
Journal of Inorganic Biochemistry 162 (2016) 102–108

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry

j ourna l homepage: www.e lsev ie r .com/ locate / j inorgb io
Theoretical investigation of the mechanism of nitroxyl decomposition in
aqueous solution
Mauro Bringas 1, Jonathan Semelak 1, Ari Zeida, Dario A. Estrin ⁎
DQIAyQF, INQUIMAE-CONICET, FCEN UBA, Ciudad Universitaria, Pab. 2, CP, 1428 Buenos Aires, Argentina
⁎ Corresponding author.
E-mail address: dario@qi.fcen.uba.ar (D.A. Estrin).

1 These authors made equal contributions.

http://dx.doi.org/10.1016/j.jinorgbio.2016.06.016
0162-0134/© 2016 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 January 2016
Received in revised form 8 June 2016
Accepted 14 June 2016
Available online 15 June 2016
Nitroxyl (HNO) is a species that has been proposed recently to play different roles in nitrosative stress processes.
HNO decomposition in aqueous solution leading to N2O is a fast reaction that competes with many biochemical
reactions in which HNOmay be involved. Since molecular determinants of this reaction are still not fully under-
stood, we present in this work an exhaustive analysis of the mechanism in terms of electronic-structure calcula-
tions aswell as state of the art hybrid quantummechanics/molecularmechanicsmolecular dynamics simulations.
We characterized the reactionmechanism and computed free energy profiles for the reaction steps using an um-
brella sampling procedure. We propose a first dimerization step followed by an acid-base equilibria. Afterwards,
the product is formed from two main pathways involving cis-hyponitrous acid (cis-HONNOH) and its conjugate
basis as intermediate. Our calculations show preference for the anionic pathway under physiological conditions
and allow us to rationalize the results in terms of amolecular description of specific interactionswith the solvent.
These interactions turn out to be determinant in the stabilization of transition states and, thereby, modifying the
free energy barriers. We predict a strong pH-dependence of the overall kinetics of N2O formation, related with
the fraction of reactive species available in solution. Finally, we suggest experimental procedures which could
validate this mechanism.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Nitroxyl (HNO) and its conjugate base (NO−) were added recently
to the family of reactive nitrogen species (RNS) [1,2]. Nitroxyl is a simple
yet biologically relevant molecule. Even though it was discovered in the
XIXth century, many aspects of its reactivity and its biochemical role are
still controversial or not fully understood [3]. Historically, HNOwas con-
sidered as a biologically active molecule because of studies related with
cyanamide (H2NCN), which is used in alcoholism treatment [4,5]. Cyan-
amide reaction with catalases and peroxidases generates HNO, that re-
acts with a residue of cysteine (in thiolate form) in the active site of
the aldehyde dehydrogenase, inhibiting it. This represents only one ex-
ample among many of the high reactivity of HNO with thiolates (RS−)
[6–8].

Nitroxyl's potential use in heart failure treatment makes it relevant
in the field of pharmacology, as well as its vasodilator properties and
its role in cellular metabolisms [9,10].

Nitroxyl rapidly decomposes in aqueous solution generating nitrous
oxide [11]. Due to its inherent reactivity and the need for in situ gener-
ation, the search of HNO donors and a better understanding of its chem-
ical behavior have intensified considerably its biological interest.
[1,12] The first method developed for in situ generation of HNOwas
the decomposition of Na2N2O3 (Angeli's salt), which is still used for this
purpose. [13,14] Also, organic donors of HNO have been investigated,
such as the Piloty's Acid (Benzenesulphonydroxamic acid) that yield
HNO via heterolysis in alkaline conditions [15–17].

At the same time, an increase of physicochemical interest in the de-
compositionhas taken place in the last years,with the aimof developing
regulation strategies for this process. However, the reactionmechanism
of this extremely relevant reaction is still not understood from amolec-
ular viewpoint.

As a necessary feature to nitrous oxide formation an initial dimeriza-
tion step has been proposed [18,19]. This implies the existence of a pla-
nar intermediate [20]:

2HNO→cis−ON Hð ÞN Hð ÞO→N2Oþ H2O ð1Þ

Because of a certain double bond character between the nitrogen
atoms, the planar intermediate may exhibit two isomers: cis-
ON(H)N(H)O and trans-ON(H)N(H)O and, once the dimer has been
formed, cis-trans isomerization would be kinetically forbidden at mod-
erate temperatures. This way, the initial dimer of HNO sets the starting
point for the overall reaction.

After the initial dimer formation, a scheme involving intramolecular
proton migrations has been proposed to explore different reaction
mechanisms for the N2O formation [20–22]. However, none of this
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Scheme 1. cis and trans representations of the dimer intermediate.
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treatments include explicit water molecules and realistic transition
states with feasible structures that could exist in aqueous solution.

In agreement with the work of Fehling et al. [20], we propose that a
fast acid-base equilibria takes place between the dimer formation and
the final decomposition in N2O. The solvent, H2O, is clearly involved in
the formation of different protonation states of the dimer so intramolec-
ular proton migration scheme is probably not operative in aqueous so-
lution. The global reaction could be decomposed in three phases: a
first dimerization step forming the N\\N bond with a given conforma-
tion (cis or trans), followed by a fast acid-base equilibria and finally,
the N2O formation step from a given intermediate.

It was also proposed that HNO decomposition may take place by a
nucleophilic attack of NO− to the nitrogen atom of HNO, followed by
an 1.2 hydrogen transfer finally yielding N2O and HO− [23]. However,
this mechanism is not considered in this work because of the high pKa
of HNO (11.4) [11] and therefore the very low concentration of NO−

available at physiological pH.
In order to obtain information about the mechanism of the reaction

under investigation and to obtain valid starting structures for further
analysis, we performed electronic structure calculations using Gauss-
ian09 [24]. Aiming to understand thewhole process in aqueous solution,
we explored both reaction steps by means of hybrid quantummechan-
ics-molecular mechanics (QM/MM) molecular dynamics (MD) simula-
tions, using an umbrella sampling approach [25]. This approach
allowed us to obtain thermodynamical information such as the free en-
ergy profile in addition tomicroscopic insight about electronic structure
changes throughout the reaction in a realistic solvent environment. The
results presented in thiswork suggest that the processmay occur by dif-
ferent pathways, by a strongly pH-dependentmechanism, since the rate
constant would variate in approximately a 105 factor.

The data reported herein provides a detailedmicroscopic view of the
nitroxyl decomposition in aqueous solution.

2. Methods

2.1. Initial survey of the system in vacuum and implicit solvent

All structures were optimized in vacuo and using the polarizable
continuum solvent model (PCM) [26], at DFT level of theory. Computa-
tionswere performed at the generalized gradient approximation (GGA)
level, using the PBE combination of exchange and correlation functional,
with a double-zeta plus polarization (dzvp) Gaussian basis set [27]. An
auxiliary basis set was employed, frequency calculations were per-
formed in each case and free energieswere estimated bymeans of stan-
dard statistical mechanics formalisms. The PCM aqueous solvation
default parameters have been employed.

The geometries obtained with this functional were used as the
starting point for a first approximation of the energy profile of each re-
action step using the PCM solvation model, in order to obtain partial
charges necessary to perform the classicalMD simulationswhich are re-
quired to equilibrate the systems, as described below. After this initial
survey, we performed molecular dynamics simulations using a QM/
MM scheme.

In addition, kinetics isotope effect analysis was performed by
employing the harmonic oscillator and rigid rotor approximations for
the zero point energies, vibrational and rotational contributions, using
classical statistical mechanics as implemented in the Gaussian code
(see Supplementary Information for a more detailed description) [28].

2.2. QM/MM molecular dynamics simulations

QM/MM simulations were performed using LIO, a software devel-
oped in our group [29]. The QM subsystem contained the nitroxyl
dimer while the MM subsystem consisted only of water molecules.
Free energy profiles were obtained by the umbrella sampling method
[25]. Initial structures for the cis-ON(H)N(H)O were obtained from ab
initio, PBE level, geometry optimizations. A truncated 20 Åoctahedral
box was constructed and filled with TIP4P model water molecules
[30]. Periodic boundary conditions were used, and each box contained
only one dimer molecule and 4100 explicit water molecules. The
Lennard-Jones parameters (ε and σ) for the quantum subsystem
atoms were 0.7113, 0.8803 and 0.0669 kJ·mol−1, and 1.8240, 1.7210
and 1.069 Å, for N, O, and H, respectively. The initial system optimiza-
tion was carried out in two stages: first, solute was optimized freezing
the classical water molecules. Secondly the solvent was optimized,
keeping fixed the QM subsystem. 30 ns of classical thermalization dy-
namics were simulated, heating from 0 to 300 K, applying an internal
motion restraint on the nitroxyl dimer. To ensure a reliable thermaliza-
tion of the solute, 1 ps of QM/MM simulation was generated with an
uncoupled Berendsen thermostat [31]. A stronger coupling constant
was set for the QM system's thermostat. This double thermostat strate-
gy provides an advantage in terms of controlling the local kinetic energy
of such a small subsystem. A steered QM/MMmolecular dynamics sim-
ulation was performed, forcing the QM system through the reaction co-
ordinate, with the aim of extracting initial structures for subsequent
umbrella sampling calculations. These structures, corresponding to dif-
ferent reaction coordinate values,were then thermalized in order to im-
prove solvation sampling. A recalculation of the classical residue's
charge was carried out after 0.1 ns of classical molecular dynamics sim-
ulation, holding the dimer still and then slightly optimized before par-
tial charge calculations. This process was iteratively repeated 10 times.
The process consisted on three stages: in the first place a single point
calculation was performed for the solute and the charge parameters
were modified in the classical residue parametrization. After that, a
ten-step cycle was carried out. Each of these steps consisted on a
0.1 ns classical molecular dynamic simulation of the solvent, holding
the solute still, and a short QM optimization for that new solvation
scheme. Those optimized parameters were then used to modify the to-
pology in each cycle. After this final thermalization, those structures
were used as initial coordinates for each umbrella sampling window.
For each window, 5 ps of uncoupled thermostat QM/MMmolecular dy-
namics simulation were generated, followed by additional 10 ps using
the stochastic Langevin thermostat model. Only Langevin MD informa-
tion was used for the analysis. This combination of relatively long clas-
sical molecular dynamics simulations, in which the parameters are
tuned at each reaction coordinate value, with shorter QM/MM simula-
tions, allows us to obtain reliable free energy profiles at an affordable
computational cost.

All dynamics visualizations and molecular drawings, were per-
formed with VMD 1.9.1 [32].

3. Results and discussion

3.1. Reaction evolution

Thefirst step of the reaction consists in the formation of aN\\N bond
between two HNO molecules, giving a planar intermediate which may
exhibit two isomers (see Scheme 1). Table 1 presents the results of cal-
culations for the initial dimerization step.

No transition state was found for the dimer formation reaction.
When the solvent is taken into consideration, there is a switch in the rel-
ative stability of both isomers. Because of its non-zero dipole moment,
the cis isomer is expected to be themost stable one in aqueous solution.
Both our results and previous studies [20] give evidence that supports
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Table 1
Dimerization energies and free energies (kJ·mol−1) for isolated and PCM solvated species
involved in the dimerization step, relative to 2 HNO molecules.

Free energies Energies

In vacuo PCM In vacuo PCM

cis-ON(H)N(H)O −109.3 −152.9 −138.9 −179.9
trans-ON(H)N(H)O −121.9 −144.0 −152.6 −170.3

Table 2
Energies and free energies (kJ·mol−1) for isolated and PCM solvated tautomeric species of
(HNO)2 relative to cis-ON(H)N(H)O.

Free energies Energies

In vacuo PCM In vacuo PCM

trans-ON(H)N(H)O 12.6 8.9 −13.7 9.6
cis-HONNOH −78.1 −47.4 −76.8 −43.3
trans-HONNOH −58.6 −29.6 −57.4 −25.8
cis-ON(H)NOH −68.4 −39.2 −71.2 −39.4
trans-ON(H)NOH −36.6 −12.3 −35.5 −9.3
cis-ONN(H)OH −58.3 −34.8 −57.2 −26.4
trans-ONN(H)OH −26.1 −1.8 −19.9 8.5
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that the cis dimer is the most favorable adduct in aqueous solution. The
free energy profile was obtained for the cis-dimer formation step (see
Fig. 1). The reaction coordinate corresponds to the N\\N bond length.
The dimer formation turned out to be an exergonic step
(ΔG ≃−200 kJ·mol−1), as it is expected for this kind of bond formation
reactions. No activation barrierwasdetectedwith thismethodology just
like in the QM survey via the PCM approach.

We propose that, once the cis-ON(H)N(H)O is formed, an acid-base
equilibria takes place. The relative stabilities of the different protonation
states of the (HNO)2 dimerwere calculated, both in vacuo and in implic-
it solvent. The cis-hyponitrite (cis-HONNOH) turned out to be the most
stable tautomer, which is consistentwith thework of Fehling et al. Table
2 summarizes the relative energies between dimer tautomers. It is the
reasonable to assume that the N2O formation takes place mainly from
this intermediate, as:

cis−ON Hð ÞN Hð ÞO⇆cis−HONNOH→N2Oþ H2O ð2Þ

In order to estimate the reaction and the activation energy, a QMap-
proach was carried out in the same way as for the first dimerization
step. For this step, the structures of reactants complex (RC) (cis-
HONNOH), products complex (PC) (N2O/H2O) and transition state
(TS) were optimized.

As cis-HONNOHpKa has not been determined, it is unknownwheth-
er at physiological pH the reaction is going to proceed from the cis-
Fig. 1. Free energy profile and Mulliken charges for each QM susbsystem atom as a
function of the reaction coordinate (kJ·mol−1 and e, respectively). An illustrative
snapshot of the RC and its first solvation shell is also shown.
HONNOH or from the [cis-HONNO]−. In order to evaluate both condi-
tions, we considered that the reaction could either take place from cis-
HONNOH (a “neutral pathway”), or undergo an “anionic pathway”, in
which the reactive species for the second step is the single protonated
cis-hyponitrite, [cis-HONNO]−. This anionic mechanism would yield
N2O and HO− as products. Relative energies for both pathways are
shown in Table 3.

It was not possible to optimize the structure of PC and TS in vacuum
for the anionic pathway. We found that the inclusion of the environ-
ment by PCM has a significant effect on all models used herein. In fact,
only via the PCM approach we could study the energetics involved in
the anionic pathway.

A kinetic isotope effect analysis was carried out by replacing N2 and
O2 atoms by their heavy isotopes (N15 and O18) as previously described.
Single substitutions retrieved a negligible difference in their kinetic con-
stants estimated by Eyring's equation. However, double isotope substi-
tution for both N2 and O2 (see Table 3) exhibited a significant ΔΔGact,
whichmeant a 3% and 10% decrease in the calculated rates for both neu-
tral and anionic pathways, respectively.

In order to obtain microscopic insight of the reaction mechanism,
key geometric parameters of different states of the process were ana-
lyzed (see Table 4). Even though N2-O2 distance in RC and PC is nearly
the same for both pathways, in the TS the difference is clear. In the neu-
tral pathway, the N2-O2 distance seems to indicate an early TS, while in
the anionic pathway the geometric parameters indicate a late one. This
is a key difference between our QM/MM analysis and this implicit sol-
vent QM approach. This product-like transition state is not observed in
our QM/MM calculations, where the anionic pathway TS geometry
still resembles the RC. On the other hand, N2-O2 distance predicted for
neutral pathway for both methodologies is approximately the same,
since the free energy profile reaches its maximum between 1.8 and
1.9 Å. Similar activation barriers for both pathways were determined
with the QM calculations. Nevertheless, despite the expectation of an
exergonic process, only the neutral pathway shows a negative free ener-
gy change within this QM scheme. A stronger solvation stabilization ef-
fect would be expected for the product complex in the anionic
mechanism respect to the neutral one, retrieving a higher reaction
free energy difference. This fact is not a surprise, since it is known that
the implicit solvent does notmodel properly hydrogen bonding interac-
tions, which may be crucial for charged species. Our QM/MM approach
allows us to obtain a more realistic picture of solvation in bulk water at
room temperature. So, in order to obtain free energy profiles for this
Table 3
Relative Energies and Free Energies (kJ·mol−1) for isolated and PCM solvated species in-
volved in the N2O formation from cis-HONNOH and [cis-HONNO]−. Isotopic effect free en-
ergy activation barrier (ΔΔGact) variation for substitution of N2 to N15 and O2 to O18 is also
shown.

ΔEreact Eact ΔGreact ΔGact ΔΔGact

Neutral pathway In vaccuo −114.9 69.3 −136.7 57.6 –
PCM −112.6 70.0 −136.3 59.2 0.06

Anionic pathway In vaccuo – – – – –
PCM 82.6 84.1 64.6 66.6 0.25
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Table 4
Relevant geometric parameters (distances in Å and angles in degrees) of Reactant Com-
plex (RC), Transition State (TS) and Product Complex (PC) of both Neutral and Anionic
Pathways (NP and NA, respectively), obtained from PCM optimized structures.

d(N2-O2) d(N1-N2) d(O2-H2) angle(N2-N1-O1)

RC NP 1.42 1.25 1.89 116
AP 1.44 1.42 – 118

TS NP 1.88 1.20 1.27 125
AP 2.75 1.46 – 168

PC NP 3.19 1.16 0.98 180
AP 3.11 1.16 – 177
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step, we performed QM/MM simulations as described above for the di-
merization step.

The reaction coordinate for this process corresponds to the N2-O2 dis-
tance, which leads the reactant complex to nitrous oxide andwater or hy-
droxide ion. The free energy profiles are shown in Fig. 2, along with the
evolution of other parameters of interest during the reaction (for the neu-
tral pathway, see Fig. S1). The anionic pathway retrieved a smaller barrier,
exhibiting a ΔGact ≃ 30 kJ·mol−1 versus a ≃ 60 kJ·mol−1 energy barrier
for the neutral pathway. In otherwords, the explicit solvent consideration
diminishes the activation barrier of the anionic pathway. Our QM/MM
scheme allowed us to find a more feasible path for the N2O formation
step than the typically cis-HONNOH.

Even though the neutral pathway exhibits a larger barrier, this
mechanism is expected to be relevant at low pH values, because of the
increase of the fully O-protonated species concentration. So, the contri-
butions of the different pathways to the global N2O production will be
Fig. 2. Free energy profile obtained by umbrella sampling for the anionic (solid line) and
the neutral (dashed line) pathway. N1-N2-O1 angle and charge evolution during the
reaction from [cis-HONNO]− to N2O and HO–. Free energy (kJ·mol−1) is plotted versus
reaction coordinate (Å) as well as the Mulliken charges (e) and the N1-N2-O1 angle. An
illustrative snapshot of the TS and its first solvation shell is also shown.
modulated by pH, with smaller reaction rates at low pH values, at
which the neutral pathway is the main mechanism. pH-dependence of
the global rate constant has been reported previously for trans-
hyponitrous acid (trans-HONNOH) decomposition by Buchholz and
Powell, that showed a decrease of the rate constant from pH 9 to 1
which was interpreted in terms of available reactive species ([trans-
HONNO]-) population decrease [33].

The TS for the anionic-pathway exhibits a 140° N1-N-O2 angle. The
activation barrier seems to be concomitant with a strong charge redis-
tribution of N and O atoms, where N1 and O1 become more positive,
as well as N2 and O2 acquire negative charge (see Fig. 2)

Electronic structure calculations for cis-trans isomerization of
(HNO)2 species performed in literature showed high energy barriers
that cannot compete with proton transfer processes and the decompo-
sition itself [20]. This is consistent with the high stability of trans-
HONNOH, whose decomposition rate reaches a maximum of
5 × 10−4 s−1, at pH = 9 [33]. A remaining question is what occurs to
the HNO that undergoes a trans-pathway in the initial step, yielding
trans-ON(H)N(H)O.

In the context of the fast acid-base equilibrium scheme, the trans-
ON(H)N(H)O and its tautomers will be established rapidly and should
probably experiment an analogous decomposition mechanism, via the
[trans-HONNO]− intermediate. A free energy barrier of 64.1 kJ·mol−1

for this last reaction step was estimated by electronic-structure calcula-
tions in a continuum solvent model, as was described in Section 2.1.
However, we have focused our analysis in the cis-pathway due to the
preference of cis-ON(H)N(H)O formation in the initial dimerization
step. The quotient of the kinetic rates for cis and trans dimer formation
was estimated to be 500 [20].

3.2. Solvation

We studied the solvation of RC, TS and PC to monitor how solvation
patterns may affect the reaction energetics. Radial correlation functions
of selected atoms with water oxygen atoms from the anionic pathway
RC (left panel), TS (middle panel) and PC (right panel), along with rep-
resentative snapshots of each step, are shown in Fig. 3 (solvation pro-
files for the neutral pathway are shown in Fig. S2). Radial correlation
functions of O atoms show that the O1 loses its hydrophilicity along
the reaction and the opposite effect is observed in the O2. While in the
RC the O2 is poorly solvated, it becomes better solvated in the TS due
to the early charges redistribution and strongly solvated in the PC.
Moreover, the peaks of O2 curve observed in the TS and PC are located
at ≃2.5 Å (radial distance), while the O1 curve peak in the RC is at
about 2.8 Å. Radial correlation function value of O1 is lower than the
one of the O2 in the TS, and even more in the PC. This is consistent
with the charge evolution profile, which shows that O2 becomes more
negative along the reaction. This suggests that the PC ismuch better sol-
vated than the RC and the TS.

Radial correlation functions of N2 atom do not change significantly
during the process, and N1 atom acquires a more effective solvation
which is in the increase of radial correlation function value in its peaks.
Both results are consistent with the redistribution of charges during the
reaction, where N1 almost does not change its charge and N2 becomes
more positive. An explicit aqueous environment in the TS and the PC pro-
vides amore realistic description of O2 in those situations, specific solvent
stabilization effects which are not exhibited in a PCM approach.

This way, although water molecules are not involved as reactants in
the mechanism, their explicit inclusion by an MM approach allow us to
interpret the activation barrier in terms of changes in charges and solva-
tion patterns during the process.

3.3. The reaction mechanism and available experimental information

The global reactionmechanism can bewritten as a consecutive reac-
tions scheme with quick acid-base equilibria which connect products

Image of Fig. 2


Fig. 3. Solvation structure evolution for the anionic pathway. Up: radial correlations functions of nitrogen (blue) and oxygen (red) in solid (1) and dashed (2) lines with water oxygen
atoms from the RC (left panel), TS (middle panel) and PC (right panel). Down: representative snapshots of the solvation structure of the RC (left panel), TS (middle panel) and PC
(right panel).
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and reactants of different steps:

2HNO →
k1 cis−ON Hð ÞN Hð ÞO

cis−ON Hð ÞN Hð ÞO⇆cis−HONNOH
cis−HONNOH⇆ cis−HONNO½ �− þ Hþ

cis−HONNOH →
kNP2 N2Oþ H2O

cis−HONNOH½ �− →
kAP2 N2Oþ HO−

ð3Þ

Where k1, k2NP and k2AP are the constants for the dimerization and the
dimer dissociation via the neutral and anionic pathway elemental steps,
respectively. k1, can be expected to be, asmuch, in the order of diffusion
controlled reactions rate (≃109 M−1 s−1) whereas a k2AP value of
4 × 107 s−1 can be calculated fromEyring equation using the free energy
barrier obtained from our QM/MMsimulations. Sameway, a 2 × 102 s−1

value was estimated for N2O formation elemental step in the neutral
pathway (k2NP). The equilibrium between cis-ON(H)N(H)O and cis-
HONNOH is characterized by a predicted free energy difference of
−43.7 kJ·mol−1 (see Table 2). However, cis-(HNO)2 tautomers pKa
have not been measured and the computational predictions may be
very dependent on the electronic structure level of theory and solvation
model.

In order to contrast our results with experimental data available, it is
necessary to review the information given in the literature about the
rate constant of HNO decomposition in aqueous solution. Previously,
Bazylinski et al. [34] reported a rate constant of 2 × 109 M−1 s−1, sug-
gesting a diffusional control for the HNO decomposition reaction. This
constant was determined from Angeli's Salt [13,14] decomposition at
pH = 7.0 in presence of excess 15NO, and calculations were carried
out taking a HNO pKa of 4.7 [35]. This pKa value was corrected to be
of 11.4 some years later by Shafirovich and coworkers [11] and in the
same work a rate constant of 8 × 106 M−1 s−1 was reported, which
was determined from flash-fotolysis peroxinitrite formation, fitting
the HNO concentration decrease detected in strongly alkaline condi-
tions (11 b pH b 13). In this last experiment, HNO was generated in
a time scale in which its acid-base equilibrium does not affect the
HNO dimerization process, since the HNO deprotonation is a spin-
forbbiden reaction and then, slow (k=4.9 × 104M−1 s−1). Considering
this, the rate constant determined turns out to be pH-independent. Al-
though this value is commonly cited in literature as the HNO
dimerization rate constant, our results suggest that the global mecha-
nism is governed by pH, so it is important to analyze if it could be gen-
eralized to lower pH (and particularly to physiological pH). This
dependence is introduced by the (HNO)2 acid-base equilibrium, re-
quired to yield the reactive tautomers.

First, it is important to remark that in Shafirovich's experiment [11],
HNO consumption is indirectly followed and attributed to its decompo-
sition in aqueous solution. This way, the 8 × 106 M−1 s−1 rate constant
corresponds, in our scheme, with k1. According to our calculations, this
rate would be diffusional, and differences with our calculations may be
related to flaws in DFT methodologies, which could be underestimating
free energy barriers and also probably flaws in the experimental data
analysis, since the rate constant was determined in an indirect way
and with several assumptions. Another question that arises is if the
rate of HNO consumption is equal to the rate of N2O formation. From
the mass balance of nitrogen, we obtain:

0 ¼ d HNO½ � tð Þ
dt

þ 2
d HNOð Þ2
� �

tð Þ
dt

þ 2
d N2O½ � tð Þ

dt
; ð4Þ

where [(HNO)2](t) represents the total dimer concentration at time
t. It can be seen that only if d[(HNO)2](t)/dt ≃ 0 the N2O formation rate
approximately equals to HNO disappearance rate. In other words,
there will not exist intermediate ((HNO)2) accumulation if we assume
the steady-state approximation. To study this possibility, it is necessary
to solve thedifferential equationswhichdescribe the kinetics of thepro-
cess and then compare the analytical solution with that obtained under
this approximation. An alternative way for solving this problem is to in-
tegrate numerically the kinetic equations and fit the rate constants
using experimental data, which is not currently available.

In the light of the previously discussed, the commonly used rate con-
stant can be effectively extrapolated to lower pH because it corresponds
toHNO consumption. On the other hand, this proposedmechanism sug-
gests that N2O formation is a strongly pH-dependent process, with an
effective constant rate:

keff2 ¼ α cis−HONNO−½ �k
AP
2 þ αcis−HONNOHk

NP
2 ; ð5Þ

whereα[cis− HONNO
−
] andαcis−HONNOH are the fractions of cis-(HNO)2

in each reactive form and weights both calculated microscopic rate

Image of Fig. 3
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constants (see Fig. S4). Fehling et al. have estimated theoretically pKa
values for (HNO)2 tautomers bymeans of DFT calculations in an implicit
solvent approach [20]. Using these estimations of pKa for cis-
ON(H)N(H)O and cis-HONNOH (−2.6 and 3.1, respectively) and rela-
tive free energies from our calculations of cis-(HNO)2 species (see
Table 2), we calculated their relative concentrations as a function of
pH (see Fig. S3). pKa of [cis-HONNO]− is expected to be around 17
[20] and so the double charged specie [cis-ONNO]2− is neglected in
our analysis.

We confirmed the cis-HONNOHand [cis-HONNO−] predominate even
in alkaline conditions. However, we are only interested in pH values
lower than 9, where NO− is negligible (HNO pKa=11.4) [11]. The speci-
ation diagram for the cis-(HNO)2 shows two regions in which each reac-
tive dimer predominates over the other species where, particularly, [cis-
HONNO−] predominates from pH ≃ 5 onwards.

It can be seen that the anionic pathway will be the only one opera-
tive from pH ≃ 5 onwards. This would be the case if the difference be-
tween cis-ON(H)N(H)O and cis-HONNOH pKa was large.

In this context, N2O formation rate constant as a function of pH, a
sigmoideal-like dependence should be obtained, with two plateaus in
k2
eff which should differ roughly in a 105 factor. Moreover, since

(HNO)2 species are practically negligible versus cis-HONNOH and [cis-
HONNO]− (see Fig. S3), a numerical fitting of the curve would yield
also a good approximation to the pKa value of cis-HONNOH. Our esti-
mated k2

eff as function of pH is shown in Fig. S4. Regarding possible ex-
periments carried out in heavy water, the observed kinetic isotope
effect for the anionic pathway would probably be analogous to the re-
ported by Buchholtz and Powell [33] since there is no hydrogen-heavy
atom bond cleavage. In this context of cis-isomer studies, a decrease in
the rate constant due to hydrogen substitution by deuterium would
bemainly observed in the neutral pathway, where a hydrogen (or deu-
terium) transfer is part of the mechanism. The previously proposed ex-
periment to determine an effective value for k2, performed for a wide
range of pH values, should retrieve a different curve. The value of k2 in
D2O would be different to the one in H2O, retrieving a different value
for k2eff both the low-pH and the high-pH region. Our electronic structure
calculations predict a 3.37 value for the rate k2NP(H2O)/k2NP(D2O). In addi-
tion, all cis tautomers and monoanionic forms' pKa would be modified
due to the isotope substitution, and this would result in an additional
horizontal shift of the k2

eff sigmoideal-like curve.

4. Conclusions

In this workwe present an integrated QM/MMapproach for nitroxyl
decomposition, which allows us to get microscopic dynamical informa-
tion of this reaction emphasizing the aqueous environment relevance.

This microscopic insight allowed us to obtain a consistent mecha-
nism for the overall reaction. The initial step consists in cis-
ON(H)N(H)O formation, followed by an acid-base equilibria. The cis-
HONNOH species showed the highest stability compared to the other
plausible tautomers and because of that we consider it a potential inter-
mediate for the N2O formation step. The, we consider the evidence pre-
sented herein suggests that the final step of this reactionmay take place
from both neutral and monoanionic forms of the HONNOH, with the
monoanionic species being the most reactive [cis-HONNO]−, given its
lower activation free energy respect to the neutral species.

In addition, our results hold that the global process would pH-de-
pendent. Further efforts in experimental investigations of this reaction
are necessary to fully understand this issue.

Abbreviations

QM/MM quantum mechanics/molecular mechanics
MD molecular dynamics
DFT density functional theory
PCM polarizable continuum model
dzvp double zeta plus polarization
AP and NP anionic pathway and neutral pathway, respectively
RC, TS and PC reactant complex, transition state and products complex,

respectively
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