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Nitric oxide and the superoxide anion are important components 
of thecytotoxic flux produced by cytokine-activated macrophages 
in inflamed tissues.' The contemporaneous high local concentra- 
tions of these two reactive molecules have led to the hypothesis 
that their reaction product, peroxynitrite, ONOO-, may also be 
a significant cytotoxin.* Although the recently redetermined rate 
constant for this reaction (k = (6.7 f 0.9) X lo9 L mol-' s-l) is 
near the diffusion limit,' approximately 3-fold faster than the 
rate of superoxide dismutation by Cu-Zn SOD: there is only 
circumstantial evidence for the presence of peroxynitrite in these 
tissuesas This is due to the pronounced reactivity of pernitrous 
acid (pK, = 6.5 f O.l), which rapidly decomposes under 
physiological conditions (tip - 1 s at pH = 7.4),6 and to a lack 
of information concerning the physical properties and reactivity 
of peroxynitrogen compounds in general. Although our under- 
standing of the kinetics of pernitrous acid decomposition is well 
established," attempts to determine the free-radical yields from 
this reaction have been hampered by both the reactions of the 
peroxynitrite anion itself and the use of peroxynitrite solutions 
which contain high concentrations of the other oxoanions of 
nitrogen.4 Reported syntheses of peroxynitrite include a variety 
of aqueous techniques, cf. the reaction of nitrite and hydrogen 
peroxide with acid followed by a base quench,7.8 hydrogen peroxide 
and nitrite ester in base? and a solid-state preparation by UV 
photolysis of potassium nitrate togive 30 pmol/g of ONOOK as 
a solid mixture of peroxynitrite and nitrate.IO Prior attempts to 
isolate salts of this anion have failed,E and the reported 
spectroscopic data are rather limited.11 Herein we describe (1) 
a biomimetic synthesis of peroxynitrite from nitric oxide and 
superoxide, (2) the first isolation of the peroxynitrite anion as a 
tetramethylammonium salt which is soluble in a wide range of 
solvents, (3) the solvatochromatism for the UV absorption band 
of this molecule, (4) the IR, Raman, and 15N NMR spectroscopic 
results for this species, (5) ab initiocalculations of the optimized 
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ground-state geometries and frequencies for the trans and cis 
conformations, and (6) differential scanning calorimetric results 
for the isomerization of peroxynitrite to nitrate. 

The reaction between superoxide and nitric oxide in liquid 
ammonia results in the rapid formation of deep orange-yellow 
solutions of peroxynitrite. When tetramethylammonium super- 
oxide and a slight excess of nitric oxide are used, eq 1, it is possible 

* IWN1[ONOOI (1 1 
NHa(0 w4w011 + NO 

to isolate tetramethylammonium peroxynitrite as a hygroscopic 
microcrystalline yellow solid by a nitrogen purge followed by 
removal of the ammonia in vucuo.12 There is no detectable 
contamination of this product with nitrite or nitrate by Raman, 
IR, or 15N NMR spectroscopy (see below). An analytically pure 
sample of this salt is obtained by fractional crystallization from 
liquid ammonia, the main impurities being less soluble salts such 
as tetramethylammonium hydroxide. When prepared rigorously 
dry and maintained under nitrogen, these salts have been stored 
for several months with littledetectable decomposition. Attempts 
to isolate the potassium salt of peroxynitrite, prepared with the 
conditions shown in eq 1 but from potassium superoxide, result 
in rapid decoloration of the bright yellow solid on drying. 
Furthermore, the direct reaction of solid potassium superoxide 
and nitric oxide is reported to give a mixture of potassium nitrite 
and nitrate.14 

Peroxynitrite can exist in either trans or cis configurations: 
the vibrational spectroscopic results, collected in Table 1, are 
consistent with the presence of both conformations in the solid 
state. In particular, the Raman spectrum for solid-phase 
tetramethylammonium peroxynitrite, shown in Figure 1, has bands 
at 8 13 and 645 cm-1 which shift 10 cm-1 upon incorporation of 
W O .  The vibrational spectrum of pernitrous acid has been 
measured in inert gas matrices, and the v ( N 4 )  and ~(0-0) 
modes were assigned to bands at 1701.4 and 960.5 cm-l, 
respectively,16 ca. 10 cm-1 higher than the energies predicted by 
MP2/6-31G* ab initio calculations.~7 As is found for the other 
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Table 1. Observed and Calculated Vibrational Modes for 
Peroxynitrite (cm-1)‘ 

Communications to the Editor 

observed calculatedd 

mode isomer IRb RamanC 014NOO- OI5NOO- 

v(N=O) trans 1496(ne 1483(1448) 1488 1460 
v(N-0) trans 1224 (1 199) f 1221 1198 

S(ONO0) cis 809 (797) 813 (803) 847 846 
S(ONO0) trans f 645 (635) 663 66 1 

~(00) trans 932 (927) 955 (945) 947 947 

d H  
dt 

Bands in parentheses are for the 15N-labeled anion. Measured either 
as a mull in Nujol or in Kel-F between sodiumchloride plates. Measured 
as a fine powder under nitrogen with 514.5-nm excitation radiation. 

Calculated by ab initio techniques at the Mdler-Plesset level (MP2) 
with a 6-31 IG* basis set.15 All listed bands are in plane modes with A’ 
symmetry. e Measured as a fluorocarbon mull. /Not observed or obscured 
by bands due to the tetramethylammonium cation. 

- ’ %I peroxynitrite 

1500 1000 500 
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Figure 1. Raman spectra for solid-phase tetramethylammonium nitrite 
with 514.5-nm excitation. 

oxoanions of nitrogen, protonation of peroxynitrite increases the 
v(N=O) band by ca. 200 cm-1, a result of the greater energy 
separation in the two modes associated with the nitrogen4xygen 
stretches. Significantly, the u ( 0 - 0 )  bands for the base and its 
conjugate acid are very similar and are typical of peroxo 
compounds.’* 

In order to help assign the IR and Raman spectra, we have 
performed ab initio calculations at the MP2(FU)/6-3 11G* level 
of theory.15 The trans geometry is the global minimum, 2.9 kcal 
mol-’ more stable than the cis ~onfiguration.~9 In contrast, the 
structural, spectroscopic, and theoretical results for the thio 
analogues of peroxynitrite, SNSS- and ONSS-, indicate a cis 
ground-stategeometry.2’a-C The computedvibrational frequencies 
for the MP2 level of theory are contrasted with the observed 
values for tetramethylammonium peroxynitrite in Table 1. 

1SN-labeled peroxynitrite is readily prepared by the method in 
eq 1, and the product has a single peak in the 15N NMR spectrum 
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Figure 2. Differential scanning calorimeter trace for the exothermic 
decomposition of tetramethylammonium peroxynitrite. 

at 203.3 ppm in liquid ammonia at -60 OC and 191.4 ppm in 
basic water at room temperature.22 These shifts are similar to 
those of the nitrite anion in these media (251.0 and 244.8 ppm, 
respectively) and indicate that the deshielded nitrogen has a bent 
geometry. That only a single peak is present in these spectra also 
indicates that either the cis and truns conformers interconvert 
rapidly on the NMR time scale or one of the two conformers is 
markedly stablized by solvation. 

As measured by differential scanning calorimetry, Figure 2, 
tetramethylammonium peroxynitrite exothermically decomposes 
at cu. 110 OC, with AH = -37.8 f 0.4 kcal mol-1-23 When this 
reaction is followed by thermal gravimetric analysis, less than 
0.04% of the sample is lost as gas. Raman and IR spectroscopies 
of the residual colorless powder are consistent with the sole product 
being tetramethylammonium nitrate; there is no detectable nitrite 
present. This enthalpy is similar to one measured for the solution- 
phase decomposition of pernitrous acid, AH = -38.8 f 2 kcal 
mol-’,24 and lends support to a recent thermodynamic analysis 
of this reaction.2s Experiments are currently underway to 
determine the mechanism and product distribution of this 
isomerization as a function of pH and metal ion and will be 
described elsewhere. 

Note Added in Proof: The Raman spectrum of peroxynitrite 
in water has recently been described.26 
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