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Water oxidation, where two water molecules undergo a coupled 
loss of four electrons and protons to form an O–O bond, is one of 
the most appealing target reaction for molecular catalysts in view of 
hydrogen production by electrolytic or photolytic water splitting in 
order to cope with urgent energy and environmental problems.    
Inspired by a natural oxygen-evolving multinuclear manganese 
cluster, a number of water oxidation catalysts based on multinuclear 
transition metal complexes have been developed during this three 
decades.  In recent years, in parallel with discovery of mononuclear 

oxygen-evolving complexes, both experimental and theoretical 
studies have yielded important insights into the O–O bond 
formation pathways in these water oxidizing complexes.  In this 
microreview, we will present an updated view of the selected 
current literature focusing on the working mechanism of the 
ruthenium-based water oxidation catalysts and on the 
development of rationally designed ruthenium complexes that 
activate water at mild potentials. 

 

1. Introduction 

Today, to address the current energy and environmental 
problems including the fossil fuel depletion and the global 
warming,[1] developments of technologies for production, storage, 

and utilization of energy without the consumption of fossil fuels 
are attracting growing attentions.[2–5]  Although natural energy, 
such as solar and wind energy, is coming into use as a clean, 
sustainable, and renewable energy source, its instability of energy 
output and the difficulty in large-scale electricity storage have 
prevented its utilization as the primary energy supply.  In order to 
overcome these drawbacks, conversion of the natural energy into 
the chemical bonding energy is a promising approach that enables 
facile energy storage and transportation, as green plants store the 
solar energy in carbohydrates via the photosynthetic process.  
Hydrogen gas is one of the most attractive energy storage owing to 
its high energy density and clean combustion, and hence water 
splitting into H2 and O2 by electrochemical or photochemical 
processes is drawing great interest.  The water splitting reaction 
consists of two half reactions (eqs 1, 2). 
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2H+ + 2e– →H2  (E° = 0.00 V vs. SHE at pH = 0) (1) 

2H2O → + 4H+– (E° = 1.23 V vs. SHE at pH = 
0) (2) 

The major difficulty limiting the achievable efficiency of the 
electrochemical water splitting is the anodic water oxidation 
reaction (eq 2) yielding dioxygen, since it requires the coupling of 
four electron and proton transfers from two H2O molecules to form 
an O–O bond.  Combination of four successive one-electron 
oxidation steps including unstable radical intermediates is highly 
thermodynamically demanding, and therefore, developement of 
rationally designed molecular catalysts capable of processing the 
four-electron reaction is essential to achieve the water oxidation 
near the thermodynamic limit (E° = 1.23 V).[6–8] 

In nature, an elaborate molecular catalyst, the oxygen-evolving 
complex (OEC) embedded in Photosystem II (PSII) performs this 
difficult reaction in a successive four-step process, Kok cycle.[9–11]  
The OEC is a tiny metal oxide cluster composed of four manganese 
ions, one calcium ion, and five oxygen atoms (Mn4CaO5), which 
can take five oxidation states (S0–S4) by the redox of the Mn ions 
and stores four redox equivalents.[12]  Although the catalytic 
mechanism of the water oxidation in the OEC is still not fully 
understood, the catalytic transformation in the OEC is obviously 
one of the most important chemistries for life on the earth, and 
therefore, has attracted great attention of synthetic chemists 
challenging for mimicking the photosynthetic reactions in artificial 
catalytic systems. 

2. Polynuclear Molecular Catalysts for Water 
Oxidation 

Inspired by the structure of the OEC containing four Mn centers 
capable of storing the multiple redox equivalents, a number of 
molecular catalysts to conduct water oxidation based on 
multinuclear transition metal complexes including ruthenium 
(Ru)[13–26] and manganese (Mn)[27–35] have been synthesized during 
this three dacades (Figure 1). 

The first homogeneous oxygen evolving molecular catalyst 
reported by Meyer and co-workers in 1982 is an oxo-bridged 
polypyridyl dinuclear ruthenium complex cis,cis-
[(bpy)2(H2O)RuORu(OH2)(bpy)2]4+ (bpy: 2,2′bipyridine) (1), so-
called “blue dimer”.[13–15]  The “blue dimer” evolves oxygen gas in 
the presence of an excess sacrificial oxidant such as 
(NH4)2[CeIV(NO3)6] (CAN) or Co(III) with a maximum yield and 
turnover number (TON) of 87% and 13.2, respectively.[36]  
Following the paradigmatic discovery of the “blue dimer”, Naruta 
and co-workers prepared the first example of homogeneous Mn-
based water oxidation catalysts in 1994.[27,28]  Electrolysis of a 
pincer-shaped Mn porphyrin dimer 2 in CH3CN containing 5% 
H2O at the potential range of +1.2 – +2.0 V (vs. Ag/Ag+) results in 
the evolution of O2 gas with a current efficiency of 5–17% 
depending on the applied potential and TON of 9.2 at a maximum.  
In 1999, Brudvig and co-workers also reported a dinuclear Mn 
complex with two oxygen bridges [(trpy)(H2O)Mn(µ-
O)2Mn(OH2)(trpy)]3+ (trpy: 2,2′:6′,2′′-terpyridine) (3) mimicking 
the structure of the OEC, and demonstrated that oxidation of 3 in 
aqueous solution with excess NaClO gives oxygen evolution with a 

yield of 10% with respect to the used NaClO and TON of four.[29–

32] 

Yagi,[16,17] Llobet,[18–20] and Thummel[21,22] groups have 
synthesized dinuclear Ru complexes 4, 5, and 6, respectively, and 
demonstrated the catalytic water oxidation in moderate yields and 
TONs in the presence of the complexes using excess CAN.  The 
oxo-bridged polyammine complex 4 shows the catalytic activity 
not only in the homogeneous aqueous conditions, but also in a 
heterogeneous system where the catalyst is embedded in an ion 
exchange membrane.  McKenzie and co-workers reported a 
dinuclear Mn complex 7 in 2005, which can evolve oxygen with 
TON of 10–20 in the presence of tert-butyl hydroperoxide (TBHP) 
as a sacrificial oxidant.[33] CAN is not a very good oxidant in the 
case of 7 because the highly acidic media prevents the formation of 
high-valent Mn species. 

In 2010, Sun and co-workers synthesized a dinuclear Ru 
complex 8 bridged by a rigid 3,6-bis(2′-pyridyl)pyridazine 
derivative, in which two Ru ions are fixed in a syn configuration 
with respect to the rod-like ligand.[23]  The complex 8 exhibits a 
remarkable catalytic activity in the water oxidation in an aqueous 
solution of CAN with TON of 10,400, which is more than double 
for that of an anti counterpart (4,700).[24]  In addition, in 2008, Hill 
and Bonchio groups have independently, nearly simultaneously 
revealed that a purely inorganic framework incorporating 
tetraruthenium core, namely a polyoxometalate [{Ru4(µ-O)4(µ-
OH)2(H2O)4}(γ-SiW10O36)2]10– (9), works as an oxygen-evolving 
catalyst.[25,26]  Treatment of 9 with excess CAN in an acidic 
aqueous solution results in efficient O2 generation with a yield of 
90% and TON of 500.  

Figure 1. Molecular structures of water oxidation catalysts based on 
multinuclear Ru and Mn complexes. 

3. Mononuclear Catalysts for Water Oxidation 

Although it had been believed for a long time that the 
multinuclear structure is essential for the catalytic O–O bond 
formation, in 2008, three groups have reported that mononuclear 
ruthenium and iridium (Ir) complexes have catalytic activity 
comparable to that of the dinuclear ones in the water oxidation 
(Figure 2).  Bernhard and co-workers have reported that a 
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mononuclear aquo iridium (Ir) complex [Ir(ppy)2(OH2)]+ (Hppy: 2-
phenylpyridine) 10 exhibits catalytic activity in the water 
oxidation.[37]  The complex 10 furnishes O2 upon addition of CAN 
with a volume of one-third of the expected one for complete 
conversion and TON of more than 2,000.  Thummel and co-
workers have shown that [Ru(trpy)(bpy)Cl]+ 11 catalyzes the water 
oxidation in the presence of CAN at pH 1 to give TON of 1,170.[38]  
Meyer and co-workers have demonstrated that mononuclear aquo 
Ru complexes [Ru(trpy)(bpm)(OH2)]2+ (bpm: 2,2′-bipyrimidine) 
(12) and [Ru(trpy)(bpz)(OH2)]2+ (bpz: 2,2′-bipyrazine) generate 
quantitative amount of oxygen with respect to used CAN although 
the TONs are not very high.[39,40]  In 2009, Sakai group also 
reported the catalytic water oxidation by an aquo Ru complex 
[Ru(trpy)(bpy)(OH2)]2+ (13) with excess CAN with TON of 178 in 
90% yield.[41,42]  

Following these discoveries of the mononuclear water oxidation 
complexes, Crabtree and co-workers have synthesized an Ir 
complex [Ir(Cp*)(ppy)Cl] (HCp*: 1,2,3,4,5-
pentamethylcyclopentadiene) (14) and revealed that 14 works as a 
water oxidation catalyst.[43]  Addition of excess CAN into an 
aqueous solution of 14 at pH 1 results in quick generation of O2 gas 
(TON > 1,500 after 5.5 hours).  Albrecht and co-workers have 
found that an Ir complex 15 bearing a carbene-type ligand as a 
strong donor efficiently catalyzes water oxidation in the presence 
of CAN (TON 10,000 after 120 h).[44]  In 2012, Sun and co-
workers have reported a highly active oxygen-evolving 
mononuclear Ru complex [Ru(bda)(ptz)2] (H2bda: 2,2′-bipyridine-
6,6′-dicarboxylic acid; ptz: phthalazine) (16) by refining a similar 
catalyst [Ru(bda)(pic)2] (pic: 4-picoline) they previously found in 
2009.[45–47]  The complex 16 almost quantitatively evolves O2 by 
addition of CAN with TON as high as 55,400.  They also applied 
these Ru catalysts to photocatalytic water splitting by depositing 
the complex onto the TiO2-modified FTO (fluorine-doped tin 
oxide) electrode together with a [Ru(bpy)3]2+ derivative as a 
photosensitizer, and accomplished TON of ca. 500 with an external 
bias (0.2 V vs. SHE) in a nearly neutral aqueous solution.[48]   

Figure 2. Molecular structures of water oxidation catalysts based on 
mononuclear Ru and Ir complexes. 

In very recent years, in addition to the noble metal-based 
catalysts described above, discrete multi- and mononuclear 
complexes including first-row transition metals other than Mn, 
namely cobalt (Co),[49–52] copper (Cu),[53] and iron (Fe),[54–57] have 
been coming into application as the water oxidation catalysts 
(Figure 3).  For instance, Hill and co-workers have found in 2010 
that a polyoxometalate incorporating a tetranuclear cobalt core 

[Co4(H2O)2(PW9O34)2]10– (17) oxidizes water to oxygen in nearly 
neutral phosphate buffer (pH 8) in the presence of [Ru(bpy)3]3+ as 
an oxidant with a yield and TON of 67% and 78, respectively.[49]  
Mayer and co-workers have discovered catalytic activity of a quite 
simple Cu complex [Cu(bpy)(OH)2]  (18), which is prepared in situ 
from Cu(OAc)2 and bpy in a basic aqueous solution (pH 12.5).  
Controlled-potential electrolysis at +1.35 V (vs. SHE) of 18 with 
an ITO working electrode furnishes O2 with a quantitative Faradaic 
efficiency (TON > 30).[53]  Costas and co-workers have 
demonstrated that an iron complex chelated by a tetradentate 
nitrogen ligand (19) efficiently evolves oxygen in the presence of 
NaIO4 or CAN, in which the TONs are 1,050 and 360, respectively, 
for the two oxidants.[54]  The properties of the water oxidation 
molecular catalysts described above are summarized in Table 1.  

Figure 3. Molecular structures of water oxidation catalysts based on the 
first-row transition metal complexes. 

Table 1. Water oxidation catalysts based on discrete metal complexes. 

Catalyst Oxidant Yielda / % TONb,c Ref. 

1 CAN 87 13.2 [36] 
2 electrolysis 5–17 9.2 [27] 
3 NaClO 10 4 [29] 
4 CAN –d –d [16] 
5 CAN 73 18.6 [18] 
6 CAN –d 538 [23] 
7 TBHP –d 10–20 [33] 
8 CAN –d 1,700 [24] 
9 CAN 90 500 [26] 
10 CAN 37 2,760 [37] 
11 CAN –d 1,170 [38] 
12 CAN 100 7.5 [39] 
13 CAN 90 178 [41] 
14 CAN –d 1,500 [43] 
15 CAN –d 10,000 [44] 
16 CAN >90 55,400 [45] 
17 [Ru(bpy)3]3+ 67 78 [49] 
18 electrolysis 90 >30 [53] 
19 NaIO4 –d 1,050 [54] 
trans-20 CAN –d 3,500 [81] 
trans-20 electrolysis –d 30 [81] 
cis-20 CAN –d 1,200 [81] 
cis-20 electrolysis –d 6 [81] 
22 electrolysis 95 33,500 [96] 
23 CAN –d 414 [99] 
23 electrolysis –d 2.6 [99] 
aCurrent efficiency in the case of electrolysis. bTurnover number: molar 
ratio of the evolved oxygen with respect to the used catalyst. cAlthough 
turnover frequency (TON per unit time) is also used as a characteristics of 
the catalyst, it often depends on the oxidant concentration. dNot reported.  
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4. Proposed Mechanism for the O–O Bond 
Formation 

Although a number of homogeneous molecular catalysts for 
water oxidation based on the multinuclear and mononuclear metal 
complexes have been developed, their mechanisms of the O–O 
bond formation are still largely remained obscure.  Since its 
discovery in 1992, the reaction mechanism of the “blue dimer” 1 
and related ruthenium complexes has been enthusiastically studied 
by several groups both experimentally and computationally, and 
three prominent types of the transformation mechanisms have been 
advocated so far (Scheme 1).[6,42,58–80]  

Scheme 1. Possible pathways of the O–O bond formation in the catalytic 
water oxidation by ruthenium-oxo complexes.  (a) A electrophilic attack of 
the oxo ligand to the water molecule, (b) coupling of the two ruthenium-
oxo species, and (c) coupling between the ruthenium-oxo and 
hydroxocerium species. 

The O–O bond formation in the catalytic cycle of the water 
oxidation by the “blue dimer” has been the subject of controversy.  
The addition of Ce(IV) to the “blue dimer” 
[(bpy)2(H2O)RuIIIORuIII(OH2)(bpy)2]4+ (hereafter denoted [H2O–
RuIIIRuIII–OH2]4+) causes successive oxidation of the Ru centers 
coupled with deprotonations of the aqua ligands to give two key 
intermediates, [O=RuIVRuV=O]3+ and [O=RuVRuV=O]4+.  The 
electrophilic attack of the oxygen atom of the Ru(V)=O group in 
the intermediates to water molecule leads to formation a RuIII–
OOH bond (Scheme 1a).  Meyer and Hurst groups have proposed 
that this “acid-base” mechanism between the high RuV=O and H2O 
is the predominant pathway of the O–O bond formation not only in 
the dinuclear “blue dimer”[59,60,64] but also in the mononuclear Ru 
catalysts.[66]  Hurst and co-workers have also proposed another 
pathway including non-innocent involvement of the bpy lidand of 
the “blue dimer”, where Ru-assisted hydration of the bpy generates 
a bpy peroxide species leading to the O2 release.[67]  Sun[68], 
Fukuzumi[69], and Bonchio[70] and their co-workers have also 
revealed that the “acid-base” mechanism including RuV=O species 
as a key intermediate is the facile O–O bond formation mechanism 
in their mononuclear aquo Ru complex and mononuclear and 
tetranuclear Ru-cored polyoxometalates, respectively, by utilizing 
both experimental and theoretical approaches.  In contrast, Hill and 
co-workers computationally proposed that the “acid-base” water 
activation by the RuV=O species, which is in resonance with RuIV–
O•, is highly endothermic and does not occur in their multinuclear 
Ru-centered polyoxometalate.[71] 

On the other hand, Llobet and co-workers have proposed an 
alternative pathway of the O–O bond formation in a dinuclear Ru 
catalyst [(trpy)(H2O)RuII(µ-bpp)RuII(OH2)(trpy)]3+ (Hbpp: 3,5-
bis(2-pyridyl)pyrazole) (5).[19,77,78]  In analogy to “blue dimer”, the 

oxidation of the Ru centers of [H2O–RuIIRuII–OH2]3+ by CAN 
conjugated with deprotonations of the aqua ligand gives an oxo 
RuIV species [O=RuIVRuIV=O]3+.  The kinetic study and isotope 
labelling experiments have evidenced that the O–O bond formation 
proceeds in a bimolecular coupling mechanism between two Ru=O 
species (Scheme 1b). 

Furthermore, it is fairly curious that most of water oxidation 
reactions catalyzed by Ru complexes have been conducted by 
using Ce(IV), but do not proceed under the electrolysis at 
potentials more positive than 1.50 V.  Taking into account the fact 
that the (CeIII/CeIV) redox couple is +1.37 V (vs. SCE) in H2O (1 
M), Sakai and co-workers proposed that Ce(III)–OH•, which is in 
resonance with Ce(IV)–OH– in water, works as the oxygen donor 
in the O–O bond formation (Scheme 1c).[42]  Berlinguette and co-
workers also pointed the unusual role of CAN, especially the 
involvement of the nitrate anion of CAN in the O–O bond 
formation step.[79,80]  

5. Comparison between Chemical and 
Electrochemical Oxidation of Water 

Smooth formation of Ru(IV)=O species through the well-
established electron and proton loss reactions of the corresponding 
Ru(II)–OH2 is a primary reason why aqua-Ru(II) complexes are 
predominantly used as catalyst precursors in water oxidation.  
Energy consumption in water oxidation must be largely dependent 
on the oxidation potential of Ru(IV)/Ru(V) couple by considering 
the role of Ru(V)=O in the O–O bond formation.  A metalacyclic 
ligand linked to Ru with strong σdonor carbon would cause 
negative shifts of the oxidation potential to create Ru complexes in 
a higher oxidation state.  Along this line, 2-(pyrid-2′-yl)-acridine 
(pad) is introduced into Ru complexes to facilitate the negative 
shift of their oxidation potentials.[81–84] 

The cyclic voltammogram (CV) of [Ru(pad)(bpy)2]+ in dry 
CH3CN exhibits two reversible (RuII/ RuIII) and (RuIII/ RuIV) redox 
couples at E1/2 = +0.52 V and +0.78 V (vs. SCE), respectively.  A 
broad cathodic wave of the (pad/pad•–) couple appears at –1.61 V 
as a shoulder of the two (bpy/bpy•–) couples at E1/2 = –1.64 V and –
1.92 V.  The –1.61 V cathodic wave undergoes a positive shift with 
increasing amounts of water, and emerges at –1.10 V in 
CH3CN/H2O (9:1 v/v).  The exhaustive electrolysis of the resultant 
solution at –1.20 V consumes 2 F·mol–1 of electrons, and a 
hydrogenated form [Ru(padHH)(bpy)2]+ (padHH: 2-(pyrid-2′-yl)-
9,10-dihydroacridine) is obtained in an almost quantitative yield.  
The 13C NMR signals of the coordinated carbons of 
[Ru(pad)(bpy)2]PF6 and [Ru(padHH)(bpy)2]PF6 appear at 127.27 
ppm and 126.57 ppm, respectively, that are consistent with Ru–C 
type single bond character. 

On the other hand, protonation of pad of [Ru(pad)(bpy)2]+  by an 
addition of HCl causes the 13C NMR signal to shift downfield to 
228.87 ppm.  The X-ray analysis of the protonated form, 
[Ru(padH)(bpy)2]Cl2·10H2O, revealed the short Ru–C bond 
(2.011(4) Å) that is a significant feature of carbene type behavior.  
These results indicate that protonation of the non-bonded nitrogen 
of the cyclometalated Ru-pad effectively lowers the energy level of 
the π*-orbital of pad, which gives rise to nearly two-electron 
transfer from Ru(II) to padH.  In other words, a quinoid structure is 
induced, and the RuII–C and RuIV=C bonding modes exist as 
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contributing structures in the canonical form of [Ru(padH)(bpy)2]2+ 
(Scheme 2).  The ΔH0 and ΔS0 values between the contributing 
structures including RuII–C bond and RuIV=C coordination modes 
were determined as –4.93 kcal·mol–1 and –21.82 cal·K–1·mol–1 
respectively, based on the temperature dependent 1H NMR of 
[Ru(pad)(bpy)2]PF6 in the presence of one equivalent of HCl. 

Scheme 2. Protonation-induced generation of the RuIV species in the Ru-
pad complex by the resonance between the RuII–C and RuIV=C structures. 

The reaction of [Ru(pad)(CH3CN)4]2+ with trpy selectively gives 
trans-[Ru(trpy)(pad)(CH3CN)]+ with the orientation of the 
coordinating carbon trans to CH3CN.  Hydrolysis of trans-
[Ru(trpy)(pad)(CH3CN)]+ produces trans-[Ru(trpy)(pad)(OH2)]+ 
(trans-[20]+) stereospecifically.  Irradiation of visible-light (λ > 
420 nm) to trans-[20]+ in acetone-d6 results in complete 
isomerization to cis-[Ru(trpy)(pad)(OH2)]+ (cis-[20]+) in two hours 
at room temperature. 

Scheme 3. Resonance structures of trans-[20H]2+ including the contribution 
of RuIV species. 

Trans- and cis-[20]+ exhibit two types of acid-base equilibrium 
reactions.  One is the protonation of the non-bonded nitrogen of 
pad (pKa1) (Scheme 3), and the other is the proton dissociation of 
Ru–OH2 (pKa2).  The pKa1 and pKa2 of trans-[20]+ determined by 
pH titration are 6.90 and 10.03, respectively.  Those values of the 
cis isomer are 6.75 and 11.01.  The CV of trans-[20]+ in an 
aqueous solution at pH 1.95 exhibits a broad redox couple at 0.31 
V and cis-[20]+ at 0.33 V (vs. SCE).  Strong anodic currents begin 
to flow at the potentials more positive than +1.4 V as a 
consequence of water oxidation.  The initial oxidation process in 
the isomer trans-[20H]2+ (within the pH range of 1.95–4.0) is a pH 
independent 2e– process of 
[Ru(trpy)(=padH)(OH2)]2+/[Ru(trpy)(=padH)(OH2)]4+ couple.  The 
same oxidation process shifts by –30 mV/pH in a pH range from 4 
to 7, and by –60 mV/pH from pH 7 to pH 11, which indicates that 
these waves are corresponding to a 2e–/1H+ and 2e–/2H+ processes, 
namely [Ru(trpy)(=padH)(OH2)]2+/[RuIV(trpy)(pad)(OH2)]3+ and 

[RuII(trpy)(pad)(OH2)]+/[RuIV(tpy)(pad)(=O)]+ couples, 
respectively.  The bulk electrolysis of trans-[20]+ conducted at 
+0.60 V consumes 2F·mol–1 electrons in buffer solutions at various 
pH (2–10).  

Treatment of the complex with CAN in aqueous in 0.1 M HNO3 
catalytically evolves O2.  The TON values for O2 evolution by 
trans- and cis-[20]+ are 3,500 and 1,200, respectively.  The initial 
rate is proportional to the first order with respect to the 
concentrations of Ce(IV) and the complex.  Compared to the 
catalytic abilities of mononuclear ruthenium aqua complexes 
reported so far, trans-[20]+ has remarkable ability for the dioxygen 
evolution from water (Table 1).  Furthermore, both complexes also 
catalyze water oxidation under the electrolysis at +1.40 V vs. SCE 
in water at pH 4.0 (buffered with H3PO4/KOH) (Figure 4).  
However, O2 evolution by electrochemical water oxidation is very 
scarce compared to the chemical oxidation using Ce(IV) although 
the redox potential of the Ce(IV)/Ce(III) pair of CAN is reported to 
be in a range of +1.20 – +1.46 V (vs. SCE) depending on 
conditions.  The catalytic activity of the trans-[20]+ (TON 30) is 
also higher than cis-[20]+ (TON 6).  The higher catalytic ability of 
trans-isomer is correlated with the lower pKa2 value compared to 
cis-isomer as a consequence of the contribution by trans effect of 
the σ-donating and π-accepting ability of carbon coordination.  It 
leads to destabilization of the Ru–OH2 bond and induction of a 
partial positive character at the oxygen atom of the aqua ligand, 
which allows the attack by another water molecule to evolve 
dioxygen.  This is a rare example of electrolytic O2 evolution 
molecular catalysts working under +1.40 V vs. SCE.[53,85] 

It is concluded that O2 evolution in the electrochemical oxidation 
of trans- and cis-[20]+ proceed via the nucleophilic attack of water 
molecule to Ru=O species.  However, the substantial differences in 
the catalytic activity of trans- and cis-[20]+ toward O2 evolution 
between the chemical oxidation using Ce(IV) (TON 3,500 and 
1,200) and electrochemical oxidation (TON 30 and 6) cast 
suspicion on the possibility of the occurrence of the reaction of 

Ru(V)=O with CeIII-OH• affording Ru-O-OH bonds besides the 
role of one-electron oxidant.[42] 

Figure 4. (a) Catalytic dioxygen evolution by the complexes at pH 4. (b) 
Dioxygen evolutions by trans- and cis-20 in electrochemical method at pH 
4 and potential 1.40 V (vs. SCE). 

6. Water Activation on Low-Valent Ru Centers as a 
Stabilized Oxyl Radical 

Dioxolene is an electrochemically non-innocent ligand, which 
takes three distinct electronic states classified as quinone (Q), 
semiquinone (Sq), and catecholate (Cat), and its metal complex 
often shows strong electronic interactions between the metal center 
and the ligand.[86–88]  In the case of ruthenium–dioxolene 
complexes, charge distribution between the Ru center and the 
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ligand takes place to allow the resonance hybridization among 
Run+–Q, Ru(n+1)+–Sq, and Ru(n+2)+–Cat (Scheme 4a) as a 
consequence of the close energy levels of the t2g (dπ) orbitals of 
ruthenium and the pπ* orbital of the dioxolene ligand.[89–92]  For 
example, the energy gap between the Ru(II)–Bu2Q and Ru(III)–
Bu2Sq structures are so small that it is quite difficult to determine 
which of them the ground state is experimentally, or even 
theoretically.  Nor magnetic analysis can distinguish these two 
species as a consequence of the antiferromagnetic interaction 
between two unpaired electrons on the Ru(III) and Sq units, which 
makes Ru(III)–Bu2Sq a diamagnetic state. 

Scheme 4. (a) Electronic structures of the ruthenium-dioxolene complex 
including charge distribution between the metal center and the ligand. (b) 
Formation of the ruthenium oxyl radical complex [RuII(trpy)(Bu2Sq)(O•–)] 
21c via intramolecular electron transfer coupled with acid-base equilibrium. 

In 2003, Tanaka and co-workers reported the first preparation 
and characterization of a stable ruthenium oxyl radical complex 
[RuII(trpy)(Bu2Sq)(O•–)] (Bu2Sq: 3,5-di-tert-butyl-1,2-
benzosemiquinone) ([21c]) by the double deprotonation of the aqua 
ligand of [RuII(trpy)(Bu2Q)(OH2)](ClO4)2 ([21a](ClO4)2) (Scheme 
4b).[93,94]  The aquo complex [21a]2+ shows a strong absorption 
band at 600 nm in CH2Cl2, derived from a charge transfer (CT) 
between the Ru center and the dioxolene ligand.  After single 
deprotonation of the aqua ligand of [21a]2+ by addition of one 
equivalent of t-BuOK, the CT band shifts to 576 nm (Figure 5), 
indicating formation of a hydroxo complex 
[RuII(trpy)(Bu2Q)(OH)](ClO4) ([21b](ClO4)).  Addition of more 
than three equivalents of t-BuOK diminishes the absorption band at 
576 nm, and a new band emerges at 870 nm, which is characteristic 
of the Ru(II)–Sq species. 

Figure 5. Electronic absorption spectra of [RuII(trpy)(Bu2Q)(OH2)](ClO4)2 
([21a](ClO4)2) in the presence of various equivalents of t-BuOK in CH2Cl2. 

Combination with the results of EPR, CV, and X-ray 
crystallographic analysis revealed that the deprotonation of the 
hydroxo ligand of [21b]+ affords the ruthenium oxyl radical 
complex [21c].  The EPR experiments confirm that the ground 
state of [21c] is a triplet biradical, indicating antiferromagnetic 
interaction between the oxyl radical and the semiquinone ligand.  
The acid-base equilibrium of the hydroxo ligand formally gives an 
oxo ligand O2–, and the accompanying intramolecular electron 
transfer from the resultant oxo ligand to the quinone ligand 
facilitates the formation of the oxyl radical species, Sq–Ru(II)–O•–.  
Considering that proton abstraction from aquo or hydroxo 
complexes by strong bases usually gives µ-oxo bridged complexes 
(M–O–M), the strong electronic interaction between Ru and the 
dioxolene ligand plays a critical role in the remarkable stabilization 
of the oxyl radical.  While the generation of the reactive species 
from Ru–OH2 without any non-innocent ligands (e.g., the “blue 
dimer”) requires the oxidation up to the high oxidation state 
Ru(V)=O, the dioxolene ligand as an electron pool enables the 
formation of the reactive oxyl radical species at the lower oxidation 
state Ru(II).  Although the oxyl radical complex [21c] does not 
exhibit oxidative activity for organic substrates, one electron 
oxidation by Ag(I) affords Q–Ru(II)–O•– (or Sq–Ru(III)–O•–) 
species that can oxidize various cyclic dienes to give the 
corresponding aromatic compounds and Q–Ru(II)–OH.[95] 

 One can imagine that if two Q–Ru–OH2 moieties are fixed in 
spatial proximity by using a suitable bridging ligand and rendered 
to Sq–Ru–O•– species by an intramolecular electron transfer 
conjugated with acid-base equilibrium, radical coupling between 
the two oxyl radicals will take place to form an O–O bond.  Based 
on this concept, Tanaka group developed a dinuclear ruthenium 
complex [RuII2(btpyan)(Bu2Q)2(OH)2]2+ [22]2+ (btpyan: 1,8-
bis(2,2′:6′,2′′-terpyrid-4′-yl)anthracene; Bu2Q: 3,6-di-tert-butyl-
1,2-benzoquinone) (Figure 6), and demonstrated its extraordinarily 
high catalytic activity for the electrolytic four-electron oxidation of 
water to dioxygen.[96–98]  The two OH groups direct into the cavity 
as a consequence of the rigid framework of the btpyan ligand, 
where the two terpyridyl units are arranged in parallel in close 
positions (the distance between the central nitrogen atoms is 4.22 
Å), and steric hindrance of the bulky tert-butyl groups of the 
quinone ligand.  The dinuclear complex [22]2+ shows a strong CT 
absorption at 576 nm in MeOH as is observed in the mononuclear 
counterpart [21b]+.  Deprotonation of the hydroxo ligands of [22]2+ 
by two equivalents of t-BuOK decreases the absorption at 576 nm, 
and a new band appears at 850 nm, indicating the generation of the 
Sq–Ru(II)–O•– species via the intramolecular electron transfer 
coupled with the acid-base equilibrium of the hydroxo ligand.  
Although two oxyl radicals sit closely within the cavity of the 
btpyan framework in the resultant tetraradical complex 
[RuII2(btpyan)(Bu2Sq)2(O•–)2], it exists as a stable compound, and 
the radical coupling to form an O–O bond does not take place. 
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Figure 6. Molecular structure of [Ru2(btpyan)(Bu2Sq)2(OH)2]2+ ([22]2+). 

A controlled-potential electrolysis of [22](SbF6)2 modified on an 
ITO electrode conducted at +1.70 V (vs Ag/AgCl) in water (pH 
4.0) results in O2 gas evolution with current efficiency of 95% and 
a fairly high TON of 33,500.[96]  The complex [22]2+ modified on 
the plate is also smoothly converted to the bis(oxyl radical) species 
at pH higher than 3.0 owing to the proton dissociation.  The CV of 
the deposited [22]2+ in water (pH 4.0) shows a broad redox wave at 
+0.32 V (vs. Ag/AgCl) and an irreversible anodic wave at +1.19 V, 
that are assigned to [RuII–Sq]/[RuIII–Sq] and [RuIII–Sq]/[RuIII–Q] 
couples, respectively.  Moreover, a strong anodic current is 
observed at potentials more positive than +1.2 V, which apparently 
derives from the catalytic water oxidation.  During the electrolysis 
of [22]2+ modified on the ITO electrode at +1.70 V, the current 
gradually decreases as a consequence of the acidification of the 
solution, and almost stops at pH 1.2.  The water oxidation resumes 
after readjustment of pH to 4.0 by addition of KOH to the aqueous 
solution.  The water oxidation continues to evolve 33,500 O2 
molecules per one [22]2+ molecule until the complex exfoliates 
from the electrode surface, which indicates the high stability of 
[22]2+ in the solid state. 

On the other hand, [RuIII2(btpyan)(bpy)2(µ-Cl)]3+ ([23]3+), in 
which the dioxolene ligands of [22]2+ are replaced by bpy ligands, 
exhibits much lower catalytic activity in the water oxidation, which 
supports critical involvement of the oxyl radical species in the 
catalytic water oxidation by [22]2+.[99]  The CV of [23]3+ at pH 1.0 
exhibits two reversible redox waves at +0.61 V and +0.80 V (vs. 
Ag/AgCl) that are ascribed to [RuII–RuII]/[RuII–RuIII] and [RuII–
RuIII]/[RuIII–RuIII] couples, respectively.  A pH dependency of the 
latter redox couple suggests that the bridging Cl ion is substituted 
by water molecules in the [RuIII–RuIII] state.  A controlled-potential 
electrolysis of [23]3+ in a phosphate buffer solution (pH 2.6) at 
+1.6 V catalytically evolves dioxygen, but the TON is quite low 
(2.6).  Resonance Raman spectra of [23]2+ after the electrolysis at 
+1.40 V in H216O show two Raman bands at 442 and 842 cm–1, 
which shift to 426 and 780 cm–1 in H218O, respectively.  The 
isotopic frequency shifts are consistent with the calculated values 
of the Ru–O and O–O stretching modes, respectively, indicating 
formation of an intermediate including Ru–O–O–Ru moieties.  
Although addition of excess CAN to the acidic solution of [23]3+ 
(pH 1.0) allows evolution of more volume of dioxygen, the TON of 
414 is still not very high. 

Figure 7. Molecular structures of [Ru2(btpyan)(bpy)2(µ-Cl)]3+ ([23]3+) and 
[Ru2(btpyxa)(Bu2Sq)2(µ-O)]3+ ([24]3+). 

In addition, installation of a more flexible bridging ligand 
instead of the btpyan ligand of [22]2+ gives an oxo-bridged 
complex without any catalytic activity, which indicate the critical 
importance of the rigid framework of the btpyan ligand for the 

efficient catalysis.[100]  The utilization of 2,7-di-tert-butyl-9,9-
dimethyl-4,5-bis(2,2′:6′,2′′-terpyrid-4′-yl)xanthene (btpyxa) 
instead of btpyan does not lead to the formation of dihydroxo or 
diaquo complexes, but an oxo-bridged one, 
[RuIII2(btpyxa)(Bu2Sq)2(µ-O)]3+ ([24]3+) (Figure 7).  The CV of 
[24]3+ in CH2Cl2 shows four quasi-reversible redox couples at 
+0.63 V, –0.01 V, –0.30 V, and –0.80 V (vs. SCE), where the first 
two waves are corresponding to the [RuIV–RuIII]/[RuIV–RuIV] and 
[RuIII–RuIII]/[RuIV–RuIII] couples, respectively.  Despite the 
generation of the higher oxidation states of the Ru centers, [24]3+ 
exhibits no catalytic activity in the water oxidation, which strongly 
supports the necessity of the rigid btpyan ligand of [22]2+ to 
separate the two hydroxo moieties by a suitable distance. 

Because of the remarkable catalytic activity of [22]2+, several 
theoretical studies have been carried out recently to reveal the 
reaction mechanism of the water oxidation, especially the most 
crucial step, the O–O bond formation.[101–103]  The most plausible 
mechanism of the O–O bond formation so far is based on the 
radical coupling between the two oxyl radicals triggered by spin 
inversion on the Ru(III) centers (Scheme 5).[101]  Acid-base 
equilibrium of the aqua ligands coupled with an electron transfer 
(ET) to the quinone ligands gives the tetraradical complex 
[RuII2(btpyan)(Bu2Sq)2(O•–)2].  As described above, the facile O–O 
bond formation is suppressed in the tetraradical species because of 
a local triplet diradical (LTD) state of the two oxyl radicals 
(Hund’s rule).  The two-electron removal from the two closed-shell 
Ru(II) centers to open-shell Ru(III), however, generates 
[RuIII2(btpyan)(Bu2Sq)2(O•–)2]2+ bearing six unpaired electrons.  
The computational study shows that the unpaired electron on the 
oxyl radical in these species couples ferromagnetically with that on 
the adjacent Ru(III) center.  The spin on the Ru(III) undergoes 
facile inversion (SI) due to a heavy atom effect, which thus induces 
concomitant inversion of the magnetically coupled spin on the 
neighboring O•–.  As a result, the two oxyl radicals afford a local 
singlet diradical (LSD) pair that readily couples to form an O–O 
bond (RC) to give a peroxide species (O22–).  The mononuclear 
counterpart [21a]2+ does not exhibit any catalytic activity in water 
oxidation despite the absence of this quantum constraint for 
intermolecular radical coupling, which is presumably because of 
electrostatic repulsion between the anionic oxyl radicals. 
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Scheme 5. A radical coupling mechanism for the O–O bond formation in 
the water splitting by [22]2+ proposed by Tanaka and co-workers[101] (L: 
btpyan; Q (Sq): 3,6-di-tert-butyl-1,2-benzo(semi)quinone).  

The following substitution of the peroxide ligand by a water 
molecule is the rate-limiting step in the catalytic cycle owing to 
severe steric hindrance of the bulky btpyan and dioxolene ligands.  
Although the detailed reaction mechanism leading to the O2 release 
is still under investigation, one possible pathway is depicted in 
Scheme 5.  After the nucleophilic substitution of one of the oxygen 
atom of the peroxide by H2O, one electron transfer from the 
terminal oxygen to the Ru(III) center will takes place to give a 
superoxide  anion (O2•–).  Before another one electron transfer and 
H2O attack, a spin exchange (SE) between the Ru(III) center and 
the semiquinone ligand should occur, and thus a triplet dioxygen 
will be released accompanied by the recovery of the initial catalyst 
[21]2+.  Taking into account the fact that the O–O bond formation 
is considered to be the rate-determining step in most of the water 
oxidation catalyzed by dinuclear or mononuclear metal complexes, 
the radical coupling mechanism of [22]2+ is a highly efficient 
pathway of water activation to form an O–O bond. 

7. Conclusion 

In this microreview, we have focused on the developments and 
mechanistic studies on the artificial oxygen-evolving catalysts.  
Many of the homogeneous water oxidation catalysts having been 
studied so far require an excess (105–106) of Ce(IV) as a sacrificial 
oxidant in the highly acidic media, but the harsh conditions often 
shorten the lifetime of the catalysts.  Moreover, it is proposed that 
the Ce(IV) ion sometimes plays an essential role in the O–O bond 
formation step in the catalytic cycles (Scheme 1c), and hence the 
reactions often do not proceed with other oxidants or by 
electrolytic oxidation.  Thus, we suggest that we should refrain 
from the use of Ce(IV) oxidants in the test systems of the catalysts 
in view of the application of the catalysts to electrolytic or 
photocatalytic water splitting. 

Here we have focused on the mononuclear and dinuclear 
ruthenium complexes reported by Tanaka and co-workers, which 
show remarkable catalytic activities in the water electrolysis.  In 
the mononuclear complex [20]+, the protonation of the pad ligand 
gives rise to the ruthenium-carbene species, which allows the 
formation of the Ru(IV) state at the mild potential.  It is noteworthy 
that the use of Ce(IV) as the sacrificial oxidant largely promotes 
the water oxidation by [20]+ compared to the electrolysis, which 
suggests the unusual participation of the Ce(IV) ion in the reaction.  
In the dinuclear complex [22]2+, the dioxolene ligands on the 
ruthenium centers play essential roles to stabilize Ru–O•– species 
by the electron delocalization.  The resultant Ru–O•– species fixed 
in spatial proximity smoothly couple to form the O–O bond upon 
the oxidation of ruthenium ions and the following spin inversion on 
the metal centers.  This is the first example of the water oxidation 
catalyst in which the O–O bond formation mechanism including 
the coupling of the metal-oxyl radical species has been elucidated.  
Recent studies have proposed that the O–O bond formation process 
in the natural OEC might include a radicaloid intermediate 
Mn=O•.[104–106]  In addition, very recently, it has been suggested 
that some artificial water oxidation catalysts, including “blue 
dimer”, even involve M=O• radical(oid) species in their O–O bond 
forming transformations.[34,42,107]  Piecing together these insights, 

we can speculate that the metal-oxyl radical complexes will be 
more common species as we have considered, and might be 
involved in other oxidation reactions processed by both natural 
metalloenzymes and artificial metal catalysts. 
____________ 
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 Water Oxidation Catalysts 

The selected current literature in 
homogeneous molecular catalysts for 
water oxidation based on transition 
metal complexes is reviewed. Special 
attention is paid to the mechanism of 
the O–O bond formation in ruthenium-
based catalysts. This review surveys 
rational approaches to conducting 
oxygen evolution near the 
thermodynamic limit. 
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