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In natural photosynthesis, and many schemes for artificial
photosynthesis, water oxidation, 2H,O — O, + 4e~ + 4H", is a
key step."? A number of molecular catalysts have been reported
for this reaction®® but little mechanistic information is available.
A detailed, medium-dependent mechanism for water oxidation by
the blue Ru dimer cis,cis-[(bpy)2(H,O)RuMORu"(OH,)(bpy),]**
(bpy is 2,2'-bipyridine) was reported recently. In 0.1 M HNOs;, under
catalytic conditions with excess Ce(IV), rapid oxidation occurs
through the intermediate [(O)RuY—0O-Ru"(0)]*" to give a second
intermediate tentatively identified as the peroxide, [(bpy).(O)RuO-
Ru(OOH)(bpy),]*".> A peroxidic intermediate has also been
proposed in water oxidation at the MnyCa cluster in the oxygen
evolving complex (OEC) of photosystem I1.%-'°

A significant question remains as to whether or not dimeric or
higher order structures are required to achieve catalytic water
oxidation. Qualitative evidence for water oxidation by monomeric
complexes of Ir and Ru has been presented by Bernhard, et al. and
by Thummel, et al., respectively.*’ We report here sustained
catalytic water oxidation upon oxidation of the monomeric com-
plexes [Ru(tpy)(bpm)(OH,)** and [Ru(tpy)(bpz)(OH,)]** (tpy is
2,2":6',2" -terpyridine; bpm is 2,2'-bipyrimidine; bpz is 2,2'-bipyra-
zine) by a well defined mechanism involving Ru(V).

Reaction of [Ru(tpy)(C,04)(OH,)]"" with bpz or bpm in 0.1 M
HCIO, or of [Ru(tpy)(L)(CD]" (L is bpm or bpz) with AgNO; in
1:1 H,O/MeOH yields the corresponding aqua complexes [Ru-
(tpy)(bpz)(OH,)]** and [Ru(tpy)(bpm)(OH,)]>*. They are analogues
of [Ru(tpy)(bpy)(OH)I** and  cis-[Ru(bpy)x(py)(HLO)2* (py is
pyridine) which, when oxidized to their RuV=0 forms, have an
extensive stoichiometric and catalytic oxidative reactivity toward
a variety of organic and inorganic molecules.'?

As shown in Figure 1, the bpm complex shares with [Ru(tpy)(b-
py)(OH,)]*" multiple, pH-dependent oxidations in aqueous solu-
tions. For [Ru(tpy)(bpy)(OH,)]**, pH dependent Ru™/Ru" and Ru'V/
Ru couples appear separated by 92 mV over a broad pH range
characteristic of closely spaced Ru(III/II) and Ru(IV/III) couples.
The small potential separation between couples is a consequence
of “redox potential leveling” and the PCET nature of the couple.>'?
Protons are lost with no build up of charge between couples, and
higher oxidation state Ru(IV) is stabilized by Ru=0O bond forma-
tion. There is no evidence for further oxidation of this complex to
the solvent limit at ~1.8 V, and it is not a catalyst for water
oxidation.

For [Ru(tpy)(bpm)(OH,)]**, Rul is a “missing” oxidation
state.>'*'? A single 2¢~ Ru'V/Ru'" wave, as shown by peak current
comparisons with the [Ru(bpy)s]**?*couple, is observed from pH
= 0 to pH = 14 with a change from the [Ru'V=01]*" + 2¢~ + 2H"
— [Ru"-OH,]** couple to [RuV=O0]*" + 2¢~ + H' —
[Ru"—-OH]*, past pK,; = 9.7. Ey for the RuV/Ru™ couple is lower
than Ej, for the Ru™/Ru" couple owing to bpm stabilization of
Ru(II) by backbonding and stabilization of Ru(IV) (and Ru(V), see
below) by o donation.'*">
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Figure 1. Plots of Ej;, (V vs NHE) vs pH for the Ru(V/IV) and Ru(IV/II)
redox couples of [Ru(tpy)(bpm)(OH,)]** and for the Ru(IV/III) and Ru(ITI/
1I) redox couples of [Ru(tpy)(bpy)(OH,)]*" in aqueous solution (I = 0.1
M; T = 298 K; glassy carbon working electrode).

At higher potentials a pH-independent, le”~ wave appears in the
cyclic voltammogram at 1.65 V as a shoulder on the onset of a
catalytic wave for water oxidation, Figure S6. The electrochemistry
for [Ru(tpy)(bpz)(OH,)]** is similar to that for [Ru(tpy)(bpm)-
(OH,)]** with redox potentials for the corresponding Ru(IV/II) and
Ru(V/IV) couples shifted to higher potentials (Figure S5 and S6,
Supporting Information).

Oxidation to Ru(V) triggers water oxidation both electrochemi-
cally and with added Ce(IV). Addition of 2 equiv of Ce(IV) to a
solution of [Ru'(tpy)(bpm)(OH,)]** in 0.1 M HNO3 (A4 = 485,
364, 331 (sh), and 309 nm) results in formation of [Ru'V(tpy)-
(bpm)(0)]** (Amax = 430 (sh), 353 (sh), 336, and 324 nm) with
k(25 °C) ~ 2400 M~ ! s7! (eqs 1 and 2).

K, (2400 M-15-1

[Ru"—OH,]*" + Ce** [Ru"™—OHJ*" + Ce’* + H*

ey

rapid

[Ru™ — OH)*" + Ce*t [RuY =01 +ce* +H" (2

Further addition of 1 equiv of Ce(IV) to [Ru'Y=0]**, or 3 equiv
of Ce(IV) to [Ru'(OH,)]**, results in formation of [RuV=0]*",
k(25 °C) ~ 5.0 M~ ! s7! (eq 3), but as a transient.

k; 05.0 M-1s-1

[RuY=0]*" + Ce*" [Ru¥=0"+Ce*"  (3)

As shown by UV —visible spectral changes over time, Figure S8,
it undergoes a further reaction with water to give a second
intermediate which we tentatively formulate as the peroxido
complex, [Ru™(tpy)(bpm)(OOH)]*" ([Ru"(OOH)]*") (eq 4). The
peroxidic complex decomposes on a time scale of minutes to give
[Ru"—OH,]** and, presumably, O,, Figure S9. In a redox titration
between 2 and 3 equivs of Fe,’* were consumed per
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[Ru™(OOH)]** consistent with partial decomposition following its
relatively slow formation by Ce(IV) oxidation. Both the decomposi-
tion reaction and further characterization of the intermediate are
currently under investigation.

Under catalytic conditions with 30 equiv of Ce! added,
[Ru(tpy)(bpm)(OOH)]*" undergoes further oxidation to an ad-
ditional intermediate which we tentatively assign as the Ru'Y
peroxide [Ru"(tpy)(bpm)(O,)I**([Ru’VOOJ**) (eq 5).

[Ru"(tpy)(bpm)(0)I*" + H,0—
[Ru"(tpy)(bpm)(QOH)** +H" )

[Ru™tpy)bpm) (OO I** + CedV) —
[Ruw(typ)(bpm)(Oz)]2+ +CedID+H" (5)

Based on the results of DFT calculations on [Ru'Y(tpy)-
(bpm)(0,)]*", a seven-coordinate structure with a bidentate peroxido
ligand is favored over a six-coordinated structure with a terminal
peroxido ligand. All crystallographically characterized [Ru'v(O,)]"*
complexes display this seven-coordinate structure.'®'”

Under catalytic conditions with 30 equiv of Ce(IV) in 0.1 M
HNO;3, [RuVOOJ*, with A, = 436, 358 (sh), 339 (sh), 316 (sh),
and 286 nm, dominates at the catalytic steady state. Loss of Ce(IV)
monitored at 360 nm is zero order in Ce(IV) and first order in
complex with k(25 °C) = 7.5 x 10™* s™! (Figures S11 and S12),
consistent with decomposition of [Ru'VOOJ** as the rate limiting
step (eq 6). In 1.0 M HNO; the kinetics of Ce(IV) loss are
significantly enhanced and mixed first and second order in character.
As shown in eq 7, this is consistent with further oxidation of
[RuVOO]*" by Ce(IV) competing with the first order pathway in
eq 6. Subsequent water oxidation presumably occurs by eq 8
followed by reoxidation of Ru(IIl). The appearance of the Ce(IV)
pathway is a consequence of the enhanced E°' for the Ce(IV/III)
couple at higher acid concentrations.'® Oxygen monitoring with
an oxygen electrode in three separate experiments gave 100 (£3)%
of the expected O, after 7.5 turnovers (Figure S13).

[Ru"(tpy)(bpm)(0,)]** + H,0 —
[Ru"tpy)bpm)(H,O0)]*" + 0, (6)
[Ru"(tpy)(bpm)(0,)]*" + Ce(IV) —
[Ru"(tpy)(bpm)(0,)]** + CedID  (7)

[Ru" (tpy)(bpm)(0,)I*" +H,0—
[Ru"tpy)(bpm)OBI** + 0, +H™  (8)

Initial results under catalytic conditions in 0.1 M HNO; with
[Ru(tpy)(bpz)(OH,)]** as the catalyst gave closely related results
with evidence for a [Ru"™-OOH]** intermediate and an intermediate
building up at the catalytic steady state with A,,,x = 385 (sh), 359
(sh), 339 (sh), 316 and 284 (sh) nm. This intermediate is presumably
the bpz analogue [Ru"(tpy)(bpz)(0,)]**. Under catalytic conditions
loss of Ce(IV) is also zero order in Ce(IV) with k(25 °C) = 1.4 x
1073 s7! (eq 9). Based on redox potential measurements, water
oxidation by [Ru"(tpy)(bpz)(O)]*" is favored over the bpm complex
with E°'(Ru¥=0"/Ru"-OH,>") ~ 1.42 V (bpz) and 1.32 V (bpm)
at pH = 1.

[Ru"(tpy)(bpz)(0,)*" + H,0—
[Ru"tpy)bp2yH0) P+ 0, (9)
The mechanism for water oxidation catalysis by [Ru(tpy)-
(bpm)(OH,)]** and [Ru(tpy)(bpz)(OH,)]*" derived from our ob-
servations is shown in Figure 2. Notable is the use of single site

catalysis and involvement of the 3e™ oxidized oxo complexes
[RuY(tpy)(bpm)(O)]** and [Ru"(tpy)(bpz)(0)]*". Thermodynami-
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Figure 2. Proposed mechanism for water oxidation by the monomers
[Ru(tpy)(bpm)(OH,)** and [Ru(tpy)(bpz)(OH,)]** in 0.1 M HNO; or 0.1
M HCIO..

cally, use of the higher oxidation state is advantageous with AG®’
= —0.90 eV for water oxidation by [RuY(tpy)(bpm)(O)]**,
2[Ru¥Y=0J*" + 3H,0 — 2[Ru"—OH,]** + 3/,0, + 2H" compared
to AG® = +0.04 eV for oxidation by Ru(IV), 2[RuV=0]*" +
2H,0 — 2[Ru"-OH,]*" + O, (pH = 1). The appearance of
peroxido intermediates is also a notable feature in the scheme. They
are presumably high energy intermediates given E°' = 1.77 V for
the H,O,/H,0 couple and E°" = —0.39 V for [Ru"(tpy)(bpm)(O)]**
oxidation of H,0 to H,0,, 2[RuY=01*" 4+ 6H,0 — 2[Ru""—OH,|**
+ 3H,0, + 2H" at pH = 1.

Our results are important in establishing detailed mechanistic
insight into water oxidation at a single ruthenium site and in paving
the way toward a family of robust water oxidation catalysts.
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