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ABSTRACT: Density-functional-theory (DFT) calculations are
performed for the proposal of a plausible mechanism on the
reduction of NO to N,O by a dinuclear ruthenium complex,
reported by Arikawa and co-workers [J. Am. Chem. Soc. 2007, 129,
14160]. On the basis of the experimental fact that the reduction
proceeds under strongly acidic conditions, the role of protons in
the mechanistic pathways is investigated with model complexes,
where one or two NO ligands are protonated. The reaction
mechanism of the NO reduction is partitioned into three steps:
reorientation of N,O, (cis-NO dimer), O—N bond cleavage, and
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N,O elimination. A key finding is that the protonation of the NO ligand(s) significantly reduces the activation barrier in the rate-
determining reorientation step. The activation energy of 43.1 kcal/mol calculated for the proton-free model is reduced to 30.2
and 17.6 kcal/mol for the mono- and diprotonated models, respectively. The protonation induces the electron transfer from the
Ru(II)Ru(Il) core to the O=N—N=O moiety to give a Ru(III)Ru(III) core and a hyponitrite (O—N=N—0)>" species.

The formation of the hyponitrite species provides an alternative

pathway for the N,O, reorientation, resulting in the lower

activation energies in the presence of proton(s). The protonation also has a marginal effect on the O—N bond cleavage and the
N,O elimination steps. Our calculations reveal a remarkable role of protons in the NO reduction via N,O formation and provide

new insights into the mechanism of NO reduction catalyzed by
contains a diiron active site.

B INTRODUCTION

During the last two decades, the transition metal complexes
containing NO ligand have received great attention, due to the
recognition that the reactions and electronic structures of such
complexes can provide useful insights into the fundamental
physiological roles of NO associated with neurotransmission,
blood pressure, and immune s.ystems..l_3 The intricate
chemistry of metal nitrosyl complexes is often related with
the noninnocent behavior of NO. In metal nitrosyl complexes,
NO usually displays three different oxidation states, which can
be viewed as NO* (linear form), NO (half-bent form), and
NO~ (bent form).*"'® A recent discovery showed that NO can
also exist in the dianionic form, NO*~, when it is bridged
between two yttrium metal centers.'’ Understanding the
reactions of NO is of great interest from both biological and
environmental viewpoints. NO has been identified as an
intermediate in the biological denitrification process, which
involves the reduction of nitrate into dinitrogen. During that
process, the metalloenzyme nitric oxide reductase (NOR)

-4 ACS Publications  © 2015 American Chemical Society 7181

metalloenzymes such as nitric oxide reductase (NOR) that

catalyzes the two-electron reduction of NO to N,O, as shown
in eq 1.

2NO + 2H* + 2¢” - N,0 + H,0 (1)

It is clear that the formation of an N—N bond and the
cleavage of an N—O bond are involved in the NO reduction
reaction. The active center of NOR contains two Fe atoms,
where one is a heme and the other is a nonheme group.'>~**
The same reaction can also be mediated by the enzyme
cytochrome ¢ oxidase (CcO) with a bimetallic active site of Cu
and Fe (heme) atoms."*™'® Great efforts have been devoted to
unraveling the mechanism of NO reduction by NORs with
both experimental and theoretical approaches.'®~

A scavenging nitric oxide reductase (s-NOR), which is an A-
type flavoprotein (FprA) in Moorella thermoacetzca, works as a

NO radical scavenger under anaerobic conditions.’”** Figure
1a shows the active site of s-NOR containing a nonheme diiron
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Figure 1. Schematic representation of the active site (a) and the proposed intermediates (b, c) in s-NOR.

complex, in which the two iron atoms are connected with a
carboxylate ligand and a hydroxido ligand. Silaghi-Dumitrescu
et al. reported that their X-ray crystal structure of the diiron site
of s-NOR has a vacant coordination site for two incoming NO
molecules and expected the formation of a dinitrosyl diiron
structure (Flgure 1b), although NO adducts of s-NOR have not
been observed.’> They also commented that the size of the
substrate binding pocket is large enough to consider a
mononitrosyl diiron structure, where one NO is coordinated
to the diiron site and a second noncoordinating NO sits above
the site. On the basis of theoretical calculations using a cluster
model, Blomberg et al. suggested that an ON-bridged NO
dimer coordination (Figure 1c) is energetically more favorable
than the dinitrosyl coordination.>* They also proposed that the
NO reduction at the active site of s-NOR starts with the
coordination of a single NO molecule to the diiron core in a y-
k'(0):x'(N) fashion, and then another molecule of NO attacks
the bridging NO ligand to form the ON-bridged cis-NO dimer.
However, very recently, Caranto et al. reported the detection of
a new transient intermediate, a structurally and electronically
symmetrical antiferromagnetically coupled [{FeNO}’],.** On
the basis of their multispectroscopic pre-steady-state inves-
tigation, they proposed that the N—N bond formation and N—
O bond cleavage originate from this dinitorsyl diiron structure.
Zheng et al. recently prepared a dinitrosyl diiron complex
[Fe,(BPMP)(OPr)(NO),] (BPh4)2 involving weakly electroni-
cally coupled {FeNO}” units.*® This complex can be considered
as a functional model of NORs since nearly quantitative
evolution of N,O was observed by two-electron reduction.

A relevant question about the role of protons in the NO
reduction process still remains unanswered. Since the NO
reduction mediated by NORs consumes two protons to yield
N,O (2NO + 2H* + 2e~ = N,O + H,0), the involvement of
protons in the N,O formation step in the NO reduction is a
matter of debate.'®'”?>¥ 7% A family of NOR, bas-
oxidoreductase from Thermus thermophilus, is also known as
an enzyme that catalyzes the transformation of NO to N,O
under anaerobic conditions. This enzyme has a heme iron—
copper bimetallic structure at the activation site. On the basis of
resonance Raman spectroscopy measurements and theoretical
calculations, Varotsis and co-workers proposed a reaction
pathway for the NO reduction that a protonated hyponitrite
species (HONNO™) is transiently formed under reducing
conditions.'®"”*"** In their proposal, the initial binding of two
NO molecules to the bimetallic active site is followed by
protonation of the coordinated NO species and concomitant
formation of the N—N bond. Very recently, we have shown that
protons can play a significant role in the decomposition of NO
(2NO — N, + O,) catalyzed by a copper ion-exchanged zeolite
Cu-ZSM-S, where N, O is one of the important intermediates in
the catalytic cycle.*
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Arikawa and co-workers**** recently synthesized a dinuclear
ruthenium complex [(TpRu),(u-Cl)(u-pz){u-N(=0)—N(=
0)-x’}] (A), where Tp is hydridotris(pyrazolyl)borate ligand,
as shown in Figure 2. They observed an N—N coupling of the
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Figure 2. NO reduction cycle formally achieved by dinuclear
ruthenium complexes.

two neighboring NO ligands in A by two-electron reduction of
a dinitrosyl complex [{TpRu(NO)},(u-Cl)(u-pz)]** (C) at
room temperature. Treatment of A with 1.1 equiv of HBF,:
OEt, afforded an oxido-bridged complex [(TpRu),(u-Cl)(u-
O)(u-pz)] (B) in 21% yield with evolution of N,O. They also
confirmed mono- and diprotonation of the oxido bridge in B by
HBEF,, leading to replacement of the oxido bridge by two
molecules of NO to yield C. Hence, the NO reduction cycle
can be achieved in this diruthenium system. Experimental
observations suggest that the protonation of the NO ligand(s)
by a strong acid such as HBF, should be essential for the NO
reduction on the diruthenium complex. This NOR-type
reaction can open a way to gain better insights into the NO
reduction reactions mediated by a bimetallic active center. Here
we consider mechanistic details of the NOR-type reaction by a
dinuclear ruthenium complex. To elucidate the role of proton
in the NO reduction process, the mechanism of the
transformation of NO into N,O on the diruthenium complex
has been theoretically investigated by using proton-free and
protonated models, the latter of which involves protonated NO
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Scheme 1. Proton-Free, Monoprotonated, and Diprotonated Models of Complex A
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Table 1. Selected Geometrical Parameters of A—C in the Singlet State Optimized at the B3LYP/SDD/D95** Level of Theory”

A B C
calcd® expth caled expth calcd exptl
Distances (A)
Ru—Ru 3.607 (3.520) 3.5455(2) 3.087¢ 3.0491(6) 3.829 3.6935(9)
Ru—N° 1.891 (2.035) 1.866(2) 1.760 1.713(7)
1.766(7)
N-N 1.849 (1.443) 1.856(3) 3.146 3.006(9)
N-O° 1.197 (1.242) 1.190(2) 1.156 1.169(10)
1.131(9)
Ru—O° 19154 1.898(4)
1.904(3)
Bond Angles (deg)
Ru—N-0O°¢ 1359 (124.3) 136.9(2) 170.0 169.7(7)
165.4(6)
v(NO) (em™) 1715 (1477) 1608 1988 1928

“Parameters in the low-lying triplet state are given in parentheses. Corresponding experimental values are taken from their X-ray crystal structures.**
YTwo ruthenium atoms are connected with 4-bromopyrazole, instead of pyrazole. “Averaged values in the optimized structures. “Open-shell singlet

state.

ligand(s). We compare reaction pathways calculated with these
models and demonstrate that the involvement of protons
effectively accelerates key reaction steps toward the formation
of N,O.

2. METHOD OF CALCULATION

In the present study, the N—N coupling complex in Figure 2 was
chosen as the initial complex for exploring reaction pathways for the
transformation of two molecules of NO into N,O. To take account of
the strongly acidic conditions during the reaction, the mechanism has
been investigated for three forms of the N—N coupling complex, viz,
proton-free, monoprotonated, and diprotonated models, as shown in
Scheme 1. In the first model, no proton is incorporated to the two NO
ligands on the diruthenium core, while in their monoprotonated and
diprotonated models, one and two protons bound to the NO dimer,
respectively.

Density-functional-theory (DFT) calculations were performed with
the Gaussian 09 program package.”® Geometry optimization and
transition-state search were carried out with the B3LYP method**
combined with the SDD basis set™ for Ru atoms and D95** basis
sets®" for the other atoms. Vibrational analyses were carried out for all
reaction species to characterize stationary-point structures. An
appropriate connection between a reactant and a product was
confirmed by intrinsic reaction coordinate (IRC) calculations.”>>*
Three possible spin states, the closed-shell singlet, open-shell singlet,
and triplet states, were examined in searching for the reaction
pathways. The open-shell singlet state was calculated by using the
broken-symmetry approach. Solvent effects of dichloromethane (¢ =
8.93) were evaluated with single-point energy calculations at the gas-
phase-optimized geometries using the polarizable continuum model
(PCM).** Energy profiles of the calculated reaction pathways are
presented as Gibbs free energy changes (AG’s) involving thermal
corrections at 298.15 K.
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3. RESULTS AND DISCUSSION

3.1. Geometric and Electronic Structures of Dinitrosyl
Complexes. Table 1 summarizes geometric parameters of
complexes A—C optimized at the B3LYP level of theory. The
electronic ground state is singlet for A—C, which is consistent
with the experimental observation that they all showed
diamagnetism.***> The geometric parameters of A—C in the
singlet state reasonably reproduce the corresponding exper-
imental values.

Prior to the discussion on the calculated reaction pathway
starting from A, we would like to compare geometric and
electronic structures of A with C. For both the complexes the
electronic ground state is the closed-shell singlet. The triplet
and quintet states of A lie 17.6 and 45.2 kcal/mol above the
closed-shell singlet state, while the open-shell singlet, triplet,
and quintet states of C are higher in energy by 25.9, 26.4, and
41.7 kcal/mol, respectively. The open-shell singlet state of A
was relaxed to the closed-shell one after optimization. The two-
electron reduction of C yielding A significantly decreases the
N-N distance from 3.146 t01.849 A in the closed-shell singlet
state, the latter of which is much longer than a typical single
N—N bond distance of 1.42 A% to be rather close to that of a
free NO dimer in the gas phase (1.951 A at the B3LYP/D95*
level of theory). The Mayer bond orders®”® of the N—N bond
in C and A are calculated to be 0.00 and 0.47, respectively. The
calculated N—N bond distances and bond orders indicate that
the reduction of C provides a weak bonding interaction
between the nitrogen atoms of the NO ligands. The geometric
change during the two-electron reduction can be understood by
looking at the frontier orbitals of A and C (Figure 3a). The
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Figure 3. (a) Frontier orbitals of the closed-shell singlet state of A and C. (b) Interatomic distances in A and Mulliken spin densities (in italics)
assigned to the Ru,(NO), moiety in the closed-shell singlet, open-shell singlet, triplet, and quintet states of C.

HOMO of A shows an in-plane overlap of the 7* orbitals of the
NO ligands. The spatial distribution of the HOMO in the
vicinity of the NO ligands is very similar to that of a cis-NO
dimer. On the other hand, the HOMO of A corresponds to the
LUMO of the dicationic complex C, and hence the two NO
ligands in C have no bonding interaction between them.

As shown in Chart 1, each Ru—NO moiety in C can have
various electronic structures, such as Ru(Il)—(N=O0)*,

Chart 1. Possible Electronic Structures of a Pair of Nitrosyl
Ligands Coordinated to the Diruthenium Core of (a) A and
(b) C
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Ru(Il1)—(N=0)*, and Ru(IV)—(N=O)~. Figure 3b
presents the Mulliken spin densities assigned to the Ru
atoms and NO ligands in the open-shell singlet, triplet, and
quintet states of C. For all the spin states, each Ru atom
possesses a spin density of about 0.7, and thus the formal
charge of Ru should be regarded as +3. It is notable that the
NO ligands in the open-shell singlet and triplet states have
negligibly small spin densities due to the formation of a cis-NO
dimer, while a spin density of about 0.6 (triplet) is assigned to
the remaining ligands. Thus, two Ru(IIl) atoms in the open-
shell singlet and triplet states are coupled antiferromagnetically
and ferromagnetically, respectively. The formation of cis-NO
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dimer in the open-shell singlet allows us to exclude an
electronic structure of the singlet state with an antiferromag-
netic coupling between a low-spin Ru(IlI) and (NO)*. In
addition, a possibility of the combination of a low-spin Ru(IV)
and NO™ can be ruled out by the long N—N distance in C
(3.146 A) because a pair of NO~ can form a hyponitrite
structure (TO—N=N—O") with a strong N=N bond, such
as structure VI in Chart 1. From these results, the electronic
structure of the Ru,(NO), moiety in the open-shell singlet and
triplet states of C should be described as structure V,
[Ru(II1)],(N,0,), in Chart 1. Concerning the ground state
(the closed-shell singlet state) of C, on the other hand, the
linear Ru—NO moiety (ca. 170°) as well as the very long N—N
distance (>3 A) in the crystal and optimized structures suggest
that the electronic structure of NO should be described as NO*
because a couple of neutral NO* species should form a cis-NO
dimer, where the N—N distance is about 1.8 A. This means
that each ruthenium atom receives an electron from the NO
ligand to form the Ru(II)—NO* moiety. However, the distance
and vibrational frequency of the N—O bond in the optimized
C are 1.156 A and 1988 cm™!, which are close to those of NO*®
(1.167 A and 1959 cm™ at the B3LYP/D95%* level) rather than
NO* (1.081 A and 2432 cm™"). Merkle et al. recently reported
that strong m-back bonding causes a distinct lowering of the
N—O stretching frequency in Ru(II)—NO* complexes
bearing  tris(2-pyridylmethyl)amine as an ancillary ligand.>
On the basis of all the calculated results, the electronic structure
of the Ru,(NO), moiety in the closed-shell singlet state of C
can be described as structure IV, [Ru(II)(NO™)],, in Chart 1.

The electronic structure of the Ru—NO moiety in A also
depends on its spin state. As described above, two-electron
reduction of C results in the significant shortening of the N—N
distance between the two NO ligands in the ground spin state
(the closed-shell singlet) of A. The in-plane overlap between
the 7% orbitals of the NO ligands in the HOMO provides a
weak bond interaction between the two nitrogen atoms. The
N-—N distance (Mayer bond order) between the NO ligands of
1.849 A (0.58) in the closed-shell singlet state of A is close to
that of a free cis-NO dimer (1.951 A (0.47)), implying that the
two NO ligands are coordinated to the diruthenium core as a
neutral cis-NO dimer. In addition, the Ru—N and N-O
distances in the closed-shell singlet state of A are calculated to
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Figure S. Energy diagrams and optimized structures along the proton-free path. Distances and the Gibbs free energy changes (AG’s) at room
temperature are presented in A and kcal/mol, respectively. Mulliken spin densities in the triplet state are shown in the table.

be 1.891 and 1.197 A (Table 1), which are close to those of the
open-shell singlet state of C (1.941 and 1.178 A) rather than
the closed-shell singlet state (1.760 and 1.156 A) (Figure 3b).
As described above, the electronic structure of each Ru—NO
moiety in C can be described as Ru(III)—~NO* in the open-shell
singlet state and Ru(II)~NO" in the closed-shell singlet state.
These geometric parameters indicate that two electrons added
to the closed-shell singlet state of C are utilized for reducing a
couple of the NO™ ligands to afford a neutral NO dimer in the
closed-shell singlet state of A. The instability of the open-shell
singlet state denies the antiferromagnetic coupling between the
diruthenium core and the NO dimer or between the Ru—NO
moieties, and thus the Ru,—N,0, moiety in the closed-shell
singlet state of A can be described as [Ru(Il)],(N,O,)
(structure I in Chart 1). This electronic structure apparently
differs from that of a dinitrosyl diiron intermediate [{FeNO}"],
observed in NO reduction catalyzed by a flavo-diiron protein,
in which two {FeNO}’ units are antiferromagnetically
coupled.® In the triplet state of A, on the other hand, the
N-N bond distance is significantly shortened (1.443 A), and
the N—O vibrational frequency is red-shifted from 1715 to
1477 cm™". The N—N bond distance in the triplet state is close
to that of an anionic cis-N,O,” (1.403 A at the B3LYP/D95*
level), and the Mulliken spin density of 0.80 is assigned to the
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N,O, moiety. The unpaired electron in the N,O, moiety
accommodates a molecular orbital corresponding to the
LUMO of the singlet state (Figure 3a), and thereby the N—
N bond of the N,O, moiety is strengthened through the out-of-
plane overlap of 7* orbitals of the NO ligands. On the other
hand, the sum of the spin densities assigned to the diruthenium
core (0.96) indicates that the diruthenium core possesses one
unpaired electron, but the spin densities are unequally
distributed on each Ru atom (0.23 and 0.73) in spite of the
highly symmetrical geometry. The distribution of the spin
densities in the triplet state of A shows that the diruthenium
core has a mixed-valent Ru(II)Ru(III) character (structure II,
[Ru(IDRu(I11) ]*(N,0,) 7, in Chart 1). In the triplet state, two
electrons added to C are separately located at the diruthenium
core and the N,O, moiety.

3.2. Proton-Free Mechanism of NO Reduction. Figure 4
presents a plausible reaction pathway for the NO reduction
starting from 1. In the following discussion, complexes A and B
are denoted as complexes 1 and 4, respectively. Reorientation
of the O—N—N—O moiety in 1 results in an O—N-bridged
complex 2, which is ready for the cleavage of the bridging O—
N bond. The O—N bond cleavage of 2 leads to the formation
of N,O and a ruthenium-oxido (Ru=0) complex 3. Finally,
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the N,O molecule is released from the diruthenium core to
afford the oxido-bridged complex 4.

Figure S shows energy diagrams of the reaction pathway of
different spin states for the NO reduction starting from 1
without proton on the NO ligands, together with optimized
structures of the Ru,—(N,0,) moiety of the intermediates and
transition states. Reorientation of the NO dimer in 1 involves
three elementary steps: (i) One of the end-on coordinated NO
ligands changes its coordination to a side-on manner to form
intermediate la. (ii) A cis-to-trans isomerization of the NO
dimer affords an N—N—O-bridged intermediate 1b. (ii)
Recombination of the Ru—N bonds yields the O—N-bridged
intermediate 2. The change of coordination manner in step i via
TS, /1. proceeds in an endergonic way by 25.4 kcal/mol with a
high activation energy of 33.2 kcal/mol. Interestingly, the
ground spin state of TS,,, is an open-shell singlet state,
whereas those of 1 and 1a are found to be closed-shell singlet
states. The triplet state of 1a is 17.9 kcal/mol above the singlet
state, and the open-shell singlet state was not obtained due to
high stability of the closed-shell singlet state. In step ii, the
coordinated N,O, dimer undergoes a cis-to-trans isomerization
to give 1b via TS,/ ;. As a result, the Ru*—N® bond is
completely cleaved to form a trans-NO dimer. This step is
slightly endergonic by 3.6 kcal/mol with an activation energy of
14.7 kcal/mol. The approach of O* to Ru® during the
isomerization temporally forces the shortening of the N—N
bond (1.849 A (1) —» 1670 A (1a) — 1.587 A (1b)),
enhancing the Ru(III),—(O—N=N—0)>" character of the
Ru,—(N,0,) moiety. In step iii, the formation of the Ru*—N®
bond synchronizes with the cleavage of Ru>—NP bond to give
the O—N-bridged intermediate 2 via TS,;/,. In this reaction
step, TS/, and the resultant 2 adopt a triplet state as the
ground spin state, and the barrier height in the closed-shell
singlet state (29.6 kcal/mol) is too high to overcome at room
temperature. The low-lying triplet state of TS;;/, (43.1 kcal/
mol) compared to the closed-shell singlet state (58.6 kcal/mol)
indicates that these potential energy surfaces are crossed in the
vicinity of TS, /». Such a spin inversion between the singlet and
triplet states can reduce the activation energy from 29.6 to 14.1
kcal/mol. The dihedral angle of O*—N*—N"—OP is decreased
from 165.5° in the closed-shell singlet state of 1b to 43.6° in
the triplet state of TS, /,. This geometrical change reflects the
trans-to-cis isomerization of NO dimer, leading to the O—N-
bridged intermediate 2 bearing the cis-NO dimer. The N—N
bond distance of 2 in the triplet state (1.374 A) is significantly
shorter than that of 1 in the singlet state (1.849 A), while the
O*—N?* bond distance is elongated by 0.147 A (1.197 A —
1.344 A). These geometric changes as well as the Mulliken spin
densities assigned to Ru* (0.72) and Ru® (0.65) in 2 can be
associated with the reduction of the N,O, moiety by the
Ru(II)—Ru(1I) core.

After the reorientation, the activated O*—N?® bond in 2 is
split to yield intermediate 3 containing the Ru—NNO and
Ru=0 moieties via TS,,3. The O—N bond cleavage in the
triplet state is an exergonic reaction (AG = —5.8 kcal/mol)
with an activation energy of 17.4 kcal/mol. Spin densities of
0.48 and 0.28 are assigned to O and N*NPOP in the triplet state
of TS, 3, respectively, indicating homolysis of the O—N bond
cleavage. After the O—N bond cleavage, spin densities are
localized at Ru® (1.07) and O (0.91), and hence the Ru’—
N*NPOP moiety in 3 has a closed-shell singlet character. Once
the N,O ligand in 3 is released from Ru®, the oxido ligand on
Ru® is spontaneously shared by the two ruthenium atoms to
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give the oxido-bridged complex 4. The activation energies
calculated for the three spin states are almost identical (12.0—
124 kcal/mol). The barrier in this reaction step would be
responsible for the Ru—NNO bond cleavage because the Ru—
NNO moiety has a common geometric and electronic structure
in all spin states; see Supporting Information Figure S1 for the
singlet state structures. We confirmed that the structure of 3 in
the absence of N,O was relaxed to 4 with no activation barrier.
The final step toward the NO reduction (3 — 4 + N,0)
proceeds in an exergonic way by 15.4 kcal/mol in the triplet
state, while the triplet state of 4 lies 3.8 kcal/mol above the
open-shell singlet state that is experimentally proposed.
Therefore, the potential energy surfaces of the singlet and
triplet states should cross again in the vicinity of TS;,.

In summary, the energy profile of the NO reduction along
with the proton-free path demonstrates that the total reaction 1
— 4 + N,O is exergonic by 10.2 kcal/mol in the singlet state.
However, the reorientation of the N,O, ligand is a highly
energy-demanding process that requires at least 43.1 kcal/mol
to obtain the O—N-bridged intermediate 2. We can thus
conclude that the NO reduction at the diruthenium core does
not occur under mild conditions in the absence of proton.
These results are fully consistent with experimental observa-
tions.***

3.3. Proton-Assisted Mechanisms. The energy profile
calculated for the proton-free model clearly shows that the
reorientation of the NO dimer at the diruthenium core would
not proceed at room temperature. From the experimental fact
that a strong acid (HBF,) was required for the NO
reduction,**** we examine two possible reaction pathways
starting from the mono- and diprotonated N—N coupling
complexes 1[H] and 1[2H], in which one and two NO ligands
in 1 are protonated, respectively. First, we would like to validate
the protonated models adopted here. As seen in the HOMO of
A (1) in Figure 3a, the nitrogen atoms of the bridging pyrazole
and chlorine ligands are also likely to accept a proton. As
summarized in Supporting Information Table S1, the oxygen
atoms of the NO ligands are energetically the most favorable
basic site for both the first and second protonations. The
second point to be assessed is the heat balance of the first and
second protonation reactions in the presence of HBF, as an
acid. We first calculated the proton transfer from HBF, to an
NO ligand in 1, but failed due to difficulty in optimizing a
neutral HF---BF; species involved in the complex of 1 and
HBE,. In the present study we have evaluated the heat balance
for the protonation reactions using CF;SO,0H (pK, = —11.5
in 1,2-dichloroethane) instead of HBE, (pK, = —10.3).°*' The
protonation of 1 (1 + CF;SO,0H — 1[H] + CF;S0;7) is
calculated to be exergonic by 4.1 kcal/mol, while the
protonation of 1[H] (1[H] + CF;SO,0H — 1[2H] +
CF;S0;"7) is endergonic by 4.3 kcal/mol. Optimized structures
for the protonation by CF;SO,0H are presented in Supporting
Information Figure S2. These calculational results suggest that
one of the NO ligands in 1 should be protonated in the
presence of a strong acid, and the protonation of the remaining
NO ligand is also possible. The experimental fact* that the
evolution of N,O was achieved by the use of 1.1 equiv of HBF,
supports that the second protonation can occur at least
temporarily. As described later, the calculated energy profiles
indicate that the protonation of both NO ligands in 1 should be
essential only at the first step of the NO reduction
(reorientation step).
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Figure 6. Energy diagrams and optimized structures for the NO reduction by monoprotonated complex 1[H] in the triplet state. Distances and
Gibbs free energy changes (AG’s) at room temperature are presented in A and kcal/mol, respectively. Mulliken spin densities are presented in the

table.
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Figure 7. Energy diagrams and optimized structures for the NO reduction by diprotonated complex 1[2H] in the triplet state. Distances and Gibbs
free energy changes (AG’s) at room temperature are presented in A and kcal/mol, respectively. Mulliken spin densities are presented in the table.

It should be emphasized that the protonation of the NO of the Ru,—(N,0,) moiety in 1. Complexes 1[H] and 1[2H]
ligands strongly affects both geometric and electronic structures in the triplet state are energetically more stable than those in
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the singlet state by 12.4 and 14.3 kcal/mol, respectively. The
protonation significantly decreases the N—N distances from
1.849 A (1) to 1.317 A (1[H]) and 1.270 A (1[2H]), both of
which are close to the optimized N—N distance of a free cis-
hyponitrite (O—N=N—O)>~ (1.305 A). The protonation
also weakens the Ru—N bond; the average Ru—N bond
distance (bond order) are varied from 1.891 A (0.87) in 1 to
2.058 A (0.48) in 1[H] and 2.100 A (0.37) in 1[2H]. Mulliken
spin densities assigned to the NO dimer are 0.08 for 1[H] and
—0.02 for 1[2H], indicating that the N,O, moiety can be
regarded as (HO—N=N—O0)" in 1[H] and (HO—N=N—
OH) in 1[2H]. The proton(s) attached to the NO ligands thus
withdraw two electrons from the Ru(II)—Ru(II) core to fix the
electronic structure of Ru(IIl),—(N,0,)*". As described later,
the proton-induced fixation of the hyponitrite structure prior to
the reorientation step provides a great advantage in the NO
reduction through the enhancement of the N—N bond.

Figures 6 and 7 present energy profiles of the NO reduction
calculated along two proton-assisted pathways in the triplet
state, together with optimized geometries of intermediates and
transition states. The calculated energy profiles in the triplet
state nearly parallel those in the open-shell singlet state, and the
energy gaps between them are only 0.4—3.2 kcal/mol in the
monoprotonated pathway (see Supporting Information Figures
S3 and S4). The highly synchronized energy profiles of the
triplet and open-shell singlet states derive from similarity in
their geometric and electronic structures of the intermediates
and transition states, except for ferromagnetic and antiferro-
magnetic nature of the diruthenium core. Thus, concerning the
error range of the present DFT approach, we cannot
unambiguously determine the spin state that the NO reduction
proceeds in the presence of protons. Actually, for hydroxido-
bridged complex 4[H], the B3LYP calculations evaluated that
the open-shell singlet state is 0.4 kcal/mol more stable than the
triplet state, while the '"H NMR of 4[H] indicated para-
magnetism.*** In this section, we discuss only the reaction
pathway in the triplet state.

The reorientation of the N,O, moiety in the protonated
models proceeds in a different way from that in the proton-free
model. In the proton-assisted pathway, the reorientation does
not go through the cis-to-trans isomerization of the N,O,
moiety, but is achieved by the rotation of the N,O, moiety
along the Ru’—NP® bond after the Ru*~N* bond cleavage. For
the monoprotonated model, the cleavage of the Ru~N* bond
in 1[H] via TS,,;[H] requires an activation energy of 26.2
kcal/mol. This reaction is followed by the formation of the
Ru*~N® bond to afford 1c[H], in which the two ruthenium
atoms are connected with NP. The generated 1c[H] with a
Ru*—Ru’—NP—N? dihedral angle of 113.7° is 21.9 kcal/mol
higher in energy than 1[H]; it can be regarded as a metastable
intermediate in the rotation of the protonated NO dimer
around the Ru’~NP bond leading to an O-—N-bridged
intermediate 2[H]. The second half of the reorientation step
(1c[H] — 2[H]) via TS,,/,[H] is an exergonic reaction by 22.6
kcal/mol with an activation energy of 8.3 kcal/mol.
Interestingly, the proton attached to O® in 1c[H] is concertedly
migrated to O% in 2[H] through a five-membered ring structure
of TS,.,[H]. The highest energy point in the reorientation
step is located at TS,,/,[H] (+30.2 kcal/mol relative to 1[H]),
which is lower than that in the proton-free path (TS,;,,, +43.1
kcal/mol).

The reorientation of the N,O, moiety in the diprotonated
path proceeds in a similar manner. However, no nitrogen-
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bridged intermediate such as 1c[H] was optimized. IRC
calculations from TS;,,[2H] indicated a direct connection
between 1[2H] and an O—N-bridged intermediate 2[2H] in
the reaction coordinate. The activation energy for the
reorientation is calculated to be 17.6 kcal/mol, which is much
lower than the highest energy point in the monoprotonated
path. The calculated results on the proton-assisted paths
indicate that the reorientation step should be significantly
accelerated by the protonation of the NO ligands. The positive
effect of the attached protons can be explained by the
hyponitrite structure (O—N=N—0)>" of the N,0, moiety
fixed in the protonated models. The ground spin state of 1[H]
and 2[H] is triplet with the Ru(IIT)Ru(III) core, and therefore,
each ruthenium atom donates one electron to the N,O, moiety.
Mulliken spin densities are localized at both the ruthenium
atoms during the reorientation step in the proton-assisted
paths, supporting that all intermediates retain the hyponitrite
structure with a N=N double bond. In the HOMO of A (1)
shown in Figure 3a, the #* orbitals of the two NO ligands
overlap in-phase to provide a weak bonding interaction
between the nitrogen atoms. On the other hand, the LUMO
has a #-bonding character between the nitrogen atoms as well
as an antibonding character between the diruthenium core and
the N,O, moiety. The two-electron donation induced by the
protonation corresponds to the occupation of the LUMO of 1.
As a result, the N—N bond is shortened, and the Ru—N
bonds are elongated in 1[H] and 1[2H]. The averaged Ru—N
distance is 2.058 A in 1[H] and 2.100 A in 1[2H], while the
N—N distance is 1.317 A in 1[H] and 1270 A in 1[2H].
These bond distances indicate that 1[2H] has a stronger N=N
bond and weaker Ru—N bonds than 1[H]. Since the
reorientation step involves the cleavage of a Ru—N bond in
1, the diprotonated path requires low activation energy
compared to the monoprotonated one (17.6 vs 26.2 kcal/
mol). These changes in geometric and electronic structures of
the N,O, moiety upon protonation allow the proton-assisted
models to adopt an energetically more favorable pathway in the
reorientation step.

As seen in the LUMO of 1, the two-electron transfer
weakens the bonding between the diruthenium core and the
NO ligands. Actually, the protonation of the NO ligands
significantly reduces the bond energy between the diruthenium
core and the N,O, moiety from 67.4 kcal/mol in 1 to 19.8
keal/mol in 1[2H]. Although the Ru(IIl),—(HON=NOH)
bond energy in 1[2H] is higher than the activation energy for
the reorientation of the HONNOH ligand bound to the
diruthenium core (17.6 kcal/mol), elimination of the
HONNOH ligand from the diruthenium core is possible to
occur at room temperature. In such a case, the HONNOH
molecule might be decomposed into H,O and N,O molecules
under strongly acidic conditions. The decomposition of
HONNOH proceeds in an exergonic way by 35.1 kcal/mol
with an activation energy of 15.2 kcal/mol (see Supporting
Information Figure SS). Thus, the transition state for the
decomposition via the elimination of the HONNOH ligands
from the diruthenium core locates 35.0 kcal/mol above 1[2H].
This value is much higher than the highest-energy point
(TS,,s[2H], 18.2 kcal/mol) in Figure 7.

In the monoprotonated path, the cleavage of the bridging
O—N bond of 2[H] leads to the formation of 3[H]. The O—N
bond cleavage through the transition state TS, ;[ H] undergoes
a migration of the proton on O? to form an OH group and N,0
in 3[H]. The activation energy of this step is calculated to be
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18.2 kcal/mol, which is comparable to that in the proton-free
path (17.4 kcal/mol). The release of the N,O ligand on Ru®
results in the formation of a hydroxido-bridged complex 4[H]
via TS;/,[H]. The activation energy of 6.4 kcal/mol is lower
than that calculated for the proton-free path (12.1 kcal/mol),
which may be ascribed to a difference in the formal charge of
Ru® in 3 (+2) and 3[H] (+3). Unlike the case of the proton-
free path, spin density distribution is almost unchanged during
the O—N bond cleavage and N,O formation. The total reaction
1[H] — 4[H] + N,O is exergonic by 29.6 kcal/mol, and thus
the monoprotonated path is energetically more favorable than
the proton-free path. Arikawa and co-workers reported that the
treatment of 4 with HBF, in diethyl ether gave the
paramagnetic 4[H], and proposed that 4[H] should be
involved in the reaction pathway of the NO reduction in the
present diruthenium system.****

In the diprotonated path, the activation energy for the O’ —
N® bond cleavage in 2[2H] is decreased to 11.9 kcal/mol due
to the presence of a proton on O°. The O—NP bond distance
(bond order) of 1.410 A (0.93) indicates that the O’—NP bond
in 2[2H] is weakened compared with those in 2 (1.344 A
(1.04)) and 2[H] (1.354 A (1.05)). On the way to the
diruthenium aqua—N,O intermediate 3[2H], we found a
metastable intermediate S[2H] involving Ru—OH and Ru—
NNOH moieties. The transition state TSg;[2H] for the
hydrogen transfer from the NNOH group to the OH group was
successfully located, but the activation barrier is virtually lost
after thermal corrections. The release of N,O from 3[2H]
followed by the formation of an aqua-bridged diruthenium
complex 4[2H] requires a quite low activation energy of 1.9
kcal/mol, which is lower than the value calculated for the
monoprotonated path (6.4 kcal/mol). The total reaction 1[2H]
— 4[2H] + N,O is exergonic by 28.9 kcal/mol. The low
activation energy for the release of N,O in the diprotonated
path can be attributed to the destabilization of 3[2H] caused by
the steric repulsion between the aqua and N,O ligands. The
O°—Ru*~Ru’—NP dihedral angle of 3[2H] is 15.5° while the
corresponding dihedral angles of 3[H] and 3 are 6.0° and 0.1°,
respectively. In 3[H], the Ru"—Ru*~O°—H dihedral angle is
calculated to be 179.4°, and thus the proton on O occupies the
space remote from the N,O ligand. We optimized 3'[H], a
conformer of 3[H] in which the proton is directed to the N,O
ligand (Ru’—Ru’~O°—H = 52.4°). The O°—Ru*-Ru’—NP
dihedral angle in 3'[H] (16.3°) is very close to that in
3[2H] (15.5°), and 3'[H] is 3.3 kcal/mol less stable than 3[H],
which is comparable to the energy difference in the activation
barrier for the N,O elimination between the mono- and
diprotonated models (4.5 kcal/mol). The skeletal framework of
3[2H] is distorted by the steric repulsion between the aqua and
N,O ligands on Ru® and Ru’, and thereby the N,O ligand is
readily eliminated in the diprotonated model. Arikawa and co-
workers did not isolate 4[2H] due to easy deprotonation, but
detected its formation by mass spectrometry.*

In summary, the protons attached to the NO ligands in 1
effectively assist the reorientation of the N,O, moiety by
withdrawing two electrons from the Ru(Il)—Ru(Il) core.
These electrons are stored at the N,O, moiety to fix the
hyponitrite structure (O—N=N—0)>" with a strong N=N
double bond. The fixation of the hyponitrite structure also
weakens the Ru—N bonds, and thereby the protonated
complexes are allowed to adopt different reaction pathways
that require a significant low activation energy for the
reorientation step. The following two reaction steps, the
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cleavage of the O—N bond and the release of N,O, are
expected to proceed smoothly with the aid of protons. The
present calculations show that the initial complex 1 should be
doubly protonated at least at the first stage of the NO reduction
because the reorientation step is still rate-determining in the
proton-assisted paths and only the activation energy calculated
for the diprotonated system (17.6 kcal/mol) is appropriate for a
reaction occurring at room temperature. The free energy
change of deprotonation reaction 2[2H] + CF;SO;~ — 2[H] +
CF;SO,0H is calculated to be —23.8 kcal/mol (see Supporting
Information Figure S6), suggesting a facile deprotonation of the
N,O,H, moiety in the diprotonated O—N-bridged complex.
The computational findings are consistent with the exper-
imental fact that a strong acid such as HBF, is necessary for the
NO reduction on the diruthenium complex. On the other hand,
the assistance of protons is not essential except for the
reorientation step, and therefore, both the proton-free and
proton-assisted mechanisms are also acceptable after the
formation of the O—N-bridged intermediates.

4. CONCLUSIONS

We have performed DFT calculations to propose possible
reaction pathways of the reduction of NO to N,O by a
dinuclear ruthenium complex, [(TpRu),(u-Cl)(u-pz){u-N(=
0)-N(=0)-¥*}] (1 or A). On the basis of the experimental
fact that the NO reduction proceeds under strongly acidic
conditions, the reaction mechanisms were investigated by using
three model complexes, where zero to two protons are attached
to the NO ligands. The NO ligands in 1 were confirmed to be
the most basic sites for both the first and second protonation
reactions. The calculated free energy changes for the
protonation reactions suggest that one of the NO ligands in
1 would be protonated, and the other can be protonated
temporarily in the presence of a strong acid. The mechanism of
the NO reduction involves three reaction steps: (i)
reorientation of the coordinated NO dimer in 1 to afford an
O—N-bridged NO dimer complex, (ii) the O—N bond
cleavage to give an intermediate ligating —O(H), and —NNO
groups, and (iii) the release of N,O accompanied by the
formation of an O(H),-bridging complex. The calculated
results indicate that protons attached to the NO ligands in 1
effectively assist the reorientation of the N,O, moiety by
withdrawing two electrons from the Ru(II)—Ru(II) core.
These electrons are stored at the N,O, moiety to fix a
hyponitrite structure (O—N=N—0)>" with a strong N=N
double bond. The fixation of the hyponitrite structure
simultaneously weakens the Ru—N bonds, and thereby the
protonated complexes are allowed to adopt an alternative
pathway that requires a significant low activation energy for the
reorientation step. The following two reaction steps are also
expected to proceed smoothly with the aid of protons. The
present calculations suggest that 1 should be doubly protonated
at least at the first stage of the NO reduction because the
reorientation step is still rate-determining in the proton-assisted
paths, and only the activation energy calculated for the
diprotonated system (17.6 kcal/mol) is appropriate for the
reaction occurring at room temperature. These computational
findings are consistent with the experimental fact that a strong
acid such as HBF, is indispensable for the NO reduction on the
diruthenium complex. On the other hand, protons are not
necessarily required for the formation of N,O and resulting
OH,)-bridged diruthenium complexes. Our mechanistic study
on the diruthenium system demonstrates that protons
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positively contribute to both the N—N bond formation and
N—O bond cleavage toward NO reduction under ambient
conditions, and could provide a better insight into the role of
protons in the biological NO reduction that proceeds at the
diiron active center of s-NOR.
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