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Elucidation of the electronic structure of a dinitrosyl dithiolate ruthenium complex in several formal
oxidation states ranging from Ru(I) to Ru(Ill) has been undertaken. DFT and ab initio molecular
dynamics simulations have shown clear evidence of asymmetry within the dinitrosyl moieties in all
models though most noticeably in the excited states. The reaction pathway of a hyponitrite adduct
formation was also examined and found to be more feasible in the excited states. These results,
along with the recently reported study on the dinitrosyl dithiolate iron analog of these complexes,
provide insight toward the mechanism of NO donation by dinitrosyl metal complexes.
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1. Introduction

Due to the important role that NO plays in various biological processes [1-12], a consider-
able amount of research has been generated on NO donation activities of various nitrosyl
metal complexes with nitrosyl iron complexes holding the biggest share [13-26]. The abil-
ity of dinitrosyl iron complexes with thiol containing ligands to act as NO donors as well
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as their strong pharmacological potential has been reviewed [27]. Ruthenium-based nitrosyl
complexes have gained attention recently, as they were also found to be promising NO
carriers [28-54]; a recent detailed account on the biological activities of ruthenium nitrosyl
complexes is available [55].

Ruthenium dinitrosyl complexes received less attention than mononitrosyl ones.
Among the reported complexes are the synthesized and structurally characterized {Ru
(NO),}'* (by Enemark and Feltham notation; formally Ru(0)) four-coordinate complexes
containing two triphenylphosphine ligands [56, 57] and the {Ru(NO),}® (formally Ru(II))
five-coordinate complexes containing two triphenylphosphines (or other phosphines) and
one chloride [58-60]. It was believed earlier that, in the latter case, NO moieties only
occupy linear and bent orientations as indicated by X-ray crystallography [59, 60],
implying the existence of NO* and 'NO™ ligands dynamically interconverting [60]. How-
ever, recent studies have revealed the existence of additional isomers exhibiting more
symmetric structures [58]. Additionally, a dinitrosyl Ru adduct was detected in the path-
way of [Ru(porphyrin)(NO)(NO,)] as reported by Ford and coworkers [61]. While there
is no experimental evidence suggesting the dimerization of NO ligands within Ru dinitro-
syls [57] giving hyponitrite adducts, these adducts were observed in binuclear Ru nitro-
syls with NO moieties attached to neighboring metal centers [62]. Hence, this point
needs further clarification.

We recently reported a theoretical investigation on a dinitrosyl dithiolate iron complex
with iron oxidation states ranging from Fe(0) to Fe(Ill). Results obtained from DFT,
MC-CASSCEF as well as ab initio molecular dynamics (AIMD) simulations revealed stark
asymmetry between the NO ligands within each complex in all oxidation states [63]. Like-
wise, asymmetrical behavior of the dinitrosyl moieties was also noticeable in reaction path-
ways leading to formation of hyponitrite adduct. We concluded that this asymmetry could
hold the key to the mechanism of NO donation by DNICs [63].

Thus, elucidation of the electronic structure as well as the isomerism within dinitrosyl
ruthenium complexes is essential. No attempts have been made to solve the electronic struc-
ture of dinitrosyl ruthenium complexes with thiol containing ligands. In this study, we fol-
low the same strategy of our previous report on DNICs: we carry out a theoretical
investigation on a dithiolate dinitrosyl ruthenium complex, depicted in figure 1, by employ-
ing DFT and AIMD simulations on several formal oxidation states of ruthenium ranging
from Ru(I) to Ru(Ill) and, in addition, we explore the reaction pathways leading to the
formation of a hyponitrite moiety within each complex; along our line of discussion we
compare the results obtained in this report with our previous work on iron analogs of these
models [63]. The results obtained provide insight toward the mechanism of NO donation by
dinitrosyl ruthenium complexes.
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Figure 1. Schematic representation of the dinitrosyl dithiolate ruthenium complex investigated in this study.



Downloaded by [Mizoram University] at 14:38 28 December 2015

Ruthenium dinitrosyl complexes 2411

2. Models and theoretical methods

The structure investigated in this study is a mononuclear dinitrosyl dithiolate ruthenium
complex. Ru(I), Ru(Il), and Ru(Ill) oxidation states were taken into consideration, thus
three models, [Ru(SCH;),(NO),]~, [Ru(SCH;),(NO),]°, and [Ru(SCH;),(NO),]" were
investigated. The total charge of each model was adjusted taking into account the anionic
character of thiolate, the neutral nitric oxide, and the proper charge of ruthenium
corresponding to its oxidation state.

Structure optimizations at the DFT level of theory were performed using the Gaussian 09
software package [64] with GaussView [65] as front end. The meta GGA DFT functional
MO06-L [66] was utilized in all calculations. We point out that the M06-L functional has
been designed to include medium-range electron correlation effects (dispersion effects), and
has been specifically recommended for transition metal containing systems; M06-L offered
the best agreement of several tested functionals compared to large multireference calcula-
tions, and several benchmark studies have confirmed its excellent accuracy [67—73]. The
SDD (Stuttgart/Dresden effective core potential) basis set [74] was applied for ruthenium,
while the triple zeta 6-311+G(d,p) basis set was employed for the rest of the atoms. Unless
otherwise stated, all optimizations were carried out using the unrestricted formalism, wave
function stability tests were carried out to confirm the energetic minimum, and vibrational
analyses were performed for each structure to ensure the absence of imaginary frequencies.
Computed geometric parameters, Mulliken atomic spin densities, Mulliken atomic charges,
and relative energies for all models were summarized. Hirshfeld population is also reported
and can be viewed in the supporting information. Solvation calculations in water were per-
formed by employing the Conductor-like Polarizable Continuum Model [75] as imple-
mented in Gaussian 09. Potential energy surfaces (PES) of N-N bond formation were
calculated for the ground state and excited state of each model using the coordinate driving
functions within the Gaussian 09 software package. The N-N bond length was systemati-
cally decreased by 0.2 A and the structure was optimized with a fixed N-N bond length
after each step down to an N-N interatomic distance of 1.45 A. AIMD simulations were
performed using the extended Lagrangian approach with the atom centered density matrix
propagation model [76] utilizing the same DFT functional and basis sets. AIMD calcula-
tions were run at room temperature, with converged SCF result at each point and a time
step of 1 fs. Structure visualizations were performed using the XYZviewer visualization
program [77].

3. Results and discussion

3.1. Ground states versus excited states in dinitrosyl ruthenium models

Optimized structures of all ruthenium models have shown a preference for the tetrahedral
structural conformation with distortions most noticeable in the high-spin states — results that
are in agreement with those obtained from the iron analogs of these complexes [63].

As illustrated in tables 1 and 2 and depicted in figure 2, the neutral model, i.e. [Ru
(SCH;),(NO),]° with the formal Ru(Il) oxidation state features a low spin § =0 ground
state with symmetry with respect to the two NO ligands — identical N-O, Ru-N, and Ru-S
bond lengths as well as Ru—N-O bond angles, similar partial atomic charges and spin
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Figure 2. Optimized structures of the [Ru(SCH;),(NO),]° model in the S = 0 (left) and S = 2 (right) spin states.

densities. This is also consistent in the solvated model as shown in table 2. In the S=2
excited state, an asymmetry in the Ru—N bond lengths in addition to Ru—N—O bond angles
is clearly visible; a difference of 0.13 A between Ru-N bond lengths and 8° between
Ru-N-O bond angles is evident in vacuum and in solvent. However, N-O and Ru-S bond
lengths as well as partial atomic charges are in perfect symmetry. Additionally, the distribu-
tion of spin densities shows twice as much spin on the elongated Ru—NO: a value of 1.3
spin units compared to 0.56 on the other NO. The uneven distribution of spin densities over
the dinitrosyl moieties in the excited state versus the ground state is also clearly observed in
figure 3; while in the S = 0 spin state the molecular orbitals relevant to the Ru—NO interac-
tion are symmetrically delocalized over both NO ligands, in the S =2 state the molecular
orbitals are asymmetric (each delocalized predominantly over a single NO).

These results are consistent with those found for the ferrous analog of this model as
reported in our previous study [63]. However, the asymmetric behavior is weaker in the
ruthenium case; moreover, the excited state sits on a lower energy level (~17 kcal mol™") in
the case of the iron model compared to ~44 kcal mol™! in the ruthenium model. Weak influ-
ence of solvation on the relative energies and the geometrical parameters of the ruthenium
model are observed — a result that is in contrast to the ferrous analog of the same complex
[63]. In addition, the antiferromagnetic coupling between Fe and NO observed in the fer-
rous model is not noticeable in the ruthenium case [63].

This asymmetry, although only noticeable in the excited state which is ~44 kcal mol ™'
higher in energy than the ground state, not only could hold the key to the mechanism by
which dinitrosyl ruthenium complexes donate NO, but also could be relevant to the formation

«HOMO -5 (HOMO -3 oaLUMO oLUMO +1 oLUMO +2 o«LUMO +3 o«LUMO +4

b Ry B Y e

oHOMO -5 qHOMO -4 oHOMO -3 qHOMO-2 oHOMO -1 o«LUMO «LUMO +1

Figure 3. [Illustrative frontier molecular orbitals for [Ru(SCH3),(NO),]°. S = 0 (upper row) and S = 2 (lower row).
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of a hyponitrite adduct as in the case of the nitric oxide scavenging enzyme nitric oxide
reductase.

Results obtained from [Ru(SCH;),(NO),] ™" and [Ru(SCH;)>(NO),]"! as shown in tables
3 and 4, respectively, were in line with [Ru(SCH;),(NO),]° concerning the ground state
preference as well as the asymmetry noticed for Ru—NO bond lengths and Ru—N-O bond
angles in the excited states. Molecular orbital diagrams reinforce this asymmetry as well
and can be viewed in the supporting information. This is also consistent with the iron ana-
logs of these models as reported previously [63].

3.2. AIMD simulations

AIMD simulations performed on all oxidation states for 500 fs provided additional evidence
for asymmetry between the nitrosyl ligands. In the ground state of the neutral model, i.e. the
formally Ru(Il) structure, Ru—N bonds propagate in a fixed range of 0.25 A, but do so in an
asymmetric manner, while N—O bond trajectories show perfect symmetry until the end of the
simulation. The excited state case was not different, the trajectories showed a clear case of
asymmetry between the nitrosyl ligands: both Ru-N bonds are propagating in a 0.4 A range
with clear asymmetry. N-O bond propagations, however, exhibited perfect symmetries for
both nitrosyl adducts in the excited state as well as in the ground state.

Trajectories obtained from the Ru(I) model agree with the Ru(Il) case in showing an
interesting case of asymmetry for the Ru—N bond propagation. Moreover, in the case of Ru
(IIT) the asymmetry between both nitrosyl adducts was remarkably strong in the excited
state: one adduct with Ru—N bond propagating asymmetrically in a 0.5 A range, while the
other Ru-N bond dissociates to reach a distance of 3.30 A at the end of the simulation.
N-O bond trajectories for the Ru(I) and Ru(Ill) were also conforming to those obtained
from the Ru(Il) model, i.e. exhibiting symmetrical propagations in a fixed distance range
throughout the simulation. Graphical trajectories of all simulations can be viewed in the
supporting information.

These results are in accordance with those previously reported on the iron analogs of
these models; however, the asymmetry was more extreme in the iron case where NO dis-
sociation was observable in the excited states of almost all models, and even in the ground
states of some models [63]. This could be an indication of the stronger tendency of dinitro-
syl iron complexes to donate NO compared to ruthenium complexes.

3.3. Reaction pathways leading to formation of nitrogen—nitrogen bonds

PES of N-N bond formation within the neutral dinitrosyl structure, formally Ru(Il), in both
the ground state and the excited state are depicted in figure 4. This hyponitrite adduct was
found to cost ~44 kcal mol™' in the ground state and not associated with an energy
minimum at any point along the profile, whereas in the excited state (i.e. S =2) the profile
starts out exergonically for the first 0.2 A then increases to ~38 kcal mol™" until a full
N-N bond is formed; this is coupled with an energy minimum at the middle of the reaction
pathway. The formation of a hyponitrite adduct is then found to cost almost the same
energy in both the ground state and the excited state for the Ru(Il) model despite the clear
asymmetry in Ru-N bond lengths in the excited state. For comparison, the N-N bond
formation reported for the ferrous analog of this complex was much more feasible in the
excited state [63].
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Figure 4. N-N bond formations in the ground states and excited states of Ru(II) dinitrosyl dithiolate structure.
Low spin energy was considered as an arbitrary reference.

N-N bonding was slightly different in the case of the positively charged structure,
i.e. formally Ru(IIl): the graphical presentation shown in figure 5 illustrates that the energy
barrier for an N—N bond formation was much higher in the ground state with a linear pat-
tern requiring ~80 kcal mol™'. However, no local minimum was formed at the end of the
energy profile as observed for the neutral structure. N-N bond formation in the excited
state, on the other hand, required half as much energy as in the ground state with an energy
barrier of ~43 kcal mol™'. A linear reaction profile was also the case in the excited state
with a local maximum at 2.4 A.

An exploration of the PES along the N-N bond for the formally Ru(l) structure revealed
a different pattern when compared with its Ru(Ill) and Ru(Il) counterparts. Figure 6 shows
that the energy cost for the N-N bond formation was ~53 kcal mol™" in the ground state
with a local maximum near the end of the profile; however, in the excited state the energy
barrier was relatively low being at ~17 kcal mol™" for N-N bond formation.

All oxidation states, aside from the Ru(ll), clearly favored the excited state for forming
an N-N bond; only in the Ru(III) case was the energy barrier reasonable, at ~17 kcal mol ™"
— though being 58 kcal mol™' higher in energy than the ground state. Conversely, the
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Figure 5. N-N bond formations in the ground states and excited states of Ru(IIl) dinitrosyl dithiolate structure.
Low spin energy was considered as an arbitrary reference.
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Figure 6. N-N bond formations in the ground states and excited states of Ru(I) dinitrosyl dithiolate structure.
Low spin energy was considered as an arbitrary reference.

formation of such bond in the ground states of all models was extremely difficult, with the
lowest barrier set at 44 kcal mol™" in the Ru(Il) case. This matches the results obtained for
the iron analogs as reported in our previous study [63].

Table 5 illustrates the energies of the frontier orbitals for the low- and high-spin states of
the Ru(Il) model versus its ferrous analog. In the S=0 ferrous case, HOMO—2 and
HOMO-1 are nearly degenerate (0.03 eV difference), as are LUMO+1 and LUMO+2
(0.08 eV, with LUMO+3 remaining close in energy as well). An attempt to turn this ferrous
system into S = 1 would lead to a hole in the old HOMO and to half-occupation of the old
LUMO - none of which are in the degenerate sets; not surprisingly then, no distortion was
seen in the S =1 Fe(Il) dinitrosyl system [63]. In contrast, the S =2 ferrous state would
involve half-occupation of the old HOMO and HOMO-1 as well as of the old LUMO and
LUMO-+1, bringing about two degeneracy problems: the HOMO—1 and HOMO—-2 (now
HOMO-3 and HOMO—4, respectively, on the o-manifold of the S =2 state, with three
electrons present in two orbitals previously of similar energy) and the LUMO+1 and
LUMO+2 (now HOMO and LUMO, respectively, on the o-manifold of the S = 2 state, with
one electron present in a pair of orbitals previously of similar energy). As a consequence, a
severe distortion of the symmetry of the system occurs, with the two Fe-NO bonds
~0.25 A different from each other [63]. The 0-HOMO—4/HOMO-3 gap is now 0.23 eV
and the 0o-HOMO/LUMO gap is 0.90 eV.

Table 5. Energies (eV) of the frontier molecular orbitals of [Ru(SCH;),(NO),]® and its ferrous analog in the low-
and high-spin states.

[Fe(SCH3),(NO),]”  [Fe(SCH3),(NO),]° [Ru(SC?i)ZO(NO)ZJO [Ru(SCH3),(NO),]°

Molecular orbitals §=0 §=2(w) §=2 (o)
HOMO-2 —6.40540 —6.06071 —6.40499 —5.50979
HOMO-1 —6.37171 —5.66457 —6.27623 —5.19398
HOMO —5.35273 —5.01544 —5.36846 —4.81492
LUMO —4.16119 —4.11055 —3.7478 —3.38507
LUMO+1 —3.26118 —3.41974 —3.08689 —3.23282
LUMO+2 —3.17587 —3.29623 —3.04643 —2.52141

LUMO+3 —3.09059 —0.31320 —2.85605 —0.35661
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In the Ru(Il) S=0 case, a similar degeneracy is seen in the LUMO+1/LUMO+2 pair
(0.04 eV energy difference), but less so in the HOMO—-2/HOMO-1 pair (0.13 eV energy
difference). In line with the observations above, the S = 1 Ru(Il) system is essentially undis-
torted, while the § =2 state is indeed distorted, but with the difference between the two
metal-NO bonds now at ~half the difference seen in the S = 2 ferrous counterpart.

4. Conclusion

DFT data reveal evidence for an asymmetric behavior within ruthenium dithiolate dinitrosyl
models in formal oxidation states ranging from Ru(I) to Ru(IIl). This asymmetry was more
persistent in the excited states. This phenomenon revealed itself in molecular dynamics cal-
culations as well as in reaction pathways connecting the dinitrosyl state to a putative
hyponitrite adduct. These results were all in agreement with our previous report on the iron
analogs of these models. The asymmetry within the dinitrosyl moieties could hold the key
to explaining the mechanism of NO donation by dinitrosyl metal complexes.
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