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A B S T R A C T   

In this article we discuss the fundamental chemical and physical properties of NO and related nitrogen oxides 
(NO2

− , NO2, N2O3, etc.) under solution conditions relevant to mammalian biology.   

1. Introduction 

Redox chemistry plays numerous integral roles in biological systems, 
and the interconversion between redox-related species is central to 
nitrogen-based signaling [1]. Nitric oxide (NO, aka nitrogen monoxide) 
[2],1 is formed endogenously by the five-electron enzymatic oxidation of 
L-arginine by NO synthase (NOS). Once formed, NO can directly induce 
signaling processes or can be converted by further redox steps into other 
nitrogen oxide species, such as nitrogen dioxide (NO2) and dinitrogen 
trioxide (N2O3) that can stimulate signaling cascades through post
translational modification. Interactions with low molecular weight 
thiols produce still other signaling molecules such as S-nitrosothiols 
(RSNO). Oxidations of NO to nitrite (NO2

− ) or nitrate (NO3
− ) serve as 

degradation pathways, but these ions can also be recycled back to NO by 
physiological pathways. 

The goal of this review is to outline the fundamental solution phase 
chemistry of NO and related nitrogen oxides (NOx) relevant to biological 
conditions. While NO and related NOx species are simple molecules and 
ions, their chemistry is extensive and often complex. Other derivatives 
such as low molecular weight S-nitrosothiols and their protein analogues 
have drawn increasing attention in terms of potential roles in biological 
signaling. Understanding both the nature and kinetic likelihood of the 
chemical interactions of these species in a cellular environment is crucial 
to having a holistic view of their known and potential physiological 

roles. 
The principal biological targets for NO in biology are metal centers 

such as heme and non-heme iron proteins. Of particular importance with 
regard to signaling mechanisms is the ferroheme enzyme soluble gua
nylyl cyclase (sGC). Indeed, it was the effort to characterize the endo
thelium derived relaxation factor (EDRF) activation of sGC that 
uncovered the importance of endogenously produced NO [3–5]. The NO 
synthases (NOS) are themselves ferriheme proteins [6], and the in
teractions of NO with hemes extends across all major protein types [7]. 
NO can function as an activating agent, as an inhibitor or as a substrate 
with these enzymes, while other heme proteins serve as NO carriers. For 
instance, the release of NO from salivary ferriheme proteins of certain 
blood-sucking insects facilitate receipt of a sufficient blood meal [8]. 
There is also growing interest in the interactions of NO with non-heme 
iron [9] and iron-sulfur clusters [10] as well as other metalloproteins 
and cofactors. The metal-mediated chemistry of NO and NOx derivatives 
has been reviewed elsewhere [11], so the focus of the present article will 
largely be on the rich solution chemistry of NO and NOx species inde
pendent of metal centers. 

While the reactions of NO with metals are typically regulatory in 
nature, the interactions with O2 and free radicals often lead to formation 
of deleterious reactive nitrogen species (RNS) such as NO2 and N2O3 that 
induce pathophysiological effects [12,13]. Other recent developments 
have suggested that nitrite may serve as a source of NO, especially under 
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hypoxia [14,15]. The bioregulatory and therapeutic roles of HNO are 
also of interest [16]. Even nitrate, long considered to be a stable 
end-product of nitrogen metabolism, may not be so innocent, since it can 
be reduced to nitrite by the action of bacterial nitrate reductases in the 
saliva and perhaps endogenously as well [14]. 

2. Nitric oxide: physical and chemical properties 

2.1. Structure and physical properties 

Nitric oxide is a diatomic, stable free radical with one unpaired 
electron, and as such, is sometimes written as NO• (“NO dot”). However, 
from a chemical perspective, it is well recognized that NO has an odd 
number of electrons, so we will not add the extra “dot” in this article. 
Typically, free radicals are short-lived owing to their high reactivity, 
especially the propensity to dimerize. The halogens offer familiar ex
amples; chlorine atoms (Cl•) readily dimerize, so the standard elemental 
form is the diatomic species Cl2. In contrast, NO does not readily form 
dimers and, while it does react rapidly with many other free radicals and 
redox active metals, it does not display the aggressive reactivity of a 
species such as Cl•. This limited reactivity is a critical feature for NO’s 
role as a signaling agent, since it allows diffusion across several cell 
diameters before encountering a reaction target or trap. 

A more detailed understanding arises from simple molecular orbital 
(MO) theory. MO diagrams of heteronuclear diatomics reflect the rela
tive energies of the atomic orbitals of the constituent atoms (Fig. 1). As 
the less electronegative atom, the atomic orbitals of nitrogen are higher 
in energy than the corresponding orbitals of oxygen. The MOs that result 
from overlap of these atomic orbitals are delocalized over both atoms, 
but to an unequal extent. The lower energy bonding orbitals of NO are 
polarized toward the oxygen, while the higher energy, anti-bonding 
orbitals have higher nitrogen character. The unpaired electron of NO 
is found in orbitals that are π-antibonding with respect to the N–O bond. 
Thus, rather than being localized on one of the atoms, the unpaired 
electron is delocalized over both atoms, which is one rational for the low 
tendency for NO to dimerize. 

The molecular orbital diagram predicts a bond order of 2.5, and the 
N–O bond length of 1.154 Å [17] is correspondingly intermediate be
tween those of N2 (bond order of 3) and of O2 (bond order of 2). The 
infrared stretching frequency of free NO (νNO) occurs at 1876 cm− 1, 
consistent with this 2.5 bond order [18]. A consequence of the opposing 
polarization effects of the highest occupied MO having more nitrogen 
character and the higher electronegativity of oxygen is that NO has only 

a very small dipole moment (0.15 Debye) [17].2 

Due to its low molecular polarity, the solubility and transport 
properties of NO are similar to those of O2. The aqueous solution solu
bility of NO is 1.9 mM atm− 1 at 25 ◦C and 1.4 mM atm− 1 at 37 ◦C [19]. It 
is more soluble in organic solvents with its solubility ranging from ~3 
mM atm− 1 in DMSO to 15.0 mM atm− 1 in cyclohexane at 25 ◦C. 

The low solubility of NO in water has several important biological 
implications. First, the higher solubility in organic solvents would lead 
to partitioning of NO from the cytoplasm to lipid membranes. The varied 
NO concentrations in the heterogeneous environment of cells impacts 
the types of reactions that can occur, as described below. Second, the 
partition coefficient of NO from water into the gas phase is even higher. 
At equilibrium, the NO concentration in the gas phase is nearly 20 times 
higher than in an aqueous medium [19]. Furthermore, the rate of par
titioning is dependent on factors such as interface area, headspace vol
ume and stirring, such that instantaneous NO concentrations depend on 
a complex function involving the competing dynamics of formation, 
diffusion, partitioning and consumption. As a consequence, NO levels 
will rapidly decline in Petri dishes but will remain relatively constant in 
sealed vessels with little headspace. 

As a neutral small molecule, NO not only partitions to cell mem
branes, it can readily cross these barriers by passive diffusion. Along 
with low unusually low reactivity, the relatively fast rate of diffusion of 
NO in biological media, reported to be 50 μm s− 1 [20–22], is a critical 
aspect to the function of NO as a paracrine signaling agent. Specifically, 
NO is typically produced in one cell type, then diffuses into and interacts 
with targets in neighboring cells of another type, such as smooth muscle 
cells, bacteria and cancer cells or neurons. The diffusibility of NO has 
been discussed extensively for cellular and vascular systems by Lan
caster [21] and Liao [22] while the reactivity is described in detail 
below. 

2.2. Preparation of NO for experimental studies 

Unlike most free radicals, NO can be stored for extended periods of 
time, both in the gas phase and in solution. NO gas can be synthesized in 
the laboratory by mixing sodium nitrite and copper chloride solutions 
[23], or it can be purchased in high pressure tanks from commercial 
sources. As a toxic gas, NO must be transported, stored and used with 
appropriate care. Aqueous solutions of NO can be prepared by simply 
sparging the gas through buffered solutions, but this is often compli
cated by two common sources of impurities. First, while high purity NO 
is commercially available, the purity will decline with time, especially in 
the high pressure storage tanks, due to slow disproportionation via the 
reactions shown in eqs. (1)–(3). 

3 ​ NO→N2O + NO2 (1)  

NO + NO2⇄N2O3 (2)  

2 ​ NO2⇄N2O4 (3) 

Nitric oxide is a colorless gas while NO2 is brown and liquid N2O3 is 
blue. NO also has a boiling point (1 atm) at 121 K and a melting point at 
110 K, which are both somewhat higher than the boiling point of liquid 
N2 (77 K) [17]. This makes it possible to purify NO by distillation on a 
vacuum line, and this method has been used in experimental studies 
where it was considered especially important to ensure the delivery of 
clean gaseous NO to the reaction vessel [24]. The NO2 and N2O3 im
purities can also be removed by passing the NO gas stream through high 
surface area solid KOH or concentrated KOH solutions and impurities 

Fig. 1. Qualitative molecular orbital diagram for NO.a 

aThe ground and excited states of diatomic molecules can be designated by the 
orbital occupation of their electrons with a spectroscopic term symbol of the 
form 2S+1L, where 2S + 1 is the spin multiplicity while L designates the net 
orbital angular momentum. Ground state NO has a 2Π electronic configuration. 

2 Since a dipole moment is required for observation of linear molecules by 
infrared spectroscopy, the IR absorption band for NO in solution has a very low 
intensity (ε ~ 20 M− 1 cm− 1) [20]. Anchoring of NO to a molecule, such as by 
binding to a metal, increases the intensity significantly. 
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such as nitrous oxide (N2O) can be removed by distilling the NO at very 
low temperature. 

A second potential source of impurities in NO solutions is direct 
oxidation by free O2, which is difficult to remove from aqueous media. 
The facile reaction of O2 with NO will be discussed in detail below, but it 
produces NO2, N2O3, and N2O4 in aprotic media and NO2

− in water [25]. 
The concentration of NO in aqueous solutions should then be measured 
rather than assumed from published solubility values. In addition, since 
a typical biological experiment is likely to be carried out under normoxic 
conditions, it is essential to understand the potential formation and re
activities of the other nitrogen oxides. This is especially true since some 
of the higher oxides of nitrogen are more reactive than NO, are more 
soluble in organic solvents, and form nitrous and nitric acids in aqueous 
solutions. Such species also concentrate in the solution phase, so the 
impacts of trace impurities are amplified when a NO gas stream is 
entrained through a solution. Furthermore, since nitrite formation 
acidifies aqueous solutions, the use of a high capacity buffer is 
recommended. 

It is well documented that artifacts can be introduced by bolus in
jection of even high purity NO stock solutions, due to high local con
centrations of NO. Under such conditions, the reaction with the oxygen 
present is accelerated leading to autoxidation products (see section 
2.4.2). As an alternative, NO can be delivered using donors that release 
NO homogenously within a solution and at different rates [26–28]. In 
principle, such donors more closely replicate the intracellular produc
tion of NO. A variety of donor systems are available including organic 
nitrates, S-nitrosothiols and metal nitrosyls. Organic nitrates, such as 
nitroglycerin (29), and metal nitrosyls, such as sodium nitroprusside 
(30), have been used clinically to treat vascular conditions including 
angina and hypertension, but such compounds are not ideal spontaneous 
NO donors. Compounds such as S-nitroso-glutathione (GSNO) and 
S-nitroso-N-acetylpenicillamine (SNAP) have been used extensively in 
biological experiments, but these compounds are more likely to function 
as trans-nitrosating agents (transfer of a NO+ moiety) rather than as NO 
donors. 

For spontaneous release of NO under controlled conditions, the 
diazeniumdiolate salts (NONOates) pioneered by Keefer and coworkers 
[27], such as Na[Et2N(O)NO] (1,1-diethyl-2-hydroxy-2-nitrosohy
drazine, commonly called “DEA/NO”) (eq. (4)) and related derivatives 
have proved very useful for generating a steady state flux of NO pro
duction under buffered physiological-like conditions. The rates of NO 
release from diazeniumdiolates range seconds to many hours depending 
on the nature of the alkyl functional groups on the amine and on solution 
pH and temperature [31], and these compounds are valuable tools for 
mimicking acute and chronic generation of NO. Polymer based dia
zeniumdiolates have been developed for potential therapeutic applica
tions [28,32]. A large variety of diazeniumdiolates that generate NO 
with half-lives ranging from 2 s to 24 h at physiological pH and tem
perature are now commercially available, and these readily facilitate 
analysis of both acute and chronic effects of NO. 

(4) 

Another approach to NO delivery to physiological sites under 
investigation is the photochemical activation of “caged” NO. In this case, 
the use of light as a trigger allows one to control the timing, location and 
dosage of NO release. Various metal nitrosyls and nitrito complexes [33] 
as well as nitro-organic compounds [34] are being explored as potential 
photochemical NO precursors. 

2.3. Electrochemical potentials.3 

The MO diagram (Fig. 1) predicts that one-electron reduction to the 
nitroxyl anion, NO− involves addition of an electron to a π-antibonding 
orbital. The lowest energy state of NO− (the ground state) is isoelectronic 
to that of O2 and has one electron in each π* orbital with parallel spins to 
give the triplet state ion 3NO− .4 If these two π* electrons instead have 
opposite spins, the result would be the higher energy singlet state 1NO− . 

The reduction of NO to the 3NO− anion is quite unfavorable (eq. 5) 
[35,36].5  

NO + e− → 3NO− E1/2
◦ = − 0.81 V (vs NHE)                                     (5) 

The spin state of NO− is also quite important when considering 
protonation of this anion to give HNO, which is commonly called 
“nitroxyl” (the IUPAC name is “azanone” [2]). Like most molecules, the 
ground state of HNO is a singlet, meaning all electrons are spin paired 
and the molecule is diamagnetic. Protonation of NO− thus requires a 
change in the electronic spin state (eq. (6)) [37,38]. 
3NO− +H+⇄1HNO pKa ∼ 11.4(est.) (6) 

The consequence of this spin change is that deprotonation of HNO 
and protonation of NO− are exceedingly slow relative to the proton
ation/deprotonation steps of weak acids with similar pKa’s. Deproto
nation of HNO is mediated by OH− rather than by water (eq. (7)), so that 
the rate is pH-dependent [39].  

rate = k2[OH− ][HNO] k2 = 5 × 104 M− 1 s− 1                                      (7) 

The impact of such slow interconversion is that HNO and NO− when 
formed in situ are each sufficiently long-lived to be treated as indepen
dent species rather simply in rapid equilibrium. (For a more complete 
discussion, see ref 16a). Despite these complexities, the high pKa implies 
that HNO will be the predominant form under biological conditions. 

A combination of experimental and theoretical studies [16,35] were 
required to estimate both the pKa of HNO (eq. (6)) and the potential for 
reduction of NO to HNO (eq. (8)). The thermodynamic favorability of 
NO− protonation of to HNO results in a positive shift when comparing 
eqs (5) and (8), but the potential is still unfavorable overall. While a 
variety of oxidants such as ferricyanide can convert HNO to NO, as with 
deprotonation, this proton coupled electron transfer process is predicted 
to be unusually slow due a large reorganization energy. Whether redox 
reactions involving the NO/HNO couple are impeded by a small ther
modynamic driving force or by a large kinetic barrier, NO and HNO do 
not appear to readily interconvert in vivo [16a].  

NO + H+ + e− → 1HNO E◦ = − 0.5 V (est., pH 7.4)                           (8) 

Although the one-electron oxidation of NO to the nitrosonium ion, 
NO+ involves loss of the π-antibonding electron, this process is quite 
unfavorable as seen by the very positive reduction potential of NO+ in 
aqueous solution (eq. (9)) [40a,b]. Thus, NO is neither readily oxidized nor 
reduced by one-electron processes.  

NO+ + e– → NO E◦ = 1.45 V                                                          (9) 

In aqueous solution the nitrosonium ion is rapidly hydrolyzed to 
nitrous acid HNO2, the conjugate acid of nitrite ion NO2

− , the nitrogens 

3 Unless otherwise noted, standard reduction potentials will be cited, mean
ing that the reaction conditions are 1 M reactants, 25 ◦C and either pH 14 or 0.  

4 The nomenclature arises from the multiplicity, 2S + 1, where S = the total 
electron spin and equals the sum of the individual spins of each electron or Σms. 
The spin multiplicity can also be calculated by adding1 to the total number of 
unpaired electrons of the same spin.  

5 Notably, the one-electron reduction of O2 to superoxide (O2
− ) is more 

favorable (E◦ = − 0.33 V at pH 7), such that the presence of O2 may protect NO 
from consumption by certain reductants. 

P.C. Ford and K.M. Miranda                                                                                                                                                                                                                 



Nitric Oxide 103 (2020) 31–46

34

of these three species each being in the +3 oxidation state. In acidic 
solution, nitrous acid is also a strong oxidant as shown by the very 
positive potential for the half-cell described by eq. (10) [40a,b].  

HNO2 + H+ + e– → NO + H2O E◦ = 0.99 V                                   (10) 

However, as noted already, the pH and protonation state of the ni
trogen species often has a major impact on reduction potentials, and that 
for nitrite is especially pH-sensitive. Thus, in strongly alkaline solution, 
reduction of nitrite to NO is relatively unfavorable (eq. (11)) [40a,b].  

NO2
− + H2O + e– → NO + 2 OH− E◦ = − 0.46 V                             (11) 

Near physiological pH, the potential for reduction of nitrite to NO is 
intermediate between these extremes and is somewhat positive (0.37 V 
at pH 7.0). 

In summary, NO is neither readily oxidized nor reduced by one- 
electron processes, and this feature is an important factor in maintain
ing a lifetime sufficiently long for NO to diffuse through cells. None
theless, the fundamental redox relationships of NO with NO+ and NO−

as well as the pH-dependence of these interactions are central to the 
chemical biology of NO and will be explored in further detail in subse
quent sections.6 

2.4. Reactivity and kinetics 

In this section, thermodynamic and kinetic parameters will be pre
sented for key reactions of NO, since such quantitative information lays 
the groundwork for understanding the potentially complex processes 
that might be occurring in an organism. While the thermodynamic 
favorability is certainly the critical factor dictating feasibility, the rate of 
a reaction will define its importance under the conditions of interest. A 
thermodynamically favorable reaction may have a substantial kinetic 
barrier that makes the reaction very slow. An example is the protonation 
of 3NO− (eq. (6)), a favorable process (high pKa) that is kinetically slow 
with a barrier attributed to nuclear reorganization requirements. As 
noted above, these are due to the different spin states of the nitroxyl 
anion and HNO [39]. In other words, one must consider the reaction 
mechanism, which also identifies potential intermediates that might 
have physiological roles. 

Reaction rates depend on concentration as well as spatial and tem
poral factors. A first step in considering the propensity for potentially 
competing reactions is to compare rate constants. However, this process 
is only straightforward for reactions with the same order and thus 
having rate constants with the same units. If a reaction displays first 
order kinetics (an unimolecular reaction), such as decomposition 
through bond cleavage, the rate constant will be labeled here as k1 with 
the units s− 1.7 The lifetime (τ) of that reactant is defined as (k1)− 1 under 
the conditions where k1 was measured. A second order (bimolecular) 
process, for example, a reaction between two species where the con
centration of each directly impacts the rate, will have a rate constant k2 
with the units M− 1 s− 1. However, if the concentration of one of these 
reactants is much larger (≥10-fold) than the other, then the kinetics 
become effectively (pseudo) first order, and the observed rate constant, 
kobs, is equal to the second order rate constant k2 times the concentration 
of the excess reactant. Higher order reactions are possible but relatively 
rare, although the chemistry of NO incorporates several such examples. 
One of particular importance is NO autoxidation, the reaction of NO 
with O2, which will be discussed below. 

The rate of a reaction depends both on the rate constant, which is a 
function of the energetic barrier, and on the concentrations of the 

reactants. For example, a bimolecular reaction depleting NO, would give 
a rate law such as described in eq. (12) 8:  

rate = -d[NO]/dt = k2[NO][reactant]                                                 (12) 

Published rate constants are typically measured in homogeneous 
solutions. When defining the relevance of a particular pathway in vivo, 
the heterogeneity of location, media, concentrations, etc. of the specific 
reaction site must be evaluated. Furthermore, it would be quite 
reasonable for a reactive species like NO to be depleted via competing 
pathways. In that case, the reactions will partition along those pathways 
according to the respective rate constants and concentrations of the 
relevant reactants. 

2.4.1. Reactions of NO with superoxide and other free radicals 
The free radical nature of NO leads to facile reactivity with other 

reactants having unpaired electrons, examples being redox active tran
sition metals and other free radicals. While the reactions of NO with 
metals are typically regulatory in nature, interactions with other free 
radicals can lead to either protective or deleterious effects, depending on 
the reactant. Important reactions in this category are described in this 
section. 

The rate at which two free radicals react in aqueous solution often 
approaches the diffusion limit for bimolecular reactions (kd ~ 1010 M− 1 

s− 1 at 25 ◦C [41]), meaning that once the two species approach each 
other by diffusion, the probability of reaction is very high. The literature 
contains numerous examples of NO reactions with free radicals pro
duced by pulse radiolysis techniques [42,43a,b]. Although these re
actions may not necessarily have physiological relevance under normal 
conditions, they provide reference points for understanding such in
teractions. For example, the k2 rate constants for NO reactions with the 
(SCN)2

–, Br2
− , and ethoxy (EtO•) radicals all fall in the range of 3–5 £ 109 

M− 1 s− 1 [42]. 
A much more biologically relevant reaction is that with the super

oxide anion O2
− . Although reduction of O2 to O2

− is thermodynamically 
unfavorable (E◦ (O2/O2

− ) = − 0.33 V vs NHE [46]), this deleterious 
species is nonetheless a side-product of respiration. In addition, the 
immune system harnesses the cytotoxic effects of O2

− in response to 
pathogen invasion. NO reacts rapidly and irreversibly with the super
oxide ion radical O2

− to form the peroxynitrite anion (ONOO− , eq. (13)) 
with reported second order rate constants (4.3 £ 109 M− 1 s− 1 and 1.6£
1010 M− 1 s− 1), that approach the diffusion limit [43a,b]. In aqueous 
solution this rate constant proved to be independent of ionic strength 
and of pH over the range 6.1–10.  

O2
− + NO → ONOO− (13) 

The physiological impact of the reaction depicted in eq. (13) has 
received considerable attention and has been the subject of much con
troversy given the toxicity of O2

− and the potential roles of ONOO− in a 
variety of diseases. On one side, it has been suggested that removal of O2

−

by reaction with NO is protective in nature [44]. However, others have 
argued that the peroxynitrite ion facilitates harmful chemical modifi
cations different from those triggered by either NO or O2

− [45,46]. The 
outcome will depend strongly on location, timing and concentration of 
formation. Given the numerous pathways for depleting NO and O2

− , 
these species must be produced in close temporal and spatial proximity 
for the reaction to give ONOO− to be physiologically significant. This is 
the case during inflammation, indicating that ONOO− formation is most 
likely to be important in close proximity to immune cells and within 
mitochondria. 

Lipid and carbon-centered radicals are also formed as the result of 
oxidative stress as well as of metabolism [47]. Lipid peroxidation, for 

6 NO− and NO+ are sometimes incorrectly referred to as different forms of 
NO. While these ions are related to NO by a simple gain or loss of an electron, 
each species is chemically unique.  

7 Rate constants are for 25 ◦C unless otherwise noted. 

8 In a simple rate law such as described by eq. (12), the molar concentration 
of a reactant in solution is usually denoted by brackets, [ ]. 
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example, can occur as a function of oxyradical formation during 
inflammation [48–50]. Such modifications can ultimately lead to cell 
membrane compromise through perpetuation of lipid oxidation. Not 
surprisingly, NO reacts with organic peroxyl radicals (ROO•) (eq. (14)) 
with near diffusion limited k2 values of 1–3 £ 109 M− 1 s− 1 to form 
organic peroxynitrite intermediates [51].  

ROO• + NO → ROONO                                                                (14) 

Again, trapping of such radicals by NO may be protective in nature 
due to termination of the radical chain reactions involved in peroxida
tion of lipids [52,53], but the resulting peroxynitrite derivatives 
ROONO, may themselves decay to the reactive radicals RO• and NO2 
[51]. 

The efficacy of radiation therapy depends on O2 trapping of radicals 
induced by γ-radiation, since the resulting peroxo species are not as 
susceptible to natural repair mechanisms. The tendency of solid tumors 
to have hypoxic interiors is, thus, often a barrier to effective radio
therapy. Long-standing interest in developing drugs that enhance the 
effectiveness of γ-radiation in cancer treatment [54] led to analysis of 
the ability of NO to function as a sensitizer that may enhance radiation 
damage to targeted tissues [55] by the rapid reaction with radiation 
generated radicals. Furthermore, the vasodilatory properties of NO at 
nanomolar concentrations may serve to increase tissue oxygenation, and 
in this way also to enhance the radiation sensitivity of the targets. 

NO also reacts with tyrosyl and tryptophan radicals in amino acids, 
peptides and proteins with very large second order rate constants (k2 =

1-2 £ 109 M− 1 s− 1) [56]. This reactivity carries over even to the cata
lytically competent and well-protected tyrosine radicals produced dur
ing turnover of ribonucleotide reductase [57]. The adduct formed is no 
longer active, although it is unstable and can regenerate the tyrosine 
radical. 

The very fast reactions of NO with NO2 to form N2O3 (eq. (15), k2 =

1.1 £ 109 M− 1 s− 1) [58] and of NO with thiyl radicals (RS•) to produce 
S-nitrosothiols RSNO (eq. (16), k2 = 2-3 £ 109 M− 1 s− 1 for the gluta
thione radical GS•) [59] are of considerable biological relevance. These 
reactions will be discussed further below. 

NO2 + NO⇄ ​ N2O3 (15)   

RS• + NO → RSNO                                                                      (16) 

Although NO does react with another NO to form a dimer, the 
equilibrium constant KD for this dimerization (eq. (17)) is quite small at 
ambient temperature owing to the very weak N–N bond (dissociation 
energy of ~8 kJ/mol) [60]. Thus, the dimer is typically observed only at 
very high NO pressure or very low temperature. Nonetheless, it has been 
characterized structurally [61] and has been the subject of several 
computational analyses [62,63]. The dimer is an acyclic, nearly planar, 
cis configuration with O––N–N bond angles of 99.6◦. The N–O bond 
lengths in the dimer (1.161 Å) are nearly the same as in the NO 
monomer (1.154 Å) while the N–N bond is long (2.237 Å) [61] consis
tent with its very small dissociation energy. It has been suggested that 
aromatic solvents may stabilize the dimer (63), but to our knowledge 
this has not been demonstrated experimentally. 

2NO⥄ONNO (17)  

2.4.2. NO autoxidation 
Autoxidation is the oxidation of a species by O2. Atmospheric NO is 

well known to undergo autoxidation to NO2 (eq. (18)), which leads to 
the characteristic brown color of smog. Since NO also reacts rapidly with 
nitrogen dioxide to give N2O3 (eq. (15)), these three nitrogen oxide 
species will be in equilibrium. The gas phase autoxidation of NO is often 
cited in chemistry texts as a rare example of an elementary ternary re
action [64], but, in fact, the mechanistic details of the interaction of 
these reactants to form NO2 are not fully elucidated. An analogous 
autoxidation pathway and resulting equilibria of NO, NO2 and N2O3 are 

also valid in aprotic solvents such as carbon tetrachloride [25,65].  

2 NO + O2 → 2 NO2                                                                     (18) 

In aqueous media the products are different; NO autoxidation leads 
instead to the formation of nitrite, the general stoichiometry being 
shown in eq. (19) [66].  

4 NO + O2 + 2H2O → 4 H+ + 4 NO2
− (19) 

The reaction is irreversible and provides a measurable end product 
that aids analysis. Two independent kinetics studies in 1993 [25,67,68] 
demonstrated that, although the reaction in aqueous solution gives ni
trite instead of nitrogen dioxide, the rate law (eq. (20)) remains third 
order. 

d
[
NO−

2

]

dt
= 4 kaq[NO]

2
[O2] (20) 

Stopped flow kinetics analysis9 determined a third order rate con
stant of kaq ~2 × 106 M− 2 s− 1 at 25 

◦

C [67,68] and that the reaction rate 
is relatively independent of both the solution pH and the temperature. 
Several subsequent studies of this reaction under analogous conditions 
confirmed the form of the rate law and determined similar rate constants 
(the reported kaq values in aqueous media are in general agreement) 
[69–72]. However, there are, as yet, unresolved issues regarding the 
nature of the reactive intermediates formed during NO autoxidation (see 
below). 

The discovery that NO is a regulatory agent in the cardiovascular 
system [3–5] occurred nearly concurrent with the discovery that NO 
elicits cytotoxicity during immune response to pathogens [73,74]. These 
seemingly incongruent effects of NO raises the obvious question of how 
NO can be essential or beneficial in certain functions yet be toxic in 
others. The answer is in part evident from a fundamental tox
icological/pharmacological perspective in which dose response curves 
define the concentration ranges for deficiency, normal function and 
toxicity. Also crucial are the kinetics of the competing pathways 
depleting NO. The autoxidation reaction serves as a prime example of 
how both timing and concentration are critical factors in defining the 
effects of NO biosynthesis. 

For example, if NO is consumed by autoxidation, how can it function 
as a signaling agent in normoxic arterial tissues? The answer lies in the 
third order kinetics in aqueous media, first order in [O2] and second 
order in [NO] (eq. (20)). Consequently, the rate of the reaction is 
especially sensitive to the NO concentration. The lifetime (τNO, ~ τ1/2) 
of NO consumption by autoxidation can be approximated by assuming 
that under normoxic conditions the O2 is in large stoichiometric excess. 
Under those conditions, τNO can be approximated from the relationship:  

τNO = (4kaq[O2][NO])− 1                                                                 (21) 

The solubility of oxygen in water is 1.3 mM/atm at 25 ◦C [21], and in 
an air saturated aqueous solution, [O2] ~ 260 μM. Thus, using eq. (21) 
gives a calculated τNO for an aerobic aqueous solution initially 10 nM in 
NO of ~13 h, but τNO is only ~1 min for a 10 μM NO solution under 
ambient conditions. Notably, both calculated lifetimes would be longer 
under endogenous normoxic conditions since the O2 concentrations in 
the fluids and cells are significantly lower than the value stated above 
[75]. 

Thus, at the l-10 nM concentrations relevant to bioregulatory pro
cesses such as blood pressure maintenance and neurotransmission [76], 
NO autoxidation would be very minor relative to other depletion path
ways, such as diffusion into the blood stream and consumption by 

9 The stopped flow method involves rapid mixing of two (or more) solutions 
in a spectrophotometer cell while monitoring the temporal absorption changes 
once the solutions stop. flowing. Commercial stopped-flow spectrometers 
generally have a time resolution of 1–2 ms. 
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oxyhemoglobin. In other words, the effective lifetime of NO under bio
regulatory conditions allows reactions with targets such as 
soluble-guanylyl cyclase (k2 = 1.4 £ 108 M− 1 s− 1) [7a,77] a key step in 
blood pressure regulation. In contrast, at higher concentrations, for 
example, during immune response, NO autoxidation becomes increas
ingly feasible kinetically. Thus, the third order kinetics behavior for NO 
autoxidation determines how this reactive molecule can play contrast
ing roles in oxygenated media, bioregulatory at low concentrations, but 
potentially cytotoxic when generated at higher concentrations in 
response to pathogen invasion [78,79]. 

Notably, NO and O2 are more soluble in hydrophobic media such as 
lipids, and as a consequence, both tend to partition into such cellular 
regions. Thus, NO autoxidation may preferentially occur in lipid mem
branes rather than the cytoplasm, producing NO2 and N2O3 rather than 
nitrite [80]. In fact, this reactivity is often used as indirect marker of NO 
in that hydrophobic dyes such as 2,3-diaminofluorescein (DAF-2) are 
converted to the fluorescent triazole following autoxidation of NO to 
N2O3 (eq. (22)) [81]. 

(22) 

Conversion of NO into more reactive nitrogen species (RNS) has been 
implicated in pathophysiological effects [12,13]. In particular, both NO2 
and N2O3 can induce oxidative, nitrative (i.e., donation of NO2

+) and 
nitrosative (i.e., donation of NO+) modifications that are not directly 
accessible to NO. Nitration of tyrosine residues is enhanced in many 
neurodegenerative diseases [82] while nitrosation of DNA bases can 
lead to mutations and tumor development [78,83]. As a result, there is 
much interest in the role of nitrosative stress as an etiological factor for 
many diseases. Altogether, the second order dependence of autoxidation 
on NO concentration explains the dichotomy between the beneficial role 
of NO as a signaling agent in the cardiovascular system and as a toxic 
agent formed in response to infection. 

While it is clear that the reactive intermediates formed during the 
autoxidation of aqueous NO have cytotoxic and mutagenic activities 
during immune response, these have not been well defined. The 
autoxidation mechanism is commonly assumed to parallel the gas-phase 
reaction, where the rate-limiting step produces NO2, which is trapped by 
NO to give N2O3. Hydration of the latter would give nitrous acid. Wink 
et al. [67] attempted to identify the key autoxidation intermediates by 
examining relative reactivities with trapping agents such as ferrocya
nide, 2-2′-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), azide 
and GSH. Comparing the results of competition studies with reported 
reactivities, led to the conclusion that the relevant oxidant generated 
during aqueous NO oxidation is not NO2. Kinetics simulations attempted 
to model these results using the published rate constants for NO2 re
actions with such trapping agents came to a similar conclusion [84], 
although an alternative mechanism was not proposed. 

2.4.3. Other reactions of NO not mediated by metal centers 
Unlike more aggressive radicals, NO does not participate in H-atom 

abstraction from compounds having C–H, O–H, S–H or N–H bonds 
(eq. (23)). Such H-atom abstraction is thermodynamically unfavorable 
owing to the relatively weak H–NO bond (~197 kJ/mol [85]). As a 
result, NO tends to terminate, rather than initiate or propagate radical 
chain reactions. 

(23) 

There are known reactions that incorporate two molecules of NO 
(bimolecular in NO). An important example of such a reaction is the 
synthesis of the diazeniumdiolates or NONOates (eq. (24)) [86]. 

2 RR’NH + 2NO ⇄ RR’NN(O)N(O)
−
+ RR’NH+

2 (24) 

Preparation of NONOates relies on use of high NO pressures and the 
precipitation of the product as an alkylammonium salt from the organic 
solvent. Two pathways were proposed for NONOate formation [86]. One 
involves NO addition to an amide ion formed by auto-ionization of the 
amine to produce a radical anion intermediate (eqs. (25) and (26)) that 
is then trapped by a second NO (eq. (27)). 

2 RR’NH ⇄ RR’N− + RR’NH+
2 (25)  

RR’N− + NO⇄RR’N(NO⋅)
− (26)  

RR’N(NO⋅)
−

+ NO ⇄ RR’NN(O)N(O)
− (27) 

An alternative pathway would be for the amide ion react directly 
with an NO dimer (eq. (28)). Although the equilibrium constant (KD) for 
dimer formation (eq. (17)) is quite small, computational studies [63] 
argue the N2O2 is considerably more electrophilic than is NO itself, so 
the enhanced reactivity in the second step (eq. (28)) may compensate for 
the small KD. 

RR’N− +N2O2⇄RR’NN(O)N(O)
− (28) 

Triaryl phosphines (Ar3P) also react with two molecules of NO, 
although in this case, nitrous oxide and phosphine oxide are formed (eq. 
(29)), rather than a stabilized NONOate type product.  

Ar3P + 2 NO → Ar3PO + N2O                                                       (29) 

This reaction proved more amenable to kinetics analysis than the 
high pressure reaction of NO with amines, The rate law is third order, 
first order in phosphine and second order in NO (eq. (30)) [87]. The rate 
constant k3 is strongly dependent on the nature of the aryl group Ar–, 
increasing with increasing electron donor character. The reaction also 
proved to be faster in more polar solvents [87,88]. 

d[Ar3PO]

dt
= k3[NO]

2
[Ar3P] (30) 

Again, there are several mechanisms that are consistent with this 
third order rate law. The sensitivity to solvent polarity and to the ba
sicity of Ar3P suggests that the oxidation proceeds through the revers
ible, stepwise formation of a NONOate-type adduct followed by rate 
limiting intramolecular oxygen atom transfer as shown in Scheme 1 
[87]. If the equilibrium constant for formation of this adduct is small, as 
would be expected for the relatively weak Ar3P base, the reaction would 
display third order kinetics. 

An alternative mechanism that is also consistent with this rate law 
involves reaction of N2O2 with Ar3P, either by a concerted oxygen atom 
transfer to give Ar3P(O) plus nitrous oxide or by formation of the 
zwitterionic intermediate Ar3P(N2O2) complex followed by decay to 
products in reactions equivalent to the last step in Scheme 1. The rate 
law does not differentiate these pathways: however, the computational 
study indicating the electrophilicity of the NO dimer [63] suggests that 
the latter mechanism may indeed be viable. 

3. The reactivity of other nitrogen oxides 

One of the key characteristics of nitrogen as an element is the large 

Scheme 1. Possible mechanism for the NO oxidation of a triaryl phosphine.  
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range of oxidation states that occur in stable compounds [17]. Table 1 
lists some simple compounds illustrating the range of the formal 
oxidation states of nitrogen from − 3 to +5. Interconversion between 
these oxidation states is critical in the nitrogen cycle as well as in 
NO-dependent redox signaling. 

This section describes the properties, structures and chemistry of 
nitrogen oxides as a function of the oxidation state of nitrogen and in the 
context primarily of the chemical biology of NO in mammalian systems. 
Since NO is neither readily reduced nor oxidized by simple one-electron 
processes, both the production of NO and the conversion of NO into 
other nitrogen oxides is typically driven by metalloenzymes or by re
actions with other free radicals or O2. Nitrogen-containing species that 
are more reduced than NO are often precursors of NO. The most com
mon process for biosynthesis of NO begins with two-electron oxidation 
by nitric oxide synthase (NOS) of L-arginine to Nω-hydroxy-L-arginine 
(NOHA), converting a guanidino nitrogen atom from the oxidation state 
of an amine (− 3) to that of a hydroxylamine (− 1). this is followed by a 
three-electron oxidation resulting in release of NO (+2) [1]. The primary 
end-products of mammalian NO biology are nitrite (+3) and nitrate 
(+5), so the eventual fate of NO in vivo is further oxidation. 

3.1. Oxidation state +1: HNO, NO− and N2O 

As noted above, the slow rate of proton transfer dictates that NO−

and HNO should effectively function independently, although of the 
two, HNO is expected to be the major species under physiological con
ditions. While there has been considerable speculation about endoge
nous production of nitroxyl, there are known and emerging 
pharmacological applications of exogenously applied HNO in treatments 
of alcoholism [89], sickle cell disease [90], heart failure [91], cancer 
[92] and pain [93]. Such studies have established that HNO can be 
produced by metabolic pathways [94]. The chemistry and potential 
biological properties of HNO have been the subject of a number of re
views, examples of which are presented in ref. [16]. 

Of potential biosynthetic pathways for HNO production [95], 
perhaps the most intriguing is by NOS under hypoxic or low cofactor 
conditions or by oxidative degradation of the intermediate NOHA [96]. 
Rather than a three-electron oxidation needed to generate NO from 
NOHA, HNO production would involve a two-electron oxidation of that 
intermediate. The possibility of an O2-dependent trigger has interesting 
signaling ramifications. For instance, Colton and colleagues [97] 
showed that HNO and NO uniquely impact the N-methyl-D-aspartate 
(NMDA) receptor in neurons under hypoxia. NO-mediated channel 
activation is prolonged by low O2 levels, resulting in enhanced neuronal 
toxicity. In contrast, hypoxia attenuates the HNO response, potentially 
offering a protective mechanism toward ischemia/reperfusion injury in 
the brain. 

Multiple comparisons of NO or HNO have shown that in non- 
vasoactive assays the responses to these two nitrogen oxides are 
generally discrete, due to distinct chemical modifications [16]. HNO is 
in many cases more reactive than NO. For example, it undergoes rapid 
dimerization, forming hyponitrous acid, which then dehydrates irre
versibly to nitrous oxide (eq. (31)). This is a major sink for HNO, and the 
high second order rate constant of self-consumption (k2 = 8 × 106 M− 1 

s− 1 in ambient aqueous solution) [38] precludes the storage of HNO. The 
N2O produced has often been cited as an indirect marker of HNO 
formation.  

2 HNO → [HONNOH] → N2O + H2O                                             (31) 

In addition to dimerization, HNO can be consumed in a cellular 
environment by a number of molecular species [16,98]. In particular, 
reaction with a oxidizing metal center will convert HNO into NO (eq. 
(32)). HNO and NO can also react with each other at a near 
diffusion-limited rate to give the radical HN2O2 [39], which may pro
vide a rapid mechanism to switch from HNO to NO signaling.  

Mn+ + HNO → M(n–1) + NO + H+ (32) 

An important characteristic for HNO in terms of biological signaling 
is its electrophilicity.10 Although HNO does not react appreciably with 
water, it is electrophilic toward Lewis bases such as thiols, amines, and 
phosphines. Given the high intracellular concentration of glutathione 
(0.5–10 mM [99]), the reaction of HNO with GSH is of particular 
importance. The second order rate constant for this reaction is high (k2 
= 2 × 106 M− 1 s− 1) [100]. The initial product is an N-hydrox
y-sulfenamide (eq. (33)) [100,101], and this species can either isomerize 
to a more stable species (eq. (34)) or react with a second thiol (eq. (35)) 
to give GSSG and hydroxylamine.  

HNO + GSH → GSNHOH                                                             (33)  

GSNHOH → GS(O)NH2                                                                 (34)  

GSNHOH + GSH → GSSG + NH2OH                                            (35) 

Eq. (35) results in a reversible modification while sulfinamide for
mation is currently assumed to be irreversible. GS(O)NH2 formation is 
also unique to HNO [101], thus providing a specific marker. This 
product has been used to quantitatively detect HNO and can be visual
ized from cell lysates. 

Given the kinetic parameters, consumption by GSH would be ex
pected to limit the lifetime of HNO to milliseconds. However, cysteine 
residues in cellular proteins can be modified by HNO [102], suggesting 
that GSH may not be as effective a scavenger as predicted. As with NO, 
partitioning into cell membranes or proteins may play a role. 

HNO also reacts with phosphines to give the analogous phosphine 
oxide and the HNO-specific phosphine aza-ylide products in equal 
concentrations (eq. (36)). These products presumably result from the 
initial formation of an HNO/R3P adduct that then reacts with a second 
phosphine [103]. As with sulfinamides, the aza-ylide has been utilized 
for specific detection of HNO. The kinetics of this reaction have yet to be 
reported.  

HNO +2 R3P → R3P––NH + R3P––O                                              (36) 

Both HNO and its conjugate base NO− react with O2. The latter re
action is isoelectronic to that of NO with O2

− (eq. (12)) and produces the 
peroxynitrite ion (eq. (37)) at a rate close to the diffusion limit (k2 = 2.7 
× 109 M− 1 s− 1). Both reactants are triplets, so this is a spin allowed 
reaction [38,39]. Thus, if NO− were formed in normoxic tissue, it would 
be rapidly consumed by this process.  

NO− + O2 → ONOO− (37) 

HNO reacts with O2 much more slowly with a reported second order 
rate constant in aqueous media of ~103 M− 1 s− 1 [104], perhaps as the 
result of spin restrictions. The identity of the product has proved elusive, 
but it is not peroxynitrite. The HNO/O2 product is cytotoxic, able to 
induce double strand DNA breaks, but given other faster pathways that 
deplete HNO, this product is not likely to be highly significant 
physiologically. 

While donor systems for NO are experimentally convenient, they are 
mandatory for HNO, which cannot be stored. Several classes of HNO 
donors have been developed [105–108], with the most common being 
diazeniumdiolates such as Angeli’s salt and hydroxylamines such as 
Piloty’s acid (Scheme 2). 

Angeli’s salt (Na2N2O3) [108] is the most frequently used HNO donor 
and is an oxide-rather than amine-based diazeniumdiolate. HNO for
mation from Angeli’s dianion occurs through protonation (pKa(2) = 9.7) 
[109] followed by dissociation of HNO (eq. (38)) at a first order rate (k1 
= 6.8 × 10− 4 s− 1 at 25 ◦C; 4–5 × 10− 3 s− 1 at 37 ◦C) that is effectively 
pH-independent over the range 4–8. 

10 The conjugate base, NO− , in contrast is a nucleophile. 
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N2O2−
3 + ​ H+⇄HN2O−

3 →HNO ​ + ​ NO−
2 (38) 

An alternative HNO source is Piloty’s acid (PhS(O)2NHOH, Ph =
phenyl). In this case, deprotonation (pKa = 9.29) gives the conjugate 
base, which dissociates to give HNO (eq. (39)) and a sulfonate anion (at 
pH 13, k1 = 4.2 × 10− 4 s− 1 at 25 ◦C and 1.8 × 10− 3 s− 1 at 35 ◦C) [110]. 
One complication is that Piloty’s acid is readily oxidized to the corre
sponding nitroxide, which releases NO rather than HNO. 

PhS(O)2NHOH + OH− ⇄ PhS(O)2NHO− → PhSO−
2 + HNO (39) 

Decomposition of Angeli’s salt generates HNO and a stoichiometric 
equivalent of nitrite. Given the growing interest in both HNO and nitrite 
in terms of potential therapeutic effects, it is necessary to evaluate the 
effects of these species separately. This need has led to development of 
other HNO donors for study and possible therapeutic applications [111]. 
For example, primary amine diazeniumdiolates (RN(H)N(O)NO− ) have 
been found to function as HNO rather than NO donors [112]. Other 
approaches to HNO donors are N-hydroxyurea-derived acyl nitroso 
compounds [113], which release HNO via a thermal retro-Diels-Alder 
decomposition. 

Nitrous oxide (N2O), a colorless gas (bp − 88.5 ◦C), is a linear 
molecule that is isoelectronic and structurally analogous to carbon di
oxide. It is an atmospheric greenhouse gas and also affects stratospheric 
ozone concentrations [114]. Its use as an anesthetic and as a recreational 
drug is well known, although the mechanisms for these effects are not 
well understood. In addition to its formation by HNO dimerization (eq. 
(31)) and by NO disproportionation (eq. (1)), N2O is a byproduct of 
industrial activity such as the manufacture of nylon [114] and is 
generated by natural processes such as bacterial NO reductase activity 
[115]. Although N2O is often considered to be relatively unreactive, it 
will undergo oxygen atom transfer reactions to other substrates owing to 
the high stability of the N2 product. N2O is known to inactivate co
balamins (e.g., vitamin B12) by oxidation [116], but is otherwise not 
considered to be a biologically significant nitrogen oxide. 

3.2. Oxidation state +3: NO+, NO2
− , N2O3 and N-Nitrosoamines 

The chemistry of this oxidation state is dominated by nitrosative 
modifications in which NO+ is formally donated to a nucleophile. Under 
physiological conditions, NO+ itself is at best a transient species since 
the one-electron reduction to NO is so highly favorable (eq. (7)) and 
NO+ reacts rapidly with water to form nitrous acid (eq. (40)). 

NO+ + ​ H2O⇄HNO2 +H+ (40) 

The equilibrium constant for eq. (40) has been estimated at 0.7 ×
108 M [117,118], such that NO+ is a prominent species only in highly 
concentrated acid (e.g., 60% sulfuric acid). Under such conditions, the 
nitrosonium ion has been characterized spectroscopically, and 

nitrosonium salts of the type (NO+)X– have been isolated. However, it 
should be emphasized that the identification of NO+ in concentrated 
sulfuric acid solutions is possible only because the activity of the acid is 
so high and that of H2O is so low under these conditions. 

Nitrous acid is a relatively weak acid (eq. (41)). The most recent 
reevaluation gave the pKa of HNO2 as 3.16 at 25 ◦C (3.11 at 37 ◦C) 
[119].11 Therefore, at physiological pH, the conjugate base nitrite ion is 
~99.99% of the total distribution. The equilibrium constants noted 
above can be used to estimate the concentration of NO+ in a 1 mM NO2

−

solution at pH 6 to be ~10− 22 M. Thus, despite occasional suggestions in 
the literature that free NO+ is participating in nitrosation reactions, the 
direct involvement of NO+ seems unlikely to have mechanistic validity 
in an aqueous environment, except in concentrated acids. 

HNO2⇄H+ + NO−
2 (41) 

Nonetheless, solutions of nitrite in dilute aqueous acid are well- 
known to promote nitrosation. Currently, there are several scenarios 
under consideration for this chemistry [117]. The first involves a pro
tonated nitrous acid, H2NO2

+, while the second involves dehydration of 
HNO2 to produce the powerful nitrosating reagent N2O3 (eq. (42)). 

2 ​ HNO2⇄ ​ H2O ​ + ​ N2O3 (42) 

The most accepted value for the equilibrium constant KN2O3 of eq. 
(42) is 3 × 10− 3 M− 1 as measured in dilute acidic aqueous solutions (0.1 
M HCl) at 22 ◦C [120]. The N2O3 anhydride of nitrous acid can dissociate 
to NO and NO2 (eq. (43)). The net result of eqs. (42) and (43) is the acid 
promoted disproportionation of nitrite to nitric oxide and nitrogen 
dioxide. 

N2O3 ⇄
kf

kb
​ NO ​ + ​ NO2 (43) 

The equilibrium constant for eq. (43) in ambient aqueous solution is 
2 × 10− 5 M [121]. Since K = kf/kb and given that the back reaction has a 
rate constant kb of 1.1 × 109 M− 1 s− 1, kf, the first order rate constant for 
N2O3 dissociation would be 1.8 × 104 s− 1. Therefore, acid promoted 
nitrite disproportionation has been suggested to be a viable pathway 
toward NO formation from NO2

− , especially in the acidic fluids of the 
stomach [14]. In fact, there has long been a concern that nitrate and 
nitrite in the diet promotes colorectal and other cancers owing to amine 
nitrosation to give N-nitroso compounds (NOCs) [122]. The type of 
amine impacts the outcome in that secondary amines are often stably 
nitrosated, while N-nitrosated primary amines undergo facile deami
nation (see Ref. [123]). 

The rate of NO production and the NO concentration in equilibrium 
with dissolved NO2

− is a complex function of pH and nitrite concentra
tion. For example, at equilibrium, a 10 μM NO2

− solution at pH 6 would 
contain ~5 nM NO and an equal concentration of NO2, if there are no 
other pathways depleting one or the other of these species. At pH 7.4 this 
number drops to ~200 pM. However, these are dynamic equilibria, so if 
for example NO2 were removed by a trapping agent, higher concentra
tions of NO would result (Le Chatelier’s principle). Thus, in evaluating 
the potential biological impact of HNO2 disproportionation on steady 
state concentrations of NO, one must consider not only these equilibria, 

Table 1 
Representative simple species with different formal oxidation states of nitrogen.  

N(-III) N(-II) N(-I) N(0) N(I) N(II) N(III) N(IV) N(V) 

NH3 (ammonia) N2H4 (hydrazine) H2NOH  
(hydroxyl amine) 

N2 (dinitrogen) HNO (nitroxyl) NO  
(nitric oxide) 

NO2
− (nitrite) NO2  

(nitrogen dioxide) 
NO3

− (nitrate)     

N2O (nitrous oxide)  NO+ (nitrosonium ion)    

Scheme 2. Two common HNO donors.  

11 This is a somewhat lower value than that listed in the standard chemistry 
handbook (3.37 at 13 ◦C) [21]. 
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but also the holistic dynamics of all individual processes that deplete or 
enhance the concentrations of the key species involved. 

N2O3 not only is a potential source of NO and NO2 from nitrite 
disproportionation, but also is a powerful nitrosating reagent, hence it is 
a RNS in its own right. Again, the word “nitrosation” represents a 
chemical reaction where (formally) NO+ is added to a nucleophile (X− ) 
or replaces an H+ of a compound XH. Given the extremely short lifetime 
of NO+ under biological conditions, NO+ must be directly transferred in 
nitrosation reactions, rather than released and captured in separate 
steps. A particularly valuable resource on this topic is a monograph by 
Williams [117]. 

Biologically, the two most important targets for N2O3 would be thiols 
and amines (eqs. (44) and (45)), and it is likely that nitrosation by N2O3 
occurs by direct transfer of NO+ to a nucleophile from N2O3. However, it 
should be emphasized that, in addition to such metal-free nitrosation 
processes, NO in the presence of a redox active metal center will also 
nitrosate such nucleophiles [124].  

N2O3 + RSH → RSNO + H+ + NO2
− (44)  

N2O3 + RR’NH → RR’N(NO) + H+ + NO2
− (45) 

When initiated by nitrite, the kinetics for nitrosation of nucleophiles 
such as amines and thiols follow the rate law described in eq. (46) [117]. 
The second order dependence on nitrous acid concentration is inter
preted as reflecting the formation of N2O3 according to eq. (42). Ac
cording to this interpretation, k’ = kX × KN2O3, with kX being the rate 
constant for the direct reaction of N2O3 with X− and KN2O3 being the 
equilibrium constant for eq. (42) (3 × 10− 3 M− 1). The value of kX de
pends on the identity of the nucleophile. For amines, kX is in the 107-109 

M− 1s− 1 range [125] while values ranging from 3 × 105 to 7 × 107 M− 1 

s− 1 have been reported for GSH [126]. Although the values for kx are 
large, one must keep in mind that the equilibrium concentration of 
HNO2 ([HNO2] = Ka

− 1[NO2
− ][H+]) is very low at physiological pH. For 

example, in a 1 mM nitrite solution at pH 7, the concentration of HNO2 
would be < 10− 7 M, so significant nitrosation promoted by equilibrium 
concentrations of N2O3 formed by nitrite disproportionation would not 
be expected near neutral pH.12 On the other hand, N2O3 generated 
transiently in a chemical or biological process could contribute to 
nucleophile nitrosation pathways occurring in competition with hy
drolysis to nitrous acid (see below).  

rate = k’ [HNO2]2[X− ]                                                                   (46) 

Addition of NO to aerated solutions containing such nucleophiles can 
also lead to nitrosation and this can be attributed to the generation of 
N2O3 intermediates formed during NO autoxidation [25,67–72]. For 
example, alkyl nitrites dissolved in aerated organic solvents are formed 
when alcohols are treated with NO [127]. Such reactions of N2O3 
generated by NO autoxidation are likely to be a major source of amine 
and thiol nitrosations and subsequent transformations during immune 
response (78, 83, 128–130). Furthermore, since biological experiments 
with endogenously generated or exogenously added NO are typically 
carried out under normoxic conditions, it is important to consider 
nitrosation as a possible outcome. Hydrolysis of N2O3 to nitrous acid (eq. 
(47), the reverse of eq. (42)) occurs with a rate constant of 2 × 104 s− 1 

[121], so a lifetime of ~50 μs might be expected for N2O3 that is 
generated in aqueous solution. The time frame is likely to be much 
longer in a hydrophobic cellular environment where the activity of 
water would be much lower. Thus, nitrosation of thiols and amines by 
NO autoxidation may have biological relevance particularly under 
conditions where the concentration of NO is high enough that 

autoxidation is a significant sink for NO.  

N2O3 + H2O → 2H+ + 2 NO2
− (47) 

An interesting feature of N2O3 is that it has several isomers that may 
be chemically important (131,132) (Scheme 3). Computational studies 
indicate that the asymmetric isomer ON-NO2 is the most stable, but the 
other two species depicted are only slightly less so, and the three can 
interchange readily. Each isomer has been argued to be capable of 
nitrosation reactions (132), although it is quite possible that the selec
tivities might differ, as has been suggested (130). 

Amine nitrosations have long been of interest owing to concerns 
about the potentially carcinogenic character of N-nitrosoamines when 
meats are preserved by adding nitrite or nitrate salts [122]. Such 
N-nitrosation can also be mutagenic, for example upon deamination of 
nitrosated exocyclic primary amines in DNA [133]. Again, N-nitroso
amines are most likely formed endogenously under conditions of im
mune response or in the acid conditions of the stomach. A recent 
development was the findings in 2018 and 2019 that certain commonly 
used medications contained N-nitrosodimethylamine (NDMA) and 
related nitrosoamines as impurities at levels sometimes significantly 
exceeding the Federal Drug Administration limits. The likely sources of 
this impurity lay in changes to the manufacturing protocols (134). 

3.3. S-nitrosothiols 

RSNOs have long been part of the overall story of nitric oxide 
physiology [135], and there is continuing attention to the roles of these 
species, especially S-nitrosated proteins, in biological signaling 
[136–138]. For example, S-nitrosothiols play roles in the cross-talk be
tween the bioregulatory roles of NO and of H2S and persulfides 
[139–143]. These topics are too large to cover adequately within the 
scope of the present review, so the focus here will be largely on the 
formation and fundamental chemical properties of such species. 

Although S-nitrosothiols are decomposed readily by traces of metals, 
especially copper [144], they are stable in aqueous media at physio
logical temperatures and pH in the absence of such catalysts. Thiol 
(RSH) nitrosation is formally the replacement of H+ by NO+. However, 
theoretical analysis suggests that the predominant resonance structure is 
the neutral species R-S-N––O with smaller contributions from the (R-S-) 
(NO+) and (R–S+=N–O-) resonance forms (145). The ionic contribution 
elongates and weakens the S–N bond while the partial double bond 
character from the zwitterionic form somewhat restricts rotation about 
the S–N bond such that both the cis (syn) and trans (anti) forms (Scheme 
4) can be considered separate, although easily converted, isomers. 

Pure RSNOs are often colored owing to weak nN → π* transitions in 
the 550–600 nm range, and this leads to photochemical instability to 
visible light [146,147]. In solution, the photochemical pathway leads to 
formation of NO and the disulfide via homolytic cleavage of the RS-NO 
bond to give NO and the thiyl radical (eq. (48)), which subsequently 
dimerizes. This photoreaction has been used to liberate NO from a RSNO 
functionalized silica xerogel film [148], and analogous photolability of 
the RS-NO bond is one likely source of NO release upon the irradiation of 
various tissues with light [149,150].  

RS-NO + hν → RS• + NO → ½ RSSR + NO                                   (48) 

The thermochemical bond dissociation energy of the RS-NO is 

Scheme 3. Three different N2O3 isomers: (1) asym-N2O3. (2) sym-N2O3. (3) cis- 
trans-N2O3 [132]. 

12 At near neutral pH, the equilibrium concentration of N2O3 would be 
KN2O3[HNO2]2 

= KN2O3 Ka
− 2[NO2

− ]2[H+]2 with Ka = 10− 3.11 and KN2O3 =

10− 2.52. Thus, at pH 7 and [NO2
− ] = 1 mM, the equilibrium [N2O3] would be <

10− 16 M.f 
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~110–130 kJ/mol, if R− is an alkyl group or otherwise does not stabilize 
the radical by resonance [151,152]. So, despite their photochemical 
lability, RS-NO bonds are not prone to spontaneous homolysis. Note, 
however, that if RS• is resonance stabilized, for example if is R is a 
phenyl group, the bond dissociation energy is about 40 kJ/mol smaller 
[151]. 

Of particular relevance is the reaction of S-nitrosothiols with other 
nucleophiles, leading to reversible transnitrosation (eq. (49)). This 
process represents a pathway by which a mobile species such as GSNO or 
S-nitrosocysteine can nitrosate a protein thiol and thereby may be a 
mechanism for signal transduction [153–156]. There is an emerging 
interest as well in protein-protein transnitrosylation in cell signaling 
pathways [137]. However, transnitrosations are not particularly fast 
reactions (k2 values of ~0.1–500 M− 1 s− 1 depending on the reactants 
[154]). The reactions are faster at higher pH, indicating that the thiolate 
anion is a much stronger nucleophile than the thiol conjugate [117,154], 
as has been observed for reactions with other electrophiles (157). 

RS − NO + R’S − H ⇄ RS − H + R’S − NO (49) 

Interestingly, the reaction of S-nitrosothiols with thiols has also been 
reported to produce HNO [100] (eq. (50)). It is thus possible that the 
interaction of a mobile S-nitrosothiols such as GSNO with a protein thiol 
might result in S-thiolation rather than transnitrosation. The factors that 
may determine these potentially competitive pathways have not been 
elucidated (158). 

RSNO ​ + ​ RSH ​ ⇄RSSR ​ + ​ HNO (50) 

RSNOs are not formed from the direct reaction of thiols with NO 
under physiological conditions but must be mediated by some other 
redox process. H-atom abstraction from RSH (eq. (23)) would be unfa
vorable by more than 100 kJ mol− 1 given that the H–NO bond is much 
weaker than typical RS-H bonds (85,159). Nitrosation of RSH by an NO+

transfer agent such as N2O3 generated by NO autoxidation is one such 
pathway. Another would be mediation by a redox active metal center 
(124a). For example, the formation of dinitrosyl iron complexes (DNICs) 
via the reaction of free Fe2+, NO and glutathione was found to be 
accompanied by the formation of the GS• radical (detected), which was 
then be trapped by NO to give GSNO (160). 

3.4. Oxidation state +4: NO2 and N2O4 

Although, acidic nitrite solutions are a means to NO formation via 
the disproportionation reactions depicted in eqs. (42) and (43), the 
coproduct of this reaction is nitrogen dioxide. This free radical is also 
produced from NO autoxidation, at least in hydrophobic media (eq. 
(18)), from decomposition of peroxynitrite (see below) [161–163] and 
by metal catalyzed oxidation of nitrite. The chemical and physiological 
roles of NO2 have not received the attention given to those of nitric 
oxide, but may be quite significant [164]. 

NO2 is a very strong one-electron oxidant with a one electron 
reduction potential of +1.04 V in aqueous media (eq. (51)). [40a,b]. As a 
consequence, it readily undergoes redox reactions with various biolog
ical reductants such as ascorbate (k2 = 1.8 × 107 M− 1 s− 1 at pH 6.5 
[58]), ferrocytochrome c (6.6 × 107 M− 1 s− 1) [165] and thiols and 
thiolates (5 × 107 M− 1 s− 1 for cysteine at pH 7.4, the reaction being 

largely attributed to the thiolate form) [166]. The reversible 
one-electron oxidation of tyrosine by NO2 [167] is of particular interest 
since elevated levels of 3-nitrotyrosine have been detected in a variety of 
inflammatory disease states [168].  

NO2 + e− → NO2
− E◦ = +0.895 V (in aq. solution)                            (51) 

The second order pH-dependent rate constants for the reaction of 
NO2 with tyrosine have been reported (3.2 × 105 M− 1 s− 1 at pH 7.5 and 
2.0 × 107 M− 1 s− 1 at pH 11.3) [58,167]. Tyrosine reacts even more 
rapidly with the carbonate radical at physiological pH (k2 = 4.5 × 107 

M− 1 s− 1). In this context, subsequent reaction of the resulting tyrosine 
radical with NO2 (k2 = 1.3 × 109 M− 1 s− 1) would be a potential pathway 
for the formation of 3-nitrotyrosine (see below) [169]. 

Unlike NO, the free radical NO2 is prone to dimerization (eq. (52)). 

2 ​ NO2⇄ ​ N2O4 (52) 

The second order rate constant for dimerization is 4.5 × 108 M− 1 s− 1, 
and the equilibrium constant is 7.7 × 104 M− 1 in water [58]. The 
NO2/N2O4 mixture has been used extensively to modify organic com
pounds. The dimer can serve as a nitrating (NO2

+) or nitrosating (NO+) 
agent in relatively polar, non-aqueous media or in highly concentrated 
acid solutions (eqs. (53) and (54)) [117]. 

N2O4 ⇄ ​ NO+
2 + ​ NO−

2 (53)  

N2O4 ⇄ ​ NO+ +NO−
3 (54) 

The equilibrium between NO2, N2O4 and the related ions is depen
dent on solvent, with heterolytic cleavage being significant only in polar 
solvents. In nonpolar media, the modifications are assumed to arise from 
direct reaction with N2O4 in a similar fashion to that for N2O3. Exposure 
to NO2/N2O4 often leads to a mixture of nitrated products, with nitro
sated and oxidized species also possible [117]. 

In aqueous solution, the dimer undergoes fairly rapid dis
proportionative hydrolysis to nitric and nitrous acid (eq. (56), k = 1 ×
103 s− 1) [169], such that its inherent lifetime in water is short, ~1 ms. 
Given the second order dependence of the concentration of N2O4 on 
NO2, which is highly reactive, and the sink represented by the hydrolysis 
pathway (eq. (55)), the role of the dimer in physiological nitration 
pathways may be limited. However, N-nitrosation of both primary and 
secondary amines in neutral or alkaline conditions has been observed to 
outcompete hydrolysis [169], although the yields are typically quite 
poor compared to organic media [170]. 

N2O4+ ​ H2O⇄2 ​ H++ ​ NO−
3 + ​ NO−

2 (55)  

3.5. Oxidation state +5: NO3
− , NO2

+ and ONOO−

Nitrate (NO3
− ) is a planar ion that is isoelectronic and structurally 

analogous to carbonate (CO3
2− ). HNO3 is a very strong acid (pKa = − 1.3), 

so, unlike nitrite, nitrate is never protonated under physiologically 
relevant conditions. Nitrate is often viewed as a physiological end- 
product of nitrogen metabolism and is excreted in the urine. Notably, 
the higher nitrate concentrations in the urine of patients with bacterial 
infections were an important clue to Tannenbaum, Hibbs and others that 
elevated NO concentrations are generated during the immune response 
[73,74]. 

Although certain mammalian enzymes such as xanthine oxidore
ductase have been shown to exhibit nitrate reductase activity [171,172], 
such reactions do not appear to play a major role in mammalian systems. 
As noted above, excessive dietary nitrate was generally considered to be 
a harmful component of food that caused infantile methemoglobinemia 
and carcinogenesis [173,174]. However, more recent discoveries that 
certain high nitrate foods such as beets and green leafy vegetables have a 
positive effect in lowering blood pressure and that nitrated fatty acids 
are endogenous anti-inflammatory signaling mediators (NO2-FA) have 
generated reevaluations of those concerns [14,175–178]. An 

Scheme 4. Isomers of RSNO.  
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explanation of the former effect has been that nitrate in circulating fluids 
is transported to the mouth where it concentrates in the saliva. Oral 
bacteria have nitrate reductase activity that converts nitrate to nitrite, 
which is then swallowed. The acidity of the stomach fluids then results 
in disproportionation of the resulting nitrous acid, and the NO equiva
lents generated may be transferred to the cardiovascular system leading 
to vasodilatory effects. The mechanism of such transfer is uncertain, but 
it has been proposed that antihypertensive effects of orally administered 
nitrite or nitrate result from formation of gastric S-nitrosothiols [179]. 

Peroxynitrite: The peroxynitrite ion is an isomer of nitrate, but 
formation of ONOO− has been related to the pathogenesis of multiple 
diseases [163]. The principal source of ONOO− is the very fast reaction 
of NO with O2

− (eq. (13)). Both NO and O2
− are produced during the 

inflammatory immune response. For this reason, the chemistry, 
biochemistry and biology of ONOO− have drawn considerable attention 
and has been reviewed extensively elsewhere [45,46,163] and 
mentioned above. The brief discussion here will focus on reactions of 
ONOO− in aqueous media.

The pKa of ONOO− is reported to be ~6.8 [180], so it is significantly 
protonated at normal physiological pH values. Peroxynitrous acid 
(ONOOH) is very reactive, and one pathway for decomposition is via 
unimolecular isomerization to nitrate. A secondary process involves 
decay through homolytic cleavage of the peroxide bond to give NO2 and 
the hydroxyl radical (Scheme 5). Cage recombination of these two 
radicals would provide another mechanism for isomerization to nitrate, 
but escape from the solvent cage of these species could lead to signifi
cant damage. The extent of this process has been reviewed elsewhere 
[163c,d]. 

Another pathway to ONOO− decomposition is the reaction with 
carbon dioxide (k2 = 3 × 104 M− 1 s− 1) to form the nitro
soperoxycarbonate ion ONOOCO2

− (Scheme 5) [162,163]. Given the 
millimolar concentrations of CO2 in the cytosol, this reaction rate is 
sufficient to significantly consume ONOO− formed during inflamma
tion. One decay pathway is to undergo rearrangement to the nitro
carbonate ion O2NOCO2

− , followed by hydrolysis to nitrate and 
bicarbonate. The CO2 adduct is also inherently unstable toward homo
lytic cleavage of the peroxo O–O bond to NO2 and the carbonate radical 
anion, CO3

•–, and this pathway accounts for much of the overall decay of 
ONOO− [163]. Both NO2 and CO3

•– are strong oxidants and while they 
are readily trapped by GSH (k2 = 2 × 107 and 5 × 106 M− 1 s− 1 at pH 7.4, 
respectively) [166,180], they react at comparable rates with tyrosine to 
give Tyr• radicals. The very fast reaction of Tyr• with NO2 (k = 1.3 × 109 

M− 1 s− 1) is a likely predecessor to the formation of nitrotyrosine resi
dues (Scheme 6). Protein nitration is a marker for several diseases, such 
as amyotrophic lateral sclerosis (ALS or Lou Gerig’s disease) [181]. Lim 
et al. have published an extensive kinetics analysis of the reactions of 
ONOO− under physiologically relevant conditions [182] and concluded 
that the radical scavenging ability of ascorbate and GSH left 

3-nitrotyrosine as the only tyrosine derivative that is likely to be 
formed at a significant rate. 

Notably, the concept that ONOO− is a particularly dangerous species 
formed during inflammation is not universally held [183]. One argu
ment is that the reaction of O2

− with NO removes the more cytotoxic O2
−

and that the rapid reaction of ONOO− with CO2 to form the ONOOCO2
−

adduct leads mostly to nitrate. In this context, it is further noteworthy 
that the rate constants for the reactions of ONOO− itself with various 
common reductants such as ascorbate (k2 = 2.4 × 102 M− 1 s− 1) and GSH 
(k2 = 7 × 102 M− 1 s− 1) at physiological pH are rather small [180b,184]. 
While direct modifications of biological species by ONOO− are unlikely, 
ONOO− can function as a donor of reactive radical. However, given the 
large concentrations of the physiological antioxidant GSH, the carbonate 
and NO2 radicals should be rapidly trapped under most circumstances. 
By comparison, the reaction of O2

− with GSH is surprisingly slow (k2 = 2 
× 102 M− 1 s− 1) [185], thus the trapping of O2

− by NO may provide 
several additional pathways for decreasing the overall impact of ROS 
generated during inflammation. Nonetheless, there is little doubt that 
the generation of RNS at certain locations, regardless of whether it re
sults from ONOO− or ONOOCO2

− decomposition or from NO autoxida
tion, could have deleterious physiological effects. 

4. Summary 

In this article we have discussed some fundamental reactions of NO 
and simple NOx species in aqueous media in order to lay the ground 
work for understanding the roles these simple compounds play in the 
chemical biology of mammalian organisms. This background is impor
tant in trying to interpret the reactions with biologically relevant metals. 
In brief overview, NO is a stable free radical (one unpaired electron) that 
is reactive with other radicals and with redox active metals; however it is 
neither a strong oxidant nor a strong reductant. NO is relatively 
unreactive in processes requiring two-electron oxidations or reductions. 
In such processes, it is not uncommon for the kinetics to require two NO 
molecules in the rate limiting step, hence giving kinetics that are second 
order in NO. Although, not discussed in this review, the chemical 
reactivity of NO is strongly mediated by coordination to redox active 
metal centers (11). 

Among the derivatives of NO, NO2 is also a free radical but is also a 
very strong oxidant and also may play a role in protein nitration. The 
anhydride of nitrous acid N2O3, which can be formed by combining 
these two radicals, is a strong oxidant that can also promote protein 
nitrosation. With nitrite much of the relevant chemistry is again 
dependent on the interactions with metal centers. However, the rela
tively facile acid disproportionation provides a mechanism by which the 
pool of NO represented by the much higher concentration of endogenous 
nitrite in tissues and fluids might be accessed. Even nitrate may be 
involved in mammalian generation of NO; although, in this case the key 
step is apparently the reduction of nitrate to nitrite by the nitrate 
reductase activity of bacteria. In sum, the chemical biology and reac
tivity of the various nitrogen oxides are interrelated. This often com
plicates analysis of the specific roles of individual species but is critical 
to the breadth of nitrogen-based signaling processes in a dynamic Scheme 5. Formation of ONOO− and selected decomposition pathways.  

Scheme 6. Proposed pathway for tyrosine nitration by the CO2 adduct of 
ONOO− [163]. 
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environment. 

List of abbreviations 

ABTS 2-2′-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) 
atm atmosphere 
DEA/NO the diazeniumdiolate salt Na[Et2N(O)NO] () 
DFT density functional theory 
EDRF endothelium derived relaxation factor 
est estimated 
GSH glutathione 
Hb hemoglobin 
Mb myoglobin 
mM millimolar 
nM nanomolar 
NHE normal hydrogen electrode 
NOS nitric oxide synthase 
RNS reactive nitrogen species 
ROS reactive oxygen species 
RSNO S-nitrosothiol 
sGC soluble guanylyl cyclase 
SOMO singly occupied molecular orbital 
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