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Abstract

Dimericp.-oxo ions such asis, cis[(bpy),Ru(OH)],0*, its congeners containing ring-substituted bipryidine ligands, and related structures
have long been known to efficiently catalyze water oxidation by strong chemical oxidants and at electrode surfaces. However, despite
considerable effort, the goal of identifying the underlying molecular mechanisms has not yet been realized. In this contribution issues
concerning the reactivity of these catalysts are reviewed from the perspective of recent research findings, which have led to considerable
clarification of the reaction pathways. Alternative postulated molecular mechanisms are also discussed within the framework of general
principles governing the reactivity of group 8 polypyridyl complexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and scope to dioxygen. Emphasis is placed upon our evolving under-
standing of the mechanisms of these reactions, and only those
Although the literature on polypyridyl and related coor- chemical aspects that bear directly upon mechanistic issues
dination complexes is enormous, this review is narrowly fo- are discussed. This approach would seem to be in keeping
cused on only one aspect of their chemistry, namely, their with a volume devoted to Henry Taube, whose profound in-
capacity to function as catalysts for the oxidation of water sights derived from detailed investigations of ligand substitu-
tion and redox mechanisms transformed inorganic chemistry
* Tel.: +1 509 335 7848: fax: +1 509 335 8867. to the extent that all subsequent research bears the indelible
E-mail addresshurst@wsu.edu. mark of his intellect.
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There are several reasons why the catalytic oxidation of OH
water by dimeric ruthenium.-oxo ions is of topical interest. | 5 o H
They afford a potentially highly tractable system to study AN A N =
complex nhoncomplementary redox reactions, in the present (bpy),Ru’’ +H,0 === (bpy);Ru’"’
case in the form of a net four-electron oxidation of two water ~NF ~NF

molecules that is somehow coupled to the heterolytic cleav- o | . |
age of four -H bonds and formation of ars&D double bond
via a series of one-electron and two-electron steps. The cat- rig 1. Formation of a hypothetical covalent hydrate of Ru(5bY)
alysts themselves are structurally relatively simple, synthet-
ically versatile, and robust complexes that display numerous
intermediary redox states, affording one the opportunity to thalpies for complex ion reduction were considerably smaller
probe the reaction pathways through physical and chemicalthan the calculated (endoergic) reaction enthalpies based
identification of reaction transients. Although Ru is hardly a upon thermodynamic potentials, necessitating the introduc-
vitamin, these complexes may also be useful functional mod- tion of one or more intermediates in the reaction scheme
els for studying biological water oxidation, whose active site [10,11] Furthermore, addition of alcohols, halides, and other
is an asymmetric Mn tetranuclear clustgylocated within a OH* scavengers to the medium had no effect upon the de-
protein associated with the photosystems of plants and certaircomposition dynamicf 1-13] indicating thafreeOH® was
bacteria. Although these clusters contain four redox metal not generated. Speculations concerning the nature of the re-
ions, recent mechanistic models have been proposed in whichactive intermediates included suggestions that these were:
it is suggested that only two of the Mn ions actually change (i) pseudo-bases or covalent hydrafte$,15]formed by ad-
their oxidation state in the catalytic cycle; furthermore, in dition of OH™ or H,O to ligands Fig. 1) [10-12,16] (ii)
these models, oxidation is accompanied by progressive de-similar N-oxides formed by partial dissociation of the lig-
protonation of aqua ligands, ultimately forming a manganyl and and its reaction with OH17]; (i) {ML3>*, (OH™),}
(Mn=0) species whose electron-deficient oxo atom under- ion pairs that formed ligane-stabilized®* OH(OH™)y, enti-
goes nucleophilic attack by an aqua ligand located on an ad-ties which were further oxidized to form peroxidas]; (iv)
jacent metal center (Mt or C&t) to form a bound peroxo  p.-oxo dimers formed by a sequence of reactions involving
intermediaté2,3]. As will be evident, these same mechanistic addition of OH™ to the primary coordination sphere, oxida-
principles appear to be operative in the more tractable homo-tion to the corresponding oxo atom, atom transfer to a ligand
geneous reactions catalyzed by the dimgriaxo ruthenium N atom, dissociation of the ligand N-oxide, and dimeriza-
ions. Finally, the capacity to oxidize water may be crucial to tion and oxidation of the resultingis,cis-diaqua complex
achieving long-sought technological goals such as solar pho-to give catalytic [(LyRu(OH)].0** ions[19]. Discussions
toproduction of H, which requires a cheap, plentiful source of the relative merits of these proposed mechanisms can be
of electrons to close the oxidative half-cycles of coupled pho- found in the cited references; however, much of this dis-
toinitiated redox reactions. Insights gained from mechanistic cussion is moot because further examination of these reac-
studies on these homogeneous catalysts will almost certainlytions revealed that negligibleQvas formed by decomposi-
lead to development of compounds with superior catalytic tion of the MLs3t ions per se. In particular, upon reexam-
properties. ination of the spontaneous reduction of Ru(bgy) it was
found that Q yields were vanishingly smaJlL6]; copious
amounts of CQ@ were evolved during the reaction and at
2. Reactions invo|ving monomeric Comp|exes least 10 ruthenium(Il)-containing products containing modi-
fied ligands were detected, indicating the predominant source
It has long been known that the tris 2fpyridine and of electrons for Ru(lll) reduction was the ligands them-
1,10-phenanthroline complexes of group 8 trivalent ions Selves. Reduction of the corresponding Os(lll) analogs also
are unstable in alkaline solutions, undergoing apparent one-does not generatex}17]. Furthermore, Nord and cowork-
electron reduction to the corresponding M(Il) iof&5]. ers showed that yields of Cformed when Fe(bpyf+ and
Early reports suggesting formation ofQby olfactory de-  Fe(phemy** decomposed directly correlated with the sub-
tection) and accumulation of 40, in the reaction medium  fraction of complex ion that had undergone ligand disso-
[6] prompted numerous laboratories to investigate the appar-ciation; these ions were then suggested to catalyze the de-
ent mechanisms of water oxidation. Although it was initially composition of other intermediates that contained N-oxide
suggested that these reactions were initiated by oxidation ofligands formed by reaction of the ferric complexes with

OH~ to OH° by an outer-sphere mechani§f-9], e.g. OH™ [17]. This rather complicated mechanism was sup-
ported by detection of the ligand N-oxides among the reaction
Fe(bpy}®t + OH™ — Fe(bpy}?* + OH* (1) products.

During the course of these investigations, several obser-
it was quickly realized from the reaction dynamics that this vations were made that may be germane to mechanisms of
reaction did not occur. Specifically, measured activation en- water oxidation catalyzed by [(bpRu(OH)]20" and its
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congeners. For one, reactive intermediates possessing un- hv

usual absorption bands in the 750-800 nm region accumu- Y ’Jd“v

late during decomposition of Ru(bpy)” and Fe(bpy)**; " 2+ 24

their spectroscopic signatures are very similar to those ob- Ru(bpy); Ru(bpy);

tained when a wider range of M(bp)- and M(bpy}3t A

ions are reacted with radiolytically-generatddH [11,17] 0, (H,0,)

As with reactions of noncoordinated 2}#pyridine and 1,10-
phenanthroling20,21] these latter reactions involve addition Ru(bpy) 3+
of OH° to the heterocyclic ring, rather than electron transfer, u(bpy);
e.g., thereverse of reaction (1). Decomposition of the isolable H,0
Fe(bpy}(bpy-OHY* adduct(s) formed by reaction between
Fe(bpy}®t and OH does not lead to water oxidation, how-
ever[22]. Similar oxidative addition reactions by alkyl rad-
icals to thetris-Ru(lll), Fe(lll) and Os(lll) complexes of
bpy and phen have been reported by Rollick and Kochi between the water oxidation catalyst and the ultimate accep-
[23]; based upon relative rate comparisons for substituted tor (see, howevef34]). The presence of a second oxidizable
phenanthroline ligands and the ring positions of akylation, metalion is thought to minimize ligand decomposition on the
a mechanism involvingucleophilicaddition of the radicals ~ M(bpy)s3* intermediate by shortening its lifetime.
to the ligand was proposed. Convincing evidence has been Finally, a remarkable reversal of reactivity has been re-
presented by Hupp and coworkdst,25] for nucleophilic ported for Ru(bpyy®* ions that were isolated within zeo-
attack upon Ru(bpgft and Ru(phenpt by pyridine and lite cages. Specifically, Ledney and Dutta reported that alka-
bipyridine compounds and coordination complexes whose line decomposition of these ions that had been synthesized
ligands contain pendant pyridinium groups; these reactions,within Y-zeolite supercages generated near-stoichiometric
which are facile in nonaqueous solvents, lead to formation amounts of @ [35]. Accumulation and decay of optical
of covalent G-N bonds at the bpy and phen 4-positions. bands in the 830—-850 nm region were observed by diffuse
Numerous examples exist in N-alkyl heterocyclic cations of reflectance spectroscopy to occur on the same timescale as
pseudobase formation, i.e., reversible formation of covalent Ru(bpyy3* decomposition. Cryogenic epr spectra also gave
adducts with OH [26], and Gillard and his associates, in evidence of accumulation of intermediary Ru(lll) species
particular, have broadly interpreted the properties of coor- whose signals exhibited greater rhombicity than that of the
dination complexes containing N-heterocyclic compounds, parent Ru(bpy®+ ion, as might occur if one of the lig-
including Ru(bpy3®* and Ru(phenyt [27], in terms for- ands were chemically modified. These epr signals are also
mation of analogous covalently hydrated spe¢ies. The similar to those of a previously isolated complex claimed
evidence supporting this interpretation is indirect, however, to be an authentic Ru(bpy(ppy*OH,)3* covalent hydrate
and alternative explanations have been advaf#&din any [14] (see, howevel[28] for a skeptical view). Evidence for
event, there are ample precedents within the chemical liter-ligand modification in zeolite-entrapped Ru(bg¥) ions
ature to suggest that coordination to highly oxidized metal was also obtained by resonance Raman (RR) examination
ions will activate bpy and phen for nucleophilic attack. of the bipyridine ring deformation modes. Deliberate addi-

A second observation is that much higheryelds have tion of Co(ll) to the medium resulted in rapid reduction of
been obtained when the group 8 M(bp¥) ions are decom-  the complex; however, unlike the corresponding reactions
posed in the presence of redox metal ifit& 29]and/or ox- in homogeneous solution, noo,Qvas formed. It was ar-
ides[22,30-32}that can catalyze water oxidation. For exam- gued that this difference was a consequence of immobiliza-
ple, with Co(ll), near-quantitative yields of Qcan be ob- tion of Co(lll) within the zeolite lattice, preventing subse-
tained[16], based upon the equation: guent formation of “CoQO”. The inference drawn from these

latter experiments was thato@ormation by the entrapped
AM(bpy)>t + 2H,0 — 4M(bpy)®™ + 02 +4HT  (2) Ru(bpyx3* was unlikely to be catalyzed by adventitious re-
dox ions present in the zeolite. The researchers proposed

The form of the rate law for the catalyzed reaction is con- a mechanism based upon formation of'Rbpy)s"* co-
sistent with progressive one-electron oxidation of Co(ll) to valent hydrate and pseudo-base intermedif88% A crit-
Co(lV), which presumably contains a bound oxo atom, i.e., ical reaction step was the further one-electron oxidation of
“Co0?t”, followed by its reaction with solvent O to form these complexes to reactive species which could undertake
H»0, [16,33] Several fairly efficient photocatalytic cycles net two-electron oxidations of solvent to,8,. The sec-
for water oxidation by electron acceptors based upon theseond oxidation was supposed to occur by reaction with mo-
reactions have been develog@8—31] as illustrated in the  bile OH°® radicals, which were formed by dissociation from
following generic schemeScheme L a ligand radical intermediate, i.e., Ribpy)(bpy-OH )2,

In these systems, it is generally assumed that the functionwhich in turn was formed by internal electron transfer within
of the photoexcitedM(bpy)s2t ion is to transfer electrons  the pseudo-base, Bibpy)(bpy-OH )+, as part of the

Scheme 1.
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overall sequence: ically blocks formation ofp-oxo dimers. The activity of
3 3 a dinuclear ion containing only a single coordinated wa-
H20 + Ru(bpy)>" — Ru(bpy)(bpy-OHp)** ter, [(opyk(py)RUORU(RO)(bpy)]**, is also markedly re-

M 2+ + duced54,55] as is that of &is-trans—cigrimeric analog, for-
— Ru" (bpy)(bpy-OH")"" +H mulated as [(bpyH20)RUORuU(bpy)ORu(OH)(bpy)] &+
— Ru' (bpy),(bpy-OH)?* — Ru(bpy)®t +OH* (3) [56]. These comparisons suggest that the minimal struc-
tural requirement for efficient catalysis includes the intact
(H2O)RUORuU(OH) core.
Epr signals consistent with formation of both the ligand A crystal structure of the perchlorate salt of the
radical complex and OHwere detected in thg ~ 2 region [(bpy)2RU(OH)].0%" ion (hereafter, designated 48,3})
of the spectra during decomposition; however, despite theserevealed that bonding was nearly linear through the oxo
reactions being very slow, accumulation of free Gd¢ems  bridge, with a Ru-O—Ru angle of 165 (Fig. 2) [38]. The
questionable, based upon the thermodynamic constraints for,-oxo bonds to each of the metal centers were equal in
the corresponding overall reaction in homogeneous solution jength (1.87) and significantly shorter than the termircis-
(Eq. (1). An earlier study made at higher cage occupancies aqua Re-O bonds (2.138), indicating that multiple bond-
of Ru(bpy}®* had indicated that @was not formed, butthat  ing existed within the RuO—Ru unit. Electronic delocal-
decomposition was accompanied by evolution of,(88], ization across this unit has also been demonstrated by mag-
similar to the results reported for the uncatalyzed reactions netic susceptibility measurements on simjlaoxo bridged
in homogeneous solutidti6]. The appearance of epr signals  ruthenium(lll) ions, e.ggis,cis[(bpy)2Ru(NG,)] .0 [57].
attributable to rhombic Rli species were also noted in that A second notable feature of the structure is the torsional
study. Presumably, the difference in reactivity arises fromthe angle formed by thecis-aqua ruthenium bonds (O1W-
proximity of Ru(bpy}>" in adjacent cages at the higher load- Ru-Ru-O1W in Fig. 2), which is~66°; the equilibrium in-
ings[35], allowing ligand decomposition by the equivalent of  ternuclear distance between O atoms of the coordinated wa-
bimolecular pathways to occur. If this interpretation is valid, ters caused by the combined effects of this displacement from
one can conclude that a single ruthenium center is capable ofplanarity and the bending of the bridge\igjz,&_ Inthe cor-
catalyzing water oxidation. responding [(bpyXOH2)RUORuU(OH)(bpyi]**+ perchlorate
(hereafter{3,4}), the Ru-O—Ru bridge is no longer sym-
metric, with Ru-O distances of 1.83 and 1.85the bridging

3. Reactions catalyzed by the angle is 170, and the torsional angle is 11158]. Further-

cis,cis[(bpy)2Ru(OH>»)]20%* ion more, the coordinating atoms in the equatorial positions are
displaced away from the RO—Ru bridge, an effect that has

3.1. Structure and redox properties been attributed to increased nonbonding repulsion between

the HLO and OH" ligands in the{3,4} ion relative to the two

In 1982, T.J. Meyer and coworkers reported that HO ligands inthg 3,3} ion[58]. As a consequence of these
the ionscis,cis[(bpy).Ru(OH)].0*t and cis,cis[(phen) displacements, the-d distance between coordinated waters
Ru(OHp)].0* were effective catalysts for water oxidation increases to-5.55A in the {3,4} ion. The shorter Rep—O
by strong oxidant§37]. These observations have been re- distances and displacement toward linearity in{Bel} ion
peatedly confirmed over the past two decades by researchare consistent with great@rdelocalization across its bridge;
emanating from their own laboratorjd8—42] and else- however, as noted by Meyer and coworkers, the oxidation
where[43-49] and have been extended to include analogs states on the individual Ru atoms must retain some localized
of the type [(LybRu(OHp)],0*, where L is a substituted  character because oth§8,4} ions that possess a symmet-
bipyridine ligand[50-52] as well as the structurally simi-  ric set of ligands, e.ggis,cis[(bpy).RuCl,0%" also exhibit
lar dinuclear ion, [(tpy)Ru(Ok)2]>0* [53], where tpy is two different crystallographic Rgu—O bond length$58].
2,2:6/,2"-terpyridine. Manifestations of catalysis by these The Ru-O—Ru bridging angle has also been determined
i-0x0 ions have included enhanced rates of €olu- for the {3,3} ion in solution by RR spectroscof46,59]
tion by Cét or Co*t [37-42,44,46,48-50,52,53]ow- The R4-O—Ru unit gives rise to a very strong resonance-
ered overpotentials for water oxidation at electrode sur- enhanced band in 350—-400 chregion, which is attributable
faces[38,45,50,52] and catalysis of @generation by pho-  to its symmetric stretching modedj (Fig. 3) [60]. Assum-

toresponsive electron acceptor syste®sheme 1[50,52] ing that this mode is not coupled to other molecular vibra-
In contrast, the monomeric analogsis-L,Ru(OH)22t, tions, the magnitude of the shift induced by isotopic sub-
where L represents 6;8imethyl-2,2-bipyridine or 2,9- stitution on the bridging O atom can be used to determine

dimethyl-1,10-phenanthroline, have been shown to be de-the bridging angld¢60,61] This follows because in a sym-

void of activity despite having sufficient thermodynamic metric molecule with a linear bridge the O atom is mo-
potential in their higher oxidation states to oxidize water tionless invs and therefore does not contribute to the ef-
to Oy [44]; in these complexes, the presence of methyl fective mass (or the vibrational frequency), whereas, if the
groups at positionsx to the nitrogen lead-in atoms ster- bridge is bent, the symmetric and asymmetric stretching
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Fig. 2. Crystallographic structures £8,3}. The left panel shows the complete ligand set for the cation; the right panel shows only the metals and coordinating
atoms (adapted froif38]).

modes are mixed, the normal coordinate vibration includes  Theseu-o0xo ions display higher oxidation states that are
motion of the O atom, and the vibrational frequency de- electrochemically accessible in agueous solution. As empha-
pends upon its mass. Larger angles engender greater mixingized by Meyer and coworkefi38,53,56,63,64his attribute

and larger mass-dependent frequency shifts. By measurings a consequence of their possessing coordinated water, which
the isotope-induced frequency shifts, one can calculate thecan undergo simultaneous deprotonation with electron loss,
bonding angles from the secular equations describing thesethereby avoiding accumulation of high electrostatic charge.
motions [61]. For the {3,3} ions, [(bpy»Ru(OH,)],0* The redox properties of these ions have historically been de-
and [(bpy»(OH2)RUORuU(OH)(bpy)]3+, shifts of 2—3 crt termined by cyclic voltammetry and related electrochemical
were measured upon substitution 810 in the bridge, techniqued38,53,56,63] Although several technical prob-
corresponding to calculated RO—Ru bridging angles of  lems have been cited with the use of these methods, includ-
166-169 [46,59] Thus, it appears that the solid and solu- ing slow electrode kinetics arising from proton gains or losses
tion structures are very similar. This method can also be usedaccompanying change in redox staf@s,66], inherent irre-

to assess the bridging angle in th&,4} and {5,5} higher versibilities of the higher oxidationg88,50,52] adsorption
oxidation states (succeeding paragraphs), for which crystal[49] and electrode deterioratidd3], other standard meth-

structures are not available. Frdfi©-induced shifts ing of ods such as spectroelectrochemical titrations are not feasible
—2 and—5cni %, the calculated angles are Te®r {4,4} because the ions in their higher oxidation states are difficult
and 162 for {5,5} (H. Yamada, unpublished observations) to distinguish by optical spectroscopy and are unstable with
[62]. respect to their reaction with solvent@.

Using cyclic voltammetry and differential pulse polarog-
raphy, Meyer and coworkers determined the following oxi-
dation sequence for the [(bpu(OH)].0*t ion [38]:

{3,3} - {3,4 — {4,5} — {5,5}

I where for simplicity, deprotonation of thg8,3} and{3,4}
5 ions has not been indicated. These ions exhibit the following
e acid-base equilibria:

Al

400 600 800 1000 [(bpy)ZRu (O |-b)] 20"+ =

-1
Wavenumber (cm™)

Raman intensity (I)

[(bDY)z(OHz)RuORu(OH)(bpya](n71)+ L HY —
[(bpy),Ru(OH)LO" 2+ 4 Ht

, : , : , , , wheren = 4, K1 = 5.9, Ky = 8.3 for {3,3}, andn =
400 600 800 1000 5, pK1 = 0.4, Ky = 3.3 for {3,4} [38]. From the pH-
Wavenumber (cm™) dependence of the potentials, it was ascertained that the
oxidation stateg4,5} and {5,5} were both fully deproto-
Fig. 3. Normalized RR spectra 3,4} at 488 nm excitation containing nated, i.e., were dimeric ruthenyl ions, [(b@R)J(O)]zO”"‘,

160 (dashed line) o8O in the w-oxo bridging position. The inset shows _ . o :
the 180—180Q difference spectrum (solid line) and the difference spectrum n =3, 4, respectively, over the entire investigated pH range

for the 180-substituted complex before and after 10 cycles of the catalyst (0_1_3)- The_ina_bi"ty to det?‘:t thid, 4} OXidE_ltion state was
(dashed line}59]. ascribed to its instability with respect to disproportionation
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hv

(1500 cmzme surface area)

—_— y
B =0 !
) oxidized product
) S quench-freeze epr;

! . * redox titration
absorption A\
Raman

Fig. 4. Flow electrolysis for analysis of higher oxidation states.

[38]. This behavior is surprising—particularly since the sim- in favor of a species with a significantly altered spectrum
ilar [(tpy)Ru(OHb)»]20*" ion has been shown to give areg- whose dominant feature is a band at 818¢niThis latter

ular progression of increasing reduction potentials with ox- band has been identified as the stretching mode of a ruthenyl
idation state through the seri¢3,3} — {3,4} — {4,4} — Ru=0 bond ¢ry=0) formed upon deprotonation of the aqua
{4,5} [53]—and its chemical origins have not been identified. ligands in the highest oxidation state of the comj#49]

As an alternative approach to determining redox states, weThis assignment is based upon the following observations:
have developed electrochemical methods that utilize a colum-The band position does not shift upon isotopic substitution
nar flow-through electrode with high surface area/volume in the bridge, but does shift to 780 cth(Av = 38cntl)
(typically 1500 cnd/mL) ratios to effect rapid constant po- upon substitution of theis-aqua ligands with b0 [46,67]
tential electrolysis of the solutions. A schematic diagram of This behavior excludes the R®—Ru asymmetric stretching
the apparatus is given Fig. 4. In this device, the redox poise  mode, but does not distinguish between the possibilities that
of the effluent solution is essentially the value set by the po- the band is the ReO stretch or the 60 stretching mode of
tentiometer; the flowing solutions can be analyzed directly a bound peroxide. The latter was excluded by performing a
by optical or RR spectroscopy or collected for chemical and mixed-isotope experiment, which revealed only two intense
physical analyses. The major limitation that we have found in bands in this region, at 780 cth (Ru=20) and 818 cm?
investigating the redox properties of [(bpRu(OH)]20** (Ru=10); had this mode been a peroxo stretch, a third band
by this method is that oxidation is incomplete in solutions that would have been observed a799 cnt?, the three bands
are not highly acidic (pH > 1), which appears to be a conse- arising from the isotopically distinéf0-180, 180160, and
quence of high background electrolysis of water. Results of a 160-160 species. The redox titrimetric nature of the changes

typical RR spectroelectrochemical titration of tfi&4} ion in the RR spectra are clearly illustrated by plotting the rela-
[49] are shown irFig. 5. Upon increasing the potential, the tive intensities of the bands versus applied potenka.(5,
{3,4} spectrum dominated by an intengéand at 389 cm! inset). Qualitatively similar results were previously obtained
decreases with concomitant appearance of an intermediatéy using C&* as a chemical oxidarj47]; however, in this
spectrum whose major feature is a band at 358%this case, the redox poise of the solutions was not well defined.
band is also assignable tg on the basis of it380-isotope In any event, the data clearly identify the formation of two

dependence. At higher potential, the intermediate disappearspecies with oxidation states higher than {8e4} ion.

5x10°7 389 cm’'

4x10% .

3x10° *
.

Jener 818 cm’

5 4
2x10 oo,
4 e
1x10+{ 358 cm” o7 °

000000000 .

o] asmsmmAmooan®®ooiizzess 640 cm’

Raman Intensities

°
0000

1.l1 1:2 1.'3 1i4 115 1.'6
Potential (V)

Fig. 5. RR spectroelectrochemical titration{& 4} [49]. The inset shows the band intensities plotted as a function of the applied potential.
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The oxidation state of the most highly oxidized species flic (CF3SOzH) acid, the oxidation sequence of this,cis
was detezrmined by reaction of effluent solutions with excess [(bpy)2Ru(OH)],0* ion is
Os(bpy}** (E° =0.60 V versus Ag/AgCl); this ion will quan-
titatively reduce the higher oxidation states of the dimer to 3.3~ 1834 ~{44 55
{3,3}, i.e., the reaction: with the {4,5} ion being thermodynamically unstalies].

2+ 0X 3+ These assignments are also consistent with structural in-

nOs(bpy}™™ + {RwpO™} — nOs(bpy}™ + {3, 3} ferences drawn from the RR spectra. Based upon the pro-
without forming more reduced species that undergo irre- tic equilibria exhibited by the{3,3} and {3,4} ions, one
versible decomposition by cleavage of {h®xo bridge[38]. would anticipate that thé4,4} ion should be predominantly
In the equation{Ru,O} represents the summation of species [(bpy)2Ru(OH)LO** in acidic media, and therefore not dis-
with oxidation states above thg3,3} ion andn is the net play avre0 band, whereas, according to the interpreta-
oxidizing equivalents accumulated in the flow cell effluent. tion given the cyclic voltammetric datf88], {4,5} con-
Plots of spectrophometrically determined values wérsus tains terminal ruthenyl groups. The absence of a detectable
applied potential clearly show that the most highly oxidized vgr,0 band in the RR intermediate spectrum is therefore
species is 4 equivalents more oxidizing than {B¢3} ion, consistent with the former assignment, but not the latter
i.e., the{5,5} ion (Fig. 6, left panel). [68].

The oxidation state of the intermediate was determined
by redox titration with C&", following determination ofthe ~ 3.2. Identification of the catalytically active oxidation
individual component spectra from spectroelectrochemical state
titrations identical to those describedriy. 5, but with optical
detectior]49]. In strong acid, th¢3,4} ion exhibits an asym- Initial rates of @ evolution in the presence of excess'Ce
metrical visible band with a maximum absorbance at 450 nm [49] or Cc*t [48] are linearly dependent upon the catalyst
and a pronounced shoulder 490 nm, representing the concentration; from a full steady-state kinetic analysis of the
two protic forms of the complex, [(bpyRu(OH)]20° and data, it was concluded that the<@volving species must be
[(bpy)2(OH2)RUOR(OH)(bpy3]*t, respectively, presentun-  either the{5,5} ion or a higher oxidation state8]. This
der these conditiong@8]. The intermediate gave a symmet- analysis assumes that the rate-limiting step is decomposition
rical band at 488 nmeggg = 1.6 x 10* M~1cm~1) and{5,5} of the Oy-evolving species; if so, then the linear dependence
ion a very similar symmetrical band at 482 nmgdp = 1.5 x indicates that @is obtained from a single catalyst ion. The
10* M~1cm™1) [49] that was identical to spectra obtained turnover rate constantds) increases progressively with
when the{3,4} ion was reacted with an excess of®e  temperature from 3.&% 103 to 4.5 x 102s1in 0.5M
Addition of one equivalent of C& caused the spectrum CF3SOzH over the range of 10-6(C, giving as apparent
of the {3,4} ion to convert quantitatively to that of the in-  activation parameterAH* = 7.6 + 1.2 kcal/mol andAS =
termediate Kig. 6, right panel)[67]. Thus, the oxidation = —43 (& 4) cal/deg mo[59]. The solvent deuterium isotope
state of the intermediate specie &4} and, at leastin tri-  effect (KIE) was 1.7, measured at 2G.
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o .
t {3,4}»[int] |
E. 2 - i
= 3 04 -
= 5
O 4 2

{33} »{3.4} < 02-

04
T v T T T T T T T T J ) 004, i i : i i
0.6 08 1.0 1.2 14 16 200 <0 00
Potential (V) A (nm)
[int] = {4,4} or {4,5} [int] = {4,4}

Fig. 6. Left panel: dependence of the stoichiometry of Os@ydxidation by thai-oxo ion upon the applied potential at pH 0.3 and pi44]. Right panel:
optical changes accompanying oxidation{8f4} by C& [67].
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The capability of preparing by flow electrolysis essen- {3,31
tially pure solutions of thew-oxo ion in its higher oxidation ¥
states allows one to compare quantitatively their decay kinet-
ics to that of @ evolution. In triflic acid, electrochemically

¥ -de”

slow

-le” -2¢° -le” '
33X} == (3,4-X} B B4 - @45 55
Y

prepared solutions of5,5} decay relatively rapidly to the J fast /
{4.,4} ion, which then undergoes10-fold slower decay to

the{3,4} state, which is thermodynamically stalf®]. The 0,

{5,5} decay is first-order, giving apparent activation param-

eters in 0.5M CESOzH of AHf = 7.9 & 1.2) kcal/mol and Scheme 3.

AS = —44 (+ 4) calldeg mol, and a KIE of 1.6 (2&) [59].
The close correspondence of kinetic parameters foevo-
lution and{5,5} decay, coupled with the much slower decay
of the other oxidation states, indicates that only {B¢5} is
kinetically competent to be the catalytically active form of
the complex. The following reaction scheme, which cannot
distinguish between 9and HO, as the immediate oxida-
tion product, is consistent with these da$zlieme 2 How-
ever, in this strongly oxidizing environment,.8, would
not accumulate, but be rapidly converted tpf@llowing its
rate-determining formation.

A different reaction model has been advanced by Meyer

[(bpy)2(py)RUORU(BO)(bpy)]** [49], and for catalysis of
CI~ oxidation by thgw-oxo ions[70,71]

Although these reaction models appear dissimilar, they
are not necessarily irreconcilable. Strong outer-sphere ion
association between Fe(bgyy and several anions, includ-
ing CIO4~, has been reportd@2—74} as noted irSection 2
this observation has been used to support one proposed
mechanism for oxidation of OHby M(bpy)s3* ions[18].
Assuming that the one-electron potentials{fé/} and{4,5}
reduction are very similar, selective ion-pairing of one of the

and coworkers based primarily upon global kinetic anal- oxidation states (presumably4,5}) could reverse the order

yses of spectrophotometrically detected reaction transients®! thermo_dy_namlq stability whep thg electrolyte contains
following oxidation of [(bpyyRu(OH)],0% with Cé+ the associating anion. Thus, the identity of the accumulating
[41,42] These researchers also conclude that the intermedi-'l?terrr]nedlate V\éou'd be medlfum-depen%ent,. as ot'>sh¢rve:.
ate (4,5} in their scheme) decays too slowly to be the active urthermore, the presence of associated anions within the
catalyst, and suggest thi,5} is the reactive form. However, §econd coordlnatl_o n spherg of the complex WO[.JI(.j promote
they observed that ¢& consumption slows dramatically af- mner-sphere anatlpn fo_IIowmg release of the O.X'dlzed agua
ter passage of the-oxo ion through several catalytic cycles, I|ga_n(_j to generate inactive forms of the catalystin the manner
and thatthe onset and extent of this retardation was dependen?nv's"o.ned fby szer. Clonver_sely, we are coEflderr]]t that
upon the identity of the acid in the medium. Additional studies ormation o qnact:e cor;:p exesIs notextgnswizvlv entt elreac-
demonstrated that this retardation was temporal, suggestingtp'\or_15 are “i)n t”': t.ES Qat thus_lng our exp_e;_rlmen alpro occ::ﬁ.
that the catalyst becomes kinetically trapped in an inactive nionic substitution at theis-agua positions causes readily
form. The inactive form was suggested to be an anf3e$} detectaple C“"?‘”ges in the CyCI.'C vol_tan’_nmograms of the com-
complex formed by competitive substitution of the acid an- plexes, including large cathodic shifts in g 3} = {3, 4}

ion over water at vacant coordination sites generated uponmidpoint potential and loss of the characteristic catalytic
oxidation of thecis-aqua ligand, e.gScheme 3 wave for water oxidatiofb0,52,70] However, cyclic voltam-

In this scheme, because it lacks a second coordinated'09'ams of the effluen{5,5} solutions obtained from the
water, the anated complex cannot be oxidized to{i8} flow electrolysis cell were identical to voltammograms of the
state without first undergoing aquation to the diaqua form. reactant{3,3} SOIUE;OZS an.d;n:‘je_rwentgo change Iln s:]ruc-
Consequently, the unreactiy8,4} ion accumulates and the ture over an extended period of tirfS]. onsequently, the
reaction becomes limited by its aquation rate. Presumably, amount qf anated complexes formed during electrochemical
the very similar optical properties of the diaqua and anated preﬁaranon dOf the{5|_,5}t|_ons W%S bf!ovxé:detecta}{b[e_levels.
{3,4} ions[42] prevents spectrophotometric determination of \uti se_cor;] comdp Ica '0? ?1\” f?'nhm J‘%'C(_)n aning sof- h
the distribution of these species in solution during reaction. 'YtoNs IS the tendency of the higher oxidation states of the

Similar unreactive anionic intermediates were also proposedggl?ggi?eas‘czic\)/éo;? d F;rlﬁ\?vllpylt?etgii i%l\-l—:s,eva:ﬁctlr?git/eollj tﬁ)ant_of
for reactions catalyzed by [(tpy)Ru O* [53] and R .
y y [tpy)RU(QH] [53] O, to give final solutions 0f 3,4} [42,46] Resonance Raman

spectra of the solid gave the same intense bands as recorded
for the complex in solutionKig. 5), indicating that the solid

-le’ -le’ 2¢ . . X
was au.-oxo dimer that contained thigs,5} ion [42].
{?C} v B4 % “C 159V {js} A 6.5} fon [42]
( ( 3.3. Ligand substitution dynamics
0, or Hy0,

Exchange of the bridging O atom with solven®l in
Scheme 2. the {3,3} and {3,4} ions is exceptionally slow and is de-
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Fig. 7. Time dependence of isotopic change in{Bg3} cis-aqua position§67].

tectable only after heating solutions above®60for sev-
eral hourg[46]. There is no exchange at this position dur-
ing catalytic turnoverfig. 3) [46,49,67] In marked contrast,
solvation or anation at theis-aqua positions in th€3,3}

is facile [46,76,77] As originally demonstrated by Meyer
and associatg§6] by using nmr techniques, substitution of
deuteroacetonitrile or Clfor H,O to form the unsymmet-
rical {3,3} ions, [(bpy:(X)RUORU(OH)(bpy)]"*, occurs

creases the electronic charge on the Ru(lll) cefiér66]
For monomeric Ru(ll) tetraammine and bis-bipyridine com-
plexes with the general formulas Ru(AX(OH,)"* and
Ru(bpypX(OHy)"*, anation rates are strongly accelerated
when the fifth nonexchangeable ligand (X) is strongly
donating78-82] Second, the ReO—Ru symmetric stretch-
ing mode in the{3,3} ion shifts slightly to lower energies
(Avs ~ 2 cm 1) in D,O[46,59], an effect which we have at-

with ;2> < 10 min. We have recently measured rate constants tributed to H-bonding of solvent to the bridgipgoxo atom.

for water exchange in thg8,3} and{3,4} ions in triflic acid

by RR spectroscopjs7]. The method entails incubating the
180-labeled complexes in solutions of normal isotopic com-
position for timed periods, followed by quantitative oxidation
with Ce*t ion to the{5,5} state and measuring the relative
areas of the Re'®0 and Re-160 bands at 780 and 816 crh
respectively FFig. 7, left panel).Changes in relative intensi-
ties fit the familiar A— B — C rate law for exchange, i.e.,
(Scheme % (Fig. 7, right panel), from which a first-order
exchange rate constant ¢8,3} of ki3 = 7 x 107 3s7?

(23°C), was determined. In contrast, no exchange was ob-

served within 3h in th€3,4} ion, setting an upper limit for
exchange in this oxidation statelg§ 4y < 10°s™1 (23°C).
The rate constant for exchange at theeaqua positions in
the{3,3} ion is 1G—1(P-fold greater than rate constants mea-
sured for anation of monomeric (bpRu" X(H>0)3* ions
bearing simpler-donor ligands (X). As discussed in detail
elsewherd67], there are several potential factors that may

Similar shifts have been observed in-&&-Fe vs 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
pathwayq85]. A third potential factor, evident in the crystal
structurg[38], is the relatively large distortion in the primary
coordination sphere away from pseu@g-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
Ru'l (edta)(OH)~ ion [86-88].

3.4. Formation of the ©0 bond

Several different pathways have been considered for
formation of the covalent @0 bond; a representative (but

contribute to this dramatic rate enhancement. First, compar-not exhaustive) set is given iRig. 8 This set includes

ison of redox potentials and acidities of aqua ligands in the
p-0x0 ions with those of monomeric analogs indicate that
coordination of the ORu(Of)(bpy)y™* unit effectively in-

0O
LzRu/ \RuL2 k]

_——

oH, o,

(A)

o,

LRu— 9 ~RuL,

®)

both pathways involving unimolecular reductive elimination
of the cis-ruthenyl oxo atoms fron{5,5}, giving directly
O, and{3,3} or, alternatively, HO» and {4,4}, and path-

| ) LZRT/O\ITuLz
_ >

OH, OH,
©)

OH,

Scheme 4.
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o) accumulation of @ during electrolysis, that suggested
; LRy Rl that the catalytic activities of the derivatives were actuall
intramolecular: Ny . y PHR 1 y
/ 0==0 o superior to that of the underivatized [(bpRu(OH,)].O*
\‘ ion, from which Petach and Elliott concluded thap O
o could not be formed by unimolecular reductive elimination
(3,3} St L3R1|‘| ﬁ“Lz (33} +0, reactions such as illustrated in pathway4s).
The relative contributions of these types of pathways has
also been determined BfO-isotope labeling experiments
'ZINW '3”2%" [40,46,59] Selective labeling of theis-aqua and bridging
N e positions is straightforward, given the markedly different sub-
\Rul == LRy || “RuL, stitution rates at these positions in &3} ion and the very
o o slow exchange rates in tH&,4} ion. However, quantitative
(pathway B) differences, most likely caused by the inability to achieve
bimolecular: single-turnover conditions, existed in the measured distribu-
tion of Oy isomers from early studies thatrelied upon periodic
I _ sampling of accumulated gagé8,46} these differencesren-
0 0 o] OH dered equivocal some of the mechanistic conclus[d@s
patiway ) | To address this problem, we have recently developed mass
spectrometric-based techniques that allow real time analysis
or ofthe evolved @ and other gases that might be formed in side
reactiong59]. A schematic diagram of the apparatus used is
. given in the left panel ifFig. 9 the corresponding distribu-
L2R|‘|' ﬁ”L3 tion of O, isotopes following addition of excess €eplotted
as a function of time is shown in the right panel for a solu-
tion whose composition is'90% [(bpy»Ru80)],160%+
in ~8% H,'80 [90]. This reaction has the following charac-
LoRu~——Rul, teristics: nearly equimol&f0, and20,, but very little3%0,,
is formed. The rate of formation 8O- slowly increases rel-
Fig. 8. Alternative hypothetical pathways for water oxidation. ative to®*0, as the reaction proceeds, consistent with isotopic
dilution at thecis-aqua positions attending incorporation of
ways involving bimolecular reaction between either two coordinated K80 in the340, product. The absence of large
catalyst ions or a catalyst ion and solvent to form peroxo changes in isotope distributions with time also indicates that
intermediates. Pathway B, which features formation of a exchange between tHé,5} ruthenyl O atoms and solvent
symmetric dibridged intermediate that transforms into a H2O is slow relative to the rate of Jormation, i.e., that iso-
r-12-n2-O5 bound species, has precedent in the chemistry of topic scrambling does not occur. Control experiments made
di-p-oxo copper complexd89]. It can be eliminated from  in the absence of addd®,4} gave no increase in {back-
consideration for catalysis by the dimeric ruthenium ions, ground levels; furthermore, background levels of (h/z
however, because substitution at the bridging position does= 28 amu) did not change during reaction. Taken together,
not occur during catalyst turnovekify. 3). The plausibility of these controls indicate that all of the, @rmed following
pathway A, in which a mixed dibridggd-oxo-w.-1,2-peroxo Cée*t addition was from the catalyzed reaction. Furthermore,
intermediate is proposed, has been questioned on the basim contrast to the reactions of Ru(bgyj with OH~ [16],
of the large internuclear equilibrium separation between the only traces of C@ (m/z= 44 amu) were detected over the
cis-aqua oxygen atoms noted in the crystallographic and RR course of the reaction. By this criterion, tipeoxo ion is
studies. One study directed to this point made use of com- considerably more stable to oxidative degradation than is the
plexes in which one of the bipyridines on each ruthenium was monomeric ion.
bridged by an-alkyl chain attached to the 5-positiof#5]. Analyses of the isotopic distribution data indicate that
Molecular modeling studies indicated that the large GD pathways involving unimolecular elimination of,(path-
separation distance between the aqua ligands was maintainediays A and B) or bimolecular reactions between two catalyst
in the derivatized 3,3} complexes and that small deviations ions (pathway D) do not contribute measurably tof@ma-
from the energy-minimized structure caused large increasestion [91], but that Q formation likely arises from two path-
in the internal energy of the molecule such that formation ways involving (1) reaction between one terminal ruthenyl
of the dibridged species as a reaction intermediate was notO and solvent HO (pathway C) and (2) a reaction in which
energetically feasible, i.e., the alkyl bridge between adjacent both O atoms are derived from solvg@®]. This conclusion
bipyridine ligands effectively “locked-in” the equilibrium  was also reached earlier, albeit with less precise data, from
conformation. Despite this structural rigidity, the derivatized isotopic distributions of @formed in{5,5}-catalyzed water
complex exhibited electrochemical properties, including oxidation by C3* [46]. The relative contribution of the path-

(pathway A)

L,Ru

LzRu/O\ﬁuLg LRu

(pathway D)
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way involving oxidation of two solvent molecules increased
with temperature, indicating a slightly higher activation en-
thalpy (AAH* ~ 5kcal/mol); the relative contributions of

the two pathways was insensitive to deuteration of the sol-

elements of the Re{O)ORuUEO) center for efficient cataly-

sis can be adequately rationalized. Templating of the reactive
H»O within this site may also provide an explanation why the
solvent deuterium KIE is much less than generally observed

vent and, within experimental uncertainty, independent of in H-atom abstraction reactions of monomeric ruthenyl com-

catalyst concentration over the rang8,b}] = 0.04—0.8 mM
[58].

3.5. Reactive intermediates and molecular mechanisms

A plausible mechanism for the pathway in which one O

plexes[93,94,98]

The other pathway, in which both O atoms in @re 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. §&3} ion is
weakly paramagnetic at room temperati&?, 76], but shows

atom is derived from solvent and the other from a coordinated no cryogenic epr signal, consistent with spin delocalization

ruthenyl group is shown iBcheme 5

In this scheme, the elements 0® 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}(py)RUY O]?*) [93-97]in the sense that it could
be initiated by H-atom abstraction from solvent. If so, then

over the Re-O—Ru unit to give a singlet ground std#7,57].
One-electron oxidation t§3,4}, either electrochemically or
with Ce*t, gives a broad rhombic signal centeredjat1.8

in the cryogenic epr spectra, consistent witBa 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 {e4}

ion [99]. When oxidized to thd5,5} state, a much sharper,
axially symmetric signal is observed in the= 2 region. All

this reaction must be coupled to peroxo bond formation at of these low-temperature signals diminish in intensity with

the other ruthenyl center because formation of free®* OH
is energetically prohibitive, i.eAE®> < —1.3V for the re-
action, {5, 5} + H,O — {4, 5} + OH* [59]. In contrast, the
two-electron oxidation process implicit in the concerted re-
action is probably only slightly energonic (cf5,5} + 2H,0

— {4,4} + HyOg, for which AE° = —0.19V [49]). Hydro-
gen bonding to the bridging O atom may also facilitate this
reaction by allowing efficient coupling of the reactions at the
two ruthenyl centers. Thus, the requirement for all structural

4+

4,4}
— (hpy)zRT/O\Tu(bpy)z
(0]

OH
\OH

(5.5 ad

(bny)lelll/?"“Ru{bpy )2
0, B ,

0. »

H

Scheme 5.

increasing temperature and are not detectable ab®08 K,
indicating that they are attributable to ruthenium complexes.
The axial signal appearing in the most highly oxidized
samples is unexpected, singe 5} is either even-spin or dia-
magnetic, and should therefore be epr-silent. The species giv-
ing rise to this signal appears to comprise <10% of the ruthe-
nium complexes present, based upon comparison of spin den-
sities determined from double integration of this signal with
that from an equimolar solution of th§8,4} ion. Its rela-
tive intensity is proportional to th€5,5} concentration, and
a 6-line set of weak hyperfine interactions ¢ 40 G) is ob-
served on thg; component of the signak{g. 10. These
characteristics, including thg~2 axial symmetry, suggest
that the signal is due to a ligand radical, with the hyperfine
spectra arising from interactions with sing®Ru or 1°1Ru
nuclei ( =5/2, relative abundance 13 and 17%). This species
could be a coordinated bipyridine-cation radical which
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is in equilibrium with {5,5}, i.e., [(bpypRuE0)],0*" =
[(bpy)zRuV(=O)ORLJV(=O)(bpy)(bp);,'+)]4+ or, alterna-

and the Ru(bpy)|bpy-OH}t pseudo-base in the overall re-
action with OH leading to ligand decompositi¢h6]. Inter-

tively, a ligand-based radical formed upon covalent hydra- Nal ligand-to-metal electron transfer could be fairly slow, as

tion or pseudo-base addition of OHo one of the bipyridine

has been demonstrated for the [OH3)sbpy-OH]3+ rad-

ligands. This latter suggestion follows from an earlier mech- icaladduc{103], allowing accumulation of the ligand radical
the appearance of similar low-temperature epr signals duringUnlike RU' (bpy)(bpy(OH))?*, the dihydroxy-substituted

decomposition of zeolite-entrapped Ru(bgy) [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 R® 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{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 Oldxidation by M(bpy}3+
ions discussed iBection Zhat were based upon formation of
similar ring-modified intermediat¢$0-12,16,35] The pres-

ence of a second Ru(V) center in the form of a pendant 2

[(bpy)2RuE0)0OT" 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,
albeit bimolecular, has been proposed between RugBpy)

{4,4}

{5,5}
P
LoRuY-0-LRuY
| I~

0 0
H

(‘)"
H
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ligand in the dinuclear ion is coordinated to a 2-electron ox- ries, is consistent with expectations based upon progressive
idizing center which is nearly as strongly oxidizing as the withdrawal of electronic charge from the Ru centers. The
original{5,5} ion. Additional internal electron transfer could  anticipated order is inverted for 4;€0,-bpy and 5,5
drive oxidation of the OH substituents to form, e.g., an unsta- COy-bpy, however, which might be due to differing extents
ble endoperoxide that undergoes further bond rearrangemenbf protonation of the pendant carboxyl groups in the two

[104] to give & and the{3,3} ion. complexes since the carboxylic acid is more strongly with-
Alternative mechanisms proposed to account for this drawing than is the anion. Consistent with this observation,
pathway have involved reaction between solvep©OHvith preliminary estimates place thg;,» value for analogous

intermediates that contain ruthenium-bound hydroperoxides5,5-carbethoxy-2,2bipyridine complexes at 1.50V versus
[46] or 1,3-bridging ozonide (6% ) ligands[105]. Although NHE (H. Yamada, unpublished observations), implying that
these mechanisms also assign essential roles to both ruthenythe carboxylate groups in the 4@0,-bpy and 5,5CO;-
groups, the absence of any chemical precedents for formatiorbpy complexes are extensively deprotonated in aqueous
of the central intermediates makes them conceptually lessCFRSOsH.
appealing. Specifically, as discussed®9], there appears Based primarily upon their electrocatalytic behavior, the
to be no low-energy pathway for formation of @ith both 4,4-CO,-bpy and 5,5CO,-bpy derivatives have been sug-
atoms derived from solvent from these species. Reaction bygested by Gitzel and coworkers to much more reactive than
this pathway might also involve expansion of a Ru(V) coor- the underivatized dimgb0-52] Both these derivatives have
dination sphere by addition of 4@, which then undergoes been shown to catalyze water oxidation by’*€and to cat-
subsequent reaction with a second solvent molecule. Somealyze photosensitized water oxidation by tris-Rtilions in
support for this notion is obtained from the kinetics of water the presence of sacrificial electron acceptors. The molecular
exchange on monomeric Ru(lll) centers, which suggest that bases for these effects have not been determined, but presum-
an associative interchange mechanism is operd83, ably relate to the greater reaction driving force for water oxi-
and discussions that encompass a wider chemical literaturedation in the derivatized compounds. In contrast, water oxida-
of 7-coordinate species as potential alternative reactiontion by the DMB complex occurs at a rate that is comparable
intermediates to pseudobases and covalent hydfagls or even slightly greater than the [(bpRu(OH)]>0*" ion.
However, if this mechanism were operative, one might Flow electrochemical/RR spectroelectrochemical analysis of
expect that the intermediate would also provide a pathway [(DMB),Ru(OH)]20*" has given results very nearly iden-
for facile exchange of theis-ruthenyl oxygen atoms in tical to that illustrated irFig. 5 for [(opy).Ru(OH)],0*t,
{5,5}with solvent HO, which is not observed. Furthermore, with the exception that the corresponding reduction
it is difficult to rationalize by this type of mechanism why potentials are slightly lower (H. Yamada, unpublished
the monomeric analogis-(bpypRu(OHp)2%+, as well as observations). Specifically the measured potential$3¢3}
dinuclear ions that contain only a single coordinated water — {3,4}, {3,4} — {4,4}, and{4,4} — {4,5} are 0.94, 1.46,
such as [(bpyXpy)RUORu(R0)(bpyp]*t, are incapable of  and 1.55 V (versus NHE) for [[DMBRu(OH,)].0*t, com-
catalyzing water oxidation. In any event, further characteri- pared to 1.07, 1.53, and 1.59V for [(bpRu(OH)].0**.
zation of detectable intermediates appearing in the reactionsOne notes that the difference between the potentials for the
of the [(bpy»RuE0)],0* ion and its congeners can be two complexes decreases as the ruthenium formal oxidation
expected to provide valuable insights into the underlying state increases, and is onh40 mV for the{5,5} ions. Not
water oxidation mechanisms. surprisingly, then, the corresponding decomposition rate
constants, measured either by disappearance of the 818 cm
band in the RR spectra or by absorbance changes accompa-
4. Reactions of structurally-related w.-oxo ions nying the{5,5} — {4,4} decay, were nearly identical for the
two complexes, as were the turnover rate constants measured
There has been considerable interest expressed infor O, formation from initial rate determinatiorfi49]. Based
evaluating the influence of electron-donating and electron- upon this very limited data set, it appears that catalytic
withdrawing bipyridine ring substituents upon catalytic efficiencies in homogeneous reactions may not be very
efficiencies[38,49-52] In 0.5-1.0M CRSQszH, the Ey2 sensitive to substituents present on the bipyridine ligands.
values measured versus NHE for tH8,3} — {3,4} Given the apparent existence of two distinct pathways for O
oxidation step incis,cis[L,Ru(OH)],0* increases with  formation from thé80-isotope labeling studies, any realistic
increasing electron withdrawing character of the substituent, mechanistic analysis would require separate analysis of
specifically, in the order: 0.90, 1.07, 1.15, and 1.22 V the effects of ring substitution on the isotopic distribution
for the ligands: 4,4dimethyl-2,2-bipyridine (DMB) (H. of Oy.
Yamada, unpublished observations), ypyridine[33,44], Brudvig and coworkers have recently described the
2,2-bipyridyl-4,4-dicarboxylate (4,4C0O»-bpy) [52], and synthesis of a djs-oxo-bridged dimanganese complex
2,2-bipyridyl-5,5-dicarboxylate (5,5CO»-bpy) [50]. This ([H20(tpy)Mn(OpMn(tpy)OH,]3t) that also catalyzes O
general trend, leading to a difference €800 mV in the formation from aqueous solutions of strong oxidants
apparent one-electron reduction potentials through the se-[106,107] Unlike the monobridged dimeric ruthenium cata-
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lysts, the meridianally-bound terpyridine ligands constrain
binding of coordinated water to sites that are earems

to one of the bridging O atoms, effectively precluding in-
tramolecular elimination reactions as pathways fere®o-
lution (Fig. 9). Turnover rate constants were determined
from measured initial rates of Oformation to bekcat

= 0.7s ! for oxidation by the peroxomonosulfate anion
(oxone, S@) and keat = 2 x 10°3s71 for oxidation

by the hypochlorite anion (OC) [107]; these values are
comparable to the turnover rate constants determined for
[(bpy).Ru(OH)],0*" -catalyzed oxidation by C& in0.5 M
CRSO3H (Keat = 1 x 102s71) [44]. Although attempts to
identify the source of O atoms in the reaction using O&$
oxidant[103] were confounded by its rapid exchange with
solvent H80 [107,108] it was established in the reaction
with oxone that at least some of the; @rmed occurred
by oxidation of watef107]. A reaction mechanism similar
to Scheme 5wvas proposed for this pathway, i.e., involving
formation of a{4,5} dinuclear intermediate containing an
Mn=0 intermediate which subsequently reacts with solvent
H>0 [107].
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