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The oxidation of water to molecular dioxygen is a reaction that
takes place in the dark with the photosystem II oxygen-evolving
complex (OEC-PSII)."' It is a very interesting reaction to model
from a bioinorganic perspective, since it can give some hints
regarding the potential mechanisms that operate in this natural
system. On the other hand, it is of tremendous importance from an
energetic perspective, since it is recognized to be the bottleneck
for the development of commercial light-harvesting devices for the
photoproduction of H, from water.> Water oxidation is a challenging
task for a catalyst for two main reasons. One is the strongly uphill
thermodynamics for the reaction

2H,0—0,+4H" +4e”

for which E° = 1.23 V (vs SCE) at pH 0. The other is the high
molecular complexity of this reaction from a mechanistic point of
view, since two protons and two electrons have to be removed from
each water molecule, and furthermore, an oxygen—oxygen bond
has to be formed. There are a few complexes characterized at a
molecular level that have been described in the literature to be
capable of catalytically oxidizing water to molecular dioxygen,>
and only the so-called “blue dimer” {cis,cis-[Ru(bpy).(H,O)]a(u-
0)*"} has been studied mechanistically, with rather controversial
results.*> The two main challenges in the field are actually
understanding the reaction mechanism and finding an efficient and
rugged catalyst.

A few years ago, we reported® a new water oxidation catalyst,
{[Ru"(trpy)(H,0)]2(u-bpp) }** [Ru-Hbpp; trpy = 2,2":6',2" -terpy-
ridine, bpp = 2,6-bis(pyridyl)pyrazolate], that contains a pyrazolate
rather than an oxo bridging ligand; its structure is presented in
Figure 1. We now report a thorough kinetic analysis combined with
180 labeling experiments that allows us to clearly elucidate the
reaction mechanism. Electron-transfer (ET) kinetic experiments
were carried out over a temperature range of 10—40° for the four
one-electron processes, and the corresponding kgr, (n = 1—4) values
and activation parameters are presented in Table 1.

The four ET processes were found to be first order with respect
to both the catalyst and Ce(IV) under all of the conditions we
studied. It is interesting to observe that the rate constant decreases
as the oxidation state increases, with the last step being the slowest
one. No oxygen evolution is observed until the Ru'¥"V oxidation
state is reached, and thus, the values kgri, kg2, and kgrs (i.e., up to
the IILIV oxidation state) can be calculated independently of the
other kinetic processes that finally generate the oxygen—oxygen
bond.

After the IV,IV oxidation state is attained, an intermediate species
I is detected prior to the events that lead to oxygen evolution and
formation of the initial Ru" complex (see the bottom panel of Figure
2), as evidenced by the time-resolved UV —vis spectra shown in
Figure S1 in the Supporting Information and their mathematical
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Figure 1. Drawn structure of Ru-Hbpp.
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Figure 2. (top) Species distribution diagram for the reaction of 1.0 x 107*
M Ru-Hbpp solution with 4 equiv of Ce(IV)in 0.1 M CF;SO;H at 10.0 °C.
Species calculated with three consecutive first order reactions (A — B —
C — D). (bottom) Reaction scheme for generation of O, upon addition of
Ce(IV) to Ru-Hbpp.

treatment with Specfit.” The obtained species distribution diagram
is shown in the top panel of Figure 2.

These last two processes are first-order, and their rate constant
values and activation parameters are also listed in Table 1. As can
be observed from these data, these two processes are much slower
than the initial ET processes. In order to extract further mechanistic
information, oxygen labeling experiments were carried out using
H,'30 to label the catalyst and also as the solvent. It is known for
related polypyridylic Ru''—L (L = Cl, H,0) chemistry® that the
rate of L substitution dramatically decreases as the oxidation state
of the metal center increases. In our particular case, using the MeCN
analogue (Ru—H,0 + MeCN — Ru—MeCN + H,0) to finally
make {[Ru(trpy)(H,0)](u-bpp)[Ru™(trpy)(MeCN)]}>*, we found
that at the IILIII oxidation state, the pseudo-first-order rate constant
was 2.05 x 107> 7!, This enabled us to perform water oxidation
experiments with different degrees of labeling of both the catalyst
and the solvent. The experiments were designed so only one metal
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Table 1. Rate Constants Calculated at 10.0 °C and the Corresponding Activation Parameters for Steps in the Reaction of the Ru-Hbpp
Catalyst and Ce(lV) in 0.1 M CF3SO3H

k process k value AH* (kJ mol™) AS* (J mol= K™)
ET Rate Constants kgr, M~ s71)
ket Ry — Ryt (5.0 £0.3) x 10* 22+1 —84+3
keta Ry — Ryt 3.9£0.1) x 10* 3442 —45+7
kets Ry — RV (3.2£0.2) x 10* 29 +2 —65+5
kets Ru™Y — RuV1v (5.0 £0.8) x 10? 234+ 3 —122+ 10
Rate Constants for Formation of I and O, (s™')
ky RuYWV — 1 (6.1 £0.3) x 107* 53+3 —137+9
ko, I— Ru! (1.4£0.1) x 107* 85+ 38 =39+ 27

Table 2. Relative Isotopic Ratios of Evolved Molecular Oxygen in
the First Metal Cycle Using Different Degrees of Labeled Catalyst
and Solvent and the Corresponding Calculated Values Assuming
Different Reaction Mechanisms?

180 labeling (%)°

isotopic ratios

d

entry  catalyst  solvent 0, exch® nuc intra® exptl
1 0 12.00 %0, 77.44  88.00 99.52 99.50
2 100  21.12  12.00 0.48 0.47
3 130, 144 2x107% 4x10* 0.03
4 16.13 1190 '%O, 77.60 74.60 70.34 69.97
5 100 21.00 14.50 27.05 27.48
6 180, 1.40 1.90 2.61 2.55
7 2273 1852 %0, 66.39  62.96 59.70 60.20
8 1080  30.18 32.83 35.13 35.10
9 130, 343 421 5.17 4.70

“See the Supporting Information for experimental details. ” These
columns indicate the degree of '®O labeling of the catalyst and the
solvent. “ Calculated ratios of isotopic O, obtained in the case of a fast
exchange (“exch”) process with the solvent. ¢ Calculated ratios in the
case of nucleophilic (“nuc”) attack by the solvent on the Ru=O groups.
¢ Calculated ratios in the case of intramolecular (“intra”) oxygen—
oxygen coupling from the Ru=O groups.

Scheme 1. Potential Mechanistic Pathways for the Formation of O,
Involving the Ru Metal Centers
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cycle could take place, and the gases formed were analyzed online
via mass spectrometry. In Table 2 are listed the results of the
labeling experiments using different degrees of labeling of the
catalyst and solvent.

The two considered mechanisms termed “intramolecular O—O
bond formation” (intra) and “H,O nucleophilic attack” (nuc)® are
graphically presented in the top and bottom panels, respectively,
of Scheme 1. The present labeling experiments unquestionably
demonstrate that the only mechanism operating in our case is the
intramolecular one. This is in sharp contrast with a recently
published density functional theory study'® claiming that the
mechanism is mainly nucleophilic addition. Our results strongly
indicate that this work should be revised.

The results found here are radically different from those observed
for the '80-labeled blue dimer, where the intramolecular pathway
is very minor and the most important Ru-based pathway seems to
be water nucleophilic addition. In our particular case, however, both
the structure and electronic properties of the Ru-Hbpp catalyst are
radically different from those of the blue dimer.® In the Ru-Hbpp
case, the bridging ligand is rigid and the molecule is designed in
such a way that two Ru—OH, moieties are oriented cis to one
another. We have multiple evidence of through-space interactions
of the two L groups in the ILII oxidation state that supports this
concept. Thus, when the highest oxidation state is reached, the
oxygen atoms are ready to couple to one another and thus favor
the intramolecular mechanism.'' We are at the moment directing
our efforts toward further spectroscopic (EPR, XPS, rR) charac-
terization of the intermediate reaction species I that is formed prior
to oxygen evolution, which we hypothesize could be a cis-n':y'-
peroxo-bridged bis[Ru(IIl)] complex.

The present work constitutes a successful mechanistic study in
which the reaction pathway for water oxidation has been character-
ized kinetically, forming the basis for further development of
efficient water oxidation catalysts.
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