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bstract

Dimeric�-oxo ions such ascis,cis-[(bpy)2Ru(OH2)]2O4+, its congeners containing ring-substituted bipryidine ligands, and related stru
ave long been known to efficiently catalyze water oxidation by strong chemical oxidants and at electrode surfaces. Howev
onsiderable effort, the goal of identifying the underlying molecular mechanisms has not yet been realized. In this contribut
oncerning the reactivity of these catalysts are reviewed from the perspective of recent research findings, which have led to c
larification of the reaction pathways. Alternative postulated molecular mechanisms are also discussed within the framework
rinciples governing the reactivity of group 8 polypyridyl complexes.
2004 Elsevier B.V. All rights reserved.

eywords:Water oxidation catalysis;�-Oxo ions; Redox reactions; Ruthenium complexes

. Introduction and scope

Although the literature on polypyridyl and related coor-
ination complexes is enormous, this review is narrowly fo-
used on only one aspect of their chemistry, namely, their
apacity to function as catalysts for the oxidation of water

∗ Tel.: +1 509 335 7848; fax: +1 509 335 8867.
E-mail address:hurst@wsu.edu.

to dioxygen. Emphasis is placed upon our evolving un
standing of the mechanisms of these reactions, and only
chemical aspects that bear directly upon mechanistic is
are discussed. This approach would seem to be in ke
with a volume devoted to Henry Taube, whose profound
sights derived from detailed investigations of ligand subs
tion and redox mechanisms transformed inorganic chem
to the extent that all subsequent research bears the ind
mark of his intellect.

010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.06.017
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There are several reasons why the catalytic oxidation of
water by dimeric ruthenium�-oxo ions is of topical interest.
They afford a potentially highly tractable system to study
complex noncomplementary redox reactions, in the present
case in the form of a net four-electron oxidation of two water
molecules that is somehow coupled to the heterolytic cleav-
age of four O H bonds and formation of an OO double bond
via a series of one-electron and two-electron steps. The cat-
alysts themselves are structurally relatively simple, synthet-
ically versatile, and robust complexes that display numerous
intermediary redox states, affording one the opportunity to
probe the reaction pathways through physical and chemical
identification of reaction transients. Although Ru is hardly a
vitamin, these complexes may also be useful functional mod-
els for studying biological water oxidation, whose active site
is an asymmetric Mn tetranuclear cluster[1] located within a
protein associated with the photosystems of plants and certain
bacteria. Although these clusters contain four redox metal
ions, recent mechanistic models have been proposed in which
it is suggested that only two of the Mn ions actually change
their oxidation state in the catalytic cycle; furthermore, in
these models, oxidation is accompanied by progressive de-
protonation of aqua ligands, ultimately forming a manganyl
(Mn O) species whose electron-deficient oxo atom under-
goes nucleophilic attack by an aqua ligand located on an ad-
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Fig. 1. Formation of a hypothetical covalent hydrate of Ru(bpy)3
3+.

thalpies for complex ion reduction were considerably smaller
than the calculated (endoergic) reaction enthalpies based
upon thermodynamic potentials, necessitating the introduc-
tion of one or more intermediates in the reaction scheme
[10,11]. Furthermore, addition of alcohols, halides, and other
OH• scavengers to the medium had no effect upon the de-
composition dynamics[11–13], indicating thatfreeOH• was
not generated. Speculations concerning the nature of the re-
active intermediates included suggestions that these were:
(i) pseudo-bases or covalent hydrates[14,15] formed by ad-
dition of OH− or H2O to ligands (Fig. 1) [10–12,16]; (ii)
similar N-oxides formed by partial dissociation of the lig-
and and its reaction with OH−[17]; (iii) {ML3

3+, (OH−)n}
ion pairs that formed ligand�-stabilized•OH(OH−)m enti-
ties which were further oxidized to form peroxides[18]; (iv)
�-oxo dimers formed by a sequence of reactions involving
addition of OH− to the primary coordination sphere, oxida-
tion to the corresponding oxo atom, atom transfer to a ligand
N atom, dissociation of the ligand N-oxide, and dimeriza-
tion and oxidation of the resultingcis,cis-diaqua complex
to give catalytic [(L)2Ru(OH2)]2O4+ ions[19]. Discussions
of the relative merits of these proposed mechanisms can be
found in the cited references; however, much of this dis-
cussion is moot because further examination of these reac-
tions revealed that negligible O2 was formed by decomposi-
t 3+ m-
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acent metal center (Mn or Ca ) to form a bound perox
ntermediate[2,3]. As will be evident, these same mechani
rinciples appear to be operative in the more tractable h
eneous reactions catalyzed by the dimeric�-oxo ruthenium

ons. Finally, the capacity to oxidize water may be crucia
chieving long-sought technological goals such as solar

oproduction of H2, which requires a cheap, plentiful sou
f electrons to close the oxidative half-cycles of coupled

oinitiated redox reactions. Insights gained from mechan
tudies on these homogeneous catalysts will almost cer
ead to development of compounds with superior cata
roperties.

. Reactions involving monomeric complexes

It has long been known that the tris 2,2′-bipyridine and
,10-phenanthroline complexes of group 8 trivalent
re unstable in alkaline solutions, undergoing apparent
lectron reduction to the corresponding M(II) ions[4,5].
arly reports suggesting formation of O3 (by olfactory de

ection) and accumulation of H2O2 in the reaction medium
6] prompted numerous laboratories to investigate the a
nt mechanisms of water oxidation. Although it was initi
uggested that these reactions were initiated by oxidati
H− to OH• by an outer-sphere mechanism[7–9], e.g.

e(bpy)3
3+ + OH− → Fe(bpy)3

2+ + OH• (1)

t was quickly realized from the reaction dynamics that
eaction did not occur. Specifically, measured activation
ion of the ML3 ions per se. In particular, upon reexa
nation of the spontaneous reduction of Ru(bpy)3

3+, it was
ound that O2 yields were vanishingly small[16]; copious
mounts of CO2 were evolved during the reaction and

east 10 ruthenium(II)-containing products containing m
ed ligands were detected, indicating the predominant so
f electrons for Ru(III) reduction was the ligands the
elves. Reduction of the corresponding Os(III) analogs
oes not generate O2 [17]. Furthermore, Nord and cowor
rs showed that yields of O2 formed when Fe(bpy)3

3+ and
e(phen)33+ decomposed directly correlated with the s

raction of complex ion that had undergone ligand di
iation; these ions were then suggested to catalyze th
omposition of other intermediates that contained N-o

igands formed by reaction of the ferric complexes w
H− [17]. This rather complicated mechanism was s
orted by detection of the ligand N-oxides among the rea
roducts.

During the course of these investigations, several o
ations were made that may be germane to mechanis
ater oxidation catalyzed by [(bpy)2Ru(OH2)]2On+ and its
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congeners. For one, reactive intermediates possessing un-
usual absorption bands in the 750–800 nm region accumu-
late during decomposition of Ru(bpy)3

3+ and Fe(bpy)33+;
their spectroscopic signatures are very similar to those ob-
tained when a wider range of M(bpy)3

2+ and M(bpy)33+
ions are reacted with radiolytically-generated•OH [11,17].
As with reactions of noncoordinated 2,2′-bipyridine and 1,10-
phenanthroline[20,21], these latter reactions involve addition
of OH• to the heterocyclic ring, rather than electron transfer,
e.g., the reverse of reaction (1). Decomposition of the isolable
Fe(bpy)2(bpy-OH)2+ adduct(s) formed by reaction between
Fe(bpy)33+ and OH• does not lead to water oxidation, how-
ever[22]. Similar oxidative addition reactions by alkyl rad-
icals to thetris-Ru(III), Fe(III) and Os(III) complexes of
bpy and phen have been reported by Rollick and Kochi
[23]; based upon relative rate comparisons for substituted
phenanthroline ligands and the ring positions of akylation,
a mechanism involvingnucleophilicaddition of the radicals
to the ligand was proposed. Convincing evidence has been
presented by Hupp and coworkers[24,25] for nucleophilic
attack upon Ru(bpy)3

3+ and Ru(phen)33+ by pyridine and
bipyridine compounds and coordination complexes whose
ligands contain pendant pyridinium groups; these reactions,
which are facile in nonaqueous solvents, lead to formation
of covalent C N bonds at the bpy and phen 4-positions.
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Scheme 1.

between the water oxidation catalyst and the ultimate accep-
tor (see, however,[34]). The presence of a second oxidizable
metal ion is thought to minimize ligand decomposition on the
M(bpy)33+ intermediate by shortening its lifetime.

Finally, a remarkable reversal of reactivity has been re-
ported for Ru(bpy)33+ ions that were isolated within zeo-
lite cages. Specifically, Ledney and Dutta reported that alka-
line decomposition of these ions that had been synthesized
within Y-zeolite supercages generated near-stoichiometric
amounts of O2 [35]. Accumulation and decay of optical
bands in the 830–850 nm region were observed by diffuse
reflectance spectroscopy to occur on the same timescale as
Ru(bpy)33+ decomposition. Cryogenic epr spectra also gave
evidence of accumulation of intermediary Ru(III) species
whose signals exhibited greater rhombicity than that of the
parent Ru(bpy)33+ ion, as might occur if one of the lig-
ands were chemically modified. These epr signals are also
similar to those of a previously isolated complex claimed
to be an authentic Ru(bpy)2(bpy•OH2)3+ covalent hydrate
[14] (see, however,[28] for a skeptical view). Evidence for
ligand modification in zeolite-entrapped Ru(bpy)3

3+ ions
was also obtained by resonance Raman (RR) examination
of the bipyridine ring deformation modes. Deliberate addi-
tion of Co(II) to the medium resulted in rapid reduction of
the complex; however, unlike the corresponding reactions
i r-
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umerous examples exist in N-alkyl heterocyclic cation
seudobase formation, i.e., reversible formation of cova
dducts with OH− [26], and Gillard and his associates,
articular, have broadly interpreted the properties of c
ination complexes containing N-heterocyclic compou

ncluding Ru(bpy)33+ and Ru(phen)33+ [27], in terms for-
ation of analogous covalently hydrated species[15]. The

vidence supporting this interpretation is indirect, howe
nd alternative explanations have been advanced[28]. In any
vent, there are ample precedents within the chemical
ture to suggest that coordination to highly oxidized m

ons will activate bpy and phen for nucleophilic attack.
A second observation is that much higher O2 yields have

een obtained when the group 8 M(bpy)3
3+ ions are decom

osed in the presence of redox metal ions[16,29]and/or ox-
des[22,30–32]that can catalyze water oxidation. For exa
le, with Co(II), near-quantitative yields of O2 can be ob

ained[16], based upon the equation:

M(bpy)3
3+ + 2H2O → 4M(bpy)3

2+ + O2 + 4H+ (2)

The form of the rate law for the catalyzed reaction is c
istent with progressive one-electron oxidation of Co(II
o(IV), which presumably contains a bound oxo atom,

CoO2+”, followed by its reaction with solvent H2O to form
2O2 [16,33]. Several fairly efficient photocatalytic cycl

or water oxidation by electron acceptors based upon t
eactions have been developed[29–31], as illustrated in th
ollowing generic scheme (Scheme 1).

In these systems, it is generally assumed that the fun
f the photoexcited∗M(bpy)32+ ion is to transfer electron
n homogeneous solution, no O2 was formed. It was a
ued that this difference was a consequence of immob

ion of Co(III) within the zeolite lattice, preventing sub
uent formation of “CoO”. The inference drawn from th

atter experiments was that O2 formation by the entrappe
u(bpy)33+ was unlikely to be catalyzed by adventitious
ox ions present in the zeolite. The researchers prop
mechanism based upon formation of RuIII (bpy)3n+ co-

alent hydrate and pseudo-base intermediates[35]. A crit-
cal reaction step was the further one-electron oxidatio
hese complexes to reactive species which could unde
et two-electron oxidations of solvent to H2O2. The sec
nd oxidation was supposed to occur by reaction with
ile OH• radicals, which were formed by dissociation fr
ligand radical intermediate, i.e., RuII (bpy)2(bpy-OH•)2+,
hich in turn was formed by internal electron transfer wit

he pseudo-base, RuIII (bpy)2(bpy-OH−)2+, as part of th
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overall sequence:

H2O + Ru(bpy)3
3+ → Ru(bpy)2(bpy-OH2)3+

→ RuIII (bpy)2(bpy-OH−)
2+ + H+

→ RuII (bpy)2(bpy-OH•)2+ → Ru(bpy)3
2+ + OH• (3)

Epr signals consistent with formation of both the ligand
radical complex and OH• were detected in theg∼ 2 region
of the spectra during decomposition; however, despite these
reactions being very slow, accumulation of free OH• seems
questionable, based upon the thermodynamic constraints for
the corresponding overall reaction in homogeneous solution
(Eq. (1)). An earlier study made at higher cage occupancies
of Ru(bpy)33+ had indicated that O2 was not formed, but that
decomposition was accompanied by evolution of CO2 [36],
similar to the results reported for the uncatalyzed reactions
in homogeneous solution[16]. The appearance of epr signals
attributable to rhombic RuIII species were also noted in that
study. Presumably, the difference in reactivity arises from the
proximity of Ru(bpy)33+ in adjacent cages at the higher load-
ings[35], allowing ligand decomposition by the equivalent of
bimolecular pathways to occur. If this interpretation is valid,
one can conclude that a single ruthenium center is capable of
c

3
c

3

that
t
R on
b re-
p earch
e -
w logs
o d
b i-
l
2 ese
�
t
e sur-
f -
t
I
w -
d de-
v ic
p ater
t thyl
g er-

ically blocks formation of�-oxo dimers. The activity of
a dinuclear ion containing only a single coordinated wa-
ter, [(bpy)2(py)RuORu(H2O)(bpy)2]4+, is also markedly re-
duced[54,55], as is that of acis-trans–cistrimeric analog, for-
mulated as [(bpy)2(H2O)RuORu(bpy)2ORu(OH2)(bpy)2]6+
[56]. These comparisons suggest that the minimal struc-
tural requirement for efficient catalysis includes the intact
(H2O)RuORu(OH2) core.

A crystal structure of the perchlorate salt of the
[(bpy)2Ru(OH2)]2O4+ ion (hereafter, designated as{3,3})
revealed that bonding was nearly linear through the oxo
bridge, with a RuO Ru angle of 165◦ (Fig. 2) [38]. The
�-oxo bonds to each of the metal centers were equal in
length (1.87Å) and significantly shorter than the terminalcis-
aqua Ru O bonds (2.136̊A), indicating that multiple bond-
ing existed within the RuO Ru unit. Electronic delocal-
ization across this unit has also been demonstrated by mag-
netic susceptibility measurements on similar�-oxo bridged
ruthenium(III) ions, e.g.,cis,cis-[(bpy)2Ru(NO2)]2O2+ [57].
A second notable feature of the structure is the torsional
angle formed by thecis-aqua ruthenium bonds (O1W-
Ru Ru O1W inFig. 2), which is∼66◦; the equilibrium in-
ternuclear distance between O atoms of the coordinated wa-
ters caused by the combined effects of this displacement from
planarity and the bending of the bridge is∼4.72Å. In the cor-
r 4+
( -
m
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. Reactions catalyzed by the
is,cis-[(bpy)2Ru(OH2)]2O4+ ion

.1. Structure and redox properties

In 1982, T.J. Meyer and coworkers reported
he ionscis,cis-[(bpy)2Ru(OH2)]2O4+ and cis,cis-[(phen)2
u(OH2)]2O4+ were effective catalysts for water oxidati
y strong oxidants[37]. These observations have been
eatedly confirmed over the past two decades by res
manating from their own laboratory[38–42] and else
here[43–49], and have been extended to include ana
f the type [(L)2Ru(OH2)]2O4+, where L is a substitute
ipyridine ligand[50–52], as well as the structurally sim

ar dinuclear ion, [(tpy)Ru(OH2)2]2O4+ [53], where tpy is
,2′:6′,2′′-terpyridine. Manifestations of catalysis by th
-oxo ions have included enhanced rates of O2 evolu-

ion by Ce4+ or Co3+ [37–42,44,46,48–50,52,53], low-
red overpotentials for water oxidation at electrode

aces[38,45,50,52], and catalysis of O2 generation by pho
oresponsive electron acceptor systems (Scheme 1) [50,52].
n contrast, the monomeric analogs,cis-L2Ru(OH2)22+,
here L represents 6,6′-dimethyl-2,2′-bipyridine or 2,9
imethyl-1,10-phenanthroline, have been shown to be
oid of activity despite having sufficient thermodynam
otential in their higher oxidation states to oxidize w

o O2 [44]; in these complexes, the presence of me
roups at positions� to the nitrogen lead-in atoms st
esponding [(bpy)2(OH2)RuORu(OH)(bpy)2] perchlorate
hereafter,{3,4}), the Ru O Ru bridge is no longer sym
etric, with Ru O distances of 1.83 and 1.85Å; the bridging
ngle is 170◦, and the torsional angle is 117◦ [58]. Further-
ore, the coordinating atoms in the equatorial position
isplaced away from the RuO Ru bridge, an effect that h
een attributed to increased nonbonding repulsion bet

he H2O and OH− ligands in the{3,4} ion relative to the two
2O ligands in the{3,3} ion [58]. As a consequence of the
isplacements, the OO distance between coordinated wa

ncreases to∼5.55Å in the{3,4} ion. The shorter Ru� O
istances and displacement toward linearity in the{3,4} ion
re consistent with greater�-delocalization across its bridg
owever, as noted by Meyer and coworkers, the oxida
tates on the individual Ru atoms must retain some loca
haracter because other{3,4} ions that possess a symm
ic set of ligands, e.g.,cis,cis-[(bpy)2RuCl]2O3+ also exhibi
wo different crystallographic Ru� O bond lengths[58].

The Ru O Ru bridging angle has also been determ
or the {3,3} ion in solution by RR spectroscopy[46,59].
he Ru O Ru unit gives rise to a very strong resonan
nhanced band in 350–400 cm−1 region, which is attributab

o its symmetric stretching mode (νs) (Fig. 3) [60]. Assum-
ng that this mode is not coupled to other molecular vi
ions, the magnitude of the shift induced by isotopic s
titution on the bridging O atom can be used to determ
he bridging angle[60,61]. This follows because in a sym
etric molecule with a linear bridge the O atom is m

ionless in�s and therefore does not contribute to the
ective mass (or the vibrational frequency), whereas, i
ridge is bent, the symmetric and asymmetric stretc
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Fig. 2. Crystallographic structures of{3,3}. The left panel shows the complete ligand set for the cation; the right panel shows only the metals and coordinating
atoms (adapted from[38]).

modes are mixed, the normal coordinate vibration includes
motion of the O atom, and the vibrational frequency de-
pends upon its mass. Larger angles engender greater mixing
and larger mass-dependent frequency shifts. By measuring
the isotope-induced frequency shifts, one can calculate the
bonding angles from the secular equations describing these
motions [61]. For the {3,3} ions, [(bpy)2Ru(OH2)]2O4+
and [(bpy)2(OH2)RuORu(OH)(bpy)2]3+, shifts of 2–3 cm−1

were measured upon substitution of18O in the bridge,
corresponding to calculated RuO Ru bridging angles of
166–169◦ [46,59]. Thus, it appears that the solid and solu-
tion structures are very similar. This method can also be used
to assess the bridging angle in the{4,4} and{5,5} higher
oxidation states (succeeding paragraphs), for which crystal
structures are not available. From18O-induced shifts inνs of
−2 and−5 cm−1, the calculated angles are 168◦ for {4,4}
and 162◦ for {5,5} (H. Yamada, unpublished observations)
[62].

F g
1 ws
t trum
f talyst
(

These�-oxo ions display higher oxidation states that are
electrochemically accessible in aqueous solution. As empha-
sized by Meyer and coworkers[38,53,56,63,64], this attribute
is a consequence of their possessing coordinated water, which
can undergo simultaneous deprotonation with electron loss,
thereby avoiding accumulation of high electrostatic charge.
The redox properties of these ions have historically been de-
termined by cyclic voltammetry and related electrochemical
techniques[38,53,56,63]. Although several technical prob-
lems have been cited with the use of these methods, includ-
ing slow electrode kinetics arising from proton gains or losses
accompanying change in redox states[65,66], inherent irre-
versibilities of the higher oxidations[38,50,52], adsorption
[49] and electrode deterioration[53], other standard meth-
ods such as spectroelectrochemical titrations are not feasible
because the ions in their higher oxidation states are difficult
to distinguish by optical spectroscopy and are unstable with
respect to their reaction with solvent H2O.

Using cyclic voltammetry and differential pulse polarog-
raphy, Meyer and coworkers determined the following oxi-
dation sequence for the [(bpy)2Ru(OH2)]2O4+ ion [38]:

{3, 3} → {3, 4} → {4, 5} → {5, 5}
where for simplicity, deprotonation of the{3,3} and{3,4}
ions has not been indicated. These ions exhibit the following
a

w
5 -
d t the
o -
n
n nge
( s
a tion
ig. 3. Normalized RR spectra of{3,4} at 488 nm excitation containin
6O (dashed line) or18O in the�-oxo bridging position. The inset sho
he 18O 16O difference spectrum (solid line) and the difference spec
or the 18O-substituted complex before and after 10 cycles of the ca
dashed line)[59].
cid-base equilibria:

[(bpy)2Ru(OH2)]2On+ �

[(bpy)2(OH2)RuORu(OH)(bpy)2](n−1)+ + H+ �
[(bpy)2Ru(OH)]2O(n−2)+ + H+

here n = 4, pK1 = 5.9, pK2 = 8.3 for {3,3}, and n =
, pK1 = 0.4, pK2 = 3.3 for {3,4} [38]. From the pH
ependence of the potentials, it was ascertained tha
xidation states{4,5} and {5,5} were both fully deproto
ated, i.e., were dimeric ruthenyl ions, [(bpy)2Ru(O)]2On+,
= 3, 4, respectively, over the entire investigated pH ra

0–13). The inability to detect the{4,4} oxidation state wa
scribed to its instability with respect to disproportiona
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Fig. 4. Flow electrolysis for analysis of higher oxidation states.

[38]. This behavior is surprising—particularly since the sim-
ilar [(tpy)Ru(OH2)2]2O4+ ion has been shown to give a reg-
ular progression of increasing reduction potentials with ox-
idation state through the series{3,3}→ {3,4}→ {4,4}→
{4,5} [53]—and its chemical origins have not been identified.

As an alternative approach to determining redox states, we
have developed electrochemical methods that utilize a colum-
nar flow-through electrode with high surface area/volume
(typically 1500 cm2/mL) ratios to effect rapid constant po-
tential electrolysis of the solutions. A schematic diagram of
the apparatus is given inFig. 4. In this device, the redox poise
of the effluent solution is essentially the value set by the po-
tentiometer; the flowing solutions can be analyzed directly
by optical or RR spectroscopy or collected for chemical and
physical analyses. The major limitation that we have found in
investigating the redox properties of [(bpy)2Ru(OH2)]2O4+
by this method is that oxidation is incomplete in solutions that
are not highly acidic (pH > 1), which appears to be a conse-
quence of high background electrolysis of water. Results of a
typical RR spectroelectrochemical titration of the{3,4} ion
[49] are shown inFig. 5. Upon increasing the potential, the
{3,4} spectrum dominated by an intenseνs band at 389 cm−1

decreases with concomitant appearance of an intermediate
spectrum whose major feature is a band at 358 cm−1; this
band is also assignable to�s on the basis of its18O-isotope
d pears

et show

in favor of a species with a significantly altered spectrum
whose dominant feature is a band at 818 cm−1. This latter
band has been identified as the stretching mode of a ruthenyl
Ru O bond (νRu O) formed upon deprotonation of the aqua
ligands in the highest oxidation state of the complex[46,49].
This assignment is based upon the following observations:
The band position does not shift upon isotopic substitution
in the bridge, but does shift to 780 cm−1 (�ν = 38 cm−1)
upon substitution of thecis-aqua ligands with H218O[46,67].
This behavior excludes the RuO Ru asymmetric stretching
mode, but does not distinguish between the possibilities that
the band is the RuO stretch or the OO stretching mode of
a bound peroxide. The latter was excluded by performing a
mixed-isotope experiment, which revealed only two intense
bands in this region, at 780 cm−1 (Ru 18O) and 818 cm−1

(Ru 16O); had this mode been a peroxo stretch, a third band
would have been observed at∼799 cm−1, the three bands
arising from the isotopically distinct18O 18O,18O 16O, and
16O 16O species. The redox titrimetric nature of the changes
in the RR spectra are clearly illustrated by plotting the rela-
tive intensities of the bands versus applied potential (Fig. 5,
inset). Qualitatively similar results were previously obtained
by using Ce4+ as a chemical oxidant[47]; however, in this
case, the redox poise of the solutions was not well defined.
In any event, the data clearly identify the formation of two
s
ependence. At higher potential, the intermediate disap

Fig. 5. RR spectroelectrochemical titration of{3,4} [49]. The ins
 s the band intensities plotted as a function of the applied potential.

pecies with oxidation states higher than the{3,4} ion.
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The oxidation state of the most highly oxidized species
was determined by reaction of effluent solutions with excess
Os(bpy)32+ (E◦ = 0.60 V versus Ag/AgCl); this ion will quan-
titatively reduce the higher oxidation states of the dimer to
{3,3}, i.e., the reaction:

nOs(bpy)3
2+ + {Ru2Oox} → nOs(bpy)3

3+ + {3, 3}
without forming more reduced species that undergo irre-
versible decomposition by cleavage of the�-oxo bridge[38].
In the equation,{Ru2O} represents the summation of species
with oxidation states above the{3,3} ion andn is the net
oxidizing equivalents accumulated in the flow cell effluent.
Plots of spectrophometrically determined values ofn versus
applied potential clearly show that the most highly oxidized
species is 4 equivalents more oxidizing than the{3,3} ion,
i.e., the{5,5} ion (Fig. 6, left panel).

The oxidation state of the intermediate was determined
by redox titration with Ce4+, following determination of the
individual component spectra from spectroelectrochemical
titrations identical to those described inFig. 5, but with optical
detection[49]. In strong acid, the{3,4} ion exhibits an asym-
metrical visible band with a maximum absorbance at 450 nm
and a pronounced shoulder at∼490 nm, representing the
two protic forms of the complex, [(bpy)2Ru(OH2)]2O5+ and
[(bpy)2(OH2)RuOR(OH)(bpy)2]4+, respectively, present un-
d et-
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flic (CF3SO3H) acid, the oxidation sequence of thecis,cis-
[(bpy)2Ru(OH2)]2O4+ ion is

{3, 3} → {3, 4} → {4, 4} → {5, 5}
with the{4,5} ion being thermodynamically unstable[68].
These assignments are also consistent with structural in-
ferences drawn from the RR spectra. Based upon the pro-
tic equilibria exhibited by the{3,3} and {3,4} ions, one
would anticipate that the{4,4} ion should be predominantly
[(bpy)2Ru(OH)]2O4+ in acidic media, and therefore not dis-
play a νRu O band, whereas, according to the interpreta-
tion given the cyclic voltammetric data[38], {4,5} con-
tains terminal ruthenyl groups. The absence of a detectable
νRu O band in the RR intermediate spectrum is therefore
consistent with the former assignment, but not the latter
[68].

3.2. Identification of the catalytically active oxidation
state

Initial rates of O2 evolution in the presence of excess Ce4+
[49] or Co3+ [48] are linearly dependent upon the catalyst
concentration; from a full steady-state kinetic analysis of the
data, it was concluded that the O2-evolving species must be
either the{5,5} ion or a higher oxidation state[48]. This
a sition
o nce
i he
t ith
t
C nt
a
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e

er these conditions[38]. The intermediate gave a symm
ical band at 488 nm (ε488 = 1.6× 104 M−1 cm−1) and{5,5}
on a very similar symmetrical band at 482 nm (ε482 = 1.5×
04 M−1 cm−1) [49] that was identical to spectra obtain
hen the{3,4} ion was reacted with an excess of Ce4+.
ddition of one equivalent of Ce4+ caused the spectru
f the {3,4} ion to convert quantitatively to that of the i

ermediate (Fig. 6, right panel)[67]. Thus, the oxidatio
tate of the intermediate species is{4,4} and, at least in tr

ig. 6. Left panel: dependence of the stoichiometry of Os(bpy)3
2+ oxidatio

ptical changes accompanying oxidation of{3,4} by Ce4+ [67].

e�-oxo ion upon the applied potential at pH 0.3 and pH 1[49]. Right panel

nalysis assumes that the rate-limiting step is decompo
f the O2-evolving species; if so, then the linear depende

ndicates that O2 is obtained from a single catalyst ion. T
urnover rate constant (kcat) increases progressively w
emperature from 3.7× 10−3 to 4.5 × 10−2 s−1 in 0.5 M
F3SO3H over the range of 10–60◦C, giving as appare
ctivation parameters�H‡ = 7.6± 1.2 kcal/mol and�S‡ =
43 (± 4) cal/deg mol[59]. The solvent deuterium isoto
ffect (KIE) was 1.7, measured at 23◦C.
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The capability of preparing by flow electrolysis essen-
tially pure solutions of the�-oxo ion in its higher oxidation
states allows one to compare quantitatively their decay kinet-
ics to that of O2 evolution. In triflic acid, electrochemically
prepared solutions of{5,5} decay relatively rapidly to the
{4,4} ion, which then undergoes∼10-fold slower decay to
the{3,4} state, which is thermodynamically stable[69]. The
{5,5} decay is first-order, giving apparent activation param-
eters in 0.5 M CF3SO3H of �H‡ = 7.9 (± 1.2) kcal/mol and
�S‡ = −44 (± 4) cal/deg mol, and a KIE of 1.6 (23◦C) [59].
The close correspondence of kinetic parameters for O2 evo-
lution and{5,5} decay, coupled with the much slower decay
of the other oxidation states, indicates that only the{5,5} is
kinetically competent to be the catalytically active form of
the complex. The following reaction scheme, which cannot
distinguish between O2 and H2O2 as the immediate oxida-
tion product, is consistent with these data (Scheme 2). How-
ever, in this strongly oxidizing environment, H2O2 would
not accumulate, but be rapidly converted to O2 following its
rate-determining formation.

A different reaction model has been advanced by Meyer
and coworkers based primarily upon global kinetic anal-
yses of spectrophotometrically detected reaction transients
following oxidation of [(bpy)2Ru(OH2)]2O4+ with Ce4+
[41,42]. These researchers also conclude that the intermedi-
a tive
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Scheme 3.

[(bpy)2(py)RuORu(H2O)(bpy)2]4+ [49], and for catalysis of
Cl− oxidation by the�-oxo ions[70,71].

Although these reaction models appear dissimilar, they
are not necessarily irreconcilable. Strong outer-sphere ion
association between Fe(bpy)3

2+ and several anions, includ-
ing ClO4

−, has been reported[72–74]; as noted inSection 2,
this observation has been used to support one proposed
mechanism for oxidation of OH− by M(bpy)33+ ions [18].
Assuming that the one-electron potentials for{4,4}and{4,5}
reduction are very similar, selective ion-pairing of one of the
oxidation states (presumably,{4,5}) could reverse the order
of thermodynamic stability when the electrolyte contains
the associating anion. Thus, the identity of the accumulating
intermediate would be medium-dependent, as observed.
Furthermore, the presence of associated anions within the
second coordination sphere of the complex would promote
inner-sphere anation following release of the oxidized aqua
ligand to generate inactive forms of the catalyst in the manner
envisioned by Meyer. Conversely, we are confident that
formation of anated complexes is not extensive when the reac-
tions are run in CF3SO3H using our experimental protocols.
Anionic substitution at thecis-aqua positions causes readily
detectable changes in the cyclic voltammograms of the com-
plexes, including large cathodic shifts in the{3, 3} � {3, 4}
midpoint potential and loss of the characteristic catalytic
w -
m e
fl the
r ruc-
t e
a ical
p .

-
l f the
c t-
a of
O an
s orded
f d
w

3

t e-
te ({4,5} in their scheme) decays too slowly to be the ac
atalyst, and suggest that{5,5} is the reactive form. Howeve
hey observed that Ce4+ consumption slows dramatically a
er passage of the�-oxo ion through several catalytic cycl
nd that the onset and extent of this retardation was depe
pon the identity of the acid in the medium. Additional stud
emonstrated that this retardation was temporal, sugge

hat the catalyst becomes kinetically trapped in an ina
orm. The inactive form was suggested to be an anated{3,4}
omplex formed by competitive substitution of the acid
on over water at vacant coordination sites generated
xidation of thecis-aqua ligand, e.g.,Scheme 3.

In this scheme, because it lacks a second coordin
ater, the anated complex cannot be oxidized to the{5,5}
tate without first undergoing aquation to the diaqua fo
onsequently, the unreactive{3,4} ion accumulates and th

eaction becomes limited by its aquation rate. Presum
he very similar optical properties of the diaqua and an
3,4} ions[42] prevents spectrophotometric determinatio
he distribution of these species in solution during reac
imilar unreactive anionic intermediates were also prop

or reactions catalyzed by [(tpy)Ru(OH2)2]2O4+ [53] and

Scheme 2.
ave for water oxidation[50,52,70]. However, cyclic voltam
ograms of the effluent{5,5} solutions obtained from th

ow electrolysis cell were identical to voltammograms of
eactant{3,3} solutions and underwent no change in st
ure over an extended period of time[49]. Consequently, th
mount of anated complexes formed during electrochem
reparation of the{5,5} ions was below detectable levels

A second complication evident in ClO4−-containing so
utions is the tendency of the higher oxidation states o
omplexes to form precipitates[75]. The precipitate is ca
lytically active and slowly redissolves with the evolution
2 to give final solutions of{3,4} [42,46]. Resonance Ram
pectra of the solid gave the same intense bands as rec
or the complex in solution (Fig. 5), indicating that the soli
as a�-oxo dimer that contained the{5,5} ion [42].

.3. Ligand substitution dynamics

Exchange of the bridging O atom with solvent H2O in
he {3,3} and {3,4} ions is exceptionally slow and is d
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Fig. 7. Time dependence of isotopic change in the{3,3} cis-aqua positions[67].

tectable only after heating solutions above 60◦C for sev-
eral hours[46]. There is no exchange at this position dur-
ing catalytic turnover (Fig. 3) [46,49,67]. In marked contrast,
solvation or anation at thecis-aqua positions in the{3,3}
is facile [46,76,77]. As originally demonstrated by Meyer
and associates[76] by using nmr techniques, substitution of
deuteroacetonitrile or Cl− for H2O to form the unsymmet-
rical {3,3} ions, [(bpy)2(X)RuORu(OH2)(bpy)2]n+, occurs
with t1/2 ≤ 10 min. We have recently measured rate constants
for water exchange in the{3,3} and{3,4} ions in triflic acid
by RR spectroscopy[67]. The method entails incubating the
18O-labeled complexes in solutions of normal isotopic com-
position for timed periods, followed by quantitative oxidation
with Ce4+ ion to the{5,5} state and measuring the relative
areas of the Ru18O and Ru 16O bands at 780 and 816 cm−1,
respectively (Fig. 7, left panel).Changes in relative intensi-
ties fit the familiar A→ B → C rate law for exchange, i.e.,
(Scheme 4) (Fig. 7, right panel), from which a first-order
exchange rate constant for{3,3} of k{3,3} = 7 × 10−3 s−1

(23◦C), was determined. In contrast, no exchange was ob-
served within 3 h in the{3,4} ion, setting an upper limit for
exchange in this oxidation state ofk{3,4} ≤ 10−5 s−1 (23◦C).

The rate constant for exchange at thecis-aqua positions in
the{3,3} ion is 103–105-fold greater than rate constants mea-
sured for anation of monomeric (bpy)2RuIII X(H2O)3+ ions
b tail
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creases the electronic charge on the Ru(III) center[54,66].
For monomeric Ru(II) tetraammine and bis-bipyridine com-
plexes with the general formulas Ru(NH3)4X(OH2)n+ and
Ru(bpy)2X(OH2)n+, anation rates are strongly accelerated
when the fifth nonexchangeable ligand (X) is strongly�-
donating[78–82]. Second, the RuO Ru symmetric stretch-
ing mode in the{3,3} ion shifts slightly to lower energies
(�νs � 2 cm−1) in D2O [46,59], an effect which we have at-
tributed to H-bonding of solvent to the bridging�-oxo atom.
Similar shifts have been observed in FeO Fe νs modes
where H-bonding has been confirmed by X-ray crystallog-
raphy[83,84]. H-bonding could increase the nucleophilicity
of the attacking water and promote reaction by associative
pathways[85]. A third potential factor, evident in the crystal
structure[38], is the relatively large distortion in the primary
coordination sphere away from pseudo-Oh symmetry, which
is apparently caused by multiple bonding to the bridging O
atom. This distortion may generate a steric “hole” in the co-
ordination sphere, facilitating approach of the incoming lig-
and. Similar arguments have been advanced to account for
the anomalously rapid substitution at the aqua position in the
RuIII (edta)(OH2)− ion [86-88].

3.4. Formation of the OO bond

for
f ut
n s
b ion
o
O -
earing simple�-donor ligands (X). As discussed in de
lsewhere[67], there are several potential factors that m
ontribute to this dramatic rate enhancement. First, com

son of redox potentials and acidities of aqua ligands in
-oxo ions with those of monomeric analogs indicate
oordination of the ORu(OH2)(bpy)2+ unit effectively in-

Sc
 4.

Several different pathways have been considered
ormation of the covalent OO bond; a representative (b
ot exhaustive) set is given inFig. 8. This set include
oth pathways involving unimolecular reductive eliminat
f the cis-ruthenyl oxo atoms from{5,5}, giving directly
2 and{3,3} or, alternatively, H2O2 and{4,4}, and path
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Fig. 8. Alternative hypothetical pathways for water oxidation.

ways involving bimolecular reaction between either two
catalyst ions or a catalyst ion and solvent to form peroxo
intermediates. Pathway B, which features formation of a
symmetric dibridged intermediate that transforms into a
�-�2-�2-O2 bound species, has precedent in the chemistry of
di-�-oxo copper complexes[89]. It can be eliminated from
consideration for catalysis by the dimeric ruthenium ions,
however, because substitution at the bridging position does
not occur during catalyst turnover (Fig. 3). The plausibility of
pathway A, in which a mixed dibridged�-oxo-�-1,2-peroxo
intermediate is proposed, has been questioned on the basis
of the large internuclear equilibrium separation between the
cis-aqua oxygen atoms noted in the crystallographic and RR
studies. One study directed to this point made use of com-
plexes in which one of the bipyridines on each ruthenium was
bridged by an-alkyl chain attached to the 5-positions[45].
Molecular modeling studies indicated that the large O· · · O
separation distance between the aqua ligands was maintained
in the derivatized{3,3} complexes and that small deviations
from the energy-minimized structure caused large increases
in the internal energy of the molecule such that formation
of the dibridged species as a reaction intermediate was not
energetically feasible, i.e., the alkyl bridge between adjacent
bipyridine ligands effectively “locked-in” the equilibrium
conformation. Despite this structural rigidity, the derivatized
c ing

accumulation of O2 during electrolysis, that suggested
that the catalytic activities of the derivatives were actually
superior to that of the underivatized [(bpy)2Ru(OH2)]2O4+
ion, from which Petach and Elliott concluded that O2
could not be formed by unimolecular reductive elimination
reactions such as illustrated in pathway A[45].

The relative contributions of these types of pathways has
also been determined by18O-isotope labeling experiments
[40,46,59]. Selective labeling of thecis-aqua and bridging
positions is straightforward, given the markedly different sub-
stitution rates at these positions in the{3,3} ion and the very
slow exchange rates in the{3,4} ion. However, quantitative
differences, most likely caused by the inability to achieve
single-turnover conditions, existed in the measured distribu-
tion of O2 isomers from early studies that relied upon periodic
sampling of accumulated gases[40,46]; these differences ren-
dered equivocal some of the mechanistic conclusions[42].
To address this problem, we have recently developed mass
spectrometric-based techniques that allow real time analysis
of the evolved O2 and other gases that might be formed in side
reactions[59]. A schematic diagram of the apparatus used is
given in the left panel inFig. 9; the corresponding distribu-
tion of O2 isotopes following addition of excess Ce4+ plotted
as a function of time is shown in the right panel for a solu-
tion whose composition is∼90% [(bpy)2Ru( 18O)]216O4+
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omplex exhibited electrochemical properties, includ
n ∼8% H2 O [90]. This reaction has the following chara
eristics: nearly equimolar34O2 and32O2, but very little36O2,
s formed. The rate of formation of32O2 slowly increases re
tive to34O2 as the reaction proceeds, consistent with isot
ilution at thecis-aqua positions attending incorporation
oordinated H218O in the34O2 product. The absence of lar
hanges in isotope distributions with time also indicates
xchange between the{5,5} ruthenyl O atoms and solve
2O is slow relative to the rate of O2 formation, i.e., that iso

opic scrambling does not occur. Control experiments m
n the absence of added{3,4} gave no increase in O2 back-
round levels; furthermore, background levels of N2 (m/z
28 amu) did not change during reaction. Taken toge

hese controls indicate that all of the O2 formed following
e4+ addition was from the catalyzed reaction. Furtherm

n contrast to the reactions of Ru(bpy)3
3+ with OH− [16],

nly traces of CO2 (m/z= 44 amu) were detected over
ourse of the reaction. By this criterion, the�-oxo ion is
onsiderably more stable to oxidative degradation than
onomeric ion.
Analyses of the isotopic distribution data indicate

athways involving unimolecular elimination of O2 (path-
ays A and B) or bimolecular reactions between two cat

ons (pathway D) do not contribute measurably to O2 forma-
ion [91], but that O2 formation likely arises from two path
ays involving (1) reaction between one terminal ruthe
and solvent H2O (pathway C) and (2) a reaction in whi

oth O atoms are derived from solvent[92]. This conclusion
as also reached earlier, albeit with less precise data,

sotopic distributions of O2 formed in{5,5}-catalyzed wate
xidation by Co3+ [46]. The relative contribution of the pat
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Fig. 9. Apparatus for measuring O2 isotopic distribution and a typical result[59].

way involving oxidation of two solvent molecules increased
with temperature, indicating a slightly higher activation en-
thalpy (��H‡ � 5 kcal/mol); the relative contributions of
the two pathways was insensitive to deuteration of the sol-
vent and, within experimental uncertainty, independent of
catalyst concentration over the range [{5,5}] = 0.04–0.8 mM
[58].

3.5. Reactive intermediates and molecular mechanisms

A plausible mechanism for the pathway in which one O
atom is derived from solvent and the other from a coordinated
ruthenyl group is shown inScheme 5.

In this scheme, the elements of H2O are added across the
two ruthenyl groups to form a hydroperoxy intermediate that
undergoes following oxidation reactions to ultimately give
O2. The mechanism may be formally analogous to oxida-
tions of O H and C H bonds in a wide variety of com-
pounds by monomeric ruthenium polypyridyl compounds
(e.g., [(bpy)2(py)RuIV O]2+) [93–97]in the sense that it could
be initiated by H-atom abstraction from solvent. If so, then
this reaction must be coupled to peroxo bond formation at
the other ruthenyl center because formation of free OH•
is energetically prohibitive, i.e.,�E◦ ≤ −1.3 V for the re-
action,{5, 5} + H2O → {4, 5} + OH• [59]. In contrast, the
t re-
a
→
g this
r the
t tural

elements of the Ru(O)ORu( O) center for efficient cataly-
sis can be adequately rationalized. Templating of the reactive
H2O within this site may also provide an explanation why the
solvent deuterium KIE is much less than generally observed
in H-atom abstraction reactions of monomeric ruthenyl com-
plexes[93,94,98].

The other pathway, in which both O atoms in O2 are de-
rived from solvent, is more problematic. However, some in-
sight may be derived from the properties of reactive tran-
sients detected during catalytic turnover. The{3,3} ion is
weakly paramagnetic at room temperature[57,76], but shows
no cryogenic epr signal, consistent with spin delocalization
over the Ru O Ru unit to give a singlet ground state[47,57].
One-electron oxidation to{3,4}, either electrochemically or
with Ce4+, gives a broad rhombic signal centered atg∼1.8
in the cryogenic epr spectra, consistent with aS= 1/2 spin
state (Fig. 10) [47,49]. Upon further oxidation, this signal
appears to give way to a second, very similar signal at po-
tentials corresponding roughly to the formation of the{4,4}
ion [99]. When oxidized to the{5,5} state, a much sharper,
axially symmetric signal is observed in theg = 2 region. All
of these low-temperature signals diminish in intensity with
increasing temperature and are not detectable above∼100 K,
indicating that they are attributable to ruthenium complexes.

The axial signal appearing in the most highly oxidized
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wo-electron oxidation process implicit in the concerted
ction is probably only slightly energonic (cf.,{5,5} + 2H2O
{4,4} + H2O2, for which �E◦ = −0.19 V [49]). Hydro-

en bonding to the bridging O atom may also facilitate
eaction by allowing efficient coupling of the reactions at
wo ruthenyl centers. Thus, the requirement for all struc

Scheme 5.
amples is unexpected, since{5,5} is either even-spin or dia
agnetic, and should therefore be epr-silent. The specie

ng rise to this signal appears to comprise <10% of the ru
ium complexes present, based upon comparison of spin
ities determined from double integration of this signal w
hat from an equimolar solution of the{3,4} ion. Its rela-
ive intensity is proportional to the{5,5} concentration, an
6-line set of weak hyperfine interactions (A � 40 G) is ob-

erved on theg⊥ component of the signal (Fig. 10). These
haracteristics, including theg ∼2 axial symmetry, sugge
hat the signal is due to a ligand radical, with the hyper
pectra arising from interactions with single99Ru or 101Ru
uclei (I = 5/2, relative abundance 13 and 17%). This spe
ould be a coordinated bipyridine�-cation radical which
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Fig. 10. Cryogenic epr spectra of the�-oxo ion as a function of applied potential[47,59].

is in equilibrium with {5,5}, i.e., [(bpy)2Ru( O)]2O4+ �
[(bpy)2RuV( O)ORuIV ( O)(bpy)(bpyπ

•+)]
4+

or, alterna-
tively, a ligand-based radical formed upon covalent hydra-
tion or pseudo-base addition of OH− to one of the bipyridine
ligands. This latter suggestion follows from an earlier mech-
anistic proposal by Ledney and Dutta, which was based upon
the appearance of similar low-temperature epr signals during
decomposition of zeolite-entrapped Ru(bpy)3

3+ [35]. How-
ever, the available data do not allow one to identify the radical
structures.

Formation of a covalent hydrate might be promoted by
H-atom abstraction at a RuO center in a concerted reac-
tion similar to that proposed for the other pathway (preced-
ing scheme). In this case, however, the OH segment is po-
sitioned to add to the ring 6-position to form a{4,5} in-
termediate containing a neutral ligand radical, e.g., as sug-
gested inScheme 6 [100]. This reaction has parallels with
the mechanisms proposed for OH− oxidation by M(bpy)33+
ions discussed inSection 2that were based upon formation of
similar ring-modified intermediates[10-12,16,35]. The pres-
ence of a second Ru(V) center in the form of a pendant
[(bpy)2Ru( O)O]+ moiety may also promote reactivity by
functioning as an electron sink for the unpaired electron, fa-
cilitating addition of a second solvent molecule to the com-
plex to form a{4,4}-dihydroxy adduct. A similar reaction,
a y)

and the Ru(bpy)2(bpy-OH)2+ pseudo-base in the overall re-
action with OH− leading to ligand decomposition[16]. Inter-
nal ligand-to-metal electron transfer could be fairly slow, as
has been demonstrated for the [CoIII (NH3)5bpy-OH•]3+ rad-
ical adduct[103], allowing accumulation of the ligand radical
intermediate to epr-detectable levels during catalyst turnover.
Unlike RuII (bpy)2(bpy(OH)2)2+, the dihydroxy-substituted
lbeit bimolecular, has been proposed between Ru(bp3
3+
Scheme 6.
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ligand in the dinuclear ion is coordinated to a 2-electron ox-
idizing center which is nearly as strongly oxidizing as the
original{5,5} ion. Additional internal electron transfer could
drive oxidation of the OH substituents to form, e.g., an unsta-
ble endoperoxide that undergoes further bond rearrangement
[104] to give O2 and the{3,3} ion.

Alternative mechanisms proposed to account for this
pathway have involved reaction between solvent H2O with
intermediates that contain ruthenium-bound hydroperoxides
[46] or 1,3-bridging ozonide (O32−) ligands[105]. Although
these mechanisms also assign essential roles to both ruthenyl
groups, the absence of any chemical precedents for formation
of the central intermediates makes them conceptually less
appealing. Specifically, as discussed in[59], there appears
to be no low-energy pathway for formation of O2 with both
atoms derived from solvent from these species. Reaction by
this pathway might also involve expansion of a Ru(V) coor-
dination sphere by addition of H2O, which then undergoes
subsequent reaction with a second solvent molecule. Some
support for this notion is obtained from the kinetics of water
exchange on monomeric Ru(III) centers, which suggest that
an associative interchange mechanism is operative[85],
and discussions that encompass a wider chemical literature
of 7-coordinate species as potential alternative reaction
intermediates to pseudobases and covalent hydrates[28].
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ries, is consistent with expectations based upon progressive
withdrawal of electronic charge from the Ru centers. The
anticipated order is inverted for 4,4′-CO2-bpy and 5,5′-
CO2-bpy, however, which might be due to differing extents
of protonation of the pendant carboxyl groups in the two
complexes since the carboxylic acid is more strongly with-
drawing than is the anion. Consistent with this observation,
preliminary estimates place theE1/2 value for analogous
5,5′-carbethoxy-2,2′-bipyridine complexes at 1.50 V versus
NHE (H. Yamada, unpublished observations), implying that
the carboxylate groups in the 4,4′-CO2-bpy and 5,5′-CO2-
bpy complexes are extensively deprotonated in aqueous
CF3SO3H.

Based primarily upon their electrocatalytic behavior, the
4,4′-CO2-bpy and 5,5′-CO2-bpy derivatives have been sug-
gested by Gr̈atzel and coworkers to much more reactive than
the underivatized dimer[50–52]. Both these derivatives have
been shown to catalyze water oxidation by Co3+ and to cat-
alyze photosensitized water oxidation by tris-RuL3+ ions in
the presence of sacrificial electron acceptors. The molecular
bases for these effects have not been determined, but presum-
ably relate to the greater reaction driving force for water oxi-
dation in the derivatized compounds. In contrast, water oxida-
tion by the DMB complex occurs at a rate that is comparable
or even slightly greater than the [(bpy)2Ru(OH2)]2O4+ ion.
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owever, if this mechanism were operative, one m
xpect that the intermediate would also provide a path
or facile exchange of thecis-ruthenyl oxygen atoms
5,5}with solvent H2O, which is not observed. Furthermo

t is difficult to rationalize by this type of mechanism w
he monomeric analog,cis-(bpy)2Ru(OH2)22+, as well as
inuclear ions that contain only a single coordinated w
uch as [(bpy)2(py)RuORu(H2O)(bpy)2]4+, are incapable o
atalyzing water oxidation. In any event, further charac
ation of detectable intermediates appearing in the reac
f the [(bpy)2Ru( O)]2O4+ ion and its congeners can
xpected to provide valuable insights into the underl
ater oxidation mechanisms.

. Reactions of structurally-related�-oxo ions

There has been considerable interest expresse
valuating the influence of electron-donating and elec
ithdrawing bipyridine ring substituents upon cataly
fficiencies[38,49-52]. In 0.5–1.0 M CF3SO3H, the E1/2
alues measured versus NHE for the{3,3} → {3,4}
xidation step incis,cis-[L2Ru(OH2)]2O4+ increases wit

ncreasing electron withdrawing character of the substitu
pecifically, in the order: 0.90, 1.07, 1.15, and 1.22
or the ligands: 4,4′-dimethyl-2,2′-bipyridine (DMB) (H.
amada, unpublished observations), 2,2′-bipyridine[33,44],
,2′-bipyridyl-4,4′-dicarboxylate (4,4′-CO2-bpy) [52], and
,2′-bipyridyl-5,5′-dicarboxylate (5,5′-CO2-bpy) [50]. This
eneral trend, leading to a difference of∼300 mV in the
pparent one-electron reduction potentials through th
low electrochemical/RR spectroelectrochemical analys
(DMB)2Ru(OH2)]2O4+ has given results very nearly ide
ical to that illustrated inFig. 5 for [(bpy)2Ru(OH2)]2O4+,
ith the exception that the corresponding reduc
otentials are slightly lower (H. Yamada, unpublis
bservations). Specifically the measured potentials for{3,3}
{3,4}, {3,4}→ {4,4}, and{4,4}→ {4,5} are 0.94, 1.46

nd 1.55 V (versus NHE) for [(DMB)2Ru(OH2)]2O4+, com-
ared to 1.07, 1.53, and 1.59 V for [(bpy)2Ru(OH2)]2O4+.
ne notes that the difference between the potentials fo

wo complexes decreases as the ruthenium formal oxid
tate increases, and is only∼40 mV for the{5,5} ions. Not
urprisingly, then, the corresponding decomposition
onstants, measured either by disappearance of the 818−1

and in the RR spectra or by absorbance changes acc
ying the{5,5}→ {4,4} decay, were nearly identical for t
wo complexes, as were the turnover rate constants mea
or O2 formation from initial rate determinations[49]. Based
pon this very limited data set, it appears that cata
fficiencies in homogeneous reactions may not be
ensitive to substituents present on the bipyridine liga
iven the apparent existence of two distinct pathways fo2

ormation from the18O-isotope labeling studies, any realis
echanistic analysis would require separate analys

he effects of ring substitution on the isotopic distribut
f O2.

Brudvig and coworkers have recently described
ynthesis of a di-�-oxo-bridged dimanganese comp
[H2O(tpy)Mn(O)2Mn(tpy)OH2]3+) that also catalyzes O2
ormation from aqueous solutions of strong oxida
106,107]. Unlike the monobridged dimeric ruthenium ca
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lysts, the meridianally-bound terpyridine ligands constrain
binding of coordinated water to sites that are eachtrans
to one of the bridging O atoms, effectively precluding in-
tramolecular elimination reactions as pathways for O2 evo-
lution (Fig. 9). Turnover rate constants were determined
from measured initial rates of O2 formation to bekcat
= 0.7 s−1 for oxidation by the peroxomonosulfate anion
(oxone, SO5−) and kcat = 2 × 10−3 s−1 for oxidation
by the hypochlorite anion (OCl−) [107]; these values are
comparable to the turnover rate constants determined for
[(bpy)2Ru(OH2)]2O4+-catalyzed oxidation by Ce4+ in 0.5 M
CF3SO3H (kcat = 1 × 10−2 s−1) [44]. Although attempts to
identify the source of O atoms in the reaction using OCl− as
oxidant [103] were confounded by its rapid exchange with
solvent H2

18O [107,108], it was established in the reaction
with oxone that at least some of the O2 formed occurred
by oxidation of water[107]. A reaction mechanism similar
to Scheme 5was proposed for this pathway, i.e., involving
formation of a{4,5} dinuclear intermediate containing an
Mn O intermediate which subsequently reacts with solvent
H2O [107].
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