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1 Introduction

The nitric oxide (NO) compound is one of the ten smallest
stable molecules in nature.! The most important features of
NO comprise: small size; uncharged; and holds an unpaired
electron. The first two characteristics ensure to NO a high and
constant diffusion, allowing it to travel long distances in an
extremely short time.2 On the other hand, the presence of an

unpaired electron
reactivity.3

Many years ago, NO molecule was merely associated with

is essential
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The nitric oxide (NO) molecule is related to a large number of biological routes. Thus, there is an increased interest in
improving the understanding of the NO release mechanisms. One of the traditional NO release ways involves, for example:
i) [Ru(NO)(NHs)s)** + e~ = [Ru(NO)(NHs)s)*; and ii) [Ru(NO)(NHs)s]?* + H,O = [Ru(H20)(NHs)s]?* + NO, chemical reactions.
Another possibility concerns to the light irradiation: iii) [Ru(NO)(NHs)s)3* + H20 + hv = [Ru(H20)(NH3)s]** + NO, aided by the
Ru(dx) = 1°(NO) electronic transition, which decreases the n back—donation process in the Ru-NO chemical bond. The
influence of the acid environment in which these chemical reactions typically occur experimentally has been explored in:
iv) [Ru(NO)(NHs)s]?* + H30* > [Ru(HNO)(NHs)s]3* + H,0; and v) [Ru(HNO)(NHs)s]** + H20 > [Ru(H20)(NHs)s]>* + HNO,
reactions. The reaction v), supported by eight explicit water molecules, was the most propitious to occur. The HNO charge
obtained from atomic polar tensor scheme is close to zero. The Quantum Theory of Atoms in Molecules and Non—Covalent
Interactions methods unravel that the HNO leaving group interacts with two water molecules through partially covalent or
ionic chemical bonds. The HNO->NO conversion after the release from ruthenium molecules is thermodynamically
feasible. The electronic spectrum of the structure [Ru(HNO)(NHs)s]3* has, unlike the [Ru(NO)(NHs)s]>* molecule, the Ru(dx)
- 1’(NO) transition with an appropriate absorbance. Therefore, the proton increases the capability of ruthenium
complexes to release nitric oxide after chemical reduction reaction or of the light supported chemical reaction.

different phenomena of atmospheric pollution, such as, the
greenhouse effect, acid rain, and the destruction of the ozone
layer.* However, along of the years, have
discovered that the NO molecule is also involved in numerous
physiological and physiopathological routes as, for instance,
acting as a biological messenger, showing crucial roles in
neurotransmission, and also being fundamental in the learning
and memorization processes.>8

From the fact that the nitric oxide can be dangerous or
beneficial, depending on its concentration and availability,?
compounds with the ability to donor or scavenger NO from
biological environments are of great interest. It is important to
highlight that Ru—NO coordination compounds containing
ammine ligands have been extensively used as experimental

researchers

to control its chemical
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and theoretical models to investigate the release of NO
group.10-13

Different ways can be used to control the lability of the Ru—
NO chemical bond in coordination compounds.!* The release
of the nitric oxide is usually proposed to occur in different
steps, involving the chemical reduction of NO* to NOY,
followed by a substitution reaction of NO° in the coordination
sphere by a water molecule (Scheme 1(a and b)).
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Scheme 1 Representation of the main NO release mechanisms from typical ruthenium(ll) compounds through ligand substitution reaction H,0 > NO after the:
reduction reaction (a and b); and light irradiation (c). Proposed mechanism to NO release through: protonation of the [Ru(NO)(NH3)s]?* reduced complex (d, e, g and

h); and light irradiation (f—h) of the [Ru(HNO)(NH3);5]3* molecule.

However, when L = ClI-, the substitution of this ligand by
H,O occurs before the substitution reaction of the NO ligand
by water.’> Another way suggested to promote the NO
substitution by H,O involves the light irradiation in the A = 300
— 600 nm spectrum domain (Scheme 1(c)).1617 However, both
mechanisms were recently contested in the literature where
theoretical and experimental investigations showed that the
nitric oxide release not occurs from only a reduction reaction
or a light assisted chemical reaction.181?

Due to the continuous interest involved in elucidating the
study of Ru—NO complexes,2%-22 in this paper we propose NO
release mechanisms from one typical Ru—NO coordination
compound: [Ru(ll)(NO*)(NHs)s]3*. Here, the fact that the typical
chemical reactions for NO release occurs in acid environments
is taken into account.’> The importance of the reactional
details can be observed in the recent investigation performed
in the catalytic reaction of the N,O hydrogenation (to produce
N2 and H,0 molecules) from DFT calculations, which show that
one H;0 molecule develops an essential role to decrease the
energy barrier for the N, liberation.2324 Thus, the typical
reaction profile (Scheme 1(a and b)) will be compared with the
proposed in this paper (Scheme 1(a, d, e, g and h)) with the

objective to explain how the H3O* cation influence in both
thermodynamic and kinetic descriptions. Furthermore, the
light irradiation relevance is explored in the NO release
mechanism proposed in this paper (Scheme 1(a, d and f-h)).
The importance of the number of explicit water molecules
around the [Ru(HNO)(NHs)s]3* + n H,0 = [Ru(H,0)(NHs)s]3* +
HNO + n—1 H,0 chemical reaction (Scheme 1(e and f)),ton=1
and 9, is also explored. The distribution of partial electronic
charges is computed via the atomic polar tensor (APT)
formalism. The density electron topological analysis is
performed in the light of Quantum Theory of Atoms in
Molecules (QTAIM) and Non—Covalent Interactions (NCI)
methodologies with the purpose of further rationalizing the
mechanisms proposed in this study.

2 Computational Methods
2.1 Computational Details

The geometry of all studied compounds was optimized without
restraints, and the vibrational frequencies were calculated
from the PBE0%>27 method along with the Def2TZV basis
set.2829 Vibrational analyses for all optimized geometries
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validate that they are all energy minima (without imaginary
frequencies) and transition states (one imaginary frequency
related the NO release displacement) at the level of theory
applied here. NO release was modeled using potential energy
surface scanning, and the transition states were obtained
using the QST2 method.3° The Intrinsic Reaction Coordinate
(IRC) method was also used to confirm the transition state
structures. An energy threshold of 1078 a.u was used for self-
consistency, whereas for geometry optimizations, the
Root-Mean-Square (RMS) force criterion was set to 31074 a.u.
The wavefunction of the compounds in investigation were
determined from PBEO/Def2TZVP28 computational model. The
electronic energy (AE) and entropy (AS) were calculated from
PBEO-D3(BJ)31/Def2TZVP computational model and used as
base to describe the reaction profiles. The electronic spectrum
was obtained from TD-PBEO/Def2TZVP computational
approaches. The water solvation was considered from the
Polarizable Continuum Model (PCM) using the integral
equation formalism variant (IEFPCM).32 The distribution of
partial electronic charges was calculated from the atomic polar
tensor (APT) method.33 These calculations were performed
from Gaussian 16 Revision A.03 software.3* The topological
analysis of the electron density was executed from the
Quantum Theory of Atoms in Molecules (QTAIM) method
through the AIMAIl (Version 17.01.25) software.3®> NCI
analysis36 was carried out with NCIPLOT.37

2.2 Quantum Theory of Atoms in Molecules

The interpretation of V2py, is obtained from the Virial theorem
of the total electron density. In this theorem, the kinetic
energy Gp (positive values) and potential V, (negative values)
are correlated (Equation 1).

1/4V2%p, = 2G, +V, (1)

The —Gp/Vyp ratio is also used as an efficient topological
descriptor. One value of —Gp/V}p, > 1.0 represents non—covalent
interactions. Values of —Gp/Vp, between 0.5 and 1.0 are related
with partially covalent interactions. Lastly, —Gp/V,, values lower
than 0.5 indicate covalent bonds.38:3°

3 Results and Discussion

The geometric parameters obtained from geometry
optimization of the complex [Ru(NO)(NHs)s]3*, explicitly
solvated with one H,O molecule, [Ru(NO)(NHs)s]3* + H,O,
through PBEO/Def2TZV computational model with PCM(H,0)
solvation, are summarized in the Supplementary Material
(Tables S1 and S2). The calculated results show close values to
the experimental values obtained from X-ray diffraction.?? It
supports the accuracy of the computational model chosen to
investigate these coordination compounds.

Initially, the reduction chemical reaction: [Ru(NO)(NH3)s]3+
+ e~ + H0 2 [Ru(NO)(NH3)s]2* + H,0 shows a decrease of the
electronic energy (AE) equal to —79.97 kcal mol-1, attesting to
thermodynamically favorable nature. The analysis of the

This journal is © The Royal Society of Chemistry 20xx

reaction profile of the [Ru(NO)(NHs)s]** + H,O >
[Ru(H20)(NH3)s]%* + NO chemical reaction shows that from the
reactants, [Ru(NO)(NHz)s]** + H>O, to the products,
[Ru(H20)(NH3)s]2* + NO, there is one transition state,
[Ru(H20)(NO)(NHs3)s]?* (Scheme 2). Thus, for this reaction to
occur it is necessary that the ruthenium atom interacts with
the H,O molecule leading to a heptacoordinate compound. A
hydrogen atom from H,0 is positioned directed to NO nitrogen
atom enabling an HOH--NO hydrogen bond interaction, driven
by the fact that the nitrogen atom of NO has an unpaired
electron.*! In the last step, the Ru—H,0 chemical bond adopts a
linear configuration (NHs)tans—RUu—H20, while keeping the
HOH--NO hydrogen bond at this extend. However, the reaction
profiles indicate, in the first place, that the [Ru(NO)(NH3)s]?* +
H,O - [Ru(H20)(NHs)s]?* + NO chemical reaction is not
thermodynamically favorable because there is an increase in
electronic energy from the reactants to the products (31.37
kcal mol1). Furthermore, the significantly high value*? of the
energy barrier present between [Ru(NO)(NHs)s]?* + H,O and
[Ru(H20)(NO)(NHs)s]2* (45.95 kcal mol=1) also points out in the
proposed chemical reaction
temperature.

Thus, as the traditional mechanism proposed for NO
release showed an energetic profile that does not agree with
the experimental evidence, herein we propose an alternative
mechanism to elucidate how the nitric oxide can be available
from ruthenium coordination compounds. For this purpose,
the fact that the [Ru(NO)(NH3)s]?* + H,O = [Ru(H20)(NH3)s]2* +
NO chemical reaction occurs in acid environment will be
considered in the first place. The [Ru(NO)(NH3)s]?* + H;0* >
[Ru(HNO)(NHs)s]3* + H,0 reaction leads to an electronic energy
difference between the products and reactants of 10.10 kcal
mol1, being thermodynamically accessible this first step.

At the second step, [Ru(HNO)(NHs3)s]3* + H,O >
[Ru(H20)(NHs)s]3* + HNO, the process is thermodynamically
unfavorable (21.59 kcal mol), however, in a lower energy
magnitude than that observed from [Ru(NO)(NH3)s]2* + H,0 to
[Ru(H20)(NHs)s]2* + NO (31.37 kcal mol1). In addition, the
reactants composed by [Ru(HNO)(NHs)s]3* + H,O structure
shows that the oxygen atom from the water forms two
hydrogen bonds (Scheme 2). The first one occurs with one NH3
ligand: H,O-'NHs3, and the second one with the HNO ligand:
H,O-~HNO. This second hydrogen bond keeps the H,O
molecule closer to HNO group than it was to the NO group in
[Ru(NO)(NH3)s]?* + H,0. Consequently, from [Ru(HNO)(NH3)s]3*
+ H,0 to the transition state [Ru(HNO)(H,O)(NHs)s]3* the
energy barrier found is lower than the one showed by the
traditional NO release mechanism (it does down from 45.95 to
31.80 kcal mol1). Lastly, from [Ru(HNO)(H,O)(NHs)s]3* to
[Ru(H20)(NHs)s]3* + HNO the H,O adopts a linear geometry
with Ru and the NHs trans ligand, while the distance between
the HNO group and the metal complex increases. It should be
noted that the [Ru(HNO)(NH3)s]3* + H,O0,
[Ru(HNO)(H20)(NHs)s]3* and [Ru(H20)(NHs)s]3* + HNO energy
values are lower than [Ru(NO)(NHz3)s]2* +  H,0,
[Ru(H20)(NO)(NH3)s]**  and  [Ru(HO)(NH3)s]* +  NO,
respectively (Table S3).

being excessively low in

J. Name., 2013, 00, 1-3 | 3
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Scheme 2 Energy surface for the: (a) [Ru(NO)(NHs)s]%* + H,O = [Ru(H;0)(NHs)s]?* + NO; (b) [Ru(HNO)(NH3)s]3>* + H,O = [Ru(H,0)(NHs)s]3* + HNO; and (c)
[RU(HNO)(NH3)s]3* + 9H,0 = [Ru(H,0)(NHs)s]3* + HNO + 8H,0, chemical reactions. Color code: hydrogen — white; oxygen — red; nitrogen — blue; ruthenium — green.
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To study the relevance of the water molecules around of
the coordination compounds in [Ru(HNO)(NH3)s]3* + H,0,
[RU(HNO)(H20)(NH3)s]3* and  [Ru(H20)(NH3)s]3* + HNO
structures, the same reaction mechanism was studied
considering now eight extra water molecules around the
compounds: [RU(HNO)(NH3)s]3* + 9H,0 >
[RU(HNO)(H>0)(NH3)s]3* + 8H,0 = [Ru(H,0)(NHs)s]3* + HNO +
8H,0 (Scheme 2). The energetic profile is different to the one
showed in [Ru(HNO)(NHs)s]3* + H,O = [Ru(HNO)(H20)(NHs)s]3*
- [Ru(H20)(NH3)s]** + HNO. The AE value from
[RU(HNO)(NH3)s]3* + 9H,0 to [Ru(H20)(NHs)s]3* + HNO + 8H,0
(-4.57 kcal mol™l) is lower than the one present in
[RU(HNO)(NH3)s]3* + H20 > [Ru(H20)(NHs)s]3* + HNO (21.59
kcal mol-1), and now thermodynamically favorable. Next, the
calculation shows the stabilization by solvation. Indeed,
[RU(HNO)(NH3)s]3* + 9H,0, [Ru(HNO)(H>0)(NHs)s]3* + 8H,0 and
[Ru(H20)(NHs)s]3* + HNO + 8H,0 structures have lower energy
than [Ru(HNO)(NH3z)s]3* + H,0, [Ru(HNO)(H,0)(NHs)s]** and
[Ru(H20)(NHs)s]3* + HNO, respectively (Table S3). The most
important point is that there is a significantly lower energetic
barrier between [Ru(HNO)(NH3)s]3* + 9H,0 and
[Ru(HNO)(H20)(NH3)s]3* + 8H,0 (4.99 kcal mol™) than in
[RU(HNO)(NH3)s]3* + H20 = [Ru(HNO)(H20)(NHs)s]>* (31.80
kcal mol™), in agreement with the Ru—H,O chemical bond
formation and Ru—HNO bond breaking processes occur earlier
in [Ru(HNO)(NH3)s]3* + 9H>0 = [Ru(HNO)(H,O)(NH3)s]3* +
8H,0 > [Ru(H:0)(NHs3)s]>* + HNO + 8H,O than in
[RU(HNO)(NH3)s]3* + H,O = [Ru(HNO)(H20)(NHs)s]>* >
[Ru(H20)(NH3)s]3* + HNO. In [Ru(HNO)(H,0)(NHs)s]3* + 8H,O
compound, the H,O ligand already shows an almost linear
configuration with Ru and NHs trans ligand, while that in
[Ru(HNO)(H20)(NHs)s]3* it is not visualized.

The results related the addition of water molecules also are
supported by the increase of the entropy change (AS) from
[RU(HNO)(NH3)s]3* + H20 = [Ru(H20)(NHs)s]>* + HNO to
[RU(HNO)(NH3)s]3* + 9H,0 > [Ru(H20)(NHs)s]3* + HNO + 8H,0
(3.11 and 21.18 cal mol! K1, respectively). In the reaction with
one water molecule, the AS value (—1.24 cal mol? K1) of first
step: [RU(HNO)(NHs)s]3* + H,O > [Ru(HNO)(H20)(NHs)s]3*, is
compensated by the AS value (4.36 cal mol! K1) in the second
step: [Ru(HNO)(H20)(NHs)s]3* > [Ru(H20)(NHs)s]3* + HNO.
However, in the reaction with nine water molecules, the both
steps: [RU(HNO)(NH3)s]3* + 9H,0 = [Ru(HNO)(H20)(NH3)s]3+ +
8H,0 and [Ru(HNO)(H20)(NHs)s]3* + 8H,0 > [Ru(H20)(NH3)s]3*
+ HNO + 8H;0, respectively, contribute to increase the AS
value (15.89 and 5.29 cal mol! K1, respectively).

The charges obtained from atomic polar tensor (APT) for
the [Ru(H20)(NH3z)s]3* + HNO + 8H,0 structure show that the
HNO group has total charge close to zero (guno = 0.019 a.u.),

while that the [Ru(H,O)(NHs)s]3* complex and the remaining
8H,0 molecules is 3.441 and —0.460 a.u., respectively. In the
[Ru(H20)(NHs)s]3* coordination compound, the ruthenium
atom appears with an atomic charge equal to 1.741 a.u., the
NHs ligands show total charges in a range from 0.292 to 0.382
a.u., and the H,0 ligand has a charge value equivalent to 0.121
a.u. The eight non—bonded water molecules show an average
total charge of —0.058 a.u. These results show that the
solvation waters are able to accept a small amount of charges.
Furthermore, the HNO ligand go out from the complex in its
radical state while the ruthenium appears as Ru(ll).

QTAIM analysis of the transition state:
[Ru(HNO)(H20)(NHs)s]** + 8H,0 shows that there are several
Bond Critical Points (BCPs) between the leaving group HNO
and two solvation water molecules. (Figure 1(a) and Table S4).

Fig. 1 (a) Topological map containing the bond paths (continuous or dashed lines
connecting the cores), and bond critical points (green points) of the
[Ru(HNO)(H,0)(NH3)s]>* + 8H,0 complex; and (b) NCI for [Ru(H,0)(NH3)s]3* + HNO
+ 8H,0 system with relevant hydrogen bonds highlighted with blue cases.
[Ru(HNO)(H,0)(NH3)s]3* + 8H,0 and [Ru(H;0)(NH3)s]3* + HNO + 8H,0 are without
the five and six water molecules non—bonded to the HNO fragment or the Ru
metal, respectively, to facilitate the visualization of the interactions involving the
leaving group: HNO, and the atoms colors are: white — hydrogen; red — oxygen;
blue — nitrogen; green — ruthenium.
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Fig. 2 Electronic absorption spectra of the [Ru(HNO)(NH3)s]3* + H,0 (red line) and [Ru(HNO)(NH;)s]3* + 9H,0 (blue line) with the transition, from HOMO-2 = to LUMO+1, in both
the bands close to 300 nm. The isovalue used to represent the molecular orbitals is 0.060 a.u and the atoms colors are: white — hydrogen; red — oxygen; blue — nitrogen; green —

ruthenium.

For the BCPs related to the HNO--H,O and H,0--HNO
interactions, the -G,/V, values (1.078 and 0.792 a.u.,
respectively) and V2p, positive values (0.088 and 0.131 a.u.,
respectively) point out that these hydrogen bonds are strong
(in the limit between covalency and closed shell). Furthermore,
the electron density, pp, in the HNO--H,0 BCP is lower than the
H,O-+HNO one (0.024 and 0.055 a.u., respectively). Non—
Covalent Interactions (NCI) results indicate for the
[Ru(H20)(NH3)s]3* + HNO + 8H,0 system interactions between
the leaving group HNO and two water molecules, non—bonded
to the metal (Figure 1(b)). Typically, the NO compound has a
larger capability to participate of m orbital interactions than
other small gas molecules, such as, CO; and CO.43

The HNO conversion to NO is usually associated with the
oxidation of metalloproteins, such as the superoxide
dismutase (SOD),** and related copper coordination
compounds.?> In these compounds the HNO seems to be
capable of reducing Cu(ll) to Cu(l). The AE value for the
[Ru(H20)(NH3)s5]3* + HNO = [Ru(H20)(NHs)s]2* + HNO* chemical
reaction is 41.52 kcal mol-l. Nevertheless, the AE value for
HNO* + H,0 = H30* + NO is —37.65 kcal mol-%. Hence, the HNO
conversion to NO after the release from the ruthenium
ammine coordination compounds is plausible to occur.

The NO release mechanism involving light irradiation is
supported mainly by the electronic transition: Ru(dy) = n* NO.

It decreases the 1 back—donation process present in the Ru—
NO bond, which is the key element for retaining the Ru—NO

interaction.2! Hence, this radiation facilitates the NO
substitution reaction, [Ru(NO)(NHs3)s]3* + H.O + hv >
[Ru(H20)(NH3)s]** + NO. Nevertheless, experimental and

theoretical evidences show that the Ru(dy) = " NO transition
in the [Ru(NO)(NHs)s]3* compound,*64’ appears in the
spectrum range between 390 — 480 nm with low absorption
coefficient.

As an alternative mechanism, the light irradiation of the
products created from: i) [Ru(NO)(NH3)s]3* + e -
[Ru(NO)(NH3)s]?*; and i) [Ru(NO)(NHs3)s]** + H30* ->
[RU(HNO)(NHs)s]3* + H,0, with one or nine water molecules
around the complex: [Ru(HNO)(NHs3)s]3* + H,O and
[RU(HNO)(NHs)s]3* + 9H,0, respectively, are expected to
produce a more efficient route to NO release. This can be
visualized from their electronic spectra (Figure 2). The most
important electronic transition in [Ru(HNO)(NH3)s]3* + H,0 and
[Ru(HNO)(NH3)s]3* + 9H,0 to facilitate the NO release is the
HOMO-2 [Ru(dr)] = LUMO+1 (rt* HNO), which occurs in a
range close to the visible region (~ 300 nm) with a good
absorbance.
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Conclusions

Therefore, we have analyzed the traditional nitric oxide
release  mechanism: i) [Ru(NO)(NH3)s]3* + e —>
[RU(NO)(NHs)s]?*; and ii) [Ru(NO)(NHs3)s]1** + HO >
[Ru(H20)(NHs)s]?* + NO and the energetic profile between the
reactants and products has a transition state that is
thermodynamically and kinetically unlikely to happen.

Thus, an improved mechanism was proposed for the ligand
substitution reaction involving the protonation of the
[Ru(NO)(NH3s)s]?* reduced species: i) [Ru(NO)(NH3)s]%* + H3O*
- [Ru(HNO)(NHs)s]3* + H,0; and ii) [Ru(HNO)(NHs)s]3* + H,0
- [Ru(H20)(NHs)s]3* + HNO, which also shows one transition
state. The addition of eight explicit water molecules shows
conformations more promising to release the HNO group in
relation to the another mechanisms investigated above.

The QTAIM method shows the existence of interactions
between the leaving group HNO and two water molecules,
non—bonded to ruthenium. The HNO conversion route to NO
after  the release  from Ru—-NHs;  complexes is
thermodynamically accessible, [Ru(H,O)(NHs)s]3* + HNO >
[Ru(H20)(NHs)s5]?* + HNO* (41.56 kcal mol) and HNO* + H,0
- H30* + NO (—37.30 kcal mol-1).

The light irradiation of the [Ru(HNO)(NHs)s]3* structure
showed the Ru(d;) = m"(HNO) transition with an applicable
absorbance and present in a region close to visible range (~
300 nm). Thus, this light supported mechanism can be used to
favor the kinetics of the reaction pathway: [Ru(HNO)(NHs)s]3* +
H>0 > [Ru(H20)(NHs)s]3* + HNO.
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