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ABSTRACT: [Ru2(OH)2(3,6-tBu2Q)2(btpyan)]2þ (tBu2Q, 3,6di-tert-butyl-1,2-benzoquinone; btpyan, 1,8-bis(2,20 :60 ,200 -terpyridyl)anthracene) is one of a handful of structurally well-deﬁned
homogeneous catalysts that can electrocatalytically oxidize water
at room temperature. Unfortunately, the exact composition and
the chemical properties of the redox intermediates leading to the
catalytically competent species remains poorly resolved. On the basis of the UVvis spectra the catalyst was previously speculated to
lose two protons spontaneously to form an intermediate containing the key OO bond in water. We evaluated this mechanistic
scenario computationally and found that the associated pKa values are in the range of 21, much too high to justify spontaneous
deprotonation under experimental conditions of pH = 4. In later work, the OO bond formation was speculated to occur after
removal of two protons and two electrons. Extensive exploration of the various oxidation and protonation states that the
diruthenium complex may access during catalyst activation reveals surprisingly complex electronic structure patterns in several redox
intermediates: the quinone and tpy ligands become redox noninnocent, i.e., they participate actively in the electron transfer
processes by temporarily storing redox equivalents. On the basis of this new insight into the electronic structure we propose a novel
alternative explanation of the spectroscopic observations reported previously and characterize the electronic structure of the key
intermediates in detail. Finally, the redox potential for the ﬁrst two-electron oxidation is evaluated based on our proposed
intermediates and predicted to be 0.411 V, which compares well with the experimentally observed broad two-electron wave
at ∼0.32 V.

’ INTRODUCTION
The rapidly depleting reserves of easily accessible fossil fuel
feed stocks add urgency to the long-standing challenge of
developing new, sustainable technologies for alternative energy.
The most viable solution to the energy crisis is the utilization of
solar energy1,2 with artiﬁcial photosynthesis being perhaps the
most elegant of potential solutions. Nature utilizes a complex
machinery including photosystems I and II to convert solar into
chemical energy where the oxidation of water to dioxygen35
serves as an inexhaustible source for electrons and protons that
are ultimately used to reduce carbon dioxide. Among the technologies that must be developed to construct a device capable of
artiﬁcial photosynthesis,6,7 eﬃcient and robust water oxidation
catalysis under mild conditions has been particularly challenging to
achieve. The blue dimer8 was one of the ﬁrst well-deﬁned metal
complexes capable of oxidizing water, and it has inspired many
analogous systems.920 Many of these complexes use Ru as the
metal center with fairly innocent auxiliary ligands, and most of the
key chemical steps are believed to take place at the metal.21 The
high oxidation state that may be accessed as a result of the removal
of four electrons is problematic as it may lead to structural damage
of the catalyst. In our previous work, we found that the electronic
stress in the RuVdO moiety of the catalytically active intermediate
of the blue dimer gives rise to an intramolecular electron transfer to
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aﬀord a RuIVO• fragment that is responsible for activating the
OH bond of water. Whereas the metal-induced spin polarization
on the oxo ligand was constructive in this case, it is easy to envision
destructive eﬀects emerging from metal-induced modiﬁcations of
ligand electronics.22 Thus, it is important to understand how redox
catalysts can mediate and dissipate charge-induced electronic
stress. The catalyst reported by Tanaka et al.23,24 [Ru2(OH)2(3,6t
Bu2Q)2(btpyan)]2þ (tBu2Q, 3,6-di-tert-butyl-1,2-benzoquinone;
btpyan, 1,8-bis(2,20 :60 ,200 -terpyridyl)anthracene) is interesting in
this context because it contains quinone ligands,2527 which may
become redox noninnocent during catalysis to aﬀord semiquinone
and/or catecholate moieties. Consequently, the redox catalyst may
access two spatially well-separated, chemically diverse storage sites
for redox equivalents. In principle, distributing charges across a
large molecular framework should be beneﬁcial from energetic
perspectives and allow for reducing unwanted radical-based reactivity. Prominent examples of chemical reactions where redox
noninnocent ligands play a key role include catechol oxidase and
galactose oxidase.2834 The chemistry of metal complexes with
catechol/semiquinone ligands has been reviewed extensively by
Pierpont and Lange.35 More recently, the electronic structure of a
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series of complexes with a single ruthenium center that engage in
redox noninnocent behavior was investigated by Muckerman
et al.36,37 In unrelated previous work, we demonstrated that
intimate coupling between the metal and the ligand redox states
can play a signiﬁcant role in determining the catalytic activity of
a metal complex.38,39
The voltammetric response of the model complex [RuII(trpy)t
( Bu2Q0 )(OH2)]2þ (trpy = 2,20 :60 ,200 -terpyridine, tBu2Q0 = 3,5di-tert-butyl-1,2-benzoquinone) in electrochemical experiments
suggested that deprotonation of the aqua ligand may lead to
spontaneous intramolecular rearrangement of the electronic
structure that transforms the quinone to semiquinone groups,
as conﬁrmed experimentally by low-temperature EPR studies.26
By analogy, we may expect a similar response in the diruthenium
catalyst complex upon deprotonation. An experimental complication arises from the fact that the catalyst is soluble in methanol
but not in water. Hence, to study the reactivity of the catalyst in
water it must be deposited on an ITO electrode surface and
subsequently dipped in water. Interestingly, the aqueous UVvis
spectrum of the diruthenium species deposited on the electrode
is similar to the spectrum of the species obtained after addition of
two equivalents of tBuOK in methanol. This observation led to
the conclusion that the catalyst may deprotonate spontaneously
in water to aﬀord a species matching the spectroscopic proﬁle
of the mononuclear analogue.24 To form the OO bond the two
terminal oxo groups are expected to undergo intramolecular
oxidation becoming oxyl radicals, while the removed electron is
transported across the ruthenium conduit to the quinone ligands
transforming them to semiquinone ligands. Having generated the
two oxyl radical moieties facing each other, a radical recombination
type of OO coupling may ensue with little diﬃculty. Whereas
this series of electronic rearrangement events is plausible, the
required spontaneous deprotonation that triggers the series of
transformations is surprising: In methanol the same reaction
required the addition of the strong base tBuOK. Why would this
process be so much easier in water? We investigated this tantalizing question in greater detail and reach a set of very diﬀerent
conclusions than proposed previously. A plethora of plausible
redox and protonation states were probed systematically in an
eﬀort to obtain a robust foundation for drawing conclusions on
the relative energetics and reactivities of the intermediates
encountered in the redox series. Our calculations were calibrated against the experimentally observed reversible twoelectron wave in cyclic voltammetry.40 Recently, Muckerman
et al. speculated on a mechanism where OO bond formation
is preceded by two proton-coupled electron transfer steps,36
but a comprehensive and thorough quantum chemical treatment of the redox states of all plausible intermediates that we
present here was thus far not available.

’ COMPUTATIONAL DETAILS
All calculations were carried out using density functional theory as
implemented in the Jaguar 7.0 suite41 of ab initio quantum chemistry
programs. Geometry optimizations were performed with the B3LYP4246
functional and the 6-31G** basis set. Ru was represented using the Los
Alamos LACVP basis47,48 that includes relativistic eﬀective core potentials.
The energies of the optimized structures were re-evaluated by additional
single-point calculations on each optimized geometry using Dunning’s
correlation-consistent triple-ζ basis set49 cc-pVTZ(-f) that includes a
double set of polarization functions. For Ru, we used a modiﬁed
version of LACVP, designated as LACV3P, in which the exponents
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were decontracted to match the eﬀective core potential with triple-ζ
quality. Vibrational/rotational/translational entropies of the solute(s)
were included using standard thermodynamic approximations. Solvation
energies were evaluated by a self-consistent reaction ﬁeld (SCRF)5052
approach based on accurate numerical solutions of the linearized Poisson
Boltzmann equation.53 Solvation calculations were carried out at the
optimized gas-phase geometry employing the dielectric constant of ε =
80.37 (water). As is the case for all continuum models, the solvation
energies are subject to empirical parametrization of the atomic radii
that are used to generate the solute surface. We employ the standard set
of optimized radii for H (1.150 Å), C (1.900 Å), N (1.600 Å), and O
(1.600 Å). The scaled van der Waals radius used for Ru is 1.481 Å. The
solvation energies in methanol are computed using the dielectric constant
of ε = 32.63. The probe radius is taken to be identical to that of water
(1.4 Å). Tests using a larger probe radius (2.0 Å) show unsurprisingly a
constant shift of the solvation energy not aﬀecting the diﬀerential solvation
energies to any relevant extent.
Convergence to plausible electronic states that correspond to conceptually meaningful electronic conﬁgurations was monitored by carefully
observing the Mulliken spin densities and visualizing the frontier molecular orbitals. When multiple minima were encountered, we compared
the total energies and chose the structure with the lowest energy.
Antiferromagnetically (AF) coupled states were modeled using Noodleman’s broken symmetry (BS) formalism without spin projection,5456
as the spin projection corrections are uniformly found to be negligibly
small. Energy components have been computed following the protocol
of our previous work.40 The electron attachment free energy in solution
phase ΔGEA(sol) and the redox potentials (E1/2) for the reactions were
calculated as follows
ΔGEA ðsolÞ ¼ ΔGEA ðgasÞ þ ΔΔGsolv

ð1Þ

ΔGEA ðgasÞ ¼ ΔH EA ðgasÞ  TΔSðgasÞ

ð2Þ

ΔH EA ðgasÞ ¼ ΔH EA ðSCFÞ þ ΔZPE

ð3Þ

ΔGEA ðsolÞ ¼  nFE1=2

ð4Þ

where ΔGEA(gas) = electron attachment free energy in the gas phase,
ΔΔGsolv = free energy of solvation as computed using the continuum
solvation model, ΔHEA(gas) = electron attachment enthalpy in the gas
phase, T = temperature (298.15 K), ΔS(gas) = entropy diﬀerence in the
gas phase, ΔHEA(SCF) = self-consistent ﬁeld energy, i.e., “raw” electronic energy as computed from the SCF procedure, ΔZPE = vibrational
zero-point energy diﬀerence, F = Faraday constant, and n = number of
electrons. To correlate our computed redox potentials to experimental
values that are reported against the Ag/AgCl reference electrode, we
subtract 4.63 eV from the absolute potential that we obtain according to
eq 4. The absolute potential of NHE is still debated with values ranging
from 4.28 to 4.43 V.5761 Here, we assume the absolute potential of
NHE to be 4.43 V, and thus, there may be a trivial systematic shift in our
computed potentials up to 150 mV depending on which reference value
is taken. For computing the proton-coupled redox reactions, it is necessary
to account for the energy of a proton in solution. We used the following
procedure to compute the free energy of a proton in solution, G(Hþ)
GðHþ Þ ¼ H gas ðHþ Þ  TS þ 5=2RT þ Gsolv ðHþ Þ

ð5Þ

where Hgas(Hþ), the gas-phase electronic energy, is zero by deﬁnition, R is
the universal gas constant, T is 298.15 K, S is the translational entropy of a
free hydrogen atom (26.04 eu) calculated using the SackurTetrode
equation, and Gsolv(Hþ) is the free energy of solvation (265.9 kcal
mol1 in water and 263.9 kcal mol1 in methanol).62 At room
temperature, the solution-phase free energy G(Hþ) is calculated to
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be 11.80 eV in water and 11.72 eV in methanol. pKa is calculated using
the reaction isotherm
ΔGðsolÞ ¼  RT ln K a ¼ ð2:303ÞRTpK a
¼ 1:36 3 pK a ðat 298:15 KÞ

ð6Þ

Our calculations are carried out on a slightly truncated model where
the tert-butyl groups of the quinone ligands are replaced by hydrogen
atoms (Figure 1). This smaller model system is validated by comparing
calculated pKas of the monoruthenium analogues mentioned in the text.
The error we introduce by truncating the quinone ligand is limited to
12 pKa units in this case.63
To clearly indicate the electronic structure of the intermediates, we
use the following labels: For example, [(x/q),(y/sq)]2þOSS denotes the
oxidation states of the ruthenium centers as x and y, respectively. The
charge of the complex is 2þ. The redox states of the ligands attached to
Ru(x) and Ru(y) render the ﬁrst to be a quinone, whereas the latter is
characterized as a semiquinone ligand. The subscript denotes the openshell singlet (OSS) electronic structure. The quinone is abbreviated as
‘‘q’’, while semiquinone, the one-electron-reduced form of quinone, is
abbreviated as ‘‘sq’’. The metal oxidation states are assigned on the basis
of Mulliken spin distribution and molecular orbital analysis.

’ RESULTS AND DISCUSSION
A key feature of any water oxidation mechanism that must be
understood in detail is how and when the OO bond is formed
to aﬀord typically a peroxo intermediate. In this case the reactant
is assumed to be the dihydroxo complex [(2/q),(2/q)]2þ.
Tanaka proposed that this reaction is intimately connected to
the deprotonation of [(2/q),(2/q)]2þ as summarized in Figure 2.24
In methanol [(2/q),(2/q)]2þ displays a distinctive UVvis absorption band at 580 nm, which is assigned to a RuII f quinone
charge transfer (CT) transition. Upon addition of one equivalent of
t
BuOK, which presumably deprotonates [(2/q),(2/q)]2þ, a new

Figure 1. Computational model, and abbreviations used in this study.

spectroscopic feature emerges at 850 nm that was assigned to a
RuII f semiquinone CT transition. The presence of both the
580 and the 850 nm bands was considered to be a characteristic
signature of the [(2/q),(2/sq)]þ cation, in which there is a
[(quinone)RuIIOH] and a [(semiquinone)RuIIO•] moiety
within one molecule giving rise to two distinct absorption bands.
Removal of an additional Hþ by a second equivalent of tBuOK
leads to a notably simpliﬁed UVvis spectrum with only one
absorption band at 850 nm. Thus, the intermediate [(2/sq),
(2/sq)]0 was speculated to be a diruthenium peroxo complex
with two [(semiquinone)RuII] centers bridged by a OO fragment, as shown in Figure 2.27 When [(2/q),(2/q)]2þ was
exposed to water at pH = 4, the absorption band at 850 nm
emerged spontaneously, leading to the interpretation that no
external base is required for the complete deprotonation of
[(2/q),(2/q)]2þ in water. This interpretation has signiﬁcant
mechanistic implications, as it implies that the overall twoelectron oxidation of the hydroxo groups to the peroxo fragment
is achieved spontaneously and rapidly under mild conditions
only using two RuII promoter sites. If true, this ﬁnding is
remarkable, as the oxo f peroxo conversion is often challenging
and requires high-valent metal centers.38 Second, the RuII centers
do not formally change their oxidation states during the sequence
of reactions in this mechanistic scenario, as the electrons that are
formally removed from terminal oxo moiety are accommodated
in the quinone ligands. Lastly, the spontaneous loss of two
protons in water without the help of a strong base is puzzling
since the pH of methanol is expected to be ∼7.3, i.e., notably
higher than the pH of 4.0 used in aqueous solution, raising the
question as to why the spontaneous deprotonation is not
observed in methanol. In more recent work, the OO bond
formation was implicated to be preceded by two proton-coupled
oxidations.36 We examined the electronic structure and relative
energies of the intermediates invoked in the mechanism to shed
light on these tantalizing questions.
Electronic Structure of [2,2]2þ. Before examining the energetics of the intermediates in various oxidation states it is necessary
that we identify plausible electronic structures for all intermediates,
most importantly for the starting point [2,2]2þ. With the metal
centers and the quinone ligands potentially adopting different
redox states a number of different electronic states are possible. On
the basis of the 580 nm band Tanaka et al.24 and subsequently
Muckerman et al.27 assigned the starting complex to be [(2/q),
(2/q)]2þ, i.e., two RuII centers supported by quinone ligands,
which is the most intuitive assignment based on classical electron
counting rules. We examined an extensive number of plausible
alternative states in an effort to identify structural isomers and
electronic features that may help explaining some of the questions
highlighted above. To our surprise, we obtained two species that
we labeled as [(3/sq),(3/sq)]2þ and [(2/sq),(3/sq)]2þ displaying significantly lower energies than [(2/q),(2/q)]2þ (Scheme 1).

Figure 2. Tanaka’s proposal for the deprotonation process in methanol in the presence of tBuOK.
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Table 1. Mulliken Spin Density Distributions of Various
Structures Encountered during the Deprotonation Seriesa
Ru2

O2

Q2

tpy2

Ru1

O1

Q1

tpy1

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
[(2/q),(2/q)]2þ
[(2/sq),(3/sq)]2þ 0.12 0.01 0.89 0.01 0.97 0.87 0.88 0.03
[(3/sq),(3/sq)]2þ
0.61 0.16 0.76 0.01 0.60 0.27 0.85 0.01
[(2.5/sq),(2.5/sq)]þ 0.51 0.36 0.89 0.01 0.56 0.64 0.91 0.24
[(2.5/sq),(2.5/sq)]0 0.69 0.82 0.91 0.56 0.69 0.82 0.91 0.57
a
[(2.5/sq),(2.5/sq)]0 0.68 0.80 0.90 0.55 0.68 0.80 0.90 0.55
[(2/sq),(2/sq)]0OSS
0.29 0.12 0.68 0.18 0.21 0.03 0.75 0.02
[(2/sq),(2/sq)]0T
0.23 0.22 0.67 0.12 0.29 0.27 0.60 0.15

Positive numbers indicate R-spin, and negative numbers indicate
β-electron density.

a

Their solution-phase free energies in water are 12.85 and 11.15
kcal mol1 lower than that of [(2/q),(2/q)]2þ, respectively,
indicating that the formally intuitive assignment of oxidation
states is not appropriate in this case. Instead, there are two fairly
isoenergetic forms constituting a better description of the nature of
the key intermediate labeled as [2,2]2þ thus far. Of these two
alternative formulations [(3/sq),(3/sq)]2þ is easy to understand,
but the alternative [(2/sq),(3/sq)]2þ requires some explanation.
Complex [(3/sq),(3/sq)]2þ can be considered as the redox
noninnocent analogue of [2,2]2þ, as it may be thought of as
arising from the classical parent complex [(2/q),(2/q)]2þ by
formally inducing an intramolecular electron transfer across the
RuIIquinone moiety to aﬀord a RuIIIsemiquinone fragment
where the unpaired electrons on RuIII-d5 and semiquinone
centers are AF coupled. The Mulliken spin densities show
signiﬁcant excess R-spin density of 0.60 on Ru1 matched by an
excess β-spin density of 0.85 on the quinone moiety Q1, which
classiﬁes the quinone group as a semiquinone. Similarly, the
excess R-spin density of 0.61 on Ru2 is matched by a β-spin
density of 0.76 on Q2 (Table 1, entry 3). This spin distribution is
consistent with an intramolecular electron transfer from the
RuO fragment to the quinone moiety directly bound to each
of the metal centers. Since this species is computed to be the
lowest energy structure, we use it as the reference state for all
other isomers, as shown in Scheme 1.
Species [(2/sq),(3/sq)]2þ can be derived from [(2/q),
(2/q)]2þ by H• transfer from one hydroxo unit to the other
hydroxo group of the molecule, leaving behind an unpaired
electron on the resulting terminal oxyl moiety, as illustrated in
Scheme 1. The Mulliken spin densities of 0.97 and 0.12, i.e.,
an excess R-population of 0.97 and an excess β-population of
0.12 on Ru1 and Ru2, respectively, are fully consistent with a
RuIII-d5 and RuII-d6 center, respectively. We can envision
this new electronic structure to arise from the following
series of formal transformations. First, we imagine invoking an

intramolecular proton-coupled electron transfer (PCET) to aﬀord
a conceptual intermediate complex X. The hydrogen-bonded
hydroxo groups of the Ru2(OH) 3 3 3 (HO)Ru1 moiety become a Ru2(O H2) 3 3 3 (O)Ru1 fragment in this process, as
illustrated in Scheme 1. This process aﬀords an energetically
undesirable 19-electron RuI center that is attached to the newly
formed aqua ligand in intermediate X. This electronic stress can be
released, if the electron is moved further to the quinone ligand,
which generates a (semiquinone)RuII(OH2) fragment in the
conceptual intermediate Y. Concomitantly, the drastic change in the
Coulombic and electronic character of the oxyl radical bound to
Ru1 compared to the hydroxo ligand triggers the metal to donate a
β-electron to the quinone ligand that is directly attached to it, giving
a semiquinone on both sides of the diruthenium complex in
[(2/sq),(3/sq)]2þ. The most salient structural features of these
three isomers are shown in Figure 3. The hydrogen-bonding
patterns are in good agreement with the electronic patterns described above and will not be discussed in greater detail.
The diﬀerent contributions to the solution-phase free energy
of the three species are compared in Table 2. Interestingly, the
energetic preference of [(3/sq),(3/sq)]2þ over [(2/q),(2/q)]2þ
is dominated by an electronic energy diﬀerence of 12.1 kcal mol1
in favor of [(3/sq),(3/sq)]2þ. All other components of the
solution-phase free energy are practically identical for both
complexes. It is particularly meaningful that the solvation energies of these two species are identical at 111.4 kcal mol1 in
methanol and 113.9 kcal mol1 in water. Thus, the energetic
preference of [(3/sq),(3/sq)]2þ over [(2/q),(2/q)]2þ is an
intrinsic feature of the catalyst that stems from the redox noninnocent nature of the quinone ligand in [(3/sq),(3/sq)]2þ. The
alternative species [(2/sq),(3/sq)]2þ is electronically only 4.0 kcal
mol1 lower in energy than the classical “redox innocent” parent
complex [(2/q),(2/q)]2þ. However, it shows a signiﬁcantly more
polarized electron density distribution than the parent, which is
easy to understand given the electronic and structural rearrangement discussed above. The dipole moment of [(2/sq),(3/sq)]2þ
is 8.7 D, which is much larger than 3.4 D in [(2/q),(2/q)]2þ.
Consequently, the solvation energy of [(2/sq),(3/sq)]2þ is 6 kcal
mol1 more negative than that of [(2/q),(2/q)]2þ (Table 3).
The energy component analysis presented above leads to an
important conclusion. If taken without the proper skepticism for
the accuracy of the computed numbers, we may conclude that
[(3/sq),(3/sq)]2þ is the dominant species in both water and
methanol, since it has the lowest energy in both solvents. We
have to consider, however, that our continuum model is a very
simplistic treatment of the solvation eﬀect at best. What are more
meaningful than the absolute magnitudes of the calculated
solvation energies are the underlying electronic features that
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Figure 3. Structures of the alternative candidates for the ground electronic state of [2,2]2þ. Only the core structures are shown for clarity; only a few
selected carbon atoms of the anthracene and the quinone fragments are drawn, and all nonessential hydrogen atoms are hidden.

Table 2. Relative Energetics of the Diﬀerent Electronic and
Structural Isomers of [2,2]2þ
ΔG(solv.)
ΔE(SCF)

water

methanol

ΔG(sol)
water

methanol

0.00

113.93

111.40

0.00

0.00

[(3/sq),(3/sq)]2þ

12.13

113.92

111.35 12.85

12.81

[(2/sq),(3/sq)]2þ

3.97

119.89

117.20 11.15

10.99

[(2/q),(2/q)]

2þ

Table 3. Mulliken Spin Density Distributions of Various
Structures Encountered during the Deprotonation Seriesa
Ru2

O2

Q2

tpy2

Ru1

O1

Q1

tpy1

2þ

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
[(2/q),(2/q)]
[(2/sq),(3/sq)]2þ
0.12 0.01 0.89 0.01 0.97 0.87 0.88 0.03
[(3/sq),(3/sq)]2þ
0.61 0.16 0.76 0.01 0.60 0.27 0.85 0.01
[(2.5/sq),(2.5/sq)]þ 0.51 0.36 0.89 0.01 0.56 0.64 0.91 0.24
[(2.5/sq),(2.5/sq)]0
0.69 0.82 0.91 0.56 0.69 0.82 0.91 0.57
a
[(2.5/sq),(2.5/sq)]0 0.68 0.80 0.90 0.55 0.68 0.80 0.90 0.55
[(2/sq),(2/sq)]0OSS
0.29 0.12 0.68 0.18 0.21 0.03 0.75 0.02
[(2/sq),(2/sq)]0T
0.23 0.22 0.67 0.12 0.29 0.27 0.60 0.15

Positive numbers indicate R-spin, and negative numbers indicate
β-electron density.

a

led to the energy diﬀerence. In addition, the computed energy
diﬀerence of 1.8 kcal mol1 in favor of [(3/sq),(3/sq)]2þ over
[(2/sq),(3/sq)]2þ is too small to allow for a conﬁdent decision
on [(3/sq),(3/sq)]2þ being the dominant form. Taken together these results present an elegant albeit speculative proposal for explaining the tantalizing spectroscopic observations
mentioned above: In methanol the dominant intermediate is
the electronically most favorable species [(3/sq),(3/sq)]2þ,

whereas [(2/sq),(3/sq)]2þ is dominant in water. Previous
work by Tsai et al.64 is interesting in this context, as it showed
that a RuIIO• moiety of the mononuclear model complex
abstracts an H atom presumably from CF3CH2OH at room
temperature to aﬀord the hydroxo analogue. By analogy we may
expect [(2/sq),(3/sq)]2þ to engage in a similar reaction. On
closer inspection, however, we note distinctive diﬀerences
between the mononuclear model and this dinuclear catalyst:
(i) In [(2/sq),(3/sq)]2þ the oxyl radical is masked by strong H
bonding to the aqua ligand of the other Ru subunit. (ii) The
RuIIIO• moiety in [(2/sq),(3/sq)]2þ is expected to be much
less likely to engage in a H-atom abstraction reaction, as the
unpaired spin on the RuIII-d5 center will stabilize the oxyl
radical more eﬀectively. Calculations on the model mononuclear complex [(3/sq)]þ conﬁrm that the H-atom transfer
reaction is ∼10 kcal mol1 more uphill than for the [(2/sq)]0
species. (iii) The mononuclear oxyl radical model complex is
neutral, whereas the corresponding subunit in the dinuclear
complex is positively charged, making the latter less susceptible
to protonation in acidic pH. The presence of [(2/sq),
(3/sq)]2þ in water provides a plausible explanation as to why
a more ﬂexible bridge like 2,7-di-tert-butyl-9,9-dimethyl-4,5bis(2,20 :60 ,200 -terpyrid-40 -yl)-xanthene may lead to an unreactive bridging oxo complex,27 as it is easy to envision that the
extrusion of the preformed water ligand will lead to formation of
the RuORu moiety.
Deprotonation. Previously, the spectroscopically detectable
species were identified to be [(2/q),(2/q)]2þ, [(2/q),(2/sq)]þ,
and [(2/sq),(2/sq)]0 assuming that the hydroxo ligands are
sufficiently acidic to lose the protons under the experimental
conditions. As our new proposal deviates significantly from this
original assignment, we must critically evaluate the deprotonation events specifically to highlight and rationalize the differences.
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The rationale for expecting the hydroxo groups to be fairly
acidic stems from comparing them to the analogous species
[RuII(tpy)(tBu2Q0 )(OH2)]2þ, for which a pKa of 5.5 was reported
in water.26 This comparison is problematic, however, as the acidic
proton originates from an aqua ligand in this case and progresses
according to (q)RuIIOH2 f (q)RuIIOH þ Hþ, whereas in
[(3/sq),(3/sq)]2þ the deprotonation involves (sq)RuIIIOH f
(sq)RuIIIO þ Hþ, as summarized in Scheme 2. On the basis of
Scheme 2
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the fact that the hydroxo is expected to be much less acidic than the
aqua ligand we may expect the latter to be much less acidic than
[RuII(tpy)(tBu2Q0 )(OH2)]2þ. On the other hand, the presence of
the RuIII center in [(3/sq),(3/sq)]2þ may contribute to increasing the acidity. In any case, it is clear that [RuII(tpy)(tBu2Q0 )(OH2)]2þ is not a good model complex from which to derive
estimates for the pKa values of the diruthenium complex given
the unexpectedly complex electronic structure. For [(2/sq),
(3/sq)]2þ, our proposed dominant species in water, the deprotonation event appears more comparable to the monometallic
analogue, as the acidic proton originates from an aqua ligand
bound to RuII. The charge of the corresponding subunit is formally
1þ, however, and we expect the acidity to be decreased significantly as a result. Another obvious difference is that there are two
protons within the same molecule, and it is likely that they will
influence each other, leading to two substantially different pKa’s for
the two potentially acidic protons.
In Methanol. Figure 4 shows our proposed sequence of proton
removal in methanol. As expected, there is a strong intramolecular hydrogen bond between the two hydroxo moieties in
[(3/sq),(3/sq)]2þ with a O2 3 3 3 H1 distance of 1.739 Å connecting the two ruthenium centers. Consequently, the first
proton to be removed is H2, which is not involved in the intramolecular hydrogen bonding, and our calculations predict a pKa1
of 22.6 for this process based on a solution-phase free energy
change of 30.8 kcal mol1. Our calculations indicate significant
spin polarizations in this deprotonation intermediate with the
excess of R-spin densities at Ru2 and Ru1 reaching 0.51 and 0.56,
respectively (Table 1, entry 4). The oxygen atoms of the

Figure 4. Structures of the intermediates during the deprotonation process in methanol. Solution-phase free energies in kcal mol1 are given in
parentheses. Electronic energy diﬀerences ΔE(SCF) are also in kcal mol1.
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Scheme 3

hydroxo/oxo groups accommodate R-spin densities of 0.36 and
0.64 on O2 and O1, respectively. The corresponding β-electron
density is found on the quinone moieties with 0.89 and 0.91
equivalents of unpaired β-electrons being located on them, respectively. This spin distribution is consistent with the electronic structure of two Ru centers formally in oxidation states of þ2.5 flanked
by semiquinone ligands each accommodating one unpaired electron
(Scheme 3). Thus, we label this complex as [(2.5/sq),(2.5/sq)]þ
in Figure 4.
Removing the second proton is even more diﬃcult with a
predicted conceptual pKa2* of 30.6 (Figure 4), which is in good
agreement with our intuitive expectation that removal of the
second proton from the overall cationic complex should be
energetically more demanding than removing the ﬁrst proton
from the dicationic system. The intramolecular hydrogen bond is
also expected to contribute signiﬁcantly to increasing the pKa.
Electronically, removal of the positive charge located between
the two oxygen atoms triggers additional β-electron transfer from
the oxygen to the metal fragment, thereby increasing the
unpaired R-electron density on O1 from 0.64 to 0.82. Interestingly, the additional β-electron density is directly dissipated from
the metal to the tpy ligand, allowing the Ru center to maintain its
oxidation state at 2.5. Therefore, this species is labeled as [(2.5/
sq),(2.5/sq)]0 in Figure 4. Realistically, the OO bond formation will take place after the deprotonation event, as the two
terminal oxyl radical groups in [(2.5/sq),(2.5/sq)]0 should
couple easily. To do so, intermediate [(2.5/sq),(2.5/sq)]0 must
ﬁrst invert the spins located on one of the metal fragments
relative to the other metal fragment, as to place unpaired
electrons with opposite spins on each of the terminal oxyl groups.
This process is expected to be easy, as the two subunits are
connected by a considerably large spacer, and hence, the electronic
communication is negligible. Consistent with this reasoning is that
our calculations indicate that species a[(2.5/sq),(2.5/sq)]0 is
practically isoenergetic with [(2.5/sq),(2.5/sq)]0 and the OO
bond can be formed readily with an electronic driving force of
4 kcal mol1 to give a peroxo species in which two unpaired
electrons reside on the two semiquinone ligands. As we expect
negligible electronic communication between the two semiquinone moieties, the triplet analogue [(2/sq),(2/sq)]0T is anticipated and conﬁrmed to be nearly isoenergetic with a ΔE(SCF)

of 1.1 kcal mol1. Thus, the ﬁnal product of the second
deprotonation and OO bond formation is the triplet complex
[(2/sq),(2/sq)]0T, which results in a pKa2 of 24.4 that we
propose to correlate to the experimentally observable second
deprotonation. The OO bond formation stabilizes the doubly
deprotonated product signiﬁcantly and allows one to decrease
the second pKa notably compared to pKa2*. As a consequence
the two pKa values are very close to each other at 22.6 and 24.4
and are comparable to the pKa of tBuOH in methanol, which can
be estimated to be ∼21.65 Hence, our calculations fully support
Tanaka’s original proposal that addition of tBuOK to a solution of
[(3/sq),(3/sq)]2þ in methanol deprotonates the hydroxo groups
and triggers OO bond formation.
Tanaka rationalized the observation of both 580 and 850 nm
bands in the UVvis spectrum upon addition of one equivalent
of tBuOK by invoking the presence of [(2/q),(2/sq)]þ species
that contains both RuIIquinone and RuIIsemiquinone moieties. In our calculations, deprotonation leads to the formation of
semiquinone in both the subunits.66 This apparent disagreement
between the experimentally observed spectra and the calculated
structures can be resolved if we consider that pKa values of the
two acidic protons are almost identical and very close to the pKa
of tBuOH (∼21), suggesting that both the singly deprotonated
and the fully deprotonated species will be present in equilibrium
during the deprotonation process. If we tentatively assign the
580 nm band to [(3/sq),(3/sq)]2þ and the 850 nm band to
[(2.5/sq),(2.5/sq)]þ and [(2/sq),(2/sq)]0T, the observed UV
vis spectrum upon addition of the ﬁrst and second equivalents of
t
BuOK can be explained as follows. During the removal of the
ﬁrst proton the fully protonated species [(3/sq),(3/sq)]2þ is
present and aﬀords an absorption band of 580 nm while the
singly deprotonated species [(2.5/sq),(2.5/sq)]þ has an absorption band at 850 nm. When the second proton is removed,
only [(2.5/sq),(2.5/sq)]þ and the fully deprotonated species
[(2/sq),(2/sq)]0T are present and exhibit an absorption band
around 850 nm. Although the above proposal seems to be
plausible, it remains a speculation since the absorption spectra
of these complexes cannot be computed reliably, as the open-shell
nature and the broken symmetry orbitals we utilize to approximate
the intrinsically multiconﬁgurational electronic structure within the
DFT framework make it impossible to properly compute the
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response properties, which are required to calculate the optical
transitions within the time-dependent DFT formalism. Despite
these fundamental concerns, we attempted to calculate the absorption spectra of these intermediate species with TDDFT and
conﬁrmed that the results are not sensible. Some of these results
are discussed in the Supporting Information for completeness.
In Water. The deprotonation of [(2/sq),(3/sq)]2þ was
initially proposed to be spontaneous in water. In our calculations
the first deprotonation leads to species [(2.5/sq),(2.5/sq)]þ
where 2R-spin density is distributed across the molecular structure as depicted in Scheme 4. The change in free energy for this
process in water is calculated to be 28.0 kcal mol1, which
corresponds to a pKa of 20.6, much too high to justify spontaneous deprotonation in water at pH 4. Tanaka’s proposal was
partly derived from the observation that the mononuclear
analogue [(2/q)]2þ displays a pKa of 5.5,64 and our calculations
reproduce this experimental observation well with a calculated
pKa of 6.1 (Table 4 and Scheme 4). Whereas this analogy is
plausible in the sense that both species are dications and the
acidic protons originate from a water ligand, our calculations
suggest that this comparison is flawed because in [(2/sq),
(3/sq)]2þ there are (sq)RuIIOH2 and (sq)RuIIIO• fragments with the positive charges distributed over these two metal
sites. Hence, deprotonation of the aqua ligand is electrostatically
much more difficult in the dinuclear species compared to the
mononuclear analogue [(2/q)]2þ, as confirmed in the electronic
energy requirement of 239.4 kcal mol1 compared to 191.7 kcal
mol1, respectively. Addition of differential solvation energy and
entropy results in a final energy difference of 28 vs 8 kcal mol1
(Table 4). Figure 5 summarizes the differences between our
proposal and what was suggested by Tanaka previously. There is
agreement that deprotonation of the diruthenium complex in
methanol by two equivalents of tBuOK leads to formation of an
OO bond. Spontaneous deprotonation in water, however, is
found to be implausible energetically. Moreover, the electronic
structure of the parent molecule is consistent with a RuIII(sq)
representation rather than RuII(q).

Electrochemical Oxidation. Whereas the deprotonation
events and the ensuing OO bond formation provided important insight into the electronic structure of the Tanaka catalyst,
the catalytic reaction is driven by electrochemical oxidation
without the involvement of a strong base. Therefore, we investigated the electrochemical redox steps in an attempt to identify
the various redox intermediates that must be traversed to form
the final catalytically active species. Experimentally, a broad redox
wave is observed around 0.32 V vs Ag/AgCl, followed by an
irreversible wave at 1.19 V and a catalytic current at ∼1.5 V where
water oxidation takes place. We began our redox series with
complex [(2/sq),(3/sq)]2þ, which we proposed to be the most
probable resting state complex in water (vide supra). This
complex adopts an open-shell singlet configuration with an
identical number of electrons in the R- and β-spin domains.
Ru2, which carries the aqua ligand, is in a low-spin RuII-d6
configuration reflected in only a slight overpopulation of β-spin
density 0.12 with the semiquinone ligand accommodating a full
equivalent of one unpaired β-electron, as discussed above
(Table 1, entry 2). The other ruthenium center carries an oxyl
radical ligand with an R-electron excess of 0.87, consistent with a
RuIII-d5 low-spin configuration, and exposes approximately one
full unpaired R-spin electron with a Mulliken spin density of 0.97.
Given the discussion of the electronic structure presented above,
it is not surprising that the redox-active orbitals, the highest
occupied spin orbital (HOSO) and lowest unoccupied spin
orbital (LUSO), are ligand based and centered on the semiquinone groups. The HOSO of [(2/sq),(3/sq)]2þ, illustrated in
Figure 6, is located on the semiquinone bound to Ru2 with an

Scheme 4

Figure 5. Similarities and contrasts between our current hypothesis and
the one originally proposed by Tanaka and Muckerman et al.24,27

Table 4. Comparison of the First pKa of the Diruthenium Complex with the Monometallic Model Complex
2þ

[(2/sq),(3/sq)]

þ

f [(2.5/sq),(2.5/sq)] þ H

[(2/q)]2þ f [(2/q)]þ þ Hþ

þ

ΔE(SCF)

ΔΔGsolv

ΔG(sol)

pKa

239.44

197.16

27.97

20.57

191.70

171.00

8.34

6.14
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Scheme 5

Figure 6. Isodensity plots (isodensity value = 0.05 au) of the occupied
orbitals accommodating the unpaired β-electron spin on the semiquinone ligands.

orbital energy of 8.582 eV. The corresponding orbital on the
other semiquinone moiety is HOSO4 at 9.714 eV. These
notable energy differences are interesting, as they allow for
gauging the influence of the electronic structure of the two
RuO fragments on the energies of the redox noninnocent
semiquinone ligands. Formally, both Ru fragments (sq)Ru2IIOH2
and (sq)Ru1IIIO• have an overall charge of 1þ, but Ru1 is
formally in a þIII oxidation state, thus exerting a much stronger
positive electrostatic potential on the ligands bound to it than
Ru2, which is formally in a þII oxidation state. Consequently, all
occupied orbitals on the Ru1 side of the complex are expected to
be lower in energy, as highlighted by the two semiquinone radical
orbitals shown in Figure 6. This electronic structure has a
profound impact on the redox activity of diruthenium complex
rendering one-half of the molecule that contains the Ru1
fragment inactive for the first two oxidation events.
Removal of the ﬁrst electron from [(2/sq),(3/sq)]2þ gives
[(2/q),(3/sq)]3þ where the electron originates from the semiquinone moiety bound to the Ru2 center to aﬀord a quinoneRu2 moiety leaving the electronic structure of the Ru1
subunit unchanged (step Ia in Scheme 5). This ﬁnding is
consistent with the HOSO being mostly located on the Ru2
seminquinone fragment, as described above. The Mulliken spin
density diﬀerence between [(2/sq),(3/sq)]2þ and [(2/q),
(3/sq)]3þ supports our assignment that the redox-active electron originates from the semiquinone moiety, as the only
signiﬁcant change is found to be β-spin density reduction of
the Q2 fragment from 0.89 to 0.08 (Table 1, entry 1 and Table 5, .
entry 1). Not surprisingly, this oxidation event increases the
acidity of the aqua ligand bound to Ru2 signiﬁcantly. Our calculations suggest a pKa of 3.9 and therefore predict that [(2/q),
(3/sq)]3þ will deprotonate readily under the experimental
conditions at pH 4 (step Ib in Scheme 5). Removal of the
proton generates a hard hydroxo ligand bound to the soft RuII
center, which is energetically not favorable. This mismatched
ML pairing can be alleviated by transferring one valence
electron from the RuII center to the quinone ligand to aﬀord a
RuIIIsemiquinone intermediate a[(3/sq),(3/sq)]2þ
D , where
the subscript D denotes the doublet spin state. This sequence
of proton-coupled electron transfer is nonclassical, as we
typically expected the transition metal center to be the redoxactive site. Overall, the ﬁrst proton-coupled oxidation transforms a RuII(sq) to a RuIII(sq) moiety, labeled as step I in
Scheme 5, and is associated with a redox potential of 0.436 V vs
Ag/AgCl. Our calculations indicate, however, that this oxidation is mediated by the redox-active semiquinone/quinone
ligand, which serves as a redox conduit utilizing the proton to
formally trigger intramolecular electron transfer across the
Ru(q/sq) fragment. Whereas this mechanistic detail does

Table 5. Mulliken Spin Densities on the Key Atoms of the
Various Redox States
Ru2

O2

Q2

tpy2 Ru1 O1

Q1

tpy1

3þ

[(2/q),(3/sq)]
a
[(3/sq),(3/sq)]2þ
D

0.08
0.59

0.01 0.08
0.26 0.83

0.00 1.01 0.80 0.84 0.01
0.00 0.92 0.91 0.89 0.04

[(3/q),(3/sq)]3þ
T

0.71

0.34 0.22

0.00 0.97 0.85 0.72 0.04

b

[(3/sq),(3/sq)]2þ
T

0.88

0.98 0.91

0.05 0.89 0.98 0.91 0.04

b

[(3/sq),(3/sq)]2þ
OSS 0.88 0.98

0.90 0.03 0.88 0.98 0.91 0.05

not change the overall thermodynamics of the proton-coupled
oxidation originating from the RuII(sq)/RuIII(sq) pair, it will
provide a distinctive advantage for the electron transfer kinetics
and electron transfer eﬃciency likely reducing the overpotential
associated with this oxidation process and will thereby increase the
versatility of the catalyst. From a rational catalyst design perspective, this insight is interesting because it assigns a clear function to
the redox noninnocent quinone ligands.
The unusual utilization of the semiquinone fragment as a
redox conduit creates an intriguing electronic scenario for the
second oxidation. The highest occupied spin orbital of a[(3/sq),
(3/sq)]2þ
D , the intermediate product of the ﬁrst oxidation, is
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Figure 7. Isodensity plots (isodensity value = 0.05 au) of the occupied
orbitals accommodating the unpaired β-electron spin on the semiquinone ligands.

practically identical to that of the fully reduced species [(2/sq),
(3/sq)]2þ, as a visual inspection of the HOSOs shown in Figures 6
and 7 demonstrates. It is mostly located on the semiquinone unit
bound to Ru2 with an orbital energy of 9.179 eV. Interestingly,
removal of the redox-active electron, step IIa in Scheme 5, requires
0.494 V vs Ag/AgCl, which is strikingly close to 0.440 V computed
for the ﬁrst oxidation. Similarly, the pKa of the hydroxo group bound
to Ru2 is calculated to be 2.15, which is also close to the pKa of 3.94
associated with the loss of a proton in the ﬁrst oxidation step.
Consequently, we propose that the second deprotonation is also
spontaneous at the experimental condition (step IIb in Scheme 5)
to aﬀord the open-shell singlet complex b[(3/sq),(3/sq)]2þ
OSS. A
slight complication compared to the ﬁrst oxidation process arises as
intersystem crossing from the triplet state to the open-shell singlet
surface takes place upon proton-coupled electron transfer. As shown
in step IIc of Scheme 5, deprotonation of [(3/q),(3/sq)]3þ
T gives
rise to b[(3/sq),(3/sq)]2þ
OSS, which displays symmetric spin distributions across the (sq)[RuO] fragments in both halves of
the complex. We found that inversion of the unpaired spins on one
side of the molecule to generate the open-shell singlet analogue
b
[(3/sq),(3/sq)]2þ
OSS (step IId) is energetically favorable by
2.92 kcal mol1. The computed Mulliken spin densities allow again
for identifying the semiquinone/quinone ligand Q2 to be the redox
conduit with the spin densities indicating a reduction of excess
β-spin density from 0.83 to 0.22 for the oxidation step a[(3/sq),
3þ
(3/sq)]2þ
D f [(3/q),(3/sq)]T . As seen before, deprotonation
leads to excess electron density at the RuO moiety, which is
dissipated by intramolecular electron transfer to the quinone ligand,
as outlined in Scheme 5, step IIb. We rationalize this process by
formally decoupling the deprotonation and intersystem crossing
into steps IIc and IId. Since the Ru center is in a þIII oxidation state,
the electron transferred to the quinone ligand originates from the
newly formed oxo ligand. Comparing the Mulliken spin densities of
b
2þ
[(3/q),(3/sq)]3þ
T and [(3/sq),(3/sq)]T we observe an increase
of excess R-spin density from 0.34 to 0.98, while the spin density at
the Ru2 center changes only slightly from 0.71 to 0.88. Thus, the
electronic structure of b[(3/sq),(3/sq)]2þ
T is best described as to
contain two (sq)RuIIIO• moieties. Intersystem crossing to the
ﬁnal open-shell singlet complex b[(3/sq),(3/sq)]2þ
OSS gives no
signiﬁcant electronic structure change except the inversion of the
spin orientations of the two halves of the complex to each other.
The relative ordering of the calculated pKa values is somewhat
surprising, as we may have expected the second deprotonation
to be more demanding energetically, thus giving rise to a higher
pKa for the second acidic proton compared to the ﬁrst. A closer
inspection reveals, however, that the ﬁrst proton originates
formally from a RuIIOH2 fragment, whereas the second is
released from a RuIIIOH moiety, invalidating the simplistic
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expectation based on the ease of deprotonation of water vs
hydroxo groups. In addition, the energetically favorable intersystem crossing event mentioned above contributes to making
the second proton more acidic and diﬀerentiating the ﬁrst from
the second proton abstraction.
Two-Electron Redox Behavior. Having identified the most
plausible intermediates of the first two proton-coupled electron
transfer process [(2/sq),(3/sq)]2þ f b[(3/sq),(3/sq)]2þ
OSS, we
can calculate the associated redox potentials. Interestingly, the
two oxidations are computed to be practically isoenergetic with
the first being slightly more positive at a potential of 0.436 V than
the second at 0.385 V vs Ag/AgCl. This energy ordering is
interesting, as oxidations are expected to become increasingly
more difficult and, thus, exhibit more positive redox potentials as
the redox-active complex becomes more oxidized. If the second
oxidation is associated with a less positive potential than the first,
the multielectron redox process is said to exhibit potential
inversion leading to a thermodynamically favorable disproportionation reaction summarized in eq 7.

D




2 3 2þ b 3 3 2þ
a 3 3
,
,
,
h
þ
ð7Þ
2
sq sq 2þ
sq sq
sq sq OSS
This nonclassical behavior gives rise to a single two-electron
current response in voltammetric experiments, and the observed
E1/2 is the average of the two individual potentials. Our calculations predict therefore a single two-electron wave response with
a E1/2 of 0.411 V vs Ag/AgCl in good agreement with the
experimentally observed two-electron wave at ∼0.32 V in the
cyclic voltammogram of Tanaka’s complex. Why are the two
oxidations so close in energy? Our analysis of the electron
transfer process summarized in Scheme 5 provides an obvious
explanation for the potential inversion. As pointed out above, the
first electron is removed from the semiquinone moiety bound to
Ru2 (step Ia). Subsequent deprotonation leads to an electronic
reorganization where another electron from the [RuII/III(OH/
OH2)] conduit is pushed into the quinone moiety to formally
recreate the Ru2(semiquinone) fragment. This newly formed
semiquinone moiety is again the redox-active component in the
second oxidation (step IIa), and thus, both electrons originate
from the π* orbital of the semiquinone moiety illustrated in
Figure 7. As a result, the electronic energies associated with the
removal of the two electrons are practically identical at 116.9 and
118.1 kcal mol1, respectively. This intuitively understandable
mechanism of controlling the redox potentials to establish a
multielectron redox behavior is an interesting consequence of the
redox noninnocent nature of the two Ru(quinone) fragments
that is unique to Tanaka’s complex among the handful of
examples of homogeneous water oxidation catalysts. The next
two redox steps to complete the overall four-electron process
are significantly more complicated and require a notably more
detailed analysis. This work is currently in progress in our
laboratory and will be reported elsewhere in due course.

’ CONCLUSIONS
For a better understanding of how Tanaka’s complex promotes water oxidation under mild conditions, it is critically
important that we delineate its redox properties and clearly
identify which intermediates are involved in each of the redox
steps. In particular, we have to identify at which point during the
catalytic cycle the OO bond may be formed and what
mechanistic role the quinone ligands may play. Earlier studies
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proposed that the OO bond is formed at the ﬁrst step when the
starting complex is deprotonated.27 In that scenario the metal
centers are acting as a template and it is the quinone ligands
which are oxidizing water to diruthenium bound μ-(O22). This
is a real possibility, and our calculations conﬁrm that it is
energetically plausible if a strong base like tBuOK is present. In
light of our plausible estimates of the ﬁrst and second pKa values,
it is highly unlikely, however, that the deprotonation occurs at
pH 4 in water. The UVvis spectrum is deceptive since the
doubly deprotonated species ([(2/sq),(2/sq)]0T) and the AF
coupled species ([(2/sq),(3/sq)]2þ) may show similar transitions owing to the presence of a semiquinone unit in both cases.
Our calculations suggest that only after the removal of two
electrons can the two protons be removed from the terminal oxo
groups at the plausible experimental pH to generate two terminal
oxyl moieties in b[(3/sq),(3/sq)]2þ. At this stage the open-shell
singlet is found to be lower in energy than the triplet. In the openshell singlet state the unpaired electrons on the two terminal oxyl
moieties have opposite spins and can readily couple to form the
OO bond.
On the basis of our detailed computational survey of all
plausible intermediates, we propose that the OO bond is not
formed at the outset in water. The electronic ground state of the
starting dihydroxo complex is better represented as the openshell singlet ([(2/sq),(3/sq)]2þ) where the unpaired spin
densities on the metal and the ligand are antiferromagnetically
coupled. This is a signiﬁcant deviation from the current consensus, namely, that the ground state is a classical, closed-shell
singlet species that we labeled and described as [(2/q),(2/q)]2þ.
Complex [(2/sq),(3/sq)]2þ ultimately gives rise to b[(3/sq),(3/sq)]2þ
OSS via a two-electron, two-proton oxidation event
computed to be at a potential of 0.411 V. In one of the two
subunits the oxidation state of the ligand shuttles between 0
(quinone) and I (semiquinone) while the oxidation state of the
metal ﬂuctuates between þII and þIII, respectively, depending
on the particular redox step.
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