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Abstract

Peroxynitrite as a ligand can be formed (1) from the reaction of a superoxometal complex with nitrogen monoxide, or (2) as an intermediate
in the catalysis of the isomerization to nitrate or the reduction to nitrogen dioxide. With one exception, nameiDNCX)Cof-, such
complexes have not been isolated. The instances where peroxynitrito complexes have been described or invoked so far are limited to two
proteins, (haemoglobin and myoglobin), three macrocyclic complexes, (a rhodium tetraazacyclotetradecane, and manganese and iron por-
phyrins), cobalt, chromium, and titanium. Upon formation of the complex, isomerization to nitrate can occur within the coordination sphere,
or the G-O bond breaks to yield an oxometal complex and nitrogen dioxide. The latter two can recombine to form a nitratometal complex,
which subsequently dissociates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ynitritometal complexes, starting with haemoproteins, where
such complexes were observed first, followed by metallopor-
This review describes a new development in the perox- phyrins and their analogs, and it ends with non-porphyrin
ynitrite field, namely the formation and properties of perox- peroxynitrito—metal complexes.
Peroxynitrite plays an important role in mechanisms of
* Corresponding author. Tel.: +41 1 632 2875; fax: +41 16321090,  di0Xygen toxicity. Research in this area has, over the years,
E-mail addresskoppenol@inorg.chem.ethz.ch (W.H. Koppenol). centered on three important species, that are briefly reviewed
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in this introduction in connection with contributions by Pro- and by antibodies, in both cases by way of singlet dioxy-
fessor Taube. gen [29,30]. Neutrophils may produce it via the well-known
The first major development was the discovery of a func- reaction of hypochlorite with hydrogen peroxide [31], and
tion for erythrocuprein by McCord and Fridovich [1], namely antibodies by energy transfer from UV-excited tryptophan to
catalysis of the dismutation of superoxide. Given the relative triplet dioxygen [29]. The formation of ozone involves the
lack of reactivity of the superoxide anion, the nature of the reaction of singlet dioxygen with water to form dihydrogen
oxidizing species was assumed to be the hydroxyl radical trioxide, which may subsequently be oxidized to ozone, or
formed from the one-electron reduction of the dismutation the reaction of hypochlorite with another singlet dioxygen,
product hydrogen peroxide by as yet unidentified iron com- Reaction 1.
plexes in a process known as the Fenton reaction. As to the
mechanism of this reaction, Cahill and Taube favored oxo- CIO™ 4+1A40; — CI~ + 03, —17.5kJmorl? (1)
iron(2+) rather than the hydroxyl radical as a chain carrier
based on experiments with labeled hydrogen peroxide [2]. Giventhatarate for Reaction-1has been determined by Yeatts
In brief, the culprit is the hydroxyl radical or oxoiron(lV), ~and Taube ak=2 x 103M~s~* at 0°C [32], the rate for
and protection is afforded by superoxide dismutase and morethe forward direction is calculated to be cax20* M~ s,
importantly, catalase. Historical accounts of the reactions in- Unfortunately, the reaction of ozone with hypochlorite is so
volved have been published [3,4]. fast that detection of the former has not been successful (Kiss-
The second phase started with the observation that superner and Koppenol, 2003, unpublished). In any case, itis clear
oxide was known to scavenge the endothelium-derived relax- that the mechanism of ozone formation has not yet been es-
ing factor [5], which was subsequently identified as nitrogen tablished. This is typical in the field of dioxygen toxicity:
monoxide [6,7], derived from arginine [8,9]. In 1990, Beck- there have been, and there continue to be, lively discussions
man et al. proposed that supero)a-icm']d nitrogen monox- on the relative merits of various intermediates, i.e. the hy-
ide, produced by activated macrophages, reacts rapidly todroxyl radical vs. oxoiron(lV), and peroxynitrous acid vs.
form peroxynitrite [12], which oxidizes and hydroxylates hitrogen dioxide. All these species are short-lived and their
biomolecules. The case for this species was bolstered byPresumed presence is based on complicated kinetic schemes
observations that superoxide dismutase in many dioxygen-and less than conclusive “footprints”.
toxicity experiments was protective, without catalase, and ~ Metal complexes may stabilize peroxynitrite or acceler-
that the Fenton reaction is relatively slow [13]. In contrast, the ate its decay. Decay may involve, in principle, an isomer-
reaction of superoxide with nitrogen monoxide was shown to ization to nitrate, a decomposition to nitrite and dioxygen,
be diffusion-controlled [14]. Peroxynitrous acid is an unsta- formation of a metal-nitrogen monoxide complex and su-
ble species that isomerizes to nitrate at a rate of 1:35s peroxide, of a metaloxo complex and nitrogen dioxide, or of
at 25°C; its pKa varies from 6.5 to 6.8, depending on ionic @ metal—peroxide complex and the nitrosyl cation. We will
strength and temperature [15]. The mechanism of the isomer-show below that formation of a metal-nitrogen monoxide
ization is presently being debated, and homolysis to vary- complex and the process of decomposition are not observed.
ing extents [16—22] and internal rearrangement [23—26] have
been proposed. Anbar and Taube [27] showed 50 years ago
that, when hydrogen peroxide was added slowly to excess2. Haemoproteins
nitrite, one labeled oxygen was found in nitrate. This obser-
vation shows that peroxynitrous acid is able to transfer an 2.1. The O-bound peroxynitrite-complexes of metMb
oxygen to nitrite, a result recently confirmed in a study of the and metHb
reaction of [°N]nitrite with peroxynitrous acid [28]. It is dif-
ficult, if not impossible, to explain this finding with a homol- In analogy to the very fast reaction between nitrogen
ysis model. To the trio: superoxide, hydroxyl, and hydrogen monoxide and superoxide, (1460.3) x 1019M~1s71[14],
peroxide now nitrogen monoxide, nitrogen dioxide and per- the dioxygen iron complexes of horse heart oxymyoglobin
oxynitrite had to be added. It should be emphasized that the(oxyMb) and of human oxyhaemoglobin (oxyHb) react
production of peroxynitrite by activated macrophages and of rather rapidly with nitrogen monoxide, (4-2)10' M—1s1
hypochlorite by activated neutrophils within the context of at pH 7.0 and 20C [33]. Because of the high reactivity of
the immunological response is beneficial to the organism. nitrogen monoxide towards the oxygenated haem center,
The third stage started in 2000, when Wentworth et al. sug- diffusion of nitrogen monoxide into the distal pocket is
gested that ozone may be produced by activated neutrophilsconsidered to be the rate limiting step [34—36] for a reaction
that yields nitrate and the irol[) forms of myoglobin and
haemoglobin. Since the dioxygen complex in oxyMb and
) X ) ; oxyHb is best described as an intermediate form between
is allowed; HO, hydridooxygeng), hydroxyl is allowed; NO, nitrogen . . . .
monoxide or oxonitrogery, nitric oxide is obsolete; N&, nitrogen diox- an |ron(II)—d|oxygen and an |roH([)—superOX|de Complex

ide or dioxonitrogen{); ONOO™, oxoperoxonitrate(®), trivial name per- [37], it has often been proposed that their reactions with
oxynitrite; O,NOO™, dioxoperoxonitrate(%), trivial name peroxynitrate. nitrogen monoxide may proceed via iron(lll)—peroxynitrite

1 systematic names (IUPAC) [10,11]20, dioxide@1—), superoxide
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complexes [34,38-40]. In 1998, Herold presented evidenceacidity of the imino proton of imidazole increases on co-
for these short-lived intermediates, which were character- ordination to metal ions [46]. Deprotonation of the histidine
ized by rapid-scan UV-vis spectroscopy under alkaline boundtransto the oxygen ligand in the oxyproteins increases
conditions [41]. At neutral or low pH, the rapid decay of the stabilization of the iron(lll)-superoxide form relative to
MbFe'' OONO and HbF¥ OONO to the corresponding the iron(ll)-dioxygen form, weakens the bond between the
aquo-complexes and nitrate does not allow for their spec- iron and the oxygen, and thus may bring about the observed
troscopic detection [33,41]. The spectrum of HYFRONO acceleration of the reaction at alkaline pH.
(measured at pH 9.5 and°8) displays three absorption Interestingly, the peroxynitrite-complexes of the and
maxima at 407 nmego7 = 165 mM-1tecm™1), 504 nm €504 theB-subunit of haemoglobin decay at different rates (36 and
= 8.7mM lcm1), and 636 nm 4gz6 = 5.4mM-1ecm1) 7s 1 at pH 9.5 and 20C) [41]. Moreover, MbF¥ OONO
[41]. Aimost identical absorption features were obtained for decays at an even larger rate (20% st pH 9.5 and 20C)
the myoglobin intermediate MbE&OONO [410 nm £410 [44]. As mentioned above, the decay rates of these interme-
=138mM1cm 1), 504 nm €504 = 8.0mM1cm1), and diates are highly pH-dependent and increase with decreas-
636Nm ez = 3.2mM-Lcm1)]; its greater instability ing pH. Taken together, these data indicate that the stability
made it impossible to obtain an accurate spectrum [33]. of the peroxynitrite complexes is regulated not only by the
These maxima are characteristic for high-spin metHb and distal histidine, but also by the other amino acid residues
metMb derivatives with anionic ligands [42—44]. present in the distal pocket, which are different in the two
Very recently, Olson and coworkers measured an EPR subunits of haemoglobin and in myoglobin. Indeed, Alayash
spectrum of the intermediate of the reaction between oxyHb and coworkers showed that the rates of decay of the inter-
and nitrogen monoxide by using rapid-freezing techniques mediate Fd{l)-peroxynitrite complexes of tha- and the
[45]. The observed high-spin signal@gt 6, obtained when  B-subunits of bovine haemoglobin are identical and approxi-
oxyHb is mixed with one equivalent of nitrogen monoxide at mately correspond to that of the slower component of human
pH 9.5, is consistent with the assignment of this intermedi- HbFéd'' OONO [47].
ate as HbF8 OONO. Moreover, the decay of the EPR signal The decay rates of the metMb— and metHb—peroxynitrite
correlates with that of the intermediate detected by optical complexes are all significantly larger than that of free per-
spectroscopy. oxynitrite under the same conditions (for instance, 0-11 s
Studies of the pH-dependence of the reactions of nitro- at pH 9.5 and 28C) [48]. This difference can be rational-
gen monoxide with oxyMb and oxyHb showed that for both ized by considering the influence of the distal histidine on
proteins the values of the second-order rate constants do nothe isomerization reaction. As depicted in Scheme 1, the dis-
vary between pH 5.0 and 7.0, but significantly augment at tal histidine (His64 in myoglobin) may facilitate the cleavage
alkaline pH. This increase may be due to a weakening of the of the O-O bond by interacting with one of the two oxygen
hydrogen bond between the coordinated dioxygen and theatoms. The acceleration of the decay of the ifh(per-
distal histidine, which must always occur to allow for lig- oxynitrite complex may therefore be a consequence of the
ands to enter the distal pocket (Scheme 1) [34]. This weakerpresence of both the iron and this hydrogen bond which pull
interaction may be the result of a general electrostatic ef- from two sides on the ©0 bond. This mechanism may also
fect, that is a consequence of an increase in negative chargexplain the pH-dependence of the decay rates. Indeed, un-
on the protein. Alternatively, the acceleration at alkaline pH der basic conditions the distal histidine is deprotonated, and
could be rationalized by assuming that a partial deprotona-thus, cannot form the hydrogen bond responsible for the ac-
tion of the proximal histidine takes place under basic con- celeration of the isomerization of the coordinated peroxynit-
ditions. This hypothesis is based on the observation that therite.

Hisb4 Leu29 His64 His64
N N /H '\?:\NS(+) HN \:g
Distal histidine > H—,,,, A \H,,, o ‘N’—,
/ 08() Val68 /’ - :

Protoporphynn IX ‘ ( l
Proximal histidine ]\ HN :L HN 1

oxyMb metMb

His93 His93 His93

Scheme 1. The role of the distal histidine (His64) for the isomerization of peroxynitrite bound to the iron(lll) center of myoglobin.
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Further mechanistic studies showed that, in contrast to alents of H64A prevent nitration of free tyrosine by perox-
previous reports [40], no free peroxynitrite is formed during ynitrite almost completely. No changes are observed in the
the reactions of nitrogen monoxide with these oxyproteins UV-vis spectra of H64A metMb treated with peroxynitrite. In
[33]. Analysis of the proteins after cycling the oxidation by particular, the intermediate peroxynitrite complex that must
nitrogen monoxide and the reduction with ascorbic acid for be formed in the first reaction step was never detected [51].
10 times indicates that less than 1% of the tyrosine residues
are nitrafced [33]. These results show that_, when peroxynitrite 2.2. The N-bound peroxynitrite-complexes of metMb
is coordinated to the haem of myoglobin or haemoglobin, and metHb
it rapidly isomerizes to nitrate, and thus cannot nitrate the

tyrosine residues of the globin. The reactivity of dioxygen toward metal nitrosyl com-

Interestingly, the iro_rIU)peroxynitrite complex s not de- plexes has been thoroughly investigated, in particular because
tected when the aquoirdl) forms of Mb and Hb (metMb ¢ e possible use of these complexes to activate dioxygen

and metHb). are aIIovygd to react with peroxynitrite undp_r neu- [54]. One of the conceivable pathways for this reaction may
tral or alkaline condltlon_s .[49.,50]. Indeed, the reactivity of involve the formation of a N-bound peroxynitrite complex
metMb towards peroxynitrite is regulated by the presence of (Reaction 2).

the distal histidine (His64 in myoglobin), which partly blocks
the active site and stabilizes, via a strong hydrogen bond, them”NO + O, — M(”+1)N(O)OO 2)
water ligand coordinated to the iron (see metMb structure in
Scheme 1) [51]. In the presence of wild-type metMb the iso-  The oxidation of MbFe(lI)NO, the pigment found in cured
merization of peroxynitrite is only slightly acceleratdd meat, has been studied since the 1950s, particularly to un-
=(7.7£0.1) x 10*M~1s 1 at pH 7.0 and 20C [50] and derstand the processes responsible for its degradation during
keat=1.03x 10*M~1s 1 at pH 7.6 [52]. It is conceivable  storage of meat [55,56]. In 1992, Skibsted and coworkers
that the first step of this reaction is represented by a ligand determined that the oxidation products of this reaction are
substitution reaction. The coordinated water is replaced by metMb and nitrate [57]. Moreover, they found that the first-
peroxynitrite and the peroxynitrito-complex MUE®ONO order rate constant of MbFe(Il)NO oxidation is very similar
is generated. As discussed above, since MbBONO de- to that of nitrate formation. No intermediates accumulated
cays too rapidly to be detected under neutral conditions, noduring the course of the reaction, but the slight increase of
spectral changes would be expected in the course of this rethe oxidation rate with increasing partial pressure of oxy-
action and nitrate would be generated quantitatively. Indeed, gen led these authors to conclude that the reaction proceeds
it has been shown that in the presence of a large excess ofia initial binding of oxygen to MbFe(ll)NO followed by
metMb (750uM), that is when the decay of peroxynitrite an intramolecular rearrangement to nitrate and metMb [57].
proceeds exclusively via the protein-catalyzed pathway, no However, the studies by Skibsted and coworkers were car-
nitrite is generated [50]. ried out in the presence of excess ascorbate. In 1996, Bohle
Groves and coworkers proposed an alternative mechanismand coworkers reinvestigated this reaction and showed that
for the metMb-catalyzed decay of peroxynitrite [52]. Ac- the oxidation of purified MbFe(I)NO by dioxygen is not a
cording to their hypothesis, the decay of MBREONO pro- first-order transformation [58]. Detailed kinetic analysis of
ceeds in three steps: homolytic cleavage of th@®ond of the results indicated that the reaction proceeds according to
the peroxynitrito ligand with generation of nitrogen dioxide Reaction 2 via anintermediate, assigned as the corresponding
and the ferryl form of the protein, partial recombination to N-bound peroxynitrite-iron(Ill) complex MbFe(ll)N(O)OO
the nitrate complex, and finally dissociation of nitrate. Part [58]. The kinetics of this reaction were studied by measur-
of nitrogen dioxide eludes the reaction with ferryIMb and ing the absorbance changes between 390 and 680 nm. The
undergoes hydrolysis to nitrite and nitrate. This mechanism spectrum of MbFe(llI)N(O)OO, calculated by subjecting the
was supported by their observation that, in the presence ofmeasured spectra to factor analysis by singular value decom-
100-20QwM metMb, the nitrate yields generated from the position, is almost identical to that of the O-bound species
decay of 50QuM peroxynitrite leveled off around 11% [52].  discussed above [58]. The rate constants for the formation of
Nevertheless, no experiments were carried out with higher MbFe(II)N(O)OO (from the reaction of MbFe(II)NO with
metMb concentrations to confirm this hypothesis. an excess of dioxygen) and its isomerization to metMb and
The metmyoglobin mutant in which His64 was replaced nitrate are both significantly lower than those for the cor-
by alanine (H64A) is an efficient catalyst for the isomeriza- responding O-bound complex, 1.34 10~2 and 2.82x
tion of peroxynitrite Keat = (1.3 4 0.1) x 10'M~1s 1 at 103571 atpH 7.0 and 37C [58]. However, the similarity of
pH 7.0 and 20C) [53]. lon chromatographic analysis of the the rate of formation of MbFe(l11)N(O)OO to that of nitrogen
nitrogen-containing products showed that in the presence ofmonoxide dissociation from MbFe(I)NO (1.2 10~4s™1,
0.01 equivalents of H64A peroxynitrite decays quantitatively at pH 7.0 and 22C [59]) may suggest that the reaction rather
to nitrate [51], in agreement with a concerted isomerization of proceeds via an alternative pathway according to which dis-
the coordinated peroxynitrite without liberation of nitrogen sociation of nitrogen monoxide is the rate-determining step.
dioxide. Moreover, HPLC-analysis revealed that 0.05 equiv- Dioxygen may then bind to iron(Il) myoglobin, and the fast
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reaction of oxyMb with nitrogen monoxide may generate the MINOSZ  —S  M(lll) + NOs~
O-bound peroxynitrite complex and, finally, metMb and ni-

trate (Reaction 3) [54]. bT ‘x

MbFe(nDNO + O, <=2 MbFean +NO' + 0, === MbFeO0, + NO’ o a o d
M(I0z* + NO° —— [M(IlIOONO** —> M(IV)O + NO,*

l HO g '\f
MbFeqin +NO;- <— MbFeamOONO (3) / \

M(INO2]* + NOz~ + 2H* M(Ill) + ONOO™
3. The O-bound peroxynitrite-complex of Scheme 3. Formation of peroxynitritometal complexes and products.
metalloporphyrins
3.1. lron plex. This reaction must be very fast, as the intermediate
[Mn(11)(OONO)(TMPyP)I** has never been observed.
Water-soluble iron porphyrin complexes such as 5,10, In the presence of reducing agents such as ascorbate, glu-

15,20-tetrakis4{-methyl-4-pyridyl)porphinatoiron(lll), [Fe ~tathione, or Trolox, which rapidly reduce the oxoNWvi}-
(IN(TMPyP)]>+,  5,10,15,20-tetrakis-(2,4,5-trimetyl-3,5-  intermediate, Mn(lll)—porphyrin complexes are very efficient
sulfonatophenyl)porphinatoiron(lll), [Fe(ll)TMP3}, and catalysts for peroxynitrite decay [66]. In the last decade, the
5,10,15,20-tetrakis-(4sulfonatophenyl)porphinatoiron(lll),  potential use of Mn(lll)-porphyrin complexes for pharma-
[Fe(lNTPPSE-, have also been shown to efficiently cat- cological applications (peroxynitrite scavengers) has led to
alyze the isomerization of peroxynitrite to nitrate [60—63]. the design of numerous porphyrin ligands to optimize the
The mechanism of this reaction is complex and involves reactivity of these catalysts under physiological conditions
two distinct pathways, one involving the iron(lll) com- [67] (and references cited therein). In the same class of com-
plex and the other the high-valent oxoiron(IV) complex pounds fall manganese(ll) texaphyrins, similar in structure
(Scheme 2) [61]. When [Fe(lIl)(TMPyP} was allowed to manganese porphyrins, which are oxidized by peroxyni-
to react with two equivalents of peroxynitrite (at pH 7.4 trite, and, in the presence of a reductant, act catalytically to
and 25°C) the trace collected at 427 nm (the absorbance decompose peroxynitrite [68].

maximum of [oxoFe(IV)(TMPyP){t) indicated the very

rapid formation of an intermediate (estimat&d> 5 x

10’ M~1s71), which was assigned as the peroxynitrite 4. Non-porphyrin peroxynitritometal complexes

complex [Fe(lI)(OONO)(TMPyPJ}+ [61]. Unfortunately,

no UV-vis spectrum of this species was reported to support4.1. Cobalt

this assignment. As shown in Scheme 2, this intermediate

was proposed to generate [oxoFe(IV)(TMPy®)]and The observation of a fast reaction between nitrogen
nitrogen dioxide by homolytic cleavage of the-O bond monoxide and oxy-haemoproteins with formation of a tran-
(apparent decay rate 62.2%s at pH 7.4 and 25C). sient peroxynitrite complex [41] triggered the idea that such

a reaction of nitrogen monoxide with pentacyanodioxygen-
3.2. Manganese cobaltate(Il) might yield a relatively stable pentacyanoper-

oxynitritocobaltate(lll) complex, Reaction 4.

In 1995, Groves and Marla discovered that [Mn .
(I)(TMPyP)]5* reacts rapidly with peroxynitrite to gener- [(CHsCH2)aNI5[(CN)sCo(INO2] + NO
ate [oxoMn(IV)(TMPyP)f* [64]. In contrast to the anal- — [(CH3CH2)4N]5[(CN)sCo(Il)OONO] (4)
ogous iron(lll) complex, the manganese(lll) compound is
not a catalyst for peroxynitrite decay, because the reduc- The complex is indeed formed; it is soluble in water
tion of [oxoMn(IV)(TMPyP)F+ to [Mn(lIl)(TMPyP)]>+, re- and absorbs in the UV with a shoulder at 280 nm [69]. In
quired to close the catalytic cycle, proceeds very slowly Scheme 3, this reaction is represented by process a and b.
(0.018s* at pH 7.4 and 28C) [65]. The formation of the At pH 2, the coordinated peroxynitrite disappears with a rate
high-valent intermediate is very likely to proceed via ho- constantof9.6< 10-%s~1. In the dark, this process is slower
molytic O-O bond cleavage of a Mn(lll)—peroxynitrite com-  and results in the novel pentacyanonitratocobaltate complex.

o D . &Y

ONOO™

Scheme 2. Simplified model proposed for the iron(lll)porphyrin-catalyzed decomposition of peroxynitrite (adapted from references [61,62].
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[(CN)sCo-OONOJ** Based on experiments where twice as much ABTSs the
macrocyclic nickel complex (see 4.3.) was oxidized when
light dark the rhodium-dioxygen complex was mixed with nitrogen
monoxide, it was concluded that the decay of the postulated
initial peroxynitrite complex appears to involve, to an ex-
[(CN)sCo-H,0*  +——— [(CN)sCo-NOs]* tent of ca. 40%, homolysis of the-@ bond of peroxynitrite

to form oxorhodium(IV) and nitrogen dioxide. No kinetics
could be established and the hypothesis is based on yields
L _only. Thus, pathways a, b, c and a, d, e, ¢ (Scheme 3) occur
At pH 6, the peroxynitrito complex appears to be stable, if ¢ the same time. Unexplained is a small amount of nitrate
kept in the dark (Scheme 4). Photolysis destroys Fhe COM-that is formed very rapidly [72]. It was possible to gener-
plexand the aquapentacyanocobaltate(ll) complexis formed 4te the intermediate from nitrogen monoxide that is formed
[70]. Itis thought that the cyano ligands play an important gjoly by the disproportionation of nitrous acid:; as the other
role in diminishing the Lewis acid character of the cobalt .4t of the disproportionation is nitrogen dioxide, also the

ion, thereby stabilizing the per_oxynitrito ligand. Were th_is peroxynitratorhodium(l1l) complex was produced [73].
not the case, the metal could simply catalyze the isomeriza-

tion. Regrettably, no material suitable for X-ray analysis was 4.3. Chromium
obtained.

Attempts to isolate a peroxynitrito complex from the Photolysis at 266 nm of the nitrosylchromium(ll) com-

dioxygen complex of tris(pyrazolyl)boratecobalt(ll) and ni- plex in the presence of dioxygen yields initially the (diox-
trogen monoxide in tetrahydrofuran or toluene were not suc- ido)chromium(ll) complex that reacts rapidly k-= 7 x

cessful [71]. At temperatures below61°C an intermediate 0® M~1s-1 _ with the just liberated nitrogen monoxide to
was observed, which may have been the desired peroxyni-fOrm a transient peroxynitrito complex [74].

trito complex. Equimolar amounts of the nitrito and nitrato

complex were obtained. The reaction of the corresponding [CINOJ?* + Oy + hv — [CrO,]%+ + NO®
dinitrogen-cobalt complex with nitrogen monoxide resulted _ [CTOONOR*  (6)

in a novel nitrosyl compound, which, upon exposure to dioxy-

gen, did not yield the peroxynitrito complex [71].

Scheme 4. Decay of the [[CNJDONO)Cof~ complex.

No spectrum of this intermediate could be established
4.2. Rhodium and the absorption at 293nm decays rapidly to the back-
ground level. The products are nitratochromium(lll), and
Upon mixing nitrogen monoxide with the dioxygen com- chromium(lil) and nitrate. The evidence for formation of per-
plex of B-transmeso-Mg-[14]-ane-Ny(aqua)rhodium(ll), oxynitrite is based on the zero-order oxidatiorirahs-[14]-
the absorption of the dioxygen complex at 271 nm disappearsane-N, nickel(ll), presumably by nitrogen dioxide formed
and an intermediate with a weaker absorption near 240 nm isby homolysis of the bound peroxynitrite. Also the reaction
formed within the mixing time of a stopped-flow spectropho- in the presence of excess nitrogen monoxide is interpreted
tometer [72]. Because this intermediate does not appear toin terms of homolysis: three nitrogen monoxide molecules
react with 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate) are consumed: one to form the peroxynitrito complex, one
(ABTS27), iron(ll) or trans[14]-ane-N; nickel(ll), it is that reacts with nitrogen dioxide from the homolysis reac-
thought to be nitrate bound to rhodium(lll), and the rate con- tion and one that reacts with oxochromium(lV) (Scheme 3,
stant of its formation, encompassing the reaction of nitrogen reactions a and d). A direct reaction between the peroxynitri-

monoxide with the dioxygen rhodium complex and the iso- tochromium(lll) complex or the oxochromium(lV) and the
merisation to nitrate, must be AM~1s~1 or higher (Reac-  nickel macrocycle cannot be excluded, but is deemed un-

tion 5). likely. The (dioxido)chromium(ll) complex can be used as
a catalyst for the co-oxidation of alcohols and nitrous acid

[14]-ane-Ny(H20)Rh(I1)O; + NO* [75]. Like the macrocyclic rhodium complex [72] discussed
s [14]-ane-Ny(H20)Rh(II)NO3 (5) above, the (dioxido)chromium(ll) complex also reacts with

nitrogen dioxide, with a rate constant of 23108 M—1s1
[74] and yields ultimately a nitratochromium complex [76].
The “240nm” intermediate decays slowly at acid pH,

while, at higher pH, the rate constant approaches a limiting 4.4. Titanium
value of ca. 2x 10~3s~1. The macrocyclic nickel complex
has at low pH nitrate and water as axial ligands; loss of a  The reaction between excess oxotitanium(lV) and
hydron from the coordinated water appears to promote re- peroxynitrous acid in 0.9 M 50y leads to an increase in
lease of nitrate. Nitrate was found in solution; its increase absorption at 410 nm. The reaction proceeds with a rate
with time matched the disappearance of the intermediate.constant ofk = 3.0 x 10°M~1s™! at 25°C, as compared
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to 4.9 x 10°M~1s™1 for the reaction of oxotitanium(IV) [5] RJ. Gryglewski, R.M.J. Palmer, S. Moncada, Nature 320 (1986)
with hydrogen peroxide [77]. At higher oxotitanium(IV) to 454.

. . . . . [6] L.J. Ignarro, J.M. Buga, K.S. Wood, R.S. Byrns, G. Chaudhuri, Proc.
peroxynitrous acid ratios saturation is observed. It seems Natl. Acad. Sci. U.S.A. 84 (1987) 9265.

likely that there is first the fast formation of a colorless end-  [7] R.m.J. Paimer, A.G. Ferrige, S. Moncada, Nature 327 (1987) 524.

on complex, hydroxido(peroxynitrite®’)-titanium(2+), [8] M.A. Marletta, P.S. Yoon, R. lyengar, C.D. Leaf, J.S. Wishnok, Bio-
followed by rearrangement to a yellow side-on complex chemistry 27 (1988) 8706. . .
k ~ 203—1)’ (peroxynitritoxO xO')-titanium(3+). With [9] R.M.J. Palmer, D.D. Rees, D.S. Ashton, S. Moncada, Biochem. Bio-

i id in excess, this rearrangement proceed phys. Res. Commun. 153 (1988) 1251. . .
peroxynitrous acl o : %10] G.J.Ed. Leigh, Nomenclature of Inorganic Chemistry, Blackwell Sci-
more slowly kK ~ 0.1s"), probably because multiple entific Publications, Oxford, 1990.

peroxynitrous acid molecules form end-on complexes with [11] W.H. Koppenol, Pure Appl. Chem. 72 (2000) 437.
oxotitanium(IV) and hinder the rearrangement to the side-on [12] J.S. Beckman, T.W. E_:eckman, J. Chen, P.A. Marshall, B.A. Freeman,
complex. The absorption spectrum of the final product is ___ Proc. Natl. Acad. Sci. U.S.A. 87 (1990) 1620.

L o . [13] W.H. Koppenol, in: C.A. Rice-Evans, R.H. Burdon (Eds.), Free Rad-
that of yellow (dioxido)titanium(IV) (Scheme 3, reactions ical Damage and its Control, Elsevier Science B.V., Amsterdam,

fand g). Presumably, during the rearrangement or later, the 1994, p. 3.

nitrosyl cation is lost, as has been observed to a minor extent[14] T. Nauser, W.H. Koppenol, J. Phys. Chem. A 106 (2002) 4084.
for the peroxynitritorhodium complex [72]. These obser- [15] W.H. Koppenol, R. Kissner, Chem. Res. Toxicol. 11 (1998) 87.
vations provide evidence for direct formation, previously [16] G. Meenyi, J. Lind, S. Goldstein, G. Czapski, Chem. Res. Toxicol.

. : 11 (1998) 712.
unobserved, of a peroxynitrous acid-metal complex [78]. [17] C.E. Richeson, P. Mulder, V.W. Bowry, K.U. Ingold, J. Am. Chem.

Soc. 120 (1998) 7211.
[18] G. Merenyi, J. Lind, S. Goldstein, G. Czapski, J. Phys. Chem. A
103 (1999) 5685.

5. Concluding remarks [19] O.V. Gerasimov, S.V. Lymar, Inorg. Chem. 38 (1999) 4317.

[20] J.W. Coddington, J.K. Hurst, S.V. Lymar, J. Am. Chem. Soc. 121

Formation of a peroxynitritometal complex, either directly (1999) 2438.

or via the reaction of a dioxygenmetal ion with nitrogen [21] g.z\é.gLymar, R.F. Khairutdinov, J.K. Hurst, Inorg. Chem. 42 (2003)
mqnomde, is in most casgsmferreq and notdlrectlyobserved.[zz] M. Kirsch, H.-G. Korth, A. Wensing, R. Sustmann, H. De Groot,
This complex can isomerize to a nitratometal Complex, orun- Arch. Biochem. Biophys. 418 (2003) 133.
dergo homolysis to form the oxometal complex and nitrogen [23] W.H. Koppenol, J.J. Moreno, W.A. Pryor, H. Ischiropoulos, J.S.
dioxide. More rarely, the peroxynitritometal complex loses Beckman, Chem. Res. Toxicol. 5 (1992) 834.

a nitrosyl cation and a peroxide complex is formed. These [24] R. Kissner, W.H. Koppenol, J. Am. Chem. Soc. 124 (2002) 234.

ot . . . . [25] R. Kissner, C. Thomas, M.S.A. Hamsa, R. van Eldik, W.H. Kop-
possibilities are summarized in Scheme 3. Rapid catalysis of penol, J. Phys. Chem. A 107 (2003) 11261,

isomerization of peroxynitrite to nitrate by a metalion would 6] R. Kissner, T. Nauser, C. Kurz, W.H. Koppenol, IUBMB Life 55
require fast formation of the peroxynitritometal complex, fol- (2003) 567.

lowed by isomerization within the coordination sphere of the [27] M. Anbar, H. Taube, J. Am. Chem. Soc. 76 (1954) 6243.

metal and dissociation. In Scheme 3, this reaction sequencd?8] P- Maurer, C.F. Thomas, R. Kissner, Hiigyger, O. Greter, U.
starts at the lower right, moves to the center and then up to the ??ggfsmrger’ W.H. Koppenol, J. Phys. Chem. A 107 (2003)
right, with nitrate and a catalysis-ready metal ion as products. [2g] p. wentworth Jr., L.H. Jones, A.D. Wentworth, X. Zhu, N.A. Larsen,
As to homolysis, center line in Scheme 3, the results of the ILA. Wilson, X. Xu, W.A. Goddard Ill, K.D. Janda, A. Eschenmoser,
photolysis experiments with the peroxynitritocobalt complex R.A. Lerner, Science 293 (2001) 1806.

suggest that it could be important to establish to what extent!30] P- Wentworth Jr., J.E. Mcdunn, A.D. Wentworth, C. Takeuchi, J.

homolvsis has been brouaht about by light Nieva, T. Jones, C. Bautista, J.M. Ruedi, A. Gutierrez, K.D. Janda,
Yy 9 y hight. B.M. Babior, A. Eschenmoser, R.A. Lerner, Science 298 (2002)

2195.
[31] A.M. Held, D.J. Halko, J.K. Hurst, J. Am. Chem. Soc. 100 (1978)
5732.
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