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On the mechanism of water oxidation catalyzed
by a dinuclear ruthenium complex: a quantum
chemical study†
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and Per E. M. Siegbahn*a

The development of efficient and robust catalysts for H2O oxidation is an essential element in solar water

splitting. The reaction mechanism for a previously reported dinuclear Ru water oxidation catalyst (1) has

been investigated in detail through quantum chemical calculations. The predicted mechanism starts from a

Ru2
III,III complex with two aqua ligands. After three sequential oxidations, O–O bond formation occurs at a

formal Ru2
IV,V state via the direct coupling of two adjacent oxo moieties while the water nucleophilic attack

mechanism was found to be associated with a higher energy barrier. Two H2O molecules are then inserted

with subsequent release of O2, which was found to be the rate-limiting step with a barrier of 22.7 kcal

mol−1. In a previous work, it was revealed that the ligand scaffold in the studied Ru complex has a non-

innocent function. Here, we further highlight this behavior, where the ligand was shown to mediate proton

transfer events and accept/donate electrons during the catalytic cycle, which can significantly decrease the

redox potentials and facilitate the access to high-valent redox states. This study provides further insight into

the H2O oxidation mechanism and principles for designing improved catalysts for activation of small mole-

cules, such as H2O.

Introduction

The splitting of H2O into H2 and O2 is an appealing solution
to solar energy conversion. Here, the development of efficient
water oxidation catalysts (WOCs) is a vital element for the
construction of catalytic systems capable of converting solar
energy to storable fuels.1–2 To date, several molecular com-
plexes based on Ru,3–11 Ir,12–15 Mn,16–20 Fe,21–25 Co,26–30 and
Cu,31–35 have been identified to catalyze the four-electron oxi-
dation of H2O to O2 (eqn 1). In addition to the large thermo-
dynamic requirement for oxidizing H2O, generation of O2 is
kinetically cumbersome, which makes it difficult to develop
viable catalysts for this transformation.

(1)

A majority of the reported WOCs require a strong sacrifi-
cial oxidant, CeIV, to drive H2O oxidation. However, an ap-
pealing approach is the incorporation of negatively charged
moieties into the ligand scaffolds of the WOCs. This results
in WOCs with significantly reduced redox potentials com-
pared to catalysts comprising neutral ligands,36–40 and en-
ables the use of the mild one-electron oxidant [RuĲbpy)3]

3+

(bpy = 2,2′-bipyridine) to drive H2O oxidation.41–45 These cata-
lysts possess the ability to generate the essential high-valent
metal–oxo species at low redox potentials, which promotes
O–O bond formation, either via water nucleophilic attack
(WNA) or through the direct coupling (DC) of the metal–oxo
units (see Fig. 1).46

In order to rationally design more efficient WOCs, it is
crucial to gain mechanistic insight into how these catalysts
promote the oxidation of H2O and to elucidate how the O–O
bond formation event occurs. During the recent years, quan-
tum chemical calculations have been proven to be a powerful
tool for studying artificial WOCs. The comprehensive mecha-
nistic quantum chemical studies regarding Ru-based WOCs
have generated a wealth of chemical insight, especially in the
regard of the mechanistic descriptions and for detailing sce-
narios for O–O bond formation.47–49 Our group has recently
developed dinuclear RuII,III complex 1′ (Fig. 2) housing a
hexacoordinating pyrazole-based ligand. The developed Ru
complex 1′ was found to promote both chemical and
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photochemical oxidation of H2O using either pregenerated or
photochemcially generated [RuĲbpy)3]

3+-type oxidants.50 Pre-
liminary mechanistic studies suggest that H2O oxidation pro-
ceeds through a high-valent RuIV,V species as the catalytically
competent intermediate for promoting O–O bond
formation.51

In the present study, we further explore the mechanistic
details associated with dinuclear Ru complex 1′ through
quantum chemical calculations. It was found that O–O bond
formation takes place at the formal Ru2

IV,V state, which is
also consistent with experiments, via direct coupling of two
adjacent oxo units. An alternative mechanism involving the
nucleophilic attack of H2O was associated with a significantly
higher barrier. The ligand was shown to be non-innocent by
participating in proton transfer processes and by accepting/
donating electrons during the catalytic cycle. These findings
shed new light on the principles for designing improved cata-
lysts for the multi-electron oxidation of H2O and the possibil-
ity of implementing these key features to other transition
metal-based WOCs.

Experimental section
Computational details

The density functional calculations were performed using the
hybrid B3LYP52 functional, as implemented in the Gaussian

09 code.53 Geometries were optimized with the 6-31G(d,p) ba-
sis set for the C, N, O, H elements and the effective core po-
tential SDD54 basis set for Ru. Based on these optimized ge-
ometries, the final and the solvation energies were calculated
as single-point corrections using the SMD55 continuum solva-
tion model using the B3LYP*56 functional (15 % exact ex-
change) and a larger basis set, where all elements, except Ru,
were described by 6-311+G(2df,2p). It has been shown that
B3LYP* gives better results in describing relative energies in
transition metal complexes56 and also redox potentials in
Photosystem II and some synthetic water oxidation cata-
lysts.57 For the solvation free energy of H2O, the experimental
value of −6.3 kcal mol−1 is used. The concentration correction
of 1.9 kcal mol−1 at room temperature (obtained from the
free energy change of 1 mol of an ideal gas from 1 atm (24.5
L mol−1, 298.15 K) to 1 M in the solution phase) was added
for all species except H2O, for which 4.3 kcal mol−1 was used
as the standard state of the H2O solvent is 55.6 M. The values
reported here are the B3LYP*-D2 energies, including Gibbs
free energy corrections and D2 dispersion correction58 from
B3LYP.

For the calculation of the redox potentials, exactly the
same procedure as in our previous article was used; there-
fore, only some essential points are repeated here. The exper-
imental absolute redox potential of the [RuĲbpy)3]

3+/
[Ru(bpy)3]

2+ couple (1.26 + 4.281 V)59 was used as a reference,

Fig. 1 Schematic representation of the pathways for O–O bond formation for artificial WOCs. WNA = water nucleophilic attack. DC = direct
coupling.

Fig. 2 (Left) Molecular structure of dinuclear RuII,III complex 1′ and (right) calculated structure.
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which corresponds to an electron affinity of 127.8 kcal mol−1.
For the proton-coupled electron transfer processes, the exper-
imental value of −264.0 kcal mol−1 (ref. 60) (corresponding to
1 atm in the gas phase and 1 M in the solution phase) for the
solvation free energy of a proton is used.

Results and discussion
Redox properties of Ru complex 1

The redox properties of this catalyst with different ligand
compositions have been studied in detail in our previous pa-
per.51 Importantly, the Pourbaix diagram for Ru complex 1′
was constructed to understand the pH-dependent behavior of
redox potentials. Here, we only present the relevant catalytic
species at the working pH (pH 7.2). The reaction begins from
Ru complex 1 (Ru2

III,III, Fig. 3), which has four picoline li-
gands in the axial positions, and one aqua and one hydroxide
ligand in the equatorial positions. The Mulliken spin densi-
ties on Ru1 and Ru2 are 0.83 and 0.71, respectively. Impor-
tantly, the spin density on the designed ligand is 0.38,
suggesting a non-innocent behavior of the ligand by stabiliz-
ing the two RuIII centers by electron donation. A strong hy-
drogen bond can be seen between the aqua and the hydrox-
ide ligands, with a distance of only 1.41 Å.

From complex 1, a proton-coupled electron transfer
(PCET) oxidation proceeds to form a formal Ru2

III,IV complex
2 ([(L)Ru2

III,IV(O)(OH2)(pic)4], Fig. 4). The ground state of
intermediate 2 is a quartet with the corresponding doublet at
2.1 kcal mol−1 higher energy. The redox potential for the oxi-
dation of 1 to 2 was calculated to be 0.66 V vs. NHE (see
Fig. 13 and Table 1) and is in good agreement with the exper-
imentally obtained value (0.64 V). When the redox potential
for the [Ru(bpy)3]

3+/[Ru(bpy)3]
2+ couple (1.26 V vs. NHE) is

used as the reference, the formation of complex 2 by the oxi-
dation of 1 is exergonic by 13.9 kcal mol−1. During the oxida-
tion, both the proton and the electron are released from the
Ru1-bound hydroxide as a spin population analysis suggests
the generation of an oxyl radical (O1; 0.70, see Table 2). The
electronic structure of complex 2 is best described as a low-
spin RuIII (S = 1/2) ferromagnetically coupled to an oxyl radi-
cal (S = 1/2) with an additional low-spin RuIII center (S = 1/2).

Fig. 3 Optimized structure of dinuclear Ru complex 1
([(L)Ru2

III,III(OH2)(OH)(pic)4]; total charge of 0). Distances are given in
Angstrom and spin densities on the metal are given in red italic.

Fig. 4 Optimized structures of species 2 ([(L)Ru2
III,IV(O)(OH2)(pic)4]), 3

([(L)Ru2
IV,IV(O)(OH)(pic)4]), and 4 ([(L)Ru2

IV,V(O)(OH)(pic)4]). Distances are
given in Angstrom and spin densities on selected atoms are indicated
in red italic. Relative energies of different spin states are given in kcal
mol−1. The energy of 4A is relative to 4B. In all intermediates,
considerable spin density is localized on the ligand backbone, see
Table 2. For clarity, the picoline ligands are represented by nitrogen
atoms and unimportant hydrogen atoms are not shown.
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The subsequent PCET oxidation, with a redox potential
of 0.85 V, leads to the formation of a formal
[Ru2

IV,IV(O)(OH)(pic)4] species (3, see Fig. 4). Intermediate 3 is
a quintet, where the triplet is 3.8 kcal mol−1 higher in energy.
Here, a proton is removed from the Ru2-bound aqua mole-
cule and an electron is released from Ru2, thus generating
an additional RuIV center. However, significant spin delocali-
zation on the hydroxide oxygen (0.44) can be seen and the
spin density on Ru2 is merely 1.30.

A subsequent one-electron oxidation occurs to produce
the formal [(L)Ru2

IV,V(O)(OH)(pic)4] complex 4 (Fig. 4). This re-
dox step was found to be associated with a redox potential of
1.15 V. The direct removal of an electron from species 3
would generate 4A, in which the doublet, quartet, and sextet
are all close in energy. However, proton transfer from the
Ru2-bound hydroxide to the imidazole nitrogen (4B) via de-
protonation and reprotonation facilitated by the water solu-
tion can slightly lower the energy by 0.3 kcal mol−1. This pro-
ton relocation should occur readily and lead to an
equilibrium between intermediates 4A and 4B. Loss of the
proton, which should be plausible at pH 7.2, yields interme-
diate 4dp (vide infra). Species 4B is a quartet, where the dou-
blet and the sextet are 6.6 and 6.7 kcal mol−1 higher in en-
ergy, respectively. The generated Ru2

IV,V intermediate (4, see
Fig. 5) has the ability of mediating O–O bond formation,
which is also supported experimentally,51 and will be

discussed in the following section. During these three oxida-
tion steps, the total spin density on the designed ligand
evolves from 0.38 in 1, to 0.40 in 2, to 0.42 in 3, and further
to 1.32 in intermediate 4A (see Table 2).

These results suggest a non-innocent function of the li-
gand, which can donate electrons during the oxidation and
become partially oxidized. By doing this, the redox potentials
are significantly decreased and high-valent redox states can
be accessed with lower energy requirements. From species 4A
to 4B, the ligand accepts a proton (highlighted in Fig. 5),
which is coupled with an electron transfer from the Ru2-
bound hydroxide to the ligand, generating an oxygen radical
at O2. The ligand thus facilitates the generation of the sec-
ond oxygen radical, which is necessary for the following O–O
bond formation via direct-coupling.

O–O bond formation by direct coupling at the Ru2
IV,V state

From Ru2
IV,V intermediate 4, there are two mechanistic possi-

bilities for O–O bond formation; (1) direct coupling (DC) of
two oxo units, or (2) water nucleophilic attack (WNA) by an
incoming H2O molecule on one of the ruthenium-oxo moie-
ties. In this section, the DC mechanism is presented and the
alternative WNA mechanism will be presented in the follow-
ing section.

As shown in Fig. 4, intermediate 4 can exist as two isomers
(4A {[(L)Ru2

IV,V(O)(OH)(pic)4]} and 4B {[(HL)Ru2
IV,V(O)2(pic)4]}).

Consequently, O–O bond formation from 4A takes place via
coupling of an oxo and a hydroxide moiety. However, from
isomer 4B, the coupling of two oxo units from isomer 4B was
found to be more favorable (see Fig. 8). These two transition
states are labeled as TS1A and TS1B, respectively, and are
depicted in Fig. 6. For TS1A, the barriers for the doublet and
quartet were calculated to be 17.7 and 16.5 kcal mol−1, re-
spectively, relative to 4B. For TS1B, the barrier in the doublet

Fig. 5 Energetic profile for the formation of Ru2
IV,V (4). Energies are

given in kcal mol−1 and are relative to Ru2
III,III complex 1.

Table 1 Comparison of calculated and experimental redox potentials (in
V vs. NHE) for dinuclear Ru complex 1 (ref. 50)

Calculated Experimental

Ru2
III,IV/Ru2

III,III 0.66 0.64
Ru2

IV,IV/Ru2
III,IV 0.85 0.86

Ru2
V,IV/Ru2

IV,IV 1.14 1.12

Table 2 Summary of spin densities on selected atoms and the ligand
backbone for various intermediates

Species Ru1 Ru2 O1 O2 Ligand

1 0.83 0.71 0.08 0.01 0.38
2 1.18 0.72 0.70 0.02 0.40
3 1.16 1.30 0.74 0.44 0.42
4A 1.16 1.33 0.81 0.43 1.32
4B 0.47 1.01 0.54 0.95 0.04
TS1A 0.83 0.88 0.16 0.01 1.16
Int1A 0.87 0.84 0.14 0.03 1.16
TS1B 1.12 0.93 0.10 0.45 0.42
Int1B 0.13 0.73 −0.08 0.07 0.17
4dp 0.93 0.93 0.93 0.93 −0.71
TS1dp 1.05 1.05 0.25 0.25 0.43
Int1dp 0.56 0.56 −0.17 −0.17 0.25
TS2A 0.98 0.99 0.25 0.05 1.09
TS2B 1.23 0.96 0.64 0.26 0.26
TS2dp 0.96 1.27 0.25 0.53 0.33
Int3 0 0 0 0 0
TS3 0.89 0.80 −0.25 −0.48 1.08
Int4 0.65 0.82 −0.27 −0.43 1.24
Int4dp −0.76 1.29 0.29 0.61 0.24
TS4 −0.68 1.05 0.55 0.63 0.27
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and quartet were found to be significantly lower, 8.6 and 8.5
kcal mol−1, respectively, relative to 4B. In TS1B, the critical
O1–O2 bond was calculated to be 1.83 Å. The coupling of two
oxo units from isomer 4B is associated with a significantly
lower barrier and is thus preferred compared to the coupling
of an oxo and a hydroxide moiety from isomer 4A. This can
be realized by comparing the different driving force for the
O–O bond formation. The coupling of an oxo and a hydroxide
to produce Int1A is endergonic by as much as 15.1 kcal
mol−1, while it is slightly exergonic (1.2 kcal mol−1) for the
formation of Int1B.

We also considered the deprotonated form 4dp
([(L)Ru2

IV,V(O)2(pic)4], Fig. 7), as its pKa was calculated to be 8.2.

This suggests that the generation of 4dp is possible at the
working pH (pH 7.2), with an energy penalty of only 1.5 kcal
mol−1. Upon deprotonation, a ligand radical is generated at
the highly-conjugated planar ligand, as the ligand has a for-
mal total charge of −5. The doublet, quartet, and sextet are
close in energy, with a difference of merely ∼0.1 kcal mol−1.
The O–O bond formation from 4dp turns out to be very facile
and the transition state TS1dp (Fig. 7) lies at only +3.2 kcal
mol−1 for the quartet (+4.6 kcal mol−1 for the doublet) higher
than 4dp. In TS1dp, the nascent O1–O2 bond is 1.79 Å and the
spin density on both O1 and O2 is 0.25. This is different from
that of TS1 in which the spin density on O2 is higher. The
resulting peroxido intermediate Int1dp ([(L)Ru2

III,IV(O2)(pic)4])
has a O–O bond distance of 1.37 Å and is shown in Fig. 7.
When the energetic penalty for the deprotonation is added,
the total barrier for the O–O bond formation via TS1dp be-
comes 4.7 kcal mol−1, which is 3.8 kcal mol−1 lower than that
via TS1B. Importantly, the alternative mechanism involving
the coupling of an oxo and a hydroxide moiety is highly unfa-
vorable and can be ruled out.

It is pertinent to mention that O–O bond formation by di-
rect coupling at the Ru2

IV,IV state has also been considered.
The direct coupling of an oxo and a hydroxide moiety from
complex 3 (the optimized transition state and intermediate

Fig. 7 Optimized structure of stationary points of O–O bond forma-
tion via direct coupling from species 4dp ([(L)Ru2

IV,V(O)2(pic)4]; total
charge: 0). Energies of different spin states are given in kcal mol−1 rela-
tive to 4dp.

Fig. 6 Optimized structures of the transition states of the O–O
bond formation via direct coupling from intermediate 4
([(L)Ru2

IV,V(O)(OH)(pic)4]). Energies of the different spin states are given
in kcal mol−1 relative to 4B.
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are shown in Fig. S1†) has a barrier of 21.1 kcal mol−1, which
is 4.6 kcal mol−1 higher than that from 4A. The alternative
pathway via the coupling of two oxo moieties has an even
higher barrier, 24.3 kcal mol−1. These results further confirm
that O–O bond formation takes place at the Ru2

IV,V state.

O–O bond formation by water attack at the Ru2
IV,V state

The alternative O–O bond formation mechanism via WNA on
a ruthenium-oxo moiety was also considered (see Fig. 8).
From intermediate 4A, the Ru2-bound hydroxide can act as a
base to promote the abstraction of a proton from the incom-
ing nucleophilic H2O molecule (transition state TS2A shown
in Fig. 9). The barrier was calculated to be 20.9 kcal mol−1 rel-
ative to 4A + H2O or 21.2 kcal mol−1 relative to 4B + H2O. Sim-
ilarly, the transition state for H2O attack on 4B (TS2B) was lo-
cated and is displayed in Fig. 9. In 4B, the imidazole adjacent
to Ru1 is deprotonated while the other imidazole unit close
to Ru2 is protonated. This renders O1 more nucleophilic
than O2 and thus O2 has a more electrophilic character com-
pared to O1. Therefore, the Ru1–O1 moiety functions as a
base to facilitate the nucleophilic attack of H2O on Ru2–O2.
The barrier for this step was calculated to be 21.4 kcal mol−1

relative to 4B + H2O. WNA on 4dp has a slightly lower barrier,
being 18.2 kcal mol−1 relative to 4dp + H2O. The total barrier
becomes 19.7 kcal mol−1 when the energy cost for the depro-
tonation step is included. These findings show that O–O
bond formation via direct coupling is associated with a sig-
nificantly lower barrier compared to the nucleophilic attack
of H2O on the ruthenium–oxo unit. This is similar to the re-
sults observed for the “blue dimer” and the dinuclear Ru-
pyrazole catalyst developed by Llobet, in which the direct cou-
pling of two oxo groups is also preferred.57a

Water insertion into the peroxide intermediate

From peroxido intermediate Int1dp ([(L)Ru2
III,IV(O2)(pic)4]), a

very facile one-electron oxidation to generate Int3
([(L)Ru2

IV,IV(O2)(pic)4]; total charge of +1, Fig. 10) takes place
and was calculated to have a potential of 0.89 V, suggesting
that this step is exergonic by 8.6 kcal mol−1. The oxidized

peroxido species Int3 is a closed-shell singlet, where the trip-
let and quintet are 8.0 and 3.3 kcal mol−1 higher in energy. A
H2O molecule can then be inserted into Int3 via transition
state TS3. The barrier for this step was calculated to be
19.7 kcal mol−1 for the triplet state (see Fig. 10), which is dra-
matically higher than that for the O–O bond formation step

Fig. 8 Energetic profile for O–O bond formation. Energies are given in kcal mol−1 and are relative to Ru2
III,III complex 1.

Fig. 9 Optimized structures of transition states of O–O bond forma-
tion via H2O attack from intermediates 4 (TS2A and TS2B) and 4dp

(TS2dp). Energies of TS2 and TS2dp are given in kcal mol−1 relative to 4
+ H2O and 4dp + H2O, respectively.
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(4.7 kcal mol−1). The singlet and quintet pathways were
shown to have higher barriers than the triplet (Fig. 10). Dur-
ing the H2O insertion process, a spin crossing is needed from
the singlet to triplet state. In transition state TS3, the dis-
tance between the incoming H2O oxygen O3 and Ru2 is

2.29 Å, while the Ru2–O2 distance is 2.62 Å. The result-
ing triplet species Int4 ([(L)Ru2

IV,IV(O2)(OH2)(pic)4]) lies at
10.8 kcal mol−1 relative to Int3 + H2O. The pKa of Int4
was calculated to be 2.7, indicating that it is deprotonated
at pH 7.2. The deprotonated form is labeled as Int4dp
([(L)Ru2

IV,IV(O2)(OH)(pic)4]) and is depicted in Fig. 11 and 12.
The energetic profile for the H2O insertion process is
depicted in Fig. 11. In Int4dp, O2 (spin density of 0.61) has
a more radical character than O1 (0.29), and therefore a
hydrogen bond is formed between the Ru2-bound hydroxide
and O1.

O2 release and catalyst regeneration

From the [(L)Ru2
IV,IV(O2)(OH)(pic)4] species Int4dp, release of

O2 can occur from the Ru1 center, coupled with the binding

Fig. 11 Energetic profile for H2O insertion into peroxido intermediate Int1dp ([(L)Ru2
III,IV(O2)(pic)4]). Energies are given in kcal mol−1 and are relative

to Ru2
III,III complex 1.

Fig. 10 Optimized structures of intermediates and transition state for
the H2O insertion to the peroxide intermediate. Energies of TS3 and
Int4 are given in kcal mol−1 relative to Int3 + H2O.

Fig. 12 Optimized structures of intermediates and transition state for
O2 release. Energies of TS4 are given in kcal mol−1 relative to
Int4dp+H2O.
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Fig. 13 Energetic profile for H2O oxidation catalyzed by Ru complex 1. Energies are given in kcal mol−1. To set up the relative energies, 1.26 V vs.
NHE (redox potential for [RuĲbpy)3]

3+/[Ru(bpy)3]
2+) is used as a reference.

Scheme 1 Proposed catalytic cycle for H2O oxidation by dinuclear Ru complex 1.
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of a second H2O molecule. The optimized transition state,
TS4, for the release of O2 is shown in Fig. 12. The barrier was
calculated to be 17.8 kcal mol−1 relative to Int4dp + H2O,
making the total barrier 22.7 kcal mol−1 when taking into ac-
count the energetic penalty for the formation of Int4dp from
Int3. We have also tried to include more water molecules to
account for the effect of hydrogen bonding during the O2 re-
lease process. The inclusion of one water molecule to bridge
the incoming water molecule and the O2 molecule leads to a
slight increase in the barrier by 0.8 kcal mol−1 (see the ESI,†
Fig. S2). The addition of a second water molecule to bridge
the hydroxide moiety and the O2 molecule further increases
the barrier by 6.8 kcal mol−1. These results suggest that the
inclusion of water molecules does not facilitate the ligand ex-
change. In any case, the O2 release has a much higher bar-
rier than that for the O–O bond formation. Importantly, this
step was determined to be the rate-limiting step for the
whole catalytic cycle. The turnover frequency for this catalyst
has been experimentally measured to be 1.3 s−1,50 which can
be converted into a barrier of ∼17 kcal mol−1. Compared
with the experimental data, the calculated barrier is some-
what overestimated and may have originated from the den-
sity functional and/or the continuum solvation model. At
TS4, the Ru1–O1 and Ru1–O4 distances are 2.25 and 2.56 Å,
respectively. This step leads to the regeneration of Ru com-
plex 1 and completes the catalytic cycle. The complete ener-
getic profile and catalytic cycle are shown in Fig. 13 and
Scheme 1, respectively. Briefly, the consecutive PCET events
of the staring complex Ru2

III,III 1 furnishes the oxidized
Ru2

IV,V species 4dp, which has the ability to trigger O–O bond
formation. Here, the direct coupling of the two oxo units was
found to be favored over the nucleophilic attack of H2O on
one of the oxo moieties. The direct coupling yields Ru2

III,IV

peroxido species Int1dp, which loses an electron and one pro-
ton to produce the Ru2

IV,IV intermediate Int4dp from which
O2 is liberated, regenerating the starting Ru complex 1 to
complete the catalytic cycle.

Conclusions

In the present paper, the H2O oxidation mechanism has been
investigated for a dinuclear Ru complex by quantum chemi-
cal calculations. Relevant redox intermediates, redox poten-
tials, and reaction pathways for O–O bond formation and O2

release were calculated and compared. H2O oxidation com-
mences from the Ru2

III,III complex 1, housing two aqua li-
gands. Two sequential PCET oxidations lead to the formation
of a formal [(L)Ru2

IV,IV(O)(OH)(pic)4] complex 3, which is
followed by a one-electron oxidation to generate the formal
[(HL)Ru2

IV,V(O)2(pic)4] complex 4B containing two oxo moieties.
O–O bond formation can occur via the direct coupling of

the two oxo groups with a barrier of 8.5 kcal mol−1. The alter-
native scenario, WNA, was determined to have a barrier of
21.2 kcal mol−1, suggesting that this is not a viable pathway.
It was also revealed that the deprotonation of Ru2

IV,V interme-
diate 4 to form 4dp ([(L)Ru2

IV,V(O)2(pic)4]) is slightly ender-

gonic and the coupling of the two oxo groups from this inter-
mediate to give Int1dp has an even lower barrier, being only
4.7 kcal mol−1 when the energy cost for the deprotonation
step to produce 4dp is included.

A subsequent one-electron oxidation of Int1dp takes place,
resulting in the formation of the formal [(L)Ru2

IV,IV(O2)(pic)4]
peroxido intermediate Int3. This is followed by H2O inser-
tion into the peroxido intermediate to generate Int4
([(L)Ru2

IV,IV(O2)(OH2)(pic)4]), which can be deprotonated at
pH 7.2 as its pKa was calculated to be 2.7. Finally, insertion
of a second H2O molecule proceeds, concomitant with the re-
lease of O2. This step was calculated to be rate-limiting with
a total barrier of 22.7 kcal mol−1.

The computed mechanism involves three key features:
generation of a Ru2

IV,V intermediate, direct coupling of two
metal-oxo units, and O2 release to regenerate the catalyst.
For the studied Ru catalyst, the ligand motif was also
found to be non-innocent by participating in proton transfer
and by accepting/donating electrons during the catalytic
process. This strategy can significantly lower the redox
potentials and help accessing high-valent oxidation states,
which is required for promoting O–O bond formation, and
could be a general strategy for designing more efficient
metal-based WOCs.
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