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Well-defined catalysts for water oxidation are rare. This is
not surprising given the thermodynamic and mechanistic re-
quirements of the reaction, eq 1. The reported catalysts include

O,+4H" +4e —2H,0 FE =

+1.23Vvs NHE (1)

ano-phenylene-bridged porphyrin manganese dimer and the blue
ruthenium dimer ([(bpy(H20)RuU"ORU" (H,0)(bpy}](CIO,)4;

bpy is 2,2-bipyridine) and its derivatives:® Warning: Per-
chlorate salts are hazardous because of the possibility of
explosion! Understanding the mechanism or mechanisms of
these reactions may be of relevance to oxygen evolution at the
oxygen-evolving complex (OEC) of photosystem IWe report
here that water oxidation by the blue dimer is a complex process
featuring stepwise redox cycling among five different oxidation
states of the catalyst and an oxygen-evolving step that is not
rate determining.

The RY'ORU" and RU'ORUY forms of the blue dimer have
been characterized structura@®® The higher oxidation state,
RUYORW, can be generated by chemical or electrochemical
oxidation of RW'ORUY, for which electrolysis at 1.0 V vs SSCE
at pH 6 was reported to occur with= 2 and loss of three
protons fmax= 490 nm,e = 9.7 x 18 M~ cm1).2¢ We have
since found that those conditions produce incomplete oxidation.
Electrolysis of RU'ORUY (8 x 1074 M, 0.1 M NaCRSG;, pH
5.9) at 0.7 V vs Hg/HgS®(~1.1 V vs SSCE) gave a final
spectrum withAmax = 500 nm € ~ 7 x 108 M~ cm™Y).
Protonation of RYORW occurred instantaneously upon 1:1
mixing with 2 M HCRSO; (Amax = 482 nm,e ~ 1.6 x 10*
M~1cm™1).” The same result was obtained by stoichiometric
oxidation with C& at pH 0 (5-25 °C).

In Figure 1a is shown the absorbardene trace that oc-
curs following addition of 2 equiv of Céto 3.5 x 10> M
RU"ORUY (Amax= 444 nm) in 1 M HCIQ. In Figure 1b,c are
shown the results of the application of global kinetic analysis
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Figure 1. Kinetic behavior observed for addition of 2 equiv of 'Ce
to a solution 3.5x 107> M in RU"ORUY (1 M HCIO,, 25°C, | =1
cm): (a) absorbance vs time trace at 444 rAr-(+), fitted curve ),
and residualsA); (b) predicted spectra from the global fit; (c) predicted
concentration profiles from the global fit.

to the spectral changes according to Scheme 1, producing the
predicted spectra and distribution of the dominant oxidation
states during the course of the reacffoithe species designated
as RUWORUY never builds up appreciably, and its derived
spectrum is subject to considerable uncertainty.

At 5 °C in 1 M HCIQ;, addition of 3 equiv of C¥ to a 0.5
mM solution of RY'ORUY results in the appearance of a black
microparticulate suspension havidgax values near 400 and
600 nm. In the resonance Raman spectrum at 77 K (50 mW
excitation at 488 nm) significant resonance enhancements were
observed fowsymat 353 cnt and a band at 816 cmithat was
assigned by Hursit al. as a terminabg—o stretch?¢ The black

(6) The oxidation state designations,"RDRUY, etc, are only intended

to convey electron content. There is strong electronic coupling through

theu-oxo bridge, and the assignment of oxidation states is equivocal.

Rapid-scanning, stopped-flow kinetics experiments showed no risetime

for the initial spectral change that occurs upon mixind’®RRW (pH

6) with acid. This was misinterpreted in ref 2c as very rapid

disproportionation of RMORW. While the electrochemical results

in ref 2b indicate that RMORW is thermodynamically unstable at

pH 0, the kinetics for disproportionation are quite slow, requiring

several hours for complete recovery of lRORUV via the sequence

of reactions shown in Scheme 1.

Spectral-kinetic data were obtained with a Hi-Tech SF-61MX stopped-

flow/diode array spectrophotometer and processed by use of the

program SPECFIT (Spectrum Software Associates, Chapel Hill, NC).

For details of the method, see: Stultz, L. K.; Binstead, R. A.; Reynolds,

M. S.; Meyer, T. JJ. Am. Chem. Sod995 117, 2520 and references

therein.

(9) (a) For RWWORuQV the oxidation state description could equally well
be RY'ORW (see ref 2¢). (b) Singular value decomposition analysis
of the spectral-kinetic data revealed the presence of three colorimetric
components, though the third was quite small. The inclusion of
RUYORUY as a third colored species in the global kinetic analysis
improved the fit, but its spectrum should not be considered as well
determined from these studies. Since the concentrations'bORul"
and RYORW were very low, their spectral contributions could be
ignored while fitting the autocatalytic oxidation of RORUV.
However, the tailing contribution of ®ewas included as a known
spectrum in the fitting procedure.
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Scheme 1 RU"ORUY (ty2 ~ 5 s) without evidence of intermediates,
K, (2x10%) indicating that oxidation of RMORUW is the rate-determining
(@  RullORulll + CelV — RulllORulV + Celll step in this part of the cycle. Since the oxygen evolution process
is not rate determining, the kinetic studies do not reveal anything
ky (15) Nemely o (ool about its mechanism. For simplicity, the 4-electron reduction
(®  RuflORulV + CelV 7 RuTORuT+Ce of RWORW has been included in the model as a single step
ks (7.3%10%) (ks > 1 s71). Subsequently, RUDORU" is rapidly reoxidized
(¢)  RuMMORuY +RulVORuY =——=  2RulVORuY to RU"ORUY either by C& or higher oxidation states of the
k3 (2109 dimer €.9, eq 2). The rate constant ratig’lk-3 ~ 0.1 was

chosen to be consistent with electrochemical studies that indicate

N
@  RulVORuY +CelV M RulVORuY + Celll that RUVORUY is unstable with respect to disproportionatin.
The value ofk, > ks is required to produce the autocatalytic
ks (2 102) formation of RUWORW while maintaining RYORUY at a
(€  RulVORuY +CelV —=  RuVORuV+Cell relatively low concentration, as suggested by the nearly isos-
ke @ 15Y) bestic behavior of the experimental data. The rate con&gant
) RuYORuY +2 H,0 . RuNORWN+0, for disproportionation of R'MQRLV is required to model the
tailing portion of the reaction after consumption of "Ce
k; (= 109) However,k_g never contributes significantly owing to the low
(®  RullORulll+ RulVORuY RulfORu!Y + RulVORu!Y concentrations of RMORUY and RIYORW. Since there is a
ks (22) high degree of coupling among the kinetic processes the derived
(h) 2 RulVORuY RulVORu!V + RuVORuY rate constants cannot be determined uniquely. While individual
kg (<22) fits produce standard errors of-B% for the adjustable rate

o ) . . . constants, replicate runs gave ranges of 20%kjand 100%
solid is unstable with regard tox@volution and redissolution  for k, andks, respectively.

to give RW'ORUY. The suspension was reduced td'RRu" Some of the highlights in Scheme 1 are as follows: (1)
by titration with jUSt 3 eqUiV of ferrous ion since some of the RWORLW does not build up because its loss via water oxida-
catalyst was lost due to water oxidation. tion (eq f) is rapid compared to its formation (eq e). (2)

The available spectral, electrochemical, structural, and reso-RyI'ORU"" does not appear during catalysis because of rapid
nance Raman data provide evidence for oxidation statescomproportionation with RUORW (and RYORW) to give
RU"ORU", RU'ORUY, RUORW, and RWORW with the  Ry"ORUY (eq g). (3) There is autocatalysis because oxidation
latter in the dioxo form [(bpyO)RWORW (O)(bpy)]*". By of RUWVORUY to RUVORW by CéV (eq d) is more rapid than
including RUYORUY as a kinetic intermediate, it is possible to  oxjdation of RY' ORUY to RUVORUY (eq b); after the reaction
explain the autocatalysis in Figure 1 via the reactions in Schemepegins, RYYORUY forms by comproportionation (eq c). (4)

1 (all values shown are second-order rate constants thavt There is a distribution between BORUY and RUYORW

at 25°C unless otherwise noted). For clarity, these reactions during catalysis with excess te Although counterintuitive,
are not balanced in protons. The balanced reaction for waterrVORW is favored with time as C¢ is depleted. This is

oxidation in eq. f is, for example, because the rate-limiting step changes from oxidation of
Y a RU"ORUY by comproportionation to oxidation of RIDRU
[(bpy),(O)RU"ORU"(O)(bpy)]™" + 2H,0— by CéV as the reaction proceeds to completion.
[(bpy)z(HZO)Rd”ORd”(HZO)(bpy)z]‘” +0, It is interesting to compare the blue dimer with the oxygen-

evolving complex (OEC) of photosynthesis. In the OEC,

The rate constants, ks, andks were refined from a global ~ sequential absorption of four photons accompanied by electron
fit to the spectral-kinetic data (348680 nm) for the reaction  transfer leads from theoState to the Bstate followed by water
in Figure 1, while the remaining rate constants were held fixed oxidation* Four Mn ions are involved. In the blue dimer,
at values determined from independent kinetic experiments or Sequential oxidation occurs from RORU" to RUORU' with
estimated from kinetic simulations to produce both autocatalysis l0ss of four electrons and four protons followed by rapigl O
with 2 equiv of C& and pseudo-zero-order kinetics for evolution. Access to doubly oxidized Ru centers requires
consumption of large excesses of'CeThe rate constants terminal oxo formation in the highest oxidation state.

andk; (lower limit) were obtained directly from stopped-flow  Acknowledgment. We thank the National Institutes of
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2) was too fast to measuréyf < 1 ms), the only products  GM32296. We also thank Dr. Martin Devenney for assistance

with the Raman experiments.
2RU"ORU" + RUYORU — 3RU"ORUY (2) P

1C970393B
being RW'ORUY and some unreacted RORU".10 The rate
constantsks and ks were obtained from an experiment in- (10) The cross reaction was studied by sequential mixing, stopped-flow
- 5 " . e " measurements where RORU" was first oxidized with 2 equiv of
volving the addition of 5 equiv of Cé to a solution of 5x CeV at pH 0, followed by mixing with a third solution of FAORU"

105 M RUVORUW at pH 0. This resulted in the formation of after a dwell time of 45's.




