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Abstract
HNO (nitroxyl) has been found to have many physiological effects in numerous biological
processes. Computational investigations have been employed to help understand the structural
properties of HNO complexes and HNO reactivities in some interesting biologically relevant
systems. The following computational aspects were reviewed in this work: 1) structural and
energetic properties of HNO isomers; 2) interactions between HNO and non-metal molecules; 3)
structural and spectroscopic properties of HNO metal complexes; 4) HNO reactions with
biologically important non-metal systems; 5) involvement of HNO in reactions of metal
complexes and metalloproteins. Results indicate that computational investigations are very helpful
to elucidate interesting experimental phenomena and provide new insights into unique structural,
spectroscopic, and mechanistic properties of HNO involvement in biology.
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1. Introduction
HNO (nitroxyl) is a very interesting molecule in chemistry and has many physiological
effects in numerous biological processes, such as vascular relaxation, enzyme activity
regulation, and neurological function regulation [1–6]. Compared to its sibling molecule, the
well-known signaling agent nitric oxide (NO), their chemistries are quite different [7]. For
instance, HNO and NO can lead to increases in the biochemical messengers cyclic
adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP),
respectively [1]. With a more favorable vasodilative effect than NO and an increased
contractility effect, HNO donors offer a promising new class of vasodilators and heart
failure treatment [8]. HNO has also been suggested as a potential pharmacological treatment
for reduction of neuronal damage, for instance, during stroke [1]. It can enhance oxidative
stress and neutrophil infiltration [9], and has also been found to enhance blood–brain barrier
disruption [10] and induce the release of the calcitonin gene-related product in peptidergic
neurons [11]. One of the other biologically significant roles that HNO play is the inhibition
of a number of enzymes, such as aldehyde dehydrogenase [12], zinc finger protein
poly(ADP-ribose) polymerase [13], and the yeast copper thiolate transcription factor Ace1
[14]. These observations strongly suggest that HNO has significant roles in biology and
medicine. It is interesting to note that quite a number of the HNO biological interactions
occur with metalloproteins, such as heme proteins [1–3,15–18], Cu,Zn-SOD (superoxide
dismutase) [19], and manganese quercetin dioxygenase [20]. However, the atomic level
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structural and functional details of HNO interactions with biological systems are largely
unknown.

Computational investigations of HNO and its interactions with various chemical and
biological systems may offer useful information of the structural, spectroscopic, and
mechanistic properties of HNO involvement in biology, which may help evaluate possible
structural and functional details in such interactions and thus facilitate the research in this
field. Therefore, rather than to be exhaustive of all published computational work on HNO,
this review tries to highlight some computational results that could assist our understanding
of how HNO may interact with biological systems and models. For this purpose, this
computational review first summarizes the structural and energetic properties of HNO
isomers, then discusses the geometric features and interactions in HNO complexes formed
between the stable HNO isomer and non-metal molecules as well as metal complexes, and
finally discusses various reactions between HNO and biologically relevant non-metal
systems as well as metalloproteins and metal complexes.

2. Structural and energetic properties of HNO isomers
As illustrated in Fig. 1, the potential energy surfaces of both singlet and triplet states of
HNO have been reported [21,22]. In the singlet state, the recent ab initio calculations with
more than 17,000 data points in the potential energy surface using the sophisticated multi-
reference configuration interaction method at the state-averaged complete active space self-
consistent field (CASSCF) level [21], show that there are two stable isomers connected via a
transition state (TS). This supports previous quantum chemical studies using density
functional theory (DFT) methods and ab initio method at the MP2 level [23,24]. Results
indicate that the HNO form is the global minimum state in the potential energy surface of
the ground state, with the HON isomer of ~40–42 kcal/mol higher in energy, from using
various DFT methods, MP2, and other compound methods (G2 and CBS). The HNO form is
even more stable than HON from the recent CASSCF calculations, based on the calculated
energy difference of 49.79 kcal/mol [21]. The triplet HON is of lower energy compared to
the singlet HON, but is still less stable than the ground state singlet HNO by ca. 26–31 kcal/
mol [22,25], as shown in Fig. 1. Detailed comparisons of the spin state effect on HNO and
its conjugate base NO− have already been well summarized before [1,3,6]. Overall, the large
energy differences between different isomers suggest that the 1HNO form is the most
relevant chemical structure under physiological conditions. Even in the excited state, the
HNO form is still more stable than the HON isomer by 19.94 kcal/mol [21]. As shown in
Fig. 1, the HNO form is bent, which was found to be much more stable than the linear HNO
structure by ca. 67 kcal/mol from using various high level quantum chemical methods [26].

Although different computational investigations consistently show that the bent HNO form
is the global minimum and accurate predictions of geometric parameters can be obtained via
a good variety of quantum chemical methods, specific computed spectroscopic properties
such as NO vibrational frequency (νNO) do exhibit clear dependence on the used methods,
as demonstrated in Table 1. These results suggest that some computed properties of HNO
are sensitive to the method of choice [21,24,26–29] and therefore, careful methodological
studies need to be performed to find out reasonably good methods for specific property
calculations for HNO systems. Our recent methodological investigation of >70 method/basis
combinations on the structural and vibrational spectroscopic properties of HNO shows that
[29], while the optimized NH and NO bond length errors are within 0.02–0.03 Å, the
predicted frequency errors can still be as large as ~170 cm−1, compared to experimental data
[27,30]. As illustrated in Table 1, it was found that the pure DFT methods (e.g. BLYP,
mPWVWN) perform better than the hybrid HF-DFT methods (e.g. B1LYP, B3LYP,
mPW1PW91). The best method, mPWVWN, is capable of reproducing the experimental
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NO frequency within 1 cm−1, and has the accuracy for both structural and spectroscopic data
similar to that from using the high level ab initio method CASSCF, see Table 1.

3. Interactions between HNO and non-metal molecules
HNO can form various kinds of complexes with non-metal molecules, such as CO [31],
HNO [32,33], HOX (X = F, Cl, Br, I) [34], CH3X (X = F, Cl, Br) [35], HFSO2 [36],
CH3CHO [37], HCONH2 [38], XCHY (X = H, F, Cl, Br, CH3; Y = O, S) [39], C2H2 [40],
HArF [41], and O3 [42]. Based on the computational investigations, it is interesting to note
that in these complexes, as long as the geometries allow, the most stable isomers prefer to
involve both the terminal H and O atoms of HNO in the interactions, as illustrated in Fig. 2
for some typical complexes. This feature suggests that the dual bonding mode of HNO
involving two terminal atoms has a stronger stabilizing force than the other modes, which
leads to important implications for HNO in proteins (vide infra). Although the interaction
partners are small molecules, most of the atoms involved in the HNO interactions in these
complexes also exist in biological systems. Therefore, similar interaction modes could also
occur when HNO binds with biological systems such as proteins. As seen from Fig. 2, the
most common motif is the interaction pair containing a six-membered ring (see Fig. 2 A–E),
followed by the interaction pairs involving a seven-membered ring or a five-membered ring
(see Fig. 2 F–H), with the non-planar interaction most rarely seen (Fig. 2 I).

To help understand the nature of the interaction between HNO and these non-metal
molecules, the atoms-in-molecules (AIM) theory [43] was used to investigate some of these
complexes. According to the AIM theory, every chemical bond has a bond critical point at
which the first derivative of the charge density, ρ(r), is zero. The ρ (r) topology is described
by a real, symmetric, second-rank Hessian-of-ρ (r) tensor, and the tensor trace is related to
the bond interaction energy by a local expression of the virial theorem:

(1)

where Δ2ρ(r) is the Laplacian of ρ(r), G(r) and V(r) are the electronic kinetic and electronic
potential energy densities, and m is the electron mass, respectively. Negative and positive
Δ2ρ(r) values are associated with shared-electron (covalent) interactions and closed-shell
(electrostatic) interactions, respectively. In the latter case, one can further evaluate the total
energy density, H(r), at the bond critical point:

(2)

A negative H(r) is termed partial covalence, while a positive H(r) indicates a purely closed-
shell, electrostatic interaction [43,44]. On the basis of the calculated Laplacians of the bond
critical point properties (see Table 2), all of the interactions between HNO and its partners
are of non-covalent or closed-shell/electrostatic nature. Some strong hydrogen bondings
(e.g. in HNO dimer) are of partial covalence due to negative H(r) values, while some other
interactions (e.g. in HNO·O3) are of purely electrostatic nature. These results indicate that,
although the HNO interactions are basically non-covalent, the strengths vary with specific
interaction partners.

4. Structural and spectroscopic properties of HNO metal complexes
Interestingly, in contrast with the above non-metal HNO complexes which mostly involve
the terminal H and O atoms in the interactions, in HNO metal complexes, the interactions
basically occur between the central nitrogen atom and the metal center [3,28].
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A detailed computational comparison of various possible interaction modes was reported
recently on [Fe(Por)(Im)(HNO)] (Por = porphyrinate; Im = imidazole) [28]. As shown in
Fig. 3, there are altogether six binding isomers. The three HNO binding modes are all of
lower energy compared with the three HON binding modes. The same trend was also seen in
the heme system with a thiolate axial ligand [45,46]. However, the energy differences of the
HNO and HON heme complexes are smaller than that of HNO and HON. For instance,
[Fe(Por)(Im)(HNO)] is more stable than [Fe(Por)(Im)(HON)] by ~22 kcal/mol [28], which
is much smaller than the relative stability of HNO vs. HON discussed in Section 2, >40 kcal/
mol. This indicates that upon the formation of the heme adduct, there is a stronger
stabilization effect for HON than HNO. In fact, a recent DFT investigation showed that the
π backbonding is enhanced in the case of HON compared to HNO, as indicated by a 0.078
Å shortened Fe–N distance and correspondingly strengthened Fe–NO vibrational mode [46].
Meanwhile, the enhanced π backbonding moves more charges to the NO moiety's out-of-
plane π* orbital, leading to a weak interaction between N and O that makes the NO bond
effectively a single bond in the HON heme complex with a much elongated bond length
(RNO =1.401 Å) and accordingly much weaker NO vibrational frequency and force constant.

These results together with the early report of lower energy of HNO compared to that of
HON, strongly suggest that in biological systems, HNO is the most relevant isomer. It is
also interesting to note that, in both HNO and HON binding modes, the N-bonded isomers
are always more stable than the corresponding O-bonded isomers, see Fig. 3. This is
consistent with the experimental observation that in all of the known HNO metal complexes
characterized crystallographically [47–49], the metal binding is through the central N atom
in HNO.

Although HNO is known to bind stably with many different metals [47–58], except for the
most recent pentacyanoferrate HNO complex [57], all other HNO organometallic
compounds are with late transition metals, suggesting that the metal center may play an
important role in HNO binding. Given the broad tremendous interest in heme systems, it is
interesting to note that while a Ru porphyrin complex with HNO was reported many years
ago [56], only very recently the iron porphyrin complex of the conjugate base of HNO (i.e.
NO−) was reported with the assistance of a specially designed porphyrin [59], and there is
still no report of a successful synthesis of iron porphyrin HNO complex. In contrast, most
reported HNO metalloprotein systems are with Fe [1–3,15–18] and the protein environment
was found to help stabilize the HNO binding in myoglobin (Mb) [60]. These results suggest
that the early transition metal may bind with HNO more weakly than the late transition
metal, and thus needs the aid of a special ligand or protein environment. To help evaluate
metal center effects to offer general HNO binding trends and reveal the electronic origin of
such trends, we recently reported the first systematic computational investigation of metals
in different rows and periods in the periodic table on a common porphyrin platform M(Por)
(5-MeIm)(HNO) [61], where M and 5-MeIm stand for metal and 5-methylimidazole (a Cβ
truncated histidine residue, the heme axial ligand in Mb), respectively. It is interesting to
note that all these HNO metal complexes fall into two clusters: one involves stable binding
with all d6 metals, and the other contains the non-stable binding with d10 and s0 metals, as
shown by the calculated binding Gibbs free energies in Fig. 4. These results provide the first
computational evidence that stable HNO metal complexes involve d6 metals, but not d10 or
s0 metals, which is consistent with experimental findings [47–58,62,63]. These results also
indicate that in the same group, the late transition metal binds with HNO more strongly than
the early transition metal, so it is relatively easier to synthesize HNO complexes with late
transition metal centers, consistent with more of such complexes reported in the area of
organometallic chemistry [47–58]. Moreover, this systematic computational investigation
reveals a common principal HNO binding mechanism: metal back-donation to the π-acid
HNO. Therefore, in the same period and with the same electronic configuration, the metal
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with a low oxidation state can provide more back-donation than that with a high oxidation
state, and consequently it binds with HNO more strongly, in agreement with the calculated
Gibbs free energy trends.

Spectroscopic investigations of HNO metalloprotein complexes and synthetic models can
provide useful information to help characterize these systems. A recent investigation shows
that the proton NMR shift is a sensitive probe of the active sites in several oxygen-binding
hemoglobins [62]. This shift also varies with the metal center and ligand set in synthetic
HNO metal complexes [47–56], suggesting a useful role in characterizing synthetic HNO
metal systems, too. The 15N NMR chemical shifts of the HNO moieties in a number of HNO
heme protein complexes also vary with the specific protein environment [62] and they are
different from the nitrogen shifts observed in RNO iron porphyrin complexes [64]. In
addition, experimental studies suggest that the NO vibrational frequency, νNO, is another
useful probe of the metal environment in both the HNO heme protein (MbHNO) [63] and
synthetic metal systems [47–56].

Recently quantum chemical calculations were reported to help understand some
experimental spectroscopic results. A DFT investigation of MbHNO using the [Fe(Por)(Im)
(HNO)] model [28] explained the unusually high Fe–NHNO frequency relative to those of
the corresponding {FeNO}6 and {FeNO}7 porphyrinates [63], despite the fact that the Fe–
NHNO bond is longer than either of its Fe–NNO counterparts. This was found to result from
an extremely small reduced mass of 3.5 amu for νFe–N(HNO) due to the hydrogen atom
bonded to NO in MbHNO, compared to those of 15.0–20.8 amu seen in ferric and ferrous
NO iron porphyrins. Although it was not mentioned, the computed normal vibrational mode
which involves significant H motion and small N movement with an angle to the Fe–N
bond, and negligible O displacement, indicate that it is mostly an FeNH bending mode,
rather than the typical Fe–NNO stretching mode seen in{FeNO}6 and {FeNO}7

porphyrinates [63]. Interestingly, the bonding of a hydrogen atom to NO was also
recognized to be responsible for the peculiar behavior in the νFeN/νNO plot for Fe(II) NO
adducts of heme proteins [65]. DFT computational results indicate that, when the nitrogen
atom of NO is the hydrogen bond acceptor, an unexpected positive correlation between νFeN
and NO was found, in contrast with the normal anticorrelations as observed with CO adducts
of heme proteins. The HNO orientation with respect to Im was, however, found to have an
insignificant effect on either geometries or vibrations [28]. Compared to NO, HNO was
found to have a smaller trans effect on the Im ligand in a recent computational investigation
[66].

Calculations on non-heme HNO metal complexes were also reported [58,67,68]. For
[Fe(CN)5(HNO)]3−, a reduction product of pentacyanoferrate, DFT calculations predicted
two frequencies of 1394 and 1338 cm−1 for νNO modes with some hydrogen participation
[67]. These predictions have been recently verified by experimental IR studies, showing
1380 and 1304 cm−1 for the asymmetric and symmetric stretching modes for NO in this
complex [57]. Quantum chemical calculations also helped assign its experimental UV/Vis
spectrum. More recently, similar to this pentacyanoferrate platform that can bind with NO+,
NO, and NO−/HNO, the complexes of pentachloroirodate with these three NO redox
partners were also investigated both experimentally and computationally [58]. The
computational investigation helped confirm the synthesis of [IrCl5(HNO)]2−based on the IR
spectrum. The reduction of the NO moiety from NO+ to NO and then to NO−/HNO results
in an elongated NO bond length and reduced NO vibrational frequency, indicating an
increased population of electrons in the antibonding NO π* orbital. This trend is similar to
that found for NO/HNO heme complexes [29]. In addition, DFT calculations of several
experimental spectroscopic results including IR, Mössbauer, and EPR parameters for
[Fe(NO)(cyclam-ac)]0 provided a compelling evidence to assign this complex as a {FeNO}8
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species, instead of HNO or NOH complexes [68]. Theoretical investigations reveal that
HNO acts as σ-donor and π-acceptor in HNO metal systems [51]. Metal coordination was
found to strengthen the NH bond while weakening the NO bond, resulting in smaller νNO
observed in HNO metal complexes (1335–1493 cm−1) [3] compared to that in HNO alone
(1565 cm−1) [30]. Calculations of the hydrogen bond effect on νNO were also reported for a
synthetic HNO metal complex Ru(HNO)(‘pybuS4’) (‘pybuS4’ = 2,6-bis(2-mercapto-3,5-di-
tert-butylphenylthio)dimethyl-pyridine) [49].

Apart from the above computational investigations that assisted in understanding the
experimental spectroscopic properties of HNO metal complexes and related characterization
of HNO binding in some heme and non-heme metal systems, accurate computational
calculations of some characteristic spectroscopic properties have also helped in the
discovery of a unique HNO binding mode in the first stable HNO protein complex—
MbHNO [60], as with previous integrated quantum mechanics and spectroscopic studies of
protein structures [44,69–74]. For a number of NO/HNO/RNO (R = alkyl and aryl)
containing systems, our DFT predictions of the 1H and 15N NMR shifts and NO vibrational
frequencies have theory-versus-experiment correlation coefficients R2=0.990, 0.996, and
0.998 respectively, with errors being 1.8–3.1% of the experimental data ranges [29]. In
addition, an excellent linear quantitative structure observable relationship was found
between NO vibrational frequencies and bond lengths with R2=0.977, which may help
deduce the NO bond lengths from experimental NO vibrational data. Interestingly, by
comparing experimental 1H and 15N NMR results and NO vibrational frequency in MbHNO
with those predicted from various MbHNO models, a dual hydrogen bond model (structure
B in Fig. 5) was proposed for the first stable MbHNO isomer with the calculated values of
δH (15.10 ppm), δN (664 ppm), and NO (1380 cm−1) in excellent agreement with
experimental data of 14.93 ppm, 661 ppm, and 1385 cm−1 [62,63]. Another dual hydrogen
bond model (structure A in Fig. 5) was suggested for the second MbHNO isomer with a
slightly upfield experimental 1H NMR chemical shift (14.87 ppm) compared to the first
MbHNO isomer [75], which again was well reproduced in the calculation: 15.03 ppm. Such
kind of dual hydrogen bonding with both terminal H and O atoms in HNO is consistent with
the most commonly seen non-covalent interaction mode of HNO with non-metal small
molecules as discussed above (Section 3), as well as reported recently in a synthetic HNO
metal complex [49]. It should be noted that this kind of dual hydrogen bonding capability of
HNO is unique, compared to heme protein complexes with other small molecules such as
NO and O2, which only involves one hydrogen bond with the distal histidine residue. As a
matter of fact, the dual hydrogen bond mode was found to be critical to account for the
experimentally observed stronger binding affinity of Mb to HNO than the native substrate
dioxygen [60]. As this opens up the way that the atomic level structure of HNO binding in
proteins can be determined with a combined investigation of quantum chemical results and
experimental spectroscopic data, it is anticipated that more work will be done in this field to
help reveal more HNO bound protein structures and facilitate studies of the related
functional roles of HNO in biology.

5. HNO reactions with biologically important non-metal systems
A more straightforward investigation of HNO's biological roles may be the examination of
the HNO reactions with some biologically relevant molecular systems. HNO is known to be
involved in numerous chemical reactions. But mechanistic details are usually complicated
and quantum chemical calculations may provide useful information to help us understand
experimental reactivities.

One area of interest is how HNO is produced from HNO donors, which may help design
new HNO donors as HNO has broad biomedical applications [1–6]. Angeli's salt (AS,
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Na2N2O3) is widely used as an HNO donor to investigate the biological effects of HNO [1].
However, Angeli's salt can produce not only HNO, but also NO, depending on the pH
environment of the solution. Experimental studies [76] show that when the pH values are in
the range of 8–4, HNO is produced and quickly dimerizes to yield N2O, while in lower pH
solutions (< 4), NO is generated. There are actually a number of mechanisms proposed for
HNO production, while little is known about the NO production, until recently DFT
methods and high accuracy CBS-QB3 method were applied to investigate such HNO and
NO generation reactions [25]. As reactions are pH-dependent, all possible monoprotonated
and diprotonated species were computationally investigated. As illustrated in Fig. 6, in an
aqueous solution of AS titrated with acid, AS is initially protonated to yield an unreactive
intermediate 1, which is in equilibrium with the reactive intermediate 7, that decomposes to
generate HNO and nitrite at a rate of 5.2 s−1. After the pH is further decreased, 1 is further
protonated to give 9, which is in equilibrium with species 20/15, that quickly loses water and
forms two NO with a rate constant of 1.7×105s−1. This mechanism was found to well fit the
experimental pH dependent rate constant curve with a correlation coefficient R2=0.93 [25].
A similar computational study was reported on a simplified compound of isopropylamine
diazeniumdiolate, another widely used HNO donor, which again has a similar pH
dependence production of HNO and NO [77]. While these computational investigations help
in understanding the production pathways of HNO donors, it should be noted that these
studies were done for the isolated HNO donors. The decomposition of AS is also very
sensitive to the presence of other molecules in a solution, such as transition metal complexes
[78,79]. Hence, analysis of HNO decomposition as isolated might not reflect the pathway in
vivo and the kinetics could also change. More work is needed to investigate the details of
HNO yielding reactions in the presence of other molecules, such as transition metal
complexes [78,79].

HNO reactivities with some biologically relevant non-metal systems have also been
computationally investigated. As shown in Table 3, HNO reaction energies in both gas
phase and aqueous solution were reported for a good variety of nucleophiles [80]. These
results suggest that HNO is relatively inert towards oxygen-based nucleophiles (reactions 1
and 2). In contrast, the HNO reaction with amine is favorable in both gas phase and solution
(reaction 3), with the addition of thiol being particularly facile (reaction 4). As a matter of
fact, HNO was found to react with a number of thiols, including thiophenol, glutathione,
dithiothreitol, and cysteines in proteins [1].

Due to the biological significance of HNO reactions with thiols, a recent computational
investigation was performed on five different thiols, RSH with R=H, CH3, CF3, Ph, and
cysteine to specifically address issues of hydrophobicity of the environment, the availability
of a local base, and the identity of the thiol substituent on the HNO reactivities [81]. The
first step is the same for different R groups, from RSH to RSNHOH (similar to reaction 4),
which then undergoes two different reaction pathways, A and B, to form sulfonamide
(RSONH2) and disulfide (RSSR), respectively, as shown in Fig. 7. An interesting finding is
that the first putative intermediate N-hydroxysulfenamide (RSNHOH) should be protonated
under physiological conditions for R=H, CH3, Ph, and Cys. Both pathways were found to be
irreversible in aqueous solution, and thus the competition is controlled kinetically. As shown
in Table 4, electron-withdrawing groups were predicted to prefer the production of
sulfonamide via pathway A, while electron-donating groups shall help the formation of
disul-fide through pathway B. Based on this table, PhSH and Cys are most likely to yield
disulfide products, consistent with experimental observations [1,81].

Another important reaction relevant to HNO biological effects is its dimerization [1], which
may compete with HNO reactions with other biological targets [62]. The recent
redetermination [82] of the rate constant of 8×106M−1 s−1 is considerably smaller than the

Zhang Page 7

J Inorg Biochem. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



previous report of 2×109M−1 s−1, which indicates that HNO could react with some other
molecules prior to the dimerization of itself. The calculated dimerization reaction energy in
Table 3 suggests that the dimerization is strongly thermodynamically favored. But kinetic
details to the final product of N2O and H2O are quite complicated. Starting from a trans iso-
mer of hyponitrous acid (HONNOH) that is more stable than the cis isomer, four reaction
pathways were found to yield the same products in the gas phase, depending on the order of
two terminal hydrogen transfers from their respective nitrogen atom to the same oxygen
atom as well as the conformational alternatives for the transition states [83]. In addition to
quantum chemical calculations, ab initio dynamics calculations of the final step of each
pathway were also performed to verify the final production formation. However, very
recently, the HNO dimerization picture was modified with the information of solution
reaction details from DFT investigations [84]. As shown in Fig. 8, N2O formation was
suggested to come predominantly from the cis pathway under physiological conditions, with
the trans pathway being a minor one. The authors called for new isotope labeled experiments
to further test the mechanism. This is a good example to illustrate that HNO reaction details
can be different under different conditions.

A recent computational investigation of HNO with O2 in aqueous solution was focused on
the characterization of four possible intermediates via both hybrid quantum mechanics and
molecular mechanics (QM/MM) calculations and molecular dynamics simulations [85]. The
vibrational IR and Raman spectra were predicted for all the computed intermediate species
with suggestions for future experiments to discriminate them. However, full reaction details
remain to be elucidated.

Overall, it can be seen that mechanistic details in HNO reactions with biologically relevant
non-metal systems can be very complicated and computational investigations are helpful to
evaluate some possibilities. More computational investigations are needed to address not
only more individual HNO reactions, but also some combinations to help understand
situations closer to in vivo, as HNO can react with a number of biologically relevant systems
[1].

6. HNO reactions with metal complexes and metalloproteins
Theoretical mechanistic investigations have also provided interesting insights to help
understand how the HNO metal complexes can be synthesized [4,54,55,67] and what kind of
possible roles the HNO metal complexes play in a number of inorganic [4] and bioinorganic
[3,45,46,86,87] reactions.

Based on a DFT study [67], the stable two-electron reduction product of [Fe(CN)5(NO)]2−

was proposed to be [Fe(CN)5(HNO)]3−, since the protonation sites of the oxygen of NO or
axial or equatorial CN all lead to complexes with energies of ca. 21–26 kcal/mol higher.
This is in contrast with its one-electron reduction products, among which the protonation of
cyanides is more favorable than that of NO. Interestingly, this was confirmed recently in an
experimental work [57] and the [Fe(CN)5(HNO)]3− complex has been well characterized by
NMR and IR techniques, as well as other spectroscopies.

On another formation mechanism of HNO metal complex by the hydrogen addition to NO,
DFT calculations were used to evaluate two different hypothesized pathways from the
parent complex RuHCl(CO)(PiPr3)2 with NO [54,55]. In one reaction pathway, two of the
parent complexes react with each other to form the 1:1 ratio products: RuCl(HNO)(CO)
(PiPr3)2 and RuCl(NO)(CO)(PiPr3)2 (iPr=isopropyl), in which one serves as a H-atom donor
while the other is a H-atom acceptor. Although the predicted negative ΔG of −18.8 kcal/mol
using PMe3 as the model for PiPr3 may suggest that it could proceed in this way, the
transition state of having two such big metal complexes together would entail a large steric
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penalty. Alternatively, another pathway was proposed, with the parent complex first reacting
with NO to form RuHCl(NO)(CO)(PiPr3)2, followed by another NO attack to form the
products RuCl(NO)(CO)(PiPr3)2 and HNO (ΔG= −9.9 kcal/mol). After-wards, the HNO can
bind favorably with the five-coordinate parent complex to form the six-coordinate product
RuCl(HNO)(CO)(PiPr3)2 (ΔG=−21.2 kcal/mol). This avoids the high steric interaction of
the first hypothesis, and was therefore favored. Such kind of hydrogen addition to form
HNO metal complexes represents a new synthetic approach and has been demonstrated for
other systems, such as OsHCl(CO)(PiPr3)2, RuHCl(PPh3)3, RhH(porphyrin), IrHCl2(PR3)2,
and PtHClL2 [54,55].

Investigations of the HNO involvement in bioinorganic systems can be traced back to early
studies of biological denitrification processes in plants, bacteria, and fungi by nitrite and
nitric oxide reductases [2,3]. Computational investigations have been reported on
cytochrome P450 nitric oxide reductase (P450nor) [45,46,86,88–90]. The {Fe(HNO)}8

species was found to be a stable intermediate [45] in the catalytic cycle, formed from a
direct hydride transfer from NADH to the bound NO moiety [46,86], and it is more stable
than the O-protonated {Fe(HON)}8 complex by 26.2 kcal/mol [46] (see Fig. 9). The
preferable formation of HNO instead of HON was also confirmed in a more recent QM/MM
investigation [86]. This result together with previous calculations of MbHNO models [28]
and experimental X-ray structures of HNO metal complexes [47–49] consistently shows that
the metal prefers the binding of HNO isomer via the nitrogen atom. As shown in Fig. 9, this
species can then undergo another protonation to form an intermediate, which was believed
to be the one observed in the experiment [91] due to basicity of the intermediate
{Fe(HNO)}8 [46,66]. This idea may be further supported by the good accord between the
predicted Fe–N frequency (609 cm−1) in the doubly protonated {Fe(HNOH)}8 species and
the experimental observation (596 cm−1). However, the predicted Fe–N frequency of the
{Fe(HNO)}8 intermediate, 601 cm−1, is also close to the experimental value. Therefore,
future experimental work of NO vibrations is needed to provide a more decisive conclusion
as the predicted NO vibrational frequencies are quite different: 1386 cm−1 for {Fe(HNO)}8

and 952 cm−1 for {Fe(HNOH)}8.

As regards the possible involvement of HNO in the catalytic cycle of cytochrome c nitrite
reductase (ccNiR), a recent computational investigation provides some insights [87].
Because the overall six electron reduction of nitrite to ammonia in this enzyme is
complicated, this work is focused on the investigation of geometric and electronic structures
of possible intermediates in the catalytic cycle. In contrast with the direct hydride transfer to
form the stable {Fe(HNO)}8 intermediate in P450nor, in the case of ccNiR, this HNO bound
intermediate was proposed to be produced from two electron reduction steps and a
protonation step from the NO bound form [87]. One thing common in these two enzymatic
reactions is that the {Fe(NOH)}8 species is again of higher energy than the {Fe(HNO)}8

intermediate (by ~19 kcal/mol), and thus is ruled out. Comparing the proposed mechanisms
for P450nor and ccNiR [46,87], it can be seen that not only the formation processes of the
{Fe(HNO)}8 intermediate are different, but also the subsequent steps after the {Fe(HNO)}8

intermediate, due to distinctive products in these two enzymes. In ccNiR, the {Fe(HNO)}8

intermediate was proposed to follow two-electron reduction and two protonation steps to
yield the bound hydroxylamine species (NH2OH). After another two-electron reduction and
two protonation steps, NH2OH is converted to the final products NH3 and H2O.

These mechanistic results suggest that the HNO intermediate could be an important species
in NOx metabolism. However, as described above, not all the species or reaction details of
the proposed pathways have been investigated, so more computational work is still needed
to provide the whole reaction picture to compare with experimental results in order to finally
establish the mechanisms.
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Apart from the above theoretical bioinorganic studies in which HNO is involved as an
intermediate, computational investigations of the coordination of a typical HNO donor and
metalloporphyrins were also reported [78,79]. This is of interest in the field of HNO
trapping and characterization. Since both HNO and NO are of vital importance in
biomedical sciences, chemical agents that can distinguish them and thus help differentiate
their biological effect would be very helpful. Recently, several metalloporphyrins have been
found to have distinctive reactions with HNO and NO [78,79]. For instance, two
manganese(III) porphyrinates can react with HNO in a fast, effi-cient, and selective manner,
producing reduced {MnNO}7 complexes, while their reactions with NO are inert or very
slow [78]. This kind of reductive nitrosylation was also observed before in heme proteins
and ferric porphyrins [1]. More detailed analyses suggest two possible reaction pathways
[78,79]: one is that the HNO donor directly delivers HNO to the oxidized metal center and
initiate the reductive nitrosylation, and the other route involves catalytic decomposition of
the HNO donor via the coordination to metalloporphyrin. The second mechanism is different
from the traditional one (the first one) and offers increased reaction rates. The putative
intermediate of the coordination of a typical HNO donor, Angeli's salt, to the metal center,
was investigated computationally and found to be a stable species in the potential energy
surface [78,79]. Interestingly, the energy costs of the bond dissociation leading to the
products in the metal-coordinated AS are significantly lower than that in free AS, supporting
a catalytic decomposition due to metal coordination [78,79]. However, to fully characterize
these mechanisms, more calculations are to be done, which may help future design of more
efficient HNO trapping agents.

7. Conclusions
HNO is a very interesting molecule in chemistry and plays significant roles in many
biological processes. However, atomic level structural and functional details of HNO
interactions with biological systems are largely unknown. Computational investigations
have been employed to help understand the structural, spectroscopic, and mechanistic
properties of HNO and its complexes in some interesting biologically relevant systems. Prior
computational investigations of HNO potential energy surfaces show that the HNO isomer is
the global minimum, in both ground and excited states, and the big energy difference
between HNO and HON suggests that HNO is the most relevant chemical structure under
physiological conditions. Computational studies of HNO complexes with various kinds of
non-metal molecules indicate that the interaction is of non-covalent or electrostatic nature
and the most preferable interaction mode involves the participation of both terminal H and O
atoms of HNO. In contrast, the preferable interaction mode between HNO and a metal
center was found to be through the coordination of central N atom in HNO, which is
consistent with existing X-ray structures of HNO metal complexes. The HON metal
complexes were found to be always of much higher energies than their corresponding HNO
metal complexes, which rules out the possible involvement of HON in stable
metalloproteins and metal complexes. A recent computational investigation revealed some
general HNO binding trends with respect to metal's electronic configuration, position in the
periodic table, and oxidation state, and the electronic origin. Computational studies have
also assisted in the understanding of experimental spectroscopic data in both heme and non-
heme HNO complexes, and the discovery of a unique HNO binding mode in the first stable
HNO protein complex—MbHNO. HNO is known to be involved in various kinds of
chemical reactions. But mechanistic details are usually complicated and quantum chemical
calculations have provided useful information to help us understand experimental
reactivities, such as experimental pH dependent production of HNO and NO from some
HNO donors, HNO reactivities with various nucleophiles, particularly biologically relevant
thiols, and HNO dimerization. Theoretical investigations have also provided interesting
insights to help us understand how the HNO metal complexes can be synthesized and what
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kind of roles the HNO metal complexes play in a number of bioinorganic reactions. These
results build an important basis for future work. It is anticipated that more computational
investigations will come out to help investigate the HNO binding in biological systems and
the mechanistic details of HNO involvement and function in regulating biological targets
including both minimum energy states and transition states to address thermodynamic and
kinetic issues. More interplay between experimental and computational studies will greatly
facilitate our understanding of HNO biological effects and aid future pharmaceutical work
that takes advantage of unique HNO biological functions.
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Abbreviations

AIM atoms-in-molecules

AS Angeli's salt

CASSCF complete active space self-consistent field

ccNiR cytochrome c nitrite reductase

DFT density functional theory

QM/MM quantum mechanics and molecular mechanics

Im imidazole

M metal

Mb myoglobin

5-MeIm 5-methylimidazole

P450nor cytochrome P450 nitric oxide reductase

Por porphyrinate

TS transition state

SOD superoxide dismutase
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Fig. 1.
Stable isomers and the transition states. Energies are from Refs. [21,22].
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Fig. 2.
Most stable isomers of non-metal HNO complexes. A) HNO·HNO; B) HNO·FCHO; C)
HNO·HFSO2; D) HNO·CH3CHO; E) HNO·CH3F; F) HNO·HCONH2; G) HNO·C2H2; H)
HNO·HArF; I) HNO·O3. Atom color scheme: N—blue, O—red, C—cyan, F—green, S—
orange, Ar—brown, H—gray. Interactions between HNO and the partner are highlight- ed
as dashed lines.
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Fig. 3.
[Fe(Por)(Im)(HNO)] isomers. Energy values (in parentheses) are in kJ/mol from B3LYP/6–
31G(d) calculations, bond lengths are in Angstroms, and bond angles are in degrees. Atom
color scheme: N—blue, O—red, C—green, H—white.
From Ref. [28].
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Fig. 4.
Binding Gibbs free energies (unit: kcal/mol).
From Ref. [61].
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Fig. 5.
Active site structures of two MbHNO isomers.
From Ref. [60].

Zhang Page 19

J Inorg Biochem. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
HNO and NO production from Angeli's salt.
From Ref. [25].
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Fig. 7.
Reaction pathways for HNO reactions with thiols.
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Fig. 8.
HNO dimerization mechanism. Numbers in parentheses represent pKa values or pK values
in case of isomerization reactions. The species marked with frames are unstable with respect
to decomposition yielding nitrous oxide.
Modified from Ref. [84].
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Fig. 9.
The recently proposed P450nor mechanism.
Modified from Ref. [46].
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Table 3

HNO reaction energies (unit: kcal/mol) [80].

No. Reaction ΔE (gas) ΔE (H2O)

1 HNO+H2O→NH(OH)2 7.6 8.0

2 HNO+CH3OH→NH(OH)(OCH3) 3.0 2.6

3 HNO+CH3NH2→NH(OH)(NHCH3) −9.2 −10.0

4 HNO+CH3SH→NH(OH)(SCH3) −20.8 −17.5

5 HNO+HNO→NH(OH)(NO) −37.4 −40.0

6 HNO+3NO− →NH(NO)O− −50.3 −39.6
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Table 4

Gibbs free energy barriers in HNO reactions with RSH [81].

R 3G≠(kcal/mol) 3G≠(kcal/mol)

pathway A pathway B

H 22.2 26.0

CH3 19.8 13.6

CF3 11.8 34.7

Ph 24.9 15.1

Cys 23.0 ~10
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