.; Czapski. G. Free Radical Biol.
Med. 1998, 24, 653=659.

(18) Uppu. R. M,; Squadrito. G. L.; Cucto, R.; Prvor, W, A. Methods
Enzymol. 1996. 269, 311-321.

(19) Bohle. D. S.: Hansen, B.; Paulson, S. C.; Smith, B. D, J. Am. Chem.
Soc. 1994, 116, 1823~7424,

(20) Zwickel, A. M., Ph.D. Dissertation. University of Chicago. 1959,

(21) Greenben. A, E,; Convers, J, J.; Jenkins. D, Standard Methods for
the Examination of Water and Wastewater, 1 5th ed.; American Public
Health Association. United Book Press; Balimore, MD, 1995: pp
4.83=-4-84, 4-99,
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Scheme 2. Radical Mechanism for Reaction between ONOQ ™ and
C(NO»)s

ONOO" =5= "0, +'NO
C(NO1)e l >—-> N;0; 29H0 2NO, + 4,0

0; + NO, + C(NO2)y”
Net: C(NOy) + ONOQ" +20H — C(NO,)y + 0, +2 NO,"+ H,0

made to the samples. This procedure allowed simultaneous deter-
mination of the molar extinction coefficient of the colorimetric
product from the Griess reaction and the absorbance of the NO,~
formed during peroxynitrite decay, thereby providing an internal
check on thc completeness of the analytical reactions. Reproduc-
ibilities were high, giving €50 = (5.55 + 0.13) x 10* M~! cm-!?
for the 45 reaction product analyses made over the course of these
studies. Samples were apalyzed both manually in the laboratory
and using a fully automated instrument at Anatek Laboratories
(Moscow, ID). The automated sysitem also performed mitrate
analyses hy incorporating an in-line Cd reduction coil which was
95% cfficient in reducing NO;~ 10 NO,~. Equivalent results were
obtained for NO;™~ yields with the two methods. Additionally, the
automated method allowed us to establish that the sole nitrogen-
containing products of ONQOH dccomposition were NO;~ and
NO,7; that is. the combined yields of these two ions were equal o
within 3% when decompositions of individual solutions were carried
out at pH 4 and pH 9. Fractional NO;~ yields formed during alkaline
decomposition of ONOOH were determined by dividing the
difference in measured NO;~ at these two pH values by the total
added peroxynitrite.

The kinctics of peroxynitrite decay in weakly alkaline solutions
wcre determined spectrophotometrically in the vicinity of the broad
302 nm absorption band (ex; = 1670 M~! ecm~!): when initial
peroxynitrite concentrations were greater than ~2 mM, it was
necessary to monitor the reaction at wavelengths co the red of the
band maximum. even when using 0.1 cm path length cuveties, to
obtain accurate absorbance readings. These reactions were initiated
by mixing concentrated buffer solutions with strongly alkaline
solutions of ONOO~, Pressure-dependent kinetics of ONOQH
decomposition were measured using a Hi-Tech HPS-2000 stopped-
flow spectrophotometer as previously described.?2

Results and Discussion

Kinetics of the ONOO~ — *NO + *0;~ Reaction. The
ratc constant for this reaction was first reported by Merényi
and Lind.' who interprcted the enhanced rate of C(NO,)s™
formation from C(NO,)s in the prescnce of ONOO"™ in terms
of the mechanism given in Scheme 2, where k denotes the
rate-limiting step. As pointed out by Koppenol and co-
workers,' if this mechanism werc comrect, one would expect
the rate of C(NO;);~ formation to be suppressed in the
presence of excess “NO, which would shift the competition
for “O,™ in favor of the reverse ONOO™-forming rcaction at
the expense of the reaction with C(INO,),.

Experiments were performed under both the conditions
initially reparted by Merényi and Lind" and those sub-
scquently reported by Koppenol and co-workers'® and
Goldstein and co-workers;!¢ all three types of ONOO™
prcparations gave cquivalent results.?> A typical result is

(22) Coddington, J. W.; Wheriand, S.: Hurst. J. K. Inorg. Chem. 2001, 40,
528—532. ’
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" ONOOH « TNM (N)
0.34
E 0.2+ ONOOCH » TNM (NO)
= k.
0.14 TNM (N,)
0.0+~ . , .
0 150 300 450
time (s)

Figure 1. Nigoform anion formarion kinetics in various media. Condi-
tions: [C(NO2)Jo = 50 M. pH 12 (NaOH), 22 °C. N: atmosphere.
[ONOO7]p = 18 uM (circles): “NO atmosphere, [ONOO~1p = 18 uM
(squares): N, armosphere, ONOO™ absent (triangles). The source matcrial
for this experiment was tetramethylammonium persxynitrite, The lines arc
data fits for two concurrent first-order decay pathways with 13 == 86 s and
72 = 440 s (top) or a singlc fimst-order decay with 7 = 440 s (middle and
bottom). TNM refers to C(NOg)a.

given in Figure 1. Under an N; atmospherce, formation of
C(NO.);~ in the presence of limiting amounts of ONOO~
could be guantitatively described by a ratc law comprising
rapid and slow concurrent first-order pathways, Under an
"NO atmosphere, the rapid reaction was completely sup-
pressed, but the slow reaction rate was unchanged: (urther-
morc, its rate was identical within cxperimental uncertainty
10 the rate of alkaline hydrolysis of C(NO;)4 to C(NO2);~
measured in the absence of ONOO~. The calculated rate
constant for the rapid reaction was 0.012—0.016 s, es-
sentially identical 10 the value reported by Merényi and
Lind" (0.017 s7), and was independent of the medium
alkalinity over the range pH 10—12. Overall, these data are
in quantitative accord with results reported by the Merényi
and Goldstein laboratories'“'* but differ markedly from the
results from the Koppeno! laboratory.'’ which found no
influence of *NO upon the reaction.

The rate constant for this reaction has now also been
determined using an entirely diffcrent experimental design,
namely, by measuring the rates of decay of radiolytically
gencrated methyl viologen cation radicals ("MV?) in the
presence of ONOQO™:® like C(NOy);, "MV* is a highly
effective scavenger of *O,™.2° The rate constant & = 0,013
s~ at 25 °C calculated from thesc data js within experimental
uncertainty identical to the value measured with C(NO.),.
Overall, these experiments vindicate the use of this rate
constant in predictions based upon the radical reaction model
(Scheme 1) and validate the calculated results.’?

Product Yields from Peroxynitrite Decomposition.
Kissner and Koppcnol have reported that the yields of O,

(23) The nse of the *“Zwickel” reaction vesscl2® was prompted by informal
discussions with Professors Koppenol. Czapski. and Qoldstein con-
ceming the possibility that adventitious O; might contribute to the
reported experimental discrepancies. These eardier srudies were made
using stopped-flow instrumentation,'*~1* which is vulnemble ro
coniamination by atmospheric gascs: in contrast the glass assembly
vsed in this study is leak-proof when properly purged.

(24) Lymar, §, V.. Poskrebyshcv. G. Manuscript submirted for publication.

(25) Levy, G.; Bbbesen. T. W. J, Phys. Chem. 1983, 87, 829-832.
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and NO,~ obtained from decomposition of peroxynitrite at
low concentrations in alkaline solutions are significantly less
than predicted by the radical model.!* Upon reinvestigating
this point using peroxynitrite solutions prepared by reaction
between H.O; and NaNQO;, by N3~ ozonolysis, and in the
Koppenol laboratory from solid tetramethylammonjum per-
oxynitrite, we find no discrepancy between experimentally
determined and predicted yields. In these studies. several
different H;O0,—NaNO, preparations were used, all of which
gave equivalent results; NO;~ yields measurcd in samples
that had been stored at —80 °C for up to 1 year were
unchanged from yields obtaincd on the same samples shortly
after preparation, indicating that long-term storage had no
effect upon the reaction stoichiometry, as should be expected.
The total amounts of NO;~ and NO;~ present in product
solutions that had decayed at pH 4.5 and 9.3 were identical.
indicating that no other nitrogen-containing species were
formed. Relevant data from both laboratorics are displayed
in Figure 2a; also shown (Figure 2b) are results of calcula-
tions based upon the radical mechanism (Scheme 1) that
predict that the fractional yields will be insensitive to pH in
the measured region but increase slowly with increasing
peroxynitrilc concentrations toward an asymptotic limit of
~85%. Also, at 1.2 mM total peroxynitrite, the mcasurcd
nitrite yield was 69%, in accord with predictions based upon
Scheme 1 (Figure 2b) and with our earlier resuits based upon
O; measurements.” The NO,~ yields were independent of
jonic strength over the mcasured phosphate concentration
range of 50—500 mM; very similar yields of 42% at 25 uM
peroxynitrite and 40% at 50 M peroxynitritc were obtained
in 50 mM NHyNH(NO, buffer, pH 9.3. Our dawa are
therefore quantitatively consistent with predictions based
upon thc radical mechanism over the entire experimental
range that has been reported. They are also consistent with
recent experimentally determined yieids of secondary oxi-
dants generated by ONOOH decomposition,26-2

Pressure Dependence of Peroxynitrite Reactions. Ho-
molysis of ONOOH to two neutral fragments is cxpected to
give rise to a significant increase in the molar volume of
the transition statc (AV"), so that reactions initiated by O=0O
homolysis will be inhibited at high pressures. The Koppenol
laboratory originally reported AV® = 1.7 cm¥mol for
ONOOH decomposition, from which they argued that the
reaction did not occur by homolysis;?® they have subscquently
revised this number upward.*® Reinvestigations by other
groups?31 have placed AV® at = 10 ecm?/mol for this reaction
and for indirect oxidations (e.g., of Fe(CN)s*~) by ONOOH.
In contrast, direct bimolecular reactions involving ONOOH
exhibit negative valucs for AV® which arc dependent upon
the reductant identities.”? Relevant data are displayed in

(26) Gerasimov, 0. V.. Lymar. §. V. Inorg. Chem. 1999, 38, 4317~4321,

27 ll-l(;)_%gles G. R.: Ingold. K. U. J. Am. Chem. Soc. 1999, 12], 10695—

(28) Nakao, L. S.: Ouchi, D.; Augusto, O. Chem. Res. Toxicol. 1999, 72,
1010—-1018. )

(29) Kissner, R.: Nauser, T.; Bugnon. P.; Lye. P. G.; Koppenol, W. H.
Chem. Res. Toxicol. 1997, 10, 1285~1292,

(30) AV! = 6—7 em*/mol (W. H. Koppenol, personal commumication).

(31) Goldsiein, S.. Meyerstein. D.: van Eldik, R.; Czapski, G. J. Phys.
Chem, A 1999, 03, 7114-T118,
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Figure 2. Nitrite yields from peroxynitrite decay in alkaline solutions.
Panc) a: measured yields at 22 °C in 0.1 M disodium hydrogen phosphate.
pH 9.3. Solid squares (automated) and open squarcs (manual) indicare Griess
analyses of reagent preparcd by reaction between H,O; and NaNO; (given
in parenthescs arc the numbers of individual determinations madc using
separate preparations, with an estimnated error of 10%). The solid circle
indicstes manus! Gricss analysis of reagent prepared by azide ozonolysis, '?
and the open circle indicates manual Griess amalysis of a solution of
tetramethylammonium peroxynitritc. The open diamonds represent data
reported by Kissner and Koppenol for pH 9.0.'3 The solid linc presents the
calculated yield at pH 9.3 for these conditions on the basis of the radical
mechanism in Scheme 1. Dashed lines give calculated ylelds for the
bimolecular pathway at pH 9.0 according te Scheme 3 with X, = 1.6 x
10°"M. k= 1.2 57, and Kakg = 2.5 x 10° M~! 5~ (upper linc) or Kaka
= 25 x {0® M™' 5! (lower line). Panel b: pH and conccntration
dependence for nitrite yields in this region. as predicted by the radical
mechanism according 10 Scheme 1. Peroxynitrite concentrations arc the
following: 10 uM (diamonds); 100 «M (triangles); S00 M (circles):; 1000
MM (squares).

Figure 3; as discussed in the original papers, 223! the larger
AV® value is fully consistent with O—0O bond homolysis
being the ONOOH activation step.

In our earlier investigation of the pressure dependence of
ONOOH decomposition we reported an apparent dependence
of AV® upon the NO;~ concentration.?? This effect cannot
be accommodated by the simple radical mechanism given
in Scheme 1. Reinvestigation of this reaction over a wider
range of conditions has shown that the effect was artifactual
and that AV® is independent of [NO,"] in accord with the
model (Figure 3 inset).
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Figure 3. Pressurc dependence of peroxynitrite reactions. Dara are from
the following: (a) ref 29; (b) this work. (¢) ref 31; (d) r=f 22. The inset
gives the dependence of AV upon [NO;~] measured in this work for
decomposition of 0.35 mM ONOOH in 0.15 M sodium phosphate, pH 4.5,
and 20 °C.

Inadequacies of Other Proposed Reaction Mechanisms.
At pH 8~11, where dccomposition into NO,~ and O, is the
dominant pathway, the kinetics of peroxynitrite decay exhibit
nonexponential behavior and pronounced medium effects?
whose origins have not been conclusivcly identified,®2
Consequently, full mechanistic analysis of the decay kinetic
profiles is rendered equivocal. Although significant, the
deviations from exponentiality are not dramatic and the
experimentally dctermined peroxynitrite half-life, 15,
gives a vseful quantitative parameter, which can be more
conventionally exprcssed as the apparenl ratc constant,
kygp = In 2/hp. and used for comparing predictions of
different models with the kinetic data. The radical mechanism
clearly predicts that at high concentrations the apparent rate
constant for decay will become independent of the initial
peroxynitrite concentration (Cp). As required by this model,
kyp became independent of Co at sufficiently high peroxy-
nitrite concentrations (Figure 4). Purthermore, the model
fairly accurately gives the limiting value for k,pp. Under the
chosen experimental conditions, medjum effects were neg-
ligible.’? Specifically, kuy, was independent of the buffer
idennity (phosphate vs arnmonium) and concentration over
a severalfold range (Figure 4). No evidence of mctal ion

(32) The radical mode) predicis that high levels of phosphale jons can be
rare-tetarding under the experimental conditions. This follows because
N30,, formed during peroxynitritc decomposition, reacts rapidly with
ONOO™, setting up a catalytic cycle for furthcr decomposition (Scheme
1, pathway iv), The magnitudc of the contribution of pathway iv 10
peroxynitrite decay is determined by the relative rates of reaction of
N20; with peroxynitrite anjon and solvent, i.e,, the following reac-
tion: N2On + HoO — 2H? 4 2NOz~. Under highly alkaline conditions.
hydrolysis of NzOs by OH™ will be the dominant reaction.™ Thus.
pathway iv will contribute 10 peroxymitrite decay only in weakly
alkalinc solutions (pH = 7—12). Earller work on NyO: pitrosation
reactions?% has indicated that N;Oy hydrotysis could be catlyzed
by phosphate. At sufficiently high concentrations, phosphate will
therefore effectively remove N;Os via hydrolysis, decreasing N3O;-
catalyzed peroxymitritc decay via pathway iv and thereby decreasing
the overall decay rate in weakly alkaline medin. Because the rawe
constant for reaction beeween phosphate and N2Os is not known at
PH 9. this reaction was not included in the lifetime calcularions, This
omission nppears justfied on the hasis that the experimentally
determined values were insensitive to both phosphate buffcr concentra-
tion al Jow ionic strengths and the Identity of the buffer (Figure 4).
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Figure 4. Apparent rate constants (as defined in the text) {or peroxynitrite
decay in various media. Conditions; 0.06 M disodium hydrogen phosphate.,
pH 9.3 (circles); 0.012 M disodium hydrogen phosphatc, pH 9.3 (inverted
triangles); 0.05 M ammonia/ammonium nitrate, pH 9.4 (upright triangles).
all reacrions a1 22 °C. The solid line shows the dependence predicted by
the radical mechanism according ro Scheme 1: dashed lines show the
dependence predicred for reaction according to Scheme 3 using K. and 4,
given in Figure 2a and Kaks = 2.5 x 10° M™! 5! (upper line) or Kaky =
25 x 10> M~ s~! (lower line).

Scheme 3. Bimolecular Pathway for Peroxynitrite Decay’?

ONOOH -—-l.(';.. oNOO" + H'

‘ k; Noon

H +NO; A N ONOOH-ONOO') s 0, + 2 NO, ~ H°

catalysis of ONOO~ decay was found; addition of 1 mM of
ihe chelators dicthylenctriaminepentaacetic acid or batho-
cuproin disulfonate to the phosphatc buffers, passage of
buffer solutions down Chelex- 100 cation exchange columns,
and usc of purified water and buffer salts from various
sources had no effect on the decay profiles.

Koppenol and co-workers havc propozed that decomposi-
tion of peroxynitrtc to O and NO;™ procceds through a
second-order reaction involving association of ONOOH and
ONOO™ to form a cyclic dimer that subsequently undergoes
concerted bond rearrangement (Scheme 3) ;'3 this mechanism
is generally accepted as one of the bimolecular pathways
for decomposition of organic and inorganic peroxides.’
However, unlike these peroxides. ONOOH also decays by
concurrent isomerization to nitric acid. Consequently. the rate
law predicted by Scheme 3 for peroxynitrite decay is more
complex than the simple sccond-order rate laws that describe
decomposition of other peroxides. The analytical solution
1o the rate law for the decay reaction given in Scheme 3 is

_ exp(—k&;1)
C=Gry P{1 — exp(—k,1)}

where Cy = [ONOO )y + [ONOOH]), is the initial concen-
tration of peroxynitrite not bound in the dimer, C, is the

(33) Koubek. E.; Levey, G.; Edwards. J. O. /norg. Chem. 1964. 3, 1331—
1332. Ball. R. E.: Edwards. J. O. J. Am. Chem. Soc. 1956. 78. 1125—
1129, Goodman. J. F.: Robson. P.: Wilson, E. R. Trans. Faraday Soc.
1962, 58. 18461851, Goodman, J. F.: Robson. P. Trans. Faruday
Soc, 1963, 59, 2871~2875. Ball, R. E.; Edwards. J, O.; Haggen. M.
L.: Jones. P. J. Am. Chem, Soc. 1967, 89, 2331~2333.

(34) Treinin, A Hayon. E. J. Am. Chem. Soc. 1970, 92. 58215828,

(35) Goldstein, S.: Czapski. G. J, Am. Chem. Soc. 1996, 178, 3410-23425

{36) Lewis, R. S.; Tannenbaum. S.; Deen. W. M. /. Am. Chem. Soc. 1995,
117. 3933~3939.
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corresponding current concentration. and P = 2k:Co/k; is a
dimensionless parameter that describes the partitioning
between the bimolecular decomposition and unimolecular
decay pathways. [n this equation, k; is the rate constant for
ONOOH isomerization under the prevailing medium condi-
tions. given by &y = k/(1+ KJ[H*]), where k; is the pH-
independent isomerization rate constant and K, is the
ONOOH acid dissociation constant; simijlarly, k; = Kaky/
{(1 += KJ[H*DQ + [HTVK,)}, where k4 is the rate constant
for decompasition of the dimer formed between ONOOH
and ONOO™ and K, is the dimer formation constant. From
the integrated form of the rate law, one obtains

_In2_ In2

Kapn = th 'In@+P)~In(l1+P)

for the apparent ratc constant of peroxynitrite decay and Yy
= 1 =~ In(1 + P)/P, for the nitrite yield, defined &s Yyme =
[NOz-]JCo.

Although there are four fundamental constants in this
model, two of them (k; and K,) are well established from
independent studies; furthermore, the other two (kg and K,)
are mutually dependent in the scnse that only their product
(Kaks) determines k; and, therefore, P, which in turn
determines the magninnde of NO;~ yields and the concentra-
tion dependence of the pcroxynitrite decay half-lives. As the
foltowing considerations will show, there exists no valuc for
K akg that can simultancously account (even approximately)
for NO;z~ yiclds at low peroxynitrite concentrations and decay
rates at high peroxynitrite concentrations. Consequently, one
must conclude that the decay mechanism presented in
Scheme 3 is in irreconcilable contradiction with the data and,
thus, is incorrect. The apparent rate constant for peroxynitrite
decay at high reactant concentrations can be approximated
(although rather poorly) by the Scheme 3 reaction model
when Kaka = 2.5 x 102 M~ 7! (Figure 4. lower dashed
line). However, using these constants, the NO,~ yiclds at
low reactant concentrations are calculated to be negligible,
in marked contrast to measured yiclds (Figure 2a. lower
dashed line). Even modestly increasing Kaka to 2.5 x 103
M-" s~ in an attempt to improve the “fit” to the yicld data
(Figure 2a, upper dashed linc) generates a very strong
concentration dependence for the decay rate at high peroxy-
nitrite concentrations (Figure 4, upper dashed trace) that is
at odds with the rate data. When proposing paramcters for
Scheme 3, Koppenol and co-workers indicated that these
parameters “may be refined”.!* However, it is evident that
no rclinement is possible, as no single combination of Ka
and k¢ will be found that can satisfy both sets of data for the
yields and the rates in Figures 2 and 4. In contrast, the radical
modcl presented in Scheme 1 (for which there are no
adjustable paramcters) adequately accounts for both rate and
yield data over the entire experimentally accessible range
(Figures 2a and 4, solid lines).

Finally, we notc that bimolecular decomposition mecha-
nisms such as that shown in Scheme 3 also cannot explain
the complex cffects of added redox reagents upon the product
distributions, although thesc effects are quantitatively pre-
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Figure 5. Nitrite dependencies of O yields.” Conditons: 0.55 mM
peroxynitrite decomposed in 0.3 M sodium phosphate at 21 °C. Calcuiatcd
yields are based upon the radical mechanism presemiced in Scheme 1.
Predicted NO2~ yields are ewice the measured O; yields, The bimolecular
mechanism of Scheme 3 predices nitrite-independent O; vields of 24% and
17% for pH 9.0 and 6.8. rcspectively, under these conditions.
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Figura 6. Influence of radical scavengers upon O yields,® Reaction
conditions; all reactions a1 pH 9.0; other conditions ax in Figure 5. When
present, organic scavenger and NO:™ concentrations were 1.0 mM., except
that, with -BuOH, [NO;™] = 0.5 mM when added, Foe organic scavengers,
both black and shaded bars are experimental. The data for Fe(CN)s*~
quenching provide comparison beeween experimental (shaded bar) and
calculated (black bar) valucs on the basis of Scheme 1. For these reactions
{Fe(CN)¢*"] = 0.5 mM. with [NQy"] = 0 (set »), 0.5 mM (set b). or 5.0
mM (sct c).

dicted by the radical mechanism from known. i.c.. inde-
pendently measured, rate constants.’ Specifically, added
NO;™ selectively inhibits O; production from peroxynitrite
decomposition in neutral but not in alkaline solutions (Figure
5). Organic radical scavengers also inhibit peroxynitrite
decomposition; this inhibition is reversed in alkaline solutions
by addition of NO;~ (Figure 6). However, inhibition of
decomposition by Fe(CN)¢*™ is not reversed by NO,~ (Figure
6). These effccts can be explained by the radical mechanism
(Scheme 1) as follows: in neutral medja, NO,~ compctes
with ONOQ™ for "OH (pathways i and ii), generating NO;~
instead of O; + NO;™: under more alkaline conditions
(pathway iii), the ‘NO, formed from reaction between NO;~
and "OH reacts with "NO or "0~ generated by ONOO~
dissociation rather than another "NO;. The immediate product
of the “NO + "NO, reaction is N2Os, 2 catalyst for the O;-
forming pathway iv. Added organic radical scavengers react
with “OH formed by ONOOH peroxo bond homolysis,
reducing O, yields; NO,™ effectively competes with these
scavengers for “OH, restoring the yiclds (pathway iii). Unlike
the organic reductants, Fe{CN)s*~ reacts rapidly with "NO,
as well as "OH (pathway v), so that its inhibition of O;
formation cannot be reversed by addition of NO;~. At the
concentration levels used, Fe(CN)s*~ does not react directly
with peroxynitrite.2¢
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