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Abstract: Dioxygen and water activation on multi-Ru-substituted polyoxometalates were studied using the
B3LYP density functional method. It was shown that the reaction of the Ruy-substituted y-Keggin
polyoxotungstate {y-[(H>O)Ru"'—(u-OH),—Ru"(H,0)][SiW1,0gs]}*~, I(H20), with O, is a 4-electron highly
exothermic [AEgas = 62.5 (AEgas + AGsonwaten = 24.6) kcal/mol] process and leads to formation of (H,O){y-
[(O)Ru—(u-OH)>—Ru(0)](H20)[SiW1c036]}*, IV(H20). Both the stepwise (or dissociative) and the concerted
(or associative) pathways of this reaction occurring with and without water dissociation, respectively, were
examined, and the latter has been found to be kinetically more favorable. It was shown that the first 1e-
oxidation is achieved by the H,O-to-O, substitution, which might occur with a maximum of 23.1 (10.5)
kcal/mol barrier and leads to the formation of {y-[(OO)Ru—(u-OH),—Ru(H>0)](H20)[SiW1,0s6]}*", lI(H20).
The second 1e-oxidation is initiated by the proton transfer from the coordinated water molecule to the
superoxide (OO™) ligand in ll(H,0) and is completed upon formation of hydroperoxo—hydroxo intermediate
{y-[(OOH)Ru—(u-OH),—Ru(OH)](H20)[SiW1¢0z6]}* ", lll-1(H20). The final 2e-oxidation occurs upon the proton
transfer from the terminal OH-ligand to the Ru-coordinated OOH fragment and is completed at the formation
of (H20)-++{y-[(O)Ru—(u-OH)>—Ru(0)](H20)[SiW1003¢]}*~, IV(H20), with two Ru=0O bonds. Each step in
the associative pathway is exothermic and occurs with small energy barriers. During the process, the
oxidation state of Ru centers increases from +3 to +4. The resulting IV(H20) with a {Ru(O)—(«-OH),—Ru(O)}
core should be formulated to have the Ru'V=0" units, rather than the Ru'=0 groups. The reverse reaction,
water oxidation by IV(H,0), is found to be highly endothermic and cannot occur; this finding is different
from that reported for the “blue-dimer” intermediate, {(bpy)2[(O7)Ru—(u-O)—Ru(O")](bpy)2}**, which readily
oxidized an incoming water molecule to produce 0,.229740:60762 The main reason for this difference in
reactivity of IV(H,0) (i.e., Ru,—POM) and the “blue-dimer” intermediates toward the water molecule is
found to be a high stability of IV(H,0) as compared to the analogous “blue-dimer” intermediate relative to
O, formation. This, in turn, derives from the electron-rich nature of [SiW;,036]*~ as compared to bpy ligands.

I. Introduction

The development of reactive, selective, stable, and well-
defined molecular catalysts for water oxidation is of intellectual
and potential practical importance in artificial photosynthesis
(solar driven splitting of H,0).' ?* High-resolution crystal
structures of the photosystem II, Nature’s efficient water
oxidation system, have revealed the Mn,Ca-core oxygen-
evolving center (OEC) in this biological system.””'” Numerous
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studies of model compounds have provided insight into the
properties of this multimetal biocatalyst.®'"'8~2* Parallel efforts
led to several biomimetic clusters of transition metals that
catalyze water oxidation.”® ! Among these early findings, the
“blue-dimer”, [(bpy)z(Hzo)Ru—(,u—O)—Ru(HZO)(bpy)z]‘”,2 dis-
covered by Meyer and co-workers, has attracted considerable
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attention,”*3°7%*! These extensive studies have elucidated some
mechanistic aspects of water oxidation, pointed out key chal-
lenges, and highlighted the intrinsic limitation of catalysts having
organic ligands. These ligands are thermodynamically unstable
to oxidation by O, and more potent oxidants with respect to
CO, and H,O and react rapidly and irreversibly with well-known
intermediates in H,O oxidation rendering such ligands prob-
lematic for practical water oxidation catalysts,>>611:29:33.34.39
Thus, the need to design highly active and stable H,O oxidation
catalysts remains of central importance. On the basis of (a) the
reports on the “blue-dimer” catalyst for H,O oxidation, (b)
polyoxometalate (POM) complexes with multinuclear d-electron-
containing centers capable of accepting several electrons needed
for H,O oxidation,*” % and (c) the report by Shannon and co-
workers on the electrocatalytic O, generation by the Neumann—
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Khenkin complex, [WZnRu,(OH)(H,0)(ZnW,054),]''~,%¢ we
predicted and prepared®” [{Ru",(OH),}(y-SiW,o0s¢)]1*~ (1)
complex, which oxidizes in aqueous solution to give RbgK,-
[{Ru4O4(OH)2(H20)4}(y—SiW10036)2]'25H20 (2) The latter is
an oxidatively and hydrolytically stable compound that catalyzes
the rapid oxidation of H,O to O, in aqueous solution at pH 7
and is quite stable under turnover conditions.’® Independently
and simultaneously, a group of scientists from the Universities
of Padova and Trieste (Italy) and Princeton (U.S.) prepared a
very similar complex (different counterions) using a different
route and documented that it catalyzed H,O oxidation by Ce(IV)
in strong aqueous acid (pH ~ 1).>°

Our previous computational studies®® demonstrated that the
reaction of [{Ru™,(OH),}(y-SiW¢036)]*", 1, with O, 1 + O,
— [{RuY»(0)2(OH), }(y-SiW9036)]*~ (3), is an exothermic
process, suggesting the feasibility of O—O bond activation by
the dihydroxo-bridged di-Ru™ unit inside the inorganic POM
framework. This finding is diametrically opposite from the
conclusions of numerous studies on the water oxidation by the
“blue-dimer”.?%3*69~62 For instance, from the work by Yang
and Baik,*” one may conclude that the reaction of [(bpy).(H,O)-
Ru™—(u-O)—Ru™(H,0)(bpy),]** with O, to produce a complex
with an {(O)Ru—(u-O)—Ru(O)} core is endothermic by 22.8
kcal/mol and occurs with a large (48.7 kcal/mol) energy barrier.
Similarly, our studies show (see below) that complex 3 cannot
facilitate water oxidation. However, previous investigations, both
experimental and theoretical,>>2 3334160762 have shown that
water oxidation by [(bpy),(O)Ru"—(u-O)—Ru"(O)(bpy),]*" is
a facile process. Yang and Baik®® have shown that the reaction
of [(bpy)2(O)RuY—(u-O)—Ru"(O)(bpy),]*" with water produces
a hydroperoxo—hydroxo intermediate {(HOO)Ru'Y—(u-O)—
Ru™(OH)}, which later transforms to peroxo-aqua intermediates
with  {(O)RuV—(u-O)—RuY(H,0)} and {(O»)Ru?V—(u-
0)—Ru"(H,0)} cores. The latter species interacts with another
H,0 molecule to produce a triplet O, molecule (which contains
one O atom from a solvent water molecule and one O atom
from the di-Ru-complex) and the original complex [(bpy).(H,O)-
Ru''—(x-0)—Ru™(H,0)(bpy),]**. The computed rate-determin-
ing activation barrier of 25.9 kcal/mol, which corresponds to
the step for formation of the hydroperoxo—hydroxo intermedi-
ate, is in good agreement with the experimentally estimated
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value of 18.7—23.3 kcal/mol.**** Thus, the bridged di-Ru
systems placed in different ligand environments exhibit different
reactivity toward O,; the u-oxo-bridged di-Ru unit ligated by
small organic moieties is capable of water oxidation but not of
0O—0 bond activation. In contrast, the di-u-hydroxo-bridged di-
Ru'™ unit ligated by the large inorganic polyoxometalate moiety
(as in complex 1) is capable of the O—O bond activation but
not water oxidation.

To defensibly rationalize the above-reported difference in the
reactivity of 1 and the “blue-dimer” toward dioxygen, in this
Article we computationally studied the mechanism and govern-
ing factors in O—O bond activation by 1, and we compare our
findings with analogous results of Baik and co-workers®® on
the reaction of the “blue-dimer” with O,. We hope that this
strategy will allow us to elucidate the reasons for the observed
difference in the reactivity of 1 and [(bpy),(H,O)Ru—
(u-0)—Ru"(H,0)(bpy),]** toward the dioxygen molecule.

Il. Computational Details

All calculations were performed using the Gaussian 03 pro-
gram.®* The geometries of all species under investigation were
optimized without any symmetry constraint at the B3LYP/Lanl2dz
level of theory with additional d polarization functions for the Si
atom (a = 0.55) and the corresponding Hay—Wadt effective core
potentials (ECPs) for W and Ru.®>~7° This method is subsequently
referred to as “B3LYP/[Lanl2dz + d(Si)]”. The energetics of the
optimized structures were further refined by performing single-point
calculations using the Stuttgart group’s pseudopotentials’' and
associated SDD basis sets for W and Ru and the standard 6-31+G*
split-valence-polarization basis set for all other atoms. This method
will be subsequently referred to as “B3LYP/SDD”.

Antiferromagnetic exchange coupling constants (J) as well as
its contribution to the energy of the broken symmetry state of the
reported structures were calculated by utilizing the Yamaguchi—
Noodleman approach.”?

Only for transition states, Hessians were calculated and confirmed
to have one imaginary frequency corresponding to the reaction
coordinates. The solvent effects were estimated at the B3LYP/SDD
level of theory using the self-consistent reaction field IEF-PCM
method”® (UAKS model) with water as a solvent (dielectric constant
e = 78.39). Below, we discuss gas-phase energetics AE (without
zero point correction) calculated at the B3LYP/SDD level of theory.
The energies including solvent effects AE + AG,,, are provided
in parentheses. The Cartesian coordinates of all optimized structures
at the B3ALYP/[Lanl2dz + d(Si)] level along with the results of
their Mulliken analysis are presented in the Supporting Information
(Tables S1 and S2, respectively). An overall charge of the studied
species is chosen to be “4—".
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One should note that, as it could be expected, about 88—90% of
PCM contribution to energy is due to electrostatic interactions
between the solute and solvent. Nonelectrostatic components of this
energy (including cavitation, dispersion, and repulsion energies)
are only within 12—10% for all of the calculated structures (see
Table S3 of the Supporting Information).

Ill. Results and Discussion

A. Geometry and Electronic Structure of the Reactant. As
expected, the prereaction complex in aqueous solution is a bis-
aqua complex {y-[(H,O)Ru"—(u-OH),—Ru™(H,0)][SiW (-
Os6]}*", I(H,0), which is formed by adding two water
molecules to {y-[Ru™—(u-OH),—Ru™][SiWo03]}*", 1. The
geometry and electronic structure of complex 1 were the subject
of our previous papers.””’* Briefly, it was found that 1 has a
singlet ground electronic state with the calculated Ru—Ru,
Ru—0°/0°% Ru—Os;, and Ru—0’/O% bond distances of 2.60,
2.08, 2.05, and 1.98 A, respectively. In general, water molecules
can coordinate to Ru-atoms of 1 in several different ways leading
to multiple isomers of bis-aqua complex I(H,0). We have
exhaustively explored several structural isomers of I(H,O) in
their different lower-lying spin states. Here, we discuss only
the energetically most stable isomer of I(H,O). The most
important geometry parameters of I(H,O) are given in Figure
1, while its Cartesian coordinates and full results of Mulliken
analysis are provided in the Supporting Information.

Calculations show that addition of two water molecules does
not change the ground electronic state of complex 1; the ground
electronic state of the resulting complex I(H,O) is also a singlet
state. One should note that for the {(bpy),[(H;O)Ru™—(u-
0)—Ru'"(OH,)](bpy),}*" complex Yang and Baik®® have
reported the high-spin ground electronic state, while the
antiferromagnetically coupled open-shell singlet state was
reported to be only 5.7 kcal/mol higher. As seen in Figure 1, in
I(H,0), water molecules form hydrogen bonds with OH and O
(located between Ru and W atoms) centers of the POM. The
calculated Ru'—0', O°—H!, 0°—H?, Ru?*—0? O’—H?, and
0O%—H* bond distances are 2.19, 2.01, 2.02, 2.28, 2.08, and 2.06
A respectively. These Ru—Oy,0) bond distances, 2.19 and 2.28
A, lie well within the range of M—O,0, bond distances found
for other POM compounds” ®® and late-transition metal oxo
complexes.®'#? Comparison of the important geometry param-
eters of I(H,0) and 1 (presented above) shows that coordination
of water molecules to POM only changes the Ru—Ru, Ru—0%
0°, and Ru—0’/O® bond distances slightly. The most noteworthy
geometry change is elongation of the Ru—Os; bond distances,
from 2.07 and 2.07 A in 1 t0 2.10 and 2.12 A in I(H,0). Despite
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Figure 1. The calculated important geometry parameters (distances in A, angles in deg) of the reactants, transition states, intermediates, and products of the
stepwise pathway of the reaction of {y-[(H,O)Ru"—(u-OH),—Ru''(H,0)][SiW 10036 }*~, I(H,0), with O,. The presented relative energies AE (and AE +
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such insignificant geometry changes, the calculated 1—(H,0),
binding energy in I(H,O) is found to be large, —43.0 (—26.2)
kcal/mol.

It should be noticed that in I(H,O) the calculated Ru—O,0)
bond distances (2.19 and 2.28 A) are comparable to those
reported by Yang and Baik for {(bpy),[(H,O)Ru™—(u-
0)—Ru"™(OH,)](bpy),}** (2.252 and 2.250 A for the triplet
staggered and 2.223 and 2.288 A for the triplet eclipsed
configurations).> Yet these values are slightly longer than the
numbers (2.136 A (experimental value)®* and 2.164 A (calcu-
lated value)®®) found by Meyer and co-workers for the same
complex. As expected, geometries of the [Ru™—(u-OH),—Ru'™]
core of I(H,0) and {Ru™—(u-O)—Ru™} core of the “blue-
dimer” are quite different, and the “blue-dimer” can easily rotate
around the {Ru™—(u-O)—Ru'"} axis, while I(H,O) cannot.

The next step of the reaction is substitution of one H,O
molecule in I(H,O) by a dioxygen molecule to form the
intermediate with an {(O,)Ru—(u-OH),—Ru(H,0)} core. As the
0O, molecule comes in, there may exist a complex in which O,
is bound to the coordinated water molecules but not to the metal
centers, analogous to the dioxygen—diruthenium complex
{(bpy)2[(H,0)Ru—(u-O)—Ru(OH,)](bpy), }** +++ O, reported by
Yang and Baik.** However, we were unable to locate the
complex with a {Ru(H,O)—(u-OH),—Ru(H,0)}++-O, motif.
Because hydrogen atoms of the coordinated H,O molecules in
I(H,O) form quite strong H-bonds with the O-atoms of both
OH-bridges and POM framework, they are not available for

(83) Gilbert, J. A.; Eggleston, D. S.; Murphy, W. R., Jr.; Geselowitz, D. A.;
Gersten, S. W.; Hodgson, D. J.; Meyer, T. J. J. Am. Chem. Soc. 1988,
107, 3855-3864.

interaction with the coming O, molecule. As seen in Figure 1,
ligand environments of Ru' and Ru? atoms in I(H,O) are
different, which makes the Ru centers electronically different
as well; the calculated Mulliken charges are 0.69¢e and 0.48e
for Ru' and Ru?, respectively. Thus, Ru? is more electron-rich
and should be more prone to attacks by electrophilic species,
that is, O, molecule. Therefore, we substitute the H,O ligand
on Ru? by O,.

In general, the water-to-dioxygen substitution reaction may
proceed via two different pathways: the stepwise or dissociative
pathway and the concerted or associative pathway. The stepwise
pathway occurs in two steps: (1) dissociation of water molecule
from I(H,0) to form {y-[Ru™—(u-OH),—Ru™(H,0)]-
[SiW0056]}*7, I, and (2) addition of the O, molecule to
Ru? to form complex {y-[(O,)Ru"—(u-OH),—Ru"™(H,0)]-
[SiW0036]}*~, IL. In the concerted or associative pathway,
substitution of water by O, occurs in a single step via a H,O-
to-O, substitution transition state [TS1(H,0)] and leads to the
complex II(H,O), where the substituted water molecule stays
in the vicinity of the {(O,)Ru—(u-OH),—Ru(H,0)} core and is
H-bonded to it. Let us discuss these two pathways separately.

B. Stepwise or Dissociative Pathway of I(H,O) Oxidation
by O,. The first step of the stepwise pathway is the dissociation
of one of the water molecules:

I(H,0)—H,0+
{y-[Ru™-(u-OH),—Ru"(H,0)][SiW ;05 }* ", T
The calculations show that this reaction requires 23.1 (10.5)

kcal/mol of energy. Scanning of the potential energy surface
of the reverse reaction by choosing the Ru?—0? distance as a
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Table 1. Calculated Mulliken Atomic Spin Densities (in ), as Well
as (S?) Values

species I, °A TS2, °A 1I-1, °A -2, °A TS4, °A IV(H,0), "A
Ru! 0.86 1.21 1.44 1.43 1.42 1.64
Ru? 1.36 0.98 1.26 1.33 1.55 1.64
o! 0.00 0.00 0.10 0.21 0.25 0.88
o’ —0.40 —047 0.34 0.25 0.63 0.88
o* —0.55 —046 0.09 0.02 —0.69 0.02
o’ 0.04 0.10 0.08 0.08 0.09 0.07
o¢ 0.08 0.09 0.04 0.02 0.05 0.07
o’ 0.26 0.11 0.12 0.12 0.18 0.19
o# 0.15 0.10 0.11 0.21 0.23 0.19
(% 2.84 2.89 6.02 6.02 6.59 12.04

reaction coordinate shows that it occurs with no energy barrier.
The ground electronic state of the product complex {y-
[Ru"™—(u-OH),—Ru"(H,0)][SiW403]}*", 1, is found to be a
singlet, although we did not explore all of the possible spin
states in detail, as this does not make a large difference in the
mechanism of the O, activation reaction we are studying. As
seen in Figure 1, dissociation of a water molecule from I(H,0)
does not change significantly the geometry of the POM unit of
I(H,0). Indeed, in I, the Ru'—Ru?, Ru'-0%0¢, and Ru'-0!
bond distances are elongated by 0.02, 0.02, and 0.02 A,
respectively, and the Ru?’—Og;, O°—H2? and O°-H' bond
distances are shortened by 0.03, 0.06, and 0.05 A, respectively,
as compared to their values in I(H,0).

At the next stage, O, molecule coordinates to I to form
complex {y-[(0O2)Ru™—(u-OH),—Ru"(H,0)][SiW403] }*", II,
with the triplet ground electronic state. O, coordination to I
occurs without a barrier. As seen in Figure 1, the coordination
of O, to I leads to quite drastic geometrical changes. In II as
compared to I, the diamond-like {Ru—(u-OH),—Ru} core is
distorted significantly; the Ru'—Ru? bond is elongated by 0.45
A, the O°—0° distance is shortened by 0.32 A, and the entire
{Ru—(u-OH),—Ru} core becomes flattened. Also, the Ru—Oyg;
bond distances are elongated, which is especially pronounced
for the Ru>—Og; bond (i.e., for the Ru-center that interacts with
O, unit). In II, the oxygen molecule is coordinated to the Ru>-
atom with one of its O-atoms. The other atom of O, is H-bonded
to the Ru'-coordinated water molecule. As seen in Figure 1,
the calculated Ru>—03(0,) and O*—H! (from the water) bond
distances are 2.00 and 1.68 A, respectively. As a result of these
interactions, the O—O bond is elongated by 0.16 A in II as
compared to that in the free dioxygen molecule. The computed
0—0 bond distance of 1.37 A in IT implies superoxo character
of the coordinated O,-unit; the calculations performed at the
same level of theory gave 1.42 and 1.68 A for O—0 bond
distances in free O, and O,>~ species, which is in reasonable
agreement with the experimental value of 1.35 A for O,”%* and
calculated values of 1.64 A (with the SD-CI approach) and 1.67
A (with the SAC-CI approach)® for 0,2~, respectively.

The superoxide character of the O,-unit in II is also supported
by the results of spin density analysis; in II, O, bears about
one unpaired -spin (0.40e on the O*-atom and 0.55e on O%)
(see Table 1).

Calculations show noticeable charge transfer from Ru' and
Ru? to O' and O3, respectively (see the Supporting Information).
The Ru? and Ru' atoms of II bear 1.36e and 0.86e o-spin

(84) Linstrom, P. J.; Mallard, W. G. NIST Chemistry WebBook, NIST
Standard Reference Database Number 69, March 2003, National
Institute of Standards and Technology, Gaithersburg MD, 20899.
Available from: http://webbook.nist.gov.

(85) Nakatsuji, H.; Nakai, H. Chem. Phys. Lett. 1992, 197, 339-345.
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densities, respectively; that is, about 0.73e o-spin density is
delocalized over other atoms of the compound. Thus, formally,
the Ru? and Ru' atoms in II could be considered as having
oxidation states of +4 (with two spins) and +3 (with one spin),
respectively; that is, upon substitution of water by O, the Ru?
center of I is oxidized by one electron. However, it should be
noted that the calculated {S?) value for triplet II is 2.84, which
is significantly larger than its ideal value of 2.0. This indicates
some mixing in the wave function of the triplet II from those
of high-spin states (for example, quintet state). In fact, the
calculated quintet state of II has a very similar geometry and
lies only 3.6 kcal/mol higher in energy than its ground triplet
state; in the quintet state, the superoxo unit bears about 1.0e
a-spin density (rather than -spin density in the triplet).

Comparison of the calculated geometries and electronic
structure of II with those for the superoxo—aqua complex of
the “blue-dimer”, {(bpy),[(OO)Ru—(u-O)—Ru(OH,)](bpy),}**
reported by Yang and Baik,* shows the following important
differences: (i) Ru—OO and Ru—OH, bond distances differ only
slightly between these complexes; however, the superoxo O—0O
and O-0)—Hw,0) bond distances in the “blue-dimer” are ca.
0.07 A shorter than in II; and (ii) II favors the triplet ground
state with ferromagnetically coupled Ru'(IIT) and Ru*(1V) atoms
and antiferromagnetically coupled Ru*(IV) and O—O moiety.
However, the ground state of the “blue-dimer” intermediate is
reported to be the quintet state with Ru centers and O—O unit
all ferromagnetically coupled. The most viable explanations of
why I and {(bpy)>[(OO)Ru—(u-0)—Ru(OH,)](bpy)}** have
different ground electronic states lie in: (a) structural flexibility
of the Ru—O—Ru unit of the “blue-dimer” as compared to that
of the {Ru—(OH),—Ru} unit in II; (b) the ability of the O bridge
to undergo notable variations of its spin density as compared
to the u-OH bridges of POM system; and (c) the difference in
electronic nature of bpy (which is a strong sr-acceptor) and the
POM (which is a sr-acceptor and o-donor).

Indeed, as seen in Table 1, the bridging OH groups of II
have only insignificant amount of unpaired spins (0.04 and
0.08e), while Yang and Baik™ have reported 0.50e f3-spin on
the bridging O'-center of {Ru(OO)—(u-O')—Ru(H,0)}. The
overall H,O-to-O, substitution reaction, that is, I(H,O) — 1 —
II (dissociation of water molecule and coordination of O,), is
found to be slightly exothermic (by 1.0 kcal/mol) in the gas
phase, but (6.5 kcal/mol) endothermic in water.

From complex II the reaction proceeds via the H-atom (H')
transfer transition state TS2 to give the hydroperoxo—hydroxo
complex {y-[(OOH)Ru—(u-OH),—Ru(OH)][SiW 03] }*, IIL,
which could have several isomers, and below we discuss only
two, the most stable of them referred to as III-1 and ITI-2.
Comparison of the important geometry parameters of TS2 with
those for II shows that in TS2 (a) the dissociating O'—H! bond
is elongated by only 0.04 A, (b) the forming Ru'—0' and O*—H'
bond distances are shortened by 0.05 and 0.16 A, respectively,
(c) the O*—0* and Ru?>—0? bond distances are elongated by
only 0.01 A, and (d) Ru'—Os; and Ru2—Og; bond distances are
shortened by 0.03 A and elongated by 0.02 A, respectively.
Thus, geometry changes upon going from the complex II to
the transition state TS2 are not significant; therefore, TS2 should
be considered as an early transition state. This conclusion is
consistent with the calculated spin densities (see Table 1) and
the energy barrier at TS2. Indeed, in TS2 the atoms of the
superoxo unit O*—0O* possess spin densities, 0.47e on the O3
and 0.46e on the O*, which are close to those in II. The Mulliken
charge on the transferred H' atom is +0.44e. The energy of
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transition state TS2 relative to II is slightly negative, —1.7
(—3.2) kcal/mol (at the B3LYP/SDD level of theory), although
it is a real transition state and has a relative energy of +2.4
(+1.5) kcal/mol at the B3LYP/[Lanl2dz + d(Si)] level used
for geometry optimization.

Overcoming of this insignificant barrier leads to the formation
of the hydroperoxo—hydroxo intermediate III-1. Our extensive
studies of several lower-lying electronic state of this complex
clearly show the quintet ground state, while its antiferromag-
netically coupled open-shell singlet state lies 7.1 kcal/mol higher
at the B3LYP/[Lanl2dz + d(Si)] level used for geometry
optimization. As seen in Figure 1, in III-1, the O3>—0O* bond
distance is elongated by 0.09 A and the formed Ru>—0? and
Ru'—0' bond distances are shortened by 0.06 and 0.19 A,
relative to II. The formed O*—H' bond becomes 1.02 A long,
with the H!' hydrogen bonded to the terminal O'H*ligand. The
calculated Ru'—0O' and Ru?>—0O’ bond distances show the
existence of the covalent bond between the Ru-centers and OOH
and OH groups, respectively. During the reaction I — TS2 —
III-1, the geometry of the {Ru—(u-OH),—Ru} core remains
almost unchanged, and Ru—Og; bond distances are only
increased slightly, by 0.02 and 0.03 A. However, the Mulliken
charges and spin densities change significantly upon going from
II to III-1; the total spin density on the O3—0O* moiety changes
from —0.95e (B-spin) to 0.43e (a-spin), while on the Ru' and
Ru? atoms it increases from 2.2e to 2.7e (0.-spins). Thus, about
0.87e spin is distributed over the POM framework atoms. Both
Ru! and Ru? can be considered formally as Ru'" centers in the
complex III-1. Thus, the proton transfer from the coordinated
water molecule to the superoxo unit has completed 1e-oxidation
of each Ru-center of Ru,-substituted-y-Keggin polyoxotungstate.
As seen in Figure 1, formation of the hydroperoxo—hydroxo
species III-1 is exothermic by 18.9 (16.5) kcal/mol, calculated
relative to the complex II.

For the reaction to proceed further, the intermediate III-1
has to rearrange into an isomer III-2, where the bridging O°H
group is H-bonded to the OOH group. Calculations show that
ITI-2 also has the quintet ground state and is only 0.4 (3.6) kcal/
mol higher in energy than the isomer III-1, where the
coordinated OOH group is H-bonded to bridging and terminal
OH groups simultaneously. During the III-1 — III-2 rearrange-
ment, the O'H? group is rotated around the Ru!—O!. This
rearrangement is expected to proceed via a small rotational
barrier. However, we were not able to locate the transition state
(TS3) associated with this barrier. Comparison of the calculated
geometries of ITI-1 and ITI-2 shows noticeable differences; in
III-2, the Ru'—Ru?, O3—0*% Ru'—0° and Ru?>—0° bond
distances are longer by 0.04, 0.04, 0.03, and 0.05 A, respectively,
but the H'—0°, Ru'—0", and Ru>—0° bond distances are shorter
by 0.83, 0.03, and 0.01 10\, respectively, than in III-1. In ITI-2,
the H2—0* distance is calculated to be 2.18 A.

From the intermediate III-2, the reaction proceeds via the
next 2e-oxidation process, that is, the formation of water,
O*H'H?, and the complex {y-[(O)Ru—(u-OH),—Ru(O)]-
(H,0)[SiW 10036 }*~, IV, with an {ORu—(u-OH),—RuO)} core.
Reaction III-2 — IV proceeds with a 12.2 (15.1) kcal/mol
barrier (calculated from the intermediate III-2) at the transition
state TS4, which also has a quintet ground state, as the
prereaction complex III-2. Interestingly, the comparison of the
calculated bond distances of O3—0* = 1.98 A, O*—H2 = 1.92
A, H'-0° = 1.83 A, and Ru>~0° = 1.81 A, for TS4, with
their values (1.51, 2.18, 1.69, and 1.95 A, respectively) in the
prereaction complex III-2, shows that in TS4 the O°*—0%

0O!'—H?, and H!'—0° bonds are dissociated, and the Ru>—0O? and
H2—0* bonds are formed in a concerted fashion. Because the
03—0* bond elongation is much larger (0.47 A) than that of
the O'—H?2 bond (0.01 A), one may describe TS4 as the OH-
transfer transition state rather than proton transfer one. This is
in good agreement with the difference in the peroxo O—O and
RO—H bond strengths (ca. 50.3 kcal/mol for the O—O bond in
HOOH and ca. 118.8 kcal/mol for the HO—H bond).®® One
also should note that the total charge of the moving OH group
is calculated to be only —0.06e. Spin density analysis shows
that in the ground quintet state of TS4 the O3—0O* bond acquires
significant biradical character (see Table 1); oxygen atoms,
originated from the O,, bear large fractions of unpaired spin
density with opposite signs (0.63e at O and —0.69e at O%),
implying the O—O bond breaking at the transition state. The
{Ru—(u-OH),—Ru} core is more flattened in TS4, in compari-
son with III-2, although the Ru'—Ru?, Ru'—0°, and Ru?>—0°
bond distances are changed only slightly. In the product IV,
the Ru'—Ru? bond distance is elongated by 0.04 A, while the
0°—0° bond distance is shortened by 0.05 A in comparison
with the reactant III-2 structure. Yet the most drastic changes
occur in Ru'—0' and Ru?>—0? bond distances; they are shortened
by 0.15 (0.16) A, which indicates the formation of RuO unit
with multiple ruthenium—oxygen bond character. The calculated
geometry of TS4 is closer to that of the reactant III-2; thus
TS4 is an early transition state, as expected for an exothermic
reaction. The III-2 — IV transformation is calculated to be
exothermic by 27.5 (17.2) kcal/mol.

Resulting complex IV has a septet ground electronic state,
where the formed H,O* molecule is H-bonded to the Ru=0O
units. The spin density analysis (see Table 1) demonstrates a
key electronic feature of IV. Indeed, the Ru centers of IV bear
spin density of 1.64e each, similar to 1.42e and 1.55e at the
transition state TS4. Its O' and O centers (0xo oxygens) have
0.88e unpaired spins each, which are also close to 0.63e and
—0.69¢ reported for the O and O* centers (oxygen atoms of
the breaking O°*—O*H bond) of the transition state TS4.
However, in IV all unpaired spins are o-spins, while in TS4
one of the O-centers (O*) has a -spin. So, the transfer of H?-
center from Ru'—0'H? to O*H!, after the TS4, is accompanied
by 0.71e a-spin transfer to the O*-center. As a result, the O'-
center of Ru!—O! acquires a strong radical character with almost
one (0.88 €) o-spin, while the O*-center of the formed H,O*
unit becomes a center with almost no unpaired spin. Thus, the
final complex IV should be formulated as a species with the
Ru'Y—O" units, rather than a species having the RuY=0 groups.
Similar radicaloid character of the Ru=O0-fragments of {(bpy),-
[ORu—(u-O)—RuO](bpy),}** intermediate was reported by
Yang and Baik; the authors have shown that oxo oxygens of
Ru=0 groups of the {Ru(O)—(u-O)—Ru(O)} core are antifer-
romagnetically coupled with 0.78e and —0.78e spins, respec-
tively.*® Furthermore, the {(bpy),[ORu—(u-0)—RuO](bpy),}**
intermediate was reported to have the open shell singlet ground
state, whereas intermediate IV has a septet ground state. The
results presented above clearly show that the reaction III-2 —
TS4 — IV starts from the quintet complex ITI-2 with two Ru'v
centers, proceeds via the quintet TS4, where two O-centers
acquire antiferromagnetically coupled o and f3-spins, and leads
to the complex IV by a-to-S-spin flip on O? and spin transfer
from O*-center to O'. As a result, the final product has a septet
ground electronic state with the RuV—0O" radicaloid character.

(86) CRC Handbook of Chemistry and Physics, 86th ed.; Lide, D. R., Ed.;
CRC Press: Boca Raton, FL, 2005.
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Figure 2. The calculated important geometry parameters (distances in A, angles in deg) of the reactants, transition states, intermediates, and products of the
concerted pathway of the reaction of {y-[(H,O)Ru"—(u-OH),—Ru(H,0)][SiW o036l }*", I(H,0), with O,. The presented relative energies AE (and AE +

AGioivwaiery in parentheses) are given in kcal/mol.

One should note that the antiferromagnetically coupled broken-
symmetry electronic state of IV is only 3.1 kcal/mol higher in
energy at the B3LYP/[Lanl2dz + d(Si)] level.

C. Concerted or Associative Pathway of I(H,O) Oxidation
by O, Molecule. As mentioned above, the concerted or associa-
tive pathway of the reaction under the study also starts from
the singlet I(H,0) complex, as a stepwise pathway, but, as
shown in Figure 2, proceeds via the concerted water-to-dioxygen
substitution transition state, TS1(H,0), and leads to the triplet com-
plex {y-[(O)Ru"™—(u-OH),—Ru"(H,0)](H,0)[SiW 4036 }*~,
II(H,0). In II(H,0), the substituted water molecule is located
in the vicinity of the {Ru(O,)—(u-OH),-Ru(H,0)} core and
H-bonded to it. Despite substantial efforts, we were not able to
optimize the transition state TS1(H,0). This reaction involves
complicated ligand reorganizations and might well take place
with a low barrier. Although the upper limit of the barrier is
the energy (23.1 (10.5) kcal/mol) required for water dissociation
from I reported above, it is not likely that such complete water
dissociation is needed for this concerted substitution process.
Thus, this step of the concerted pathway is likely to take place
easier than that of the stepwise pathway discussed above.

As seen in Figure 2, after substitution of the coordinated water
molecule, O’H?H*, by dioxygen, it forms an H-bonding network
between the coordinated O,, another coordinated water molecule,
and one of the OH-bridges of II(H,0): the calculated O*—H?,
O—H*, and O®>—H' distances are 1.75, 1.61, and 1.48 A,
respectively. The comparison of other geometry parameters of
II(H,0) with those for II shows that the presence of water
molecule in the vicinity of the {(O,)Ru—(OH),—Ru(H,0)} core
does not significantly change the Ru!—0!, Ru’—~0?, and O*—-0*
bond distances. However, Ru!—Ru?, Ru!—0°, and Ru>—0" bond

6850 J. AM. CHEM. SOC. = VOL. 131, NO. 19, 2009

distances in II(H,O) are elongated by 0.07, 0.06, and 0.07 A,
respectively. Also, Ru—Oyg; bond distances are slightly longer
in II(HO) than II. These geometry changes are consistent with
the calculated exothermicity of the reaction II + H,O —
II(H,0) of 17.6 (4.3) kcal/mol.

At the next stage, the resulting complex II(H,O) rearranges
into a quintet hydroperoxo—hydroxo intermediate {y-[(OO-
H)Ru—(u-OH),—Ru(OH)](H,0)[SiW 403 }*~, II-1(H,0), via
the proton-transfer transition state TS2(H,O) (see Scheme 1).
All of our attempts to locate this transition state (where H* and
H! will transfer to O* and O?, respectively, in concerted ways)
connecting the reactant II(H,O) with the product III-1(H,O)
have failed: all calculations converge either to the reactant or
to the product. As we have demonstrated above for the stepwise
pathway, such proton-transfer processes are extremely facile and
occur with little (or no) energy barrier. On the basis of (a) our
numerous attempts, (b) mentioned findings for the stepwise
pathway, as well as (c) the calculated bond distances in the
prereaction complex II(H,0) (O*—H? = 1.75 A, O°—H* = 1.61
A, and O?—H' = 1.48 A), we conclude that the proton transfers
in II(H,0O) to form III-1(H,0) would occur also with a small
(or no) energy barrier, although we were not able to find the
exact transition state associated with it.

Comparison of the calculated geometries of II(H,O) with
those of the hydroperoxo—hydroxo III-1(H,O) species shows
several notable differences: in III-1(H,0), the O*—0O* bond
distance is elongated by 0.11 A, while the Ru?—0? and Ru'—0'
bond distances are shorter by 0.08 and 0.19 A, respectively,
than in II(H,O). In III-1(H,0), the coordinated water molecule
changes its orientation relative to the {Ru—(u«-OH),—Ru} core,
and hydrogen bonds between the water molecule and the
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Scheme 1. Schematic Presentation of the Possible Intermediates and Transition States of the Associative Pathway of the Reaction

{y-[(H20)Ru"'— (1-OH).—~Ru"(H20)][SiW+00s6l}*", I(H20), with O2*

3
H'm.

/ - H;‘/Il’ - 4/ ) / ~—
‘0% gt 4 O o Q2 H! o4 Q2 H!
/ % 7 N .,
J 3 e / .,,pl,Hz ()/3 . / ,,4_(1)1/112 0/3 e ‘«01/"2 (&)}// e “0""
5w O°H 2 1 OH / \ OH / / \ O'H >Z/
Ruz:" " Ru' Ruz-" " Rl Ruz:" " Ru! Ruz:" " Rl
~ o ~oH" ~~ 0 ~osH"
\ POM/ \ p()M/ \ POM/ \ POM/
1(H,0) TS2(H,0) 11-1(H,0) TS3(H,0)
o ¢ ‘
0! 2 ot T, Not T g
W O: 2 1 H -H
H‘\ i \H ()/j H‘/ Not ()/3 ]-[4/ Not
0} o!
’ O'H T - \ OH / / \ O°H /
Ruz -~ . Ruz o ot Ruz-" h’""Rn‘
~oH" ~os ~oH”,
- pOM/ S POM/ N POM/
IV(H,0) TS4(H20) 1I-2(H,0)
“ Arrows show the possible reaction coordinates.
AE (AE+AGg,) (in kcal/mol)
20.0 23.1(10.5)
stepwise
10.0] <« (dissociative)
0.0 L \-1.0(6.5) _2.7(3.3)
0.0(0.0) -7.3(8.7)
-10.0 \
5 19.9(-10.0
-200 concerted 18.6 22 ( )
(associative) ~18:8(2:2) 19.5(-6.4)
300 .
400 -33.4(-9.9) “
-47.0(-23.6)
-50.0 y
—60,9 -62.5(-24.6)
1+0, ] TS2 -1 TS3 11-2 TS4 v
| Structures

T T 1 0
I(H,0) + O, TS1(H,0) II(H,0) TSZI(HZO) 111-1(H,0)

| [
TS4(H,0) IV(H,0)

[Ru" Ru" ('A) —[Ru",Ru"] ((A) — [RulV,RuV](5A) —————[("ORu"),(‘ORuV)]("A)

Figure 3. Schematic presentation of the potential energy surface of the stepwise and concerted pathways of the reaction of {y-[(H,O)RuM—(u-
OH),—Ru(H,0)][SiW 03] }*, I(H,0), with O,. The presented relative energies AE (and AE + AGorywaer) in parentheses) are given in kcal/mol.

{Ru(OOH)—(u-OH),—Ru(OH)} moiety are elongated as com-
pared to those in the prereaction complex II(H,0). Also, the
geometry of the {Ru—(u-OH),—Ru} core changes considerably:
the O°—0°, Ru!—0%, and Ru*—0° bond distances are shrunk
by 0.03, 0.1, and 0.07 A, respectively, while the Ru?>—0° and
Ru'—0° bond distances are elongated by 0.08 and 0.04 A,
correspondingly. The rearrangement of the triplet II(H,O)
complex into the quintet hydroperoxo—hydroxo III-1(H,O)
compound is found to be exothermic by 14.8 (12.1) kcal/mol.

As seen in Scheme 1, starting from the III-1(H,O) complex,
the reaction should proceed along the ITI-2(H,0) formation
pathway, that is, III-1(H,O) — III-2(H,0) isomerization. This
isomerization process is expected to proceed via the TS3(H,O0)
transition state, which is associated with rotations of O'H?,
H*O’H!, and O’0*H? fragments. This step of the reaction is
also expected to occur with a small barrier and be almost
thermoneutral. Therefore, here we did not calculate the structure

III-2(H,0) and transition state TS3(H,O). The resulting
complex III-2(H,0) should rearrange to the complex (H,O),*** { y-
[(O)Ru—(u-OH),—Ru(0)][SiW i3] }*~, IV(H,0), via the mul-
ticentered proton-transfer transition state, TS4(H,0). Calcula-
tions show that product IV(H,O) with an (H,O),*** {(O)Ru—(u-
OH),—Ru(O)} core has a septet ground electronic state.

The structure of the product species IV(H,O) with the
{Ru(O)—(u-OH),—Ru(O)} *++(H,0); core is given in Figure 2.
As seen from the figure, again the H-network is formed (a)
between the oxygen atoms of the Ru=O units and coordinated
water molecules, (b) between two coordinated water molecules,
and (c) between the coordinated water molecule and one of the
OH-bridges of IV(H,0): the calculated O’—H?3, O°—H*, O*—H!,
and O'—H? distances are 1.94, 1.94, 1.78, and 2.06 A,
respectively. In the product IV(H,0), the Ru'—Ru? bond
distance is elongated by 0.06 A, and the O°—0° distance is
shrunk by a mere 0.01 A in comparison with the reactant III-
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1(H,0) structure. The Ru'—0° and Ru?>—0° bond distances
becomes slightly shortened and elongated, respectively, by a
mere 0.01 A, and the Ru'—03 bond distance is elongated by
0.04 A. Yet the most drastic changes occur in the Ru'—0" and
Ru2—0? bond distances: they are shrunk by 0.17 and 0.13 A,
respectively, indicating the formation of Ru=0 double bonds;
also, the Ru'—0g; and Ru?>—Os; bond distances are noticeably
elongated, by 0.11 and 0.08 A, respectively. The Ru'—0' and
Ru?—0? and also Ru—Og; bond distances in IV(H,0) are very
similar to those in the I'V species. The III-1(H,0) — IV(H,0)
transformation is calculated to be exothermic by 29.1 (14.7)
kcal/mol.

We should mention here that the associative and dissociative
pathways are also connected by the association/dissociation of
a water molecule at the intermediates II, III, and IV.

D. Discussion. The overall potential energy surface of the
reaction of I(H,O) with O, molecule is presented in Figure 3.
As seen from the figure, the overall reaction is highly exother-
mic. The stepwise or dissociative pathway of this reaction, that
is, I(H,0)(*A) + O, — I —II(A) + H,0 — TS2(°A) + H,0
— II-1CA) + H,0 — III-2(°A) + H,0 — TS4 — IV(A) +
H,0, is found to be 47.0 (23.6) kcal/mol exothermic and
proceeds with a 23.1 (10.5) kcal/mol energy required for
dissociation of one of the water molecules from I(H,0); that
is, at the first step of the reaction, I(H,0)('A) + O, — I —
IICA) + H,O. However, the concerted or associative mecha-
nism of this reaction, I(H,0)('A) + O, — [TS1(H,0)] —
II(H,0)(CA) — [TS2(H,0)] — II-1(H,0)(CA) — [TS4(H,0)]
— IV(H,0)(’A), seems kinetically and thermodynamically more
favorable. Although we could find none of the transition states,
most likely because of low barriers, it is more exothermic (by
15.5 (1.0) kcal/mol).

The entire reaction I(H,O) + O, is a 4-electron oxidation
process. The first le-oxidation (of the Ru?-center) occurs after
the H,O — O, substitution, that is, in the step I('A) — II(A)
and I(H,0)('A) — II(H,0)(A), for dissociative and associative
pathways, respectively. The second le-oxidation (of the Ru!'-
center) is completed upon the proton-coupled-electron (hydrogen
atom) transfer from the Ru'-coordinated water molecule to the
Ru?-coordinated superoxide to form a hydroperoxo—hydroxo
intermediate, that is, in the steps II(*A) — III-1(°A) and
II(H,0)(CA) — III-1(H,0)(°A), for dissociative and associative
pathways, respectively. The final 2e-oxidation occurs upon the
proton transfer from the Ru'-coordinated terminal OH-ligand
to the Ru’-coordinated OOH fragment to form the water
molecule and the complex with two Ru=O units, that is, in
steps III-2°A) — IV(’A) and III-1(H,0)(CA) — IV(H,0)("A)
on the stepwise and concerted pathways, respectively. Resulting
complexes IV and IV(H,O) have a septet ground electronic state
with the radical terminal oxo groups and should be formulated
as species with the RulY=0" units, rather than species having
the Ru¥Y=0 groups. Similar radicaloid character of the Ru=0-
fragments of {(bpy),[ORu—(u-O)—RuO](bpy),}** intermediate
of the “blue-dimer” was reported by Yang and Baik.*®

Thus, the presented results show (Figure 3) that oxidation of
I(H,O) by O, molecule is a kinetically and thermodynamically
facile process and can occur at room temperature. The product
of this reaction is the complex IV or IV(H,O) with an
{CO)Ru—(u-OH),—Ru(0O")} core. Consequently, the “reverse”
reaction, that is, O, formation from IV or IV(H,0), is highly
[by 47.0(23.6) and 62.5(24.6) kcal/mol for stepwise and
concerted pathways, respectively] endothermic and cannot occur.
This conclusion is drastically different from that reported for
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the “blue-dimer” {(bpy),[ORu—(u-O)—RuO](bpy),}*" inter-
mediate, which has been established to oxidize incoming water
molecule to produce Q,.>>2%73%:3%:41.60—62

It is of core importance to elucidate the reasons for the
dramatic reactivity difference of [(bpy),Ru(O")—(u-O)—Ru(O’)-
(bpy)21** and  {y-[(O)Ru—(u-OH),—Ru(O")[(HO)[SiW -
O36]}*7, IV. For this purpose, we have recalculated the structures
and energies of the [(bpy),Ru—(u-O)—Ru(bpy).]**, [(bpy)s-
Ru(0)—(u-0)—Ru(0")(bpy),]**, and [(bpy).Ru(H,0)—(u-
0)—Ru(H,0)(bpy),]** complexes at the B3LYP/lanl2dz level
of theory in their ground electronic states. These structures and
their important geometry parameters are given in Figure 4.

For easy comparison, we also present in Figure 4 the results
for {y-[Ru—(u-OH),—Ru][SiW403]}*", 1, and IV calculated
at the B3LYP/[Lanl2dz + d(Si)] level of theory.

At first, these calculations show that the water oxidation by
the “blue-dimer”, that is, the reaction

{(bpy),[Ru(0")—(u-0)—Ru(O")](bpy),}*" + 2H,0 —
{(bpy),[(H,0)Ru—(-0)—Ru(H,0)1(bpy),} "+ 0, (1)

is highly, 43.2 kcal/mol, exothermic, while the water oxidation
by IV, that is, the reaction

{7-[CO)Ru—(u-OH),—Ru(0")[(H,0)[SiW,(0s1}*~ + H,0 —
{7-[(H,0)Ru—(u-OH),—Ru(H,0)][SiW,,0,,]}*" + 0, (2)

is endothermic by 15.1 kcal/mol (here, we report only gas-phase
AE values of these reactions calculated at the same level of
theory). One of the reasons for such a large (by 58.3 kcal/mol)
difference in the calculated thermodynamics of these reactions
could be the energies of the formed Ru—H,O bonds in the
product complexes. However, our calculations show that, in fact,
the Ru—H,0 bond energies are very similar in the Ru,—POM
(structure I(H,0)) and in the “blue-dimer”: the energies of the
reactions

{y-[(H,0)R—(u-OH),—Ru(H,0)][SiW ;0] -

{y-[Ru—(u-OH), — Ru][SiW,,05s]}* + 2H,0

and

{(bpy),[(H,0)Ru—(1-0)~Ru(H,0)](bpy), }*" —
{(bpy),[Ru—(u-0)—Rul(bpy),}*" +2H,0
are calculated to be 55.3 and 64.7 kcal/mol, respectively. Thus,
the strength of the formed Ru—H,0O bonds is not a major reason
for the observed large difference in thermodynamics between

reactions 1 and 2. Consequently, the reason of the calculated
difference should be the energies of the reactions

{y-[CO)Ru—(u-OH),—Ru(O")][SiW,,05,1}*~ —
{y-[Ru—(u-OH),—Ru][SiW,,05]}*"+ 0, (3)

and

{(bpy),[(O")Ru—(1-0)—Ru(0O")](bpy),}** —
{(bpy),[Ru—(u-0)—Ru](bpy),}*" + 0, (4)

which are calculated to be 70.4 and 21.5 kcal/mol endothermic,
respectively.

The calculated large endothermicity of reaction 3 for
Ru,—POM as compared to that of reaction 4 for the “blue-
dimer” could be a result of several factors including the Ru=0O
and Ru—L [where L = (SiW4036)*~ and bpy] bond strengths,
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{[(RuO)-(p-OH)-(RuO)|[SiW,031}* 4

[(bpy);(Ru-(11-0)-Ru)(bpy),1*

2077 @

1 {[Ru-(u-OH),-Ru][SiW,Os]}*

Figure 4. The important geometry parameters (distances in A, angles in deg) of the complexes [(bpy):Ru(O")—(u-0)—Ru(O")(bpy),]**, [(bpy).Ru(H,0)—(u-
0)—Ru(H,0)(bpy),]*", and [(bpy),Ru—(u-O)—Ru(bpy).]**, as well as {y-[Ru™—(u-OH),—Ru™][SiW,036]}*", 1, and {y-[("O)Ru—(u-OH),—Ru(O")]-
[SiW14036]}*", IV. For the sake of simplicity, we show only the important portions of these structures.

and deformation geometries defined by the L ligands as well
as of {Ru—(u-OH),—Ru} and {Ru—(u-O)—Ru} cores. These
parameters all relate to a key experimental variable associated
with O, activation and H,O oxidation, the ground-state reduction
potentials. Unfortunately, one cannot directly (and accurately)
estimate the Ru=0 and Ru—L bond strengths in {(bpy),[(O°)-
Ru—(-0)—Ru(0")](bpy),}** and {y-[(0)Ru—(u-OH),—Ru-
(OM][SiW0036]}*", and there is no way to calculate the redox
potentials for these two very different systems such that the
values can be meaningfully compared. However, geometries of
these species presented in Figure 4 clearly show that the Ru=0
bonds are stronger in {y-[(CO)Ru—(u-OH),—Ru(O")]-
[SiW¢O36]}*~ than in {(bpy)a[(O")Ru—(u-0)—Ru(O")(bpy),}*+:
the calculated Ru=O0 bond distances are shorter by 0.04 A in
the former complex. Furthermore, these data also show that
neither the geometries of the ligands L nor the {Ru—(u-
OH),—Ru} and {Ru—(u-O)—Ru} cores change significantly
upon going from reactants to products for either the Ru,—POM
or the “blue-dimer”. In contrast, the Ru—L bond distances (i.e.,
the Ru—L bond strengths) change significantly for L =
(SiW 9O36)*~, while these changes are relatively small for L =
bpy (except for the Ru—N bond located at the trans position to
the oxo-ligand, which is elongated by 0.15 A). For the
Ru,—POM, the Ru—O(W) bond distances are shortened by ca.
0.05 A upon going from 1 to 4 (or IV), which clearly indicates
the stabilization of the [Ru,]—(SiW;¢Os)*” interaction in
complex 4 (or I'V) as compared to complex 1; that is, formation
of the Ru=0 bonds in 4 (or IV) initiates the increase in
[Ru,]—(SiW0O36)* ™ interaction. Another factor that stabilizes
the {[ORu—(u-OH),—RuO]—(SiW¢O36)}*~ unit in 4 (or IV)
is two H-bonds between the bridging OH groups and POM-

framework oxygens. As was the case in the “blue-dimer”,
formation of Ru=O0 bonds destabilizes the Ru---Og; bonds of 4
(or IV) located trans to the oxo-ligand. Thus, the calculated
large exothermicity of the reaction of O, with {y-[Ru—(u-
OH),—Ru][SiW4036]}*", 1, as compared to that for the “blue-
dimer” {(bpy),[Ru—(u-O)—Ru](bpy),}**, is not only due to the
formation of relatively strong Ru=0 bonds in the {y-[(O)Ru—(u-
OH),—Ru(0")][SiW 40361 }*~, 4, product, but also because of
stabilization by the [ORu—(u-OH);—RuO]---(SiWoOss)}*"
interaction in 4 relative to reactant 1. This effect could be
attributed to the electron-rich nature (better ¢ donor and &
acceptor) of [SiW¢Os6]*~ as compared to bpy.

IV. Conclusions

From the above presented results, we can draw the following
conclusions:

(1) Four-electron oxidation of {y-[(H,O)Ru—(x-OH),—Ru'-
(H,0)][SiW 100361 }*~, I(H,0), by O, is a highly exothermic
process and could occur under mild experimental conditions.
The first and second le-oxidation occur upon the water-to-
oxygen substitution, and the proton transfer from the coordinated
water molecule to the superoxide (OO7), respectively. The
proton transfer from the terminal OH ligand to OOH fragment,
in the resulted hydroperoxo—hydroxo intermediate, completes
the second 2e-oxidation process. During this reaction, oxidation
states of the Ru-centers increase from +3 to +4, and the final
product with the {Ru(O)—(u-OH),—Ru(O)} core should be
formulated as a complex containing Ru'V=0" units, rather than
RuV=O0 groups.
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(2) The reverse reaction, that is, water oxidation by the
complex {y-[(CO)Ru—(u-OH),—Ru(O")](H,0)[SiW¢036] }*~,
IV, is a highly endothermic process and cannot occur. This
conclusion is in dramatic contrast with that reported for the
“blue-dimer” {(bpy),[(O")Ru—(u-O)—Ru(O")](bpy),}** inter-
mediate.*® The observed difference in reactivity of {y-[(‘O)Ru—(u-
OH),—Ru(0")(H,0)[SiW 0031}, IV, and {(bpy)a[(O)Ru—(u-
0)—Ru(0")](bpy),}** was explained in terms of the electron-
rich nature (better o donor and 7 acceptor) of [SiW (Oss]*~
relative to bpy.

Significantly, it is predicted that the lack of reactivity of the
intermediate {y-[(O)Ru—(u-OH),—Ru(O")][SiW4036]}* to-
ward the water molecule facilitates its complexation with another
{y-[Ru™—(u-OH),—Ru™][SiW4036] }*~ molecule forming the
experimentally®® isolated and thoroughly characterized water
oxidation catalyst [{RusO4(OH),(H,0)4}(y-SiW0O36)2]'%". Com-
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putational studies of the energy and mechanism of this dimer-
ization-like process, IV + [{Ru™,(OH),}(y-SiW(Os6)]*~ —
[{Ru404(OH)»(H20),} (y-SiW 14903)2]'°" + 2H, are in progress.
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