In: Ruthenium
Editor: Gary P. Keeler

ISBN: 978-1-63321-657-0
© 2014 Nova Science Publishers, Inc.

No part of this digital document may be reproduced, stored in a retrieval system or transmitted commercially
in any form or by any means. The publisher has taken reasonable care in the preparation of this digital
document, but makes no expressed or implied warranty of any kind and assumes no responsibility for any
errors or omissions. No liability is assumed for incidental or consequential damages in connection with or
arising out of information contained herein. This digital document is sold with the clear understanding that
the publisher is not engaged in rendering legal, medical or any other professional services.

Chapter 7

DESIGN AND MECHANISTIC INSIGHT INTO
MOLECULAR RUTHENIUM-BASED
WATER OXIDATION CATALYSTS
Markus D. Kärkäs* and Björn Åkermark*
Department of Organic Chemistry, Arrhenius Laboratory,
Stockholm University, Stockholm, Sweden

ABSTRACT
Sunlight provides the necessary energy for all life through a process called
photosynthesis. With today’s increasing demand for energy and the diminishing fossil
fuel resources, there exists a need to move the society towards a sustainable energy
economy. The light-driven splitting of H2O to H2 and O2 thus constitutes an attractive
option for solving this energy crisis. However, because of the kinetic and thermodynamic
complexity associated with the processes occurring in the natural photosynthetic
machinery, reproducing this represents a great scientific challenge. Currently the
development of efficient and robust catalysts for oxidizing H2O to O2 constitutes the
primary bottleneck for advancing towards a carbon-neutral society. This has attracted
significant attention to the construction of molecular complexes that are able to carry out
the demanding four-electron oxidation of H2O in the pursuit of viable catalysts that can
be used for commercial applications. The design of mono- and dinuclear Ru complexes
that can efficiently adapt to accommodate a wide variety of stable redox states is a
powerful strategy to overcome the difficulties encountered in H2O oxidation. This
Chapter thus aims at describing and discussing the key aspects and rapid progress of this
field, which has certainly contributed to understanding and advancing the art of oxidizing
H2O in artificial photosynthesis.
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1. INTRODUCTION
The increasing demand for energy due to population and economic growth, coupled with
the diminishing resources of fossil fuels, is a growing problem that needs to be addressed for
maintaining a high standard of life. Development of green and carbon-neutral energy sources
is therefore of utmost importance and calls for novel and groundbreaking technologies. The
raw materials for this process need to be abundant, clean and of low cost, which limits the
potential alternatives. One of the most attractive options, which meets the above mentioned
criteria, is to harness the energy that is provided by the sun. [1, 2, 3]
From a chemical viewpoint, one of the most captivating processes occurs in Nature –
photosynthesis. In the photosynthetic machinery, the thermodynamically uphill oxidation of
H2O to molecular oxygen (O2) takes place, which affords the necessary reducing equivalents
for converting CO2 to valuable building blocks. However, such an artificial system could also
use the generated electron from the oxidation of H2O (Eq. 1) to reduce e.g., protons to
molecular hydrogen (H2) in order to yield a fuel (Eq. 2). Sustainable energy storage schemes
would thus split H2O to produce the solar fuel of choice. This vision has attracted
considerable attention in the scientific community and the process of oxidizing H2O (Eq. 1)
has been identified as the critical step for realizing successful solar to fuel conversion
technologies. [4]
2 H2O
4 H+ + 4 e−
2 H2O

→
→
→

O2 + 4 H+ + 4 e−
2 H2
O2 + 2 H2

(1)
(2)
(3)

At a first glance the oxidation of H2O to O2, i.e., the transformation of two molecules of
H2O to generate one molecule of O2, looks deceptively simple. However, this transformation
requires the collective transfer of four electrons and is associated with a high thermodynamic
barrier, thus resulting in a transformation that is relatively complicated to accomplish despite
the apparent structural simplicity of the reagents and products. But how has Nature solved the
issue of oxidizing H2O? In the natural photosynthesis, catalytic H2O oxidation occurs at the
oxygen evolving complex (OEC) and is mediated by a Mn4CaO5 cluster (Figure 1), [5] which
orchestrates the four-electron catalytic reaction close to the thermodynamic potential by
maintaining a high degree of redox flexibility at the Mn centers.
As previously mentioned, the H2O oxidation is often cited as the bottleneck in artificial
photosynthetic devices due to its complexity. Design of affordable catalysts which are both
robust and efficient is a challenging task, which constitutes a fundamental scientific basis for
novel solar fuel technologies. Although Mn is Nature’s choice of metal in the catalytic core of
the OEC, Ru-based complexes have proven to show superior catalytic activity in the
constructed artificial systems. [6, 7, 8] There now exist a wide variety of molecular structures
that incorporate either single- or multimetallic catalytic Ru centers that are catalysts for the
oxidation of H2O. This Chapter aims at describing the efforts and breakthroughs that have
been made in the development of such Ru-based catalysts and the mechanistic details
surrounding these catalysts.
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Figure 1. Structural view of the Mn4CaO5 cluster with the residues that have been identified as ligands.
Adapted by permission from Macmillan Publishers Ltd: Nature, [ref. 5], copyright © 2011.

2. DINUCLEAR MOLECULAR RUTHENIUM COMPLEXES AS WATER
OXIDATION CATALYSTS
As highlighted above, H2O oxidation is a challenging task due to the thermodynamics
and the molecular complexity of this transformation. The early reports on water oxidation
catalysts (WOCs) consisted of Ru complexes housing two Ru centers in close proximity. This
stimulated researchers to focus on designing complexes containing two metal centers. Herein
is described the collective efforts made by researchers to develop dinuclear Ru complexes for
H2O oxidation.

2.1. Dinuclear Ruthenium Complexes Based on Neutral Polypyridyl Ligand
Scaffolds
More than three decades ago, in 1982, Meyer and co-workers found that the dinuclear Ru
complex cis,cis-[(bpy)2(H2O)Ru(μ-O)Ru(H2O)(bpy)2]4+ (1, Figure 2; bpy = 2,2’-bipyridine)
was capable of catalyzing the oxidation of H2O to O2. [9, 10] This represents the first example
of a molecularly well-defined Ru complex reported to mediate this transformation. The
complex is generally called the “blue dimer” due to its distinctive color and managed to
catalyze H2O oxidation with a turnover number (TON; defined as moles of produced product
per mol catalyst) of 13.2 and a turnover frequency (TOF; defined as moles of produced
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product per mol catalyst per unit time) of 4.2 ∙ 10-3 s-1 when using the strong one-electron
oxidant CeIV at pH 1.0. [11, 12] The low catalytic activity was attributed to the inherent
instability of the oxo bridge, which results in cleavage of this unit and causes deactivation of
the catalyst. [10, 13]
Although the “blue dimer” suffers from low catalytic activity, the early work conducted
by Meyer and his co-workers showed that a catalyst indeed could promote the conversion of
H2O to O2. However, it took more than 20 years before additional examples of Ru catalysts
were presented. In 2004 the group of Llobet reported that the in,in-[Ru2(OH2)2(bpp)(tpy)2]3+
(2, Ru-Hbpp, Figure 2; tpy = 2,2’;6’,2’’-terpyridine) complex, housing the bridging ligand
Hbpp (Hbpp = 3,5-bis-(2-pyridyl)pyrazole), could carry out H2O oxidation. [14, 15] In
contrast to the “blue dimer”, the dinuclear Ru-Hbpp catalyst lacked an oxo bridge and instead
utilized the pyrazole unit in the Hbpp ligand to merge two Ru-O motifs close together in
space. The catalytic activity of the Ru-Hbpp complex 2 was also assessed with the strong
chemical oxidant CeIV and resulted in a TON of 18.6 and a TOF of 1.4 ∙ 10-2 s-1. In a
subsequent publication it was revealed that lowering the catalyst concentration dramatically
enhanced the TON to ~500. [16]
The following year, 2005, Thummel and co-workers published a family of dinuclear Ru
complexes based on the related bis-tridentate ligand 3,6-bis-[6’-(1’’,8’’-naphthyrid-2’’-yl)pyrid-2’-yl]pyridazine (L1). This ligand held the two Ru centers in a well-defined orientation
and resulted in Ru complexes 3-5 (Figure 2), where the two metal cores were also bridged by
a Cl. [17] The synthesized dinuclear complexes displayed high catalytic activity, giving
TONs up to ~600 when driven by the chemical oxidant CeIV, [18] which was a significant
step forward compared to the previously reported Ru WOCs 1 and 2. In a subsequent paper,
the same group also reported a library of dinuclear Ru WOCs containing closely related bistridentate polypyridine-type systems (6-15, Figure 3), which were found to be able to oxidize
H2O. [18]
The thus far reported Ru WOCs contained innocent ligand frameworks, i.e., the ligands
were behaving as spectators and were not actively involved in the catalytic oxidation of H2O.
However, an interesting approach was taken by the group of Tanaka, which took advantage of
catalytically non-innocent ligand scaffolds. The group of Tanaka synthesized Ru complex 16
(Figure 4), [Ru2(OH)2(3,6-tBu2qui)2(btpyan)]2+ (tBu2qui = 3,6-di-t-butyl-1,2-benzoquinone;
btpyan = 1,8-bis(2,2':6',2"-terpyridyl)anthracene), where the tBu2qui ligand had an important
and active role during catalysis, namely by being redox-active. Incorporation of the quinone
ligand resulted in an internal electron reservoir by this ligand’s ability of being reversibly
oxidized from semiquinone to quinone, thus alleviating the Ru centers from being heavily
oxidized. [19] By immobilizing the Tanaka catalyst onto an indium-tin-oxide (ITO) electrode
and applying a potential of 1.91 V vs. normal hydrogen electrode (NHE), [20] at pH 4.0, a
spectacular TON of 33 500 was obtained. This showed that attachment of Ru complex 16
onto an ITO electrode dramatically increased the stability of the catalyst compared to
performing the catalysis under homogeneous conditions. [21]

Figure 2. Representation of the early developed dinuclear Ru complexes 1-5.

Figure 3. Ru containing bis-tridentate polypyridine ligand WOCs reported by Thummel and co-workers.
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Figure 4. Structure of Tanaka’s dinuclear Ru catalyst 16.

2.2. Dinuclear Ruthenium Complexes Housing Negatively Charged
Ligand Motifs
In order to drive H2O oxidation to generate O2, the chemical driving force for the process
needs to be higher than the thermodynamics for the H2O oxidation reaction (Eq. 1), which is
given by Eqs. 4 and 5 (where n = number of electrons mol-1 transferred in the reaction, F =
Faraday constant).
E = E° - 0.059 V ∙ pH = 1.23 V – 0.059 V ∙ pH

(4)

ΔG = -nFE

(5)

As noted from the previously described dinuclear Ru catalysts, a strong chemical oxidant,
such as CeIV, is necessary to overcome this thermodynamic limit in order to drive the
oxidation of H2O. The use of CeIV is required since the developed WOCs containing neutral
polypyridyl ligands are associated with high redox potentials to generate the catalytically
competent species. Since CeIV cannot be photochemically regenerated from CeIII, its use in
sustainable light-harvesting applications for solar-to-fuel conversion can be questioned. To
replace CeIV with oxidants that can be photochemically produced, such as [Ru(bpy)3]3+ that
can be generated from the corresponding well-examined [Ru(bpy)3]2+-type photosensitizers,
[22, 23, 24] the redox potentials of the WOCs have to be significantly decreased (see Figure 5
for a schematic depiction).
In the natural system, the presence of imidazole and carboxylate moieties in the
environment of the OEC has a dramatic influence on the potential by which H2O is oxidized.
Incorporation of negatively charged functional groups into the ligand frameworks of various
transition metal complexes have thus shown to dramatically decrease the redox potentials by
stabilizing the metal centers at high-valent states. [25, 26, 27] Inspired by this fact and the
OEC the group of Sun and Åkermark decided to focus on crafting WOCs housing ligands
with negatively charged units. The group therefore designed the carboxylate containing ligand
17 in the belief that this ligand would accommodate two metal centers in close proximity in a
cis fashion. However, complexation with Ru instead afforded a dinuclear Ru complex where
the two Ru centers were positioned in an anti-fashion (18, Figure 6). [28]
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Figure 5. Schematic energy diagram of catalytic H2O oxidation.

Figure 6. Molecular structures of ligand 17 (left) and the dinuclear Ru complex 18 (middle) and the
ORTEP view of Ru complex 18 with thermal ellipsoids at 50% probability level (right; Adapted with
permission from ref. 28. Copyright © 2009 American Chemical Society).

Although Ru complex 18 was isolated having an anti-structure, the redox potentials were
significantly reduced compared to the previously crafted dinuclear Ru complexes containing
neutral ligands. The catalytic activity was initially evaluated with CeIV and resulted in a high
TON of ~1700. [28] By decreasing the concentration of the oxidant the TON could be further
increased to ~4700. [29] However, more importantly, it could be shown that Ru complex 18
mediated light-driven H2O oxidation when using [Ru(bpy)3]2+-type photosensitizers 19-21 in
a three-component system (Figure 7). [30]
To force the two Ru centers into a cis configuration, ligand 22 was synthesized in which
the pyridazine unit had been replaced with a phtalazine moiety. This afforded the dinuclear
Ru complex 23 with the sought cis structure. In addition to being able of catalyzing photoinduced H2O oxidation, complex 23 proved to outperform the previously synthesized Ru
complex 18, with the anti-structure, by providing a TON of ~10400 in the CeIV-driven H2O
oxidation experiments. [29]
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Figure 7. Light-driven H2O oxidation mediated by Ru complex 18 in a three-component system
consisting of catalyst 18, persulfate as the sacrificial electron acceptor and [Ru(bpy)3]2+ photosensitizers
19-21.

Figure 8. Representation of ligand 22 (left), the dinuclear Ru complex 23 (middle) and the ORTEP
view of Ru complex 23 with thermal ellipsoids at 50% probability level (right; Adapted with
permission from ref. 29. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

An interesting approach was subsequently undertaken by the group of Åkermark where
they incorporated both imidazole and phenol groups into the ligand framework to generate the
bio-inspired ligand 24. Although this did not produce the wanted dinuclear Ru complex, the
dimeric Ru complex 25 was isolated, which was able of catalyzing photodriven H2O
oxidation when using [Ru(bpy)3]2+-type photosensitizers. [31] Collectively, this proves that
the introduction of negatively charged ligands lowers the redox potentials of the metal
complexes and allows H2O oxidation to be driven photochemically.
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Figure 9. Molecular structures of the bio-inspired ligand 24 and the dimeric Ru complex 25.

3. RUTHENIUM SYSTEMS CATALYZING O-O BOND FORMATION
AT SINGLE METAL CENTERS
The early success with the dinuclear Ru WOCs, and the fact that the OEC consists of a
multimetallic catalytic core, brought about the idea that two or more metal centers was a
prerequisite when designing artificial WOCs. However, this initial assumption has now been
reconsidered and expanded with numerous reports of molecular mononuclear Ru complexes
that can promote H2O oxidation.

3.1. Polypyridyl Containing Mononuclear Ruthenium Catalysts
A real breakthrough in the field of artificial photosynthesis occurred in 2005 when the
group of Thummel reported that the mononuclear Ru complexes 26-28 (Figure 10) were able
to oxidize H2O. [17] Although the initial report by Thummel and co-workers did not contain
any detailed mechanistic information providing evidence that catalysis occurred at a single
metal center, definite proof was provided by Meyer and co-workers when they developed the
two mononuclear aqua Ru WOCs [Ru(tpy)(bpm)(OH2)]2+ (29; bpm = 2,2’-bipyrimidine) and
[Ru(tpy)(bpz)(OH2)]2+ (30; bpz = 2,2’-bipyrazine) (Figure 10) and reported a plausible
mechanism for how H2O could be oxidized at single-site catalysts. [32] In connection with
this influential paper by Meyer and co-workers, both Thummel’s and Meyer’s groups
reported extensive series of mononuclear Ru complexes carrying different nitrogen-based
derivatives that could catalyze the oxidation of H2O. [33, 34] Since mononuclear metal
complexes have several advantages, such as straightforward design, synthesis and
characterization, and also facilitate mechanistic studies, this work has inspired to the
preparation of a wide variety of active mononuclear catalysts.
To address the influence that the electronic properties of the ligand frameworks in Ru
polypyridyl complexes have on the catalytic activity, several groups have synthesized
libraries of the [Ru(tpy)(bpy)(OH2)]2+ scaffold. [35, 36, 37] The group of Yagi synthesized a
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series of RuII complexes (31-35, Figure 11) where they introduced substituents into the tpy
unit. Here, it was noted that the complexes containing stronger electron-donating substituents
evolved O2 more efficiently when using CeIV as the chemical oxidant. [35] Berlinguette and
co-workers have also studied the [Ru(tpy)(bpy)(OH2)]2+ scaffold. In this investigation, both
the tpy and bpy moieties were tuned by introduction of different substituents with special
focus on catalyst activity and stability. [36,37] Their first study generated a battery of
[Ru(tpy)(bpy)(OH2)]2+-type catalysts, which were synthesized according to Scheme 1.
Kinetic measurements showed that the O2 evolution rates exhibited a pseudo-first-order with
respect to catalyst concentration for all of the investigated catalysts when excess oxidant
(CeIV) was used. A general trend was that electron-donating substituents, which presumably
increase the electron density at the Ru center, resulted in enhanced catalytic rates. This
behavior was attributed to the facilitated access to the high-valent RuV-oxo level, which
should promote O-O bond formation (vide infra). Important insight into the catalytic
decomposition/deactivation pathways for these Ru catalysts was also given. From mass
spectrometry it was found that a significant quantity of the bpy unit had been oxidized to 2,2’bipyridine N,N’-dioxide. The formation of this adduct under the strongly oxidative reaction
conditions can probably be considered as a decomposition platform also for related ligands in
several other catalytic systems. [36]

Figure 10. Structures of the mononuclear Ru WOCs 26-30.

In their subsequent work, Berlinguette and co-workers focused on Ru WOCs 36, 37 and
42 because the previous study concluded that catalytic properties for derivatives with
substituents positioned on the bpy scaffold were more sensitive to the alteration. This effect
probably originates from the fact that the one of the pyridyl rings of the bpy unit resides trans
to the vital Ru-O bond. From this study it could be concluded that several different
parameters, such as the concentration of the CeIV oxidant, pH and the presence of different
anions, play a key role in the catalytic efficacy and may also alter the reaction pathway for
these, and similar, mononuclear Ru catalysts. [37]
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Figure 11. [Ru(tpy)(bpy)(OH2)]2+-type complexes 31-35 studied by Yagi and co-workers.

Scheme 1. Synthetic route to Ru complexes housing the [Ru(tpy)(bpy)(OH2)]2+ scaffold.

Thus far, the engineered ligands used for constructing Ru WOCs only consisted of
meridionally coordinating ligand frameworks. However, the group of Sakai utilized the
facially coordinating tmtacn ligand (tmtacn = 1,4,7-trimethyl-1,4,7-triazacyclononane). Ru
complexes 44-46 were synthesized, all containing different substituted bpy units (Figure 12).
All of the prepared complexes 44-46 did catalyze the oxidation of H2O when using CeIV as
the chemical oxidant. The authors also monitored the influence of the tmtacn ligand on the
electrochemical properties and compared it to the corresponding [Ru(tpy)(bpy)(OH2)]2+
polypyridyl analogue. It was revealed that the RuIII/RuII and RuIV/RuIII redox potentials were
significantly reduced for complexes 44-46 compared to the [Ru(tpy)(bpy)(OH2)]2+ complex
36. This difference was assigned to the stronger σ-donating character and lack of π-accepting
ability of the facial tmtacn ligand in comparison with tpy. Although the RuIII/RuII and
RuIV/RuIII redox couples were lowered, the electrochemical overpotential for O2 evolution
was only marginally affected relative to complex 36, suggesting that the higher redox
potential, RuV/RuIV, that initiates O2 production is not dramatically influenced by the tmtacn
ligand. [38]
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Figure 12. Molecular structures of the tmtacn containing Ru complexes 44-46 (tmtacn = 1,4,7trimethyl-1,4,7-triazacyclononane).

Carbenes are frequently used ligands for transition metal complexes in homogeneous
catalysis and are known to be strong electron-donating ligands. This feature makes carbene
ligands attractive for use in H2O oxidation catalysis. [39, 40, 41] Both normal [42] and
abnormal [43] carbenes have therefore been used to construct Ru WOCs (Figure 13). Meyer
and co-workers developed the carbene containing Ru complex [Ru(tpy)(Mebim-py)(OH2)]2+
(47; Mebim-py = 3-methyl-1-pyridylbenzimidazol-2-ylidene). Electrochemical measurements
revealed that inclusion of the carbene into catalyst 47 led to a lowering of the different redox
couples and a remarkable catalytic rate advantage for H2O oxidation. [42] The group of
Albrecht employed another strategy that centered on incorporating abnormal carbenes into the
Ru complexes. This resulted in the synthesis of complexes 48-55 (Figure 13), which were all
found to be active in the oxidation of H2O using CeIV as a chemical oxidant. For the cymene
complexes 48-51, the evolution of O2 was accompanied by the generation of substantial
amounts of CO2, which was attributed to the oxidative instability of the cymene moiety. In
contrast to the cymene-based complexes 48-51, complexes 52-55 did not produce any CO2
and were judged as being oxidatively stable, suggesting that the carbene unit in complexes
48-51 is not the weak spot. Comparing the abnormal carbene-based Ru WOCs 52-55 with the
homologous Ru complex 56 carrying a normal carbene ligand established the superior
catalytic efficiency of Ru WOCs 52-55, thus highlighting the advantageous role of using the
abnormal carbene scaffold. [42]

Figure 13. Structures of the carbene-based Ru WOCs 47-56.
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3.2. Mononuclear Ruthenium Complexes Carrying Negatively Charged
Ligand Scaffolds
The incorporation of functionalized ligands housing negatively charged groups into
dinuclear Ru complexes proved to be an encouraging strategy for designing efficient WOCs.
This fact inspired the group of Sun to design Ru WOCs 57-63 (Figure 14) based on the
tridentate ligand 2,6-pyridinedicarboxylic acid (H2pdc). [44, 45] The electrochemistry of the
dimethyl sulfoxide (DMSO) containing complexes 61 and 62 showed negligible catalytic
current and only produced negligible amounts of O2, which is most likely due to the presence
of the DMSO ligand which makes it thermodynamically unfavourable to drive H2O oxidation.
The [Ru(pdc)(L)3] complexes 57-60 were found to catalyze H2O oxidation when CeIV was
employed as the chemical oxidant. The catalytic activities of these complexes were found to
correlate with the electron-donating ability of the axial ligands, i.e., 59 > 58 > 57 > 60. [45]
For the [Ru(pdc)(pic)3] complex 58, it was observed that the dissociation of the equatorial
picoline ligand was necessary in order to generate the active form of the catalyst, namely the
[Ru(pdc)(pic)2(OH2)] aqua complex. This was elegantly shown by introducing the bidentate
bpy ligand to produce the [Ru(pdc)(bpy)(pic)] complex 63, which significantly decreased the
efficiency of O2 evolution compared to the [Ru(pdc)(pic)3] complex 58. [44] These
observations highlight that a small ligand modification can dramatically influence the
catalytic activity of the corresponding WOC.

Figure 14. Representations of the pdc-based Ru complexes 57-63 (H2pdc = 2,6-pyridinedicarboxylic
acid).

Further work in the Sun group resulted in the design of the [Ru(bda)(L)2]-type complexes
64-70 (Figure 15; H2bda = 2,2′-bipyridine-6,6′-dicarboxylic acid), which were based on the
carboxylate containing bda ligand. [46, 47, 48, 49, 50] Inclusion of the bda ligand is essential
for the catalysis since it influences the redox potentials, by significantly reducing them, thus
allowing H2O oxidation to be photochemically driven when using the [Ru(bpy)3]2+-type
photosensitizers. [47, 48] In the initially developed [Ru(bda)(pic)2] complex 65, depicted in
Figure 16 left, the large bite angle enables the coordination of a H2O molecule as a seventh
ligand without the need of dissociation of one of the axial picoline ligands to generate the
active form of the catalyst. [46]
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Figure 15. Molecular structures of the [Ru(bda)(L)2]-type complexes 64-70 developed in the group of
Sun.

The stabilization of the high-valent Ru states enabled the isolation of the high-valent
seven-coordinated RuIV intermediate 71 (Figure 16, right). This seven-coordinated
intermediate contains two RuIV cores that are in a pentagonal bipyramidal configuration.
Further experiments verified that this high-valent intermediate is involved in the catalytic
H2O oxidation cycle since the RuIV species 71 was able to catalyze H2O oxidation in the
presence of CeIV as the chemical oxidant. [46] This work shows that ligand exchange is not
required in the octahedral precursor complex 65 to generate the active catalyst. Instead H2O
oxidation occurs through the seven-coordinated RuIV intermediate 71 without any major
structural change of its six-coordinate precursor 65.
Continuation of the work with the bda ligand led to the development of the
[Ru(bda)(isoq)2] complex 69 (Figure 15; isoq = isoquinoline) where the axial picoline ligands
were replaced by isoquinoline ligands. Compared to the [Ru(bda)(pic)2] complex 65, the
[Ru(bda)(isoq)2] complex 69 displayed superior catalytic activity towards H2O oxidation.
When using a catalyst concentration of 2.16 ∙ 10-4 M the isoquinoline complex 69 gave an
average TOF of ~300 s-1, in contrast to complex 65 which merely produced a TOF of 32 s-1 at
the same catalyst concentration. However, this dramatic difference in the catalytic activity
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could not be ascribed to the electrochemical properties since the two analogous Ru-bda
complexes 65 and 69 revealed negligible differences between the different redox couples. The
enhanced catalytic efficiency of the [Ru(bda)(isoq)2] complex 69 instead originated from its
ability of controlling the O-O bond formation step through non-covalent interactions between
two individual catalyst molecules via the isoquinoline ligands, thus leading to a significant
lowering of the energetic barrier for the coupling step to produce the O-O bond (vide infra).
[49]

Figure 16. Crystal structures of the [Ru(bda)(pic)2] complex 65 (left) and the RuIV dimeric complex 71
(right) with thermal ellipsoids at 50% probability level. Adapted with permission from ref. 46.
Copyright © 2009 American Chemical Society.

The group of Åkermark synthesized bio-inspired ligand motifs containing carboxylate,
imidzole and phenol units, which are all important groups in the natural system. This
approach resulted in the crafting of the two mononuclear Ru complexes [Ru(hpbc)(pic)3] 72
(H3hpbc
=
2-(2-hydroxyphenyl)-1H-benzo[d]imida-zole-7-carboxylic
acid)
and
[Ru(hpb)(pic)3] 73 (H3hpb = 2-(2-hydroxyphenyl)-1H-benzo[d]imidazol-7-ol), showed in
Figure 17. The two Ru complexes had significantly reduced redox potentials due to the strong
electron-donating influence of the bio-inspired ligand scaffolds. These electronic properties
allowed H2O oxidation to be driven either by pregenerated or photochemically generated
[Ru(bpy)3]3+. When using the mild one-electron oxidant [Ru(bpy)3]3+, complex 72 was able to
produce a high TON of 4000 and an initial TOF of >7 s-1, which is the highest reported for a
metal-based WOC when employing this mild one-electron oxidant. [51]
Insight into the catalytically important intermediates was also provided by the
observation of a high-valent RuV-oxo species by mass spectrometry. This suggests that H2O
oxidation is triggered from this RuV species or from a catalytic intermediate of even higher
valency. The study also provided support that the designed ligand motifs offered molecular
catalysts that can participate in proton transfer reactions and have a rich redox chemistry,
which should stimulate the circumvention of high-energy intermediates. [51]
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Figure 17. The two Ru complexes 72 and 73 housing bio-inspired ligand motifs.

Further elaboration consisted of incorporating amide functionalities into the engineered
ligand scaffolds. Since it is established that the amide motif offers strong σ-donation, this
feature should stabilize the metal center(s) in high oxidation states. A symmetric tetradentate
ligand carrying two amide entities was therefore incorporating into a Ru complex to construct
[Ru(bpb)(pic)2]+ 74 (Figure 18; H2bpb = N,N'-1,2-phenylene-bis(2-pyridine-carboxamide).
The inclusion of the tetradentate amide-based ligand afforded a Ru WOC that was capable of
promoting H2O oxidation driven by the mild oxidant [Ru(bpy)3]3+. However, more
captivating was the discovery of a previously unknown deactivation for (Ru-based) WOCs. In
postreaction mixtures, the authors were able to detect the CO-containing Ru complex 75,
[Ru(bpb)(CO)(OH2)], which suggests that this complex is not catalytically active. By
independent synthesis of Ru complex 75 and evaluating it as a potential WOC, it could be
confirmed that it only produced negligible amounts of O2. The formation of the
[Ru(bpb)(CO)(OH2)] complex 75 from the [Ru(bpb)(pic)2]+ complex 74 is a vital observation
and constitutes a novel deactivation pathway for Ru-based WOCs. [52]

Figure 18. Structures of the two mononuclear Ru complexes 74 and 75 containing the amide-based
tetradendate ligand.
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4. MECHANISTIC INSIGHT AND PATHWAYS
FOR O-O BOND FORMATION
As previously pointed out in this Chapter, the transformation of H2O to O2 is not easy to
accomplish, however, it is needed for the advancement of sustainable carbon-neutral energy
platforms. Severe requirements are put on the WOCs with regard to the catalysts being robust,
highly efficient, selective and affordable. In order to understand and to rationally improve
WOCs, it is of utmost importance to review how they are able of promoting the four-electronfour-proton oxidation of H2O to O2.
The different mechanistic portrayals for O-O bond formation that have been proposed for
the Mn4CaO5 cluster are depicted in Figure 19. Four different mechanisms have been
suggested for the generating the O-O bond and they include: (a) nucleophilic attack on a highvalent MnV-oxo or MnIV-oxo intermediate, [53, 54] (b) coupling of two oxo-bridges, [55, 56]
(c) coupling between a terminal oxyl-radical and a bridging oxo-ligand, [57, 58] and (d)
reductive elimination of two coordinated hydroxy groups. [59]

Figure 19. Mechanistic portrayals that have been considered for the O-O bond formation by the natural
Mn4CaO5 cluster.

4.1. O-O Bond Formation in Artificial Ruthenium Systems
To advance the field of crafting molecular WOCs, in order to obtain more stable and
efficient catalysts, detailed mapping of the reaction mechanism and characterization of the
plethora of different reactive intermediates need to be established. So far several important
pieces of this jigsaw puzzle have been accumulated concerning the nature of H2O oxidation
promoted by artificial catalytic entities, both in respect of mononuclear and dinuclear
catalysts, by using a combination of experimental work and theoretical calculations. [60, 61]
As seen throughout this Chapter, metal-oxo entities are key intermediates for managing
the activation of H2O. There are currently two dominant portrayals existing for initiating O-O
bond formation in artificial systems and both of these strategies assume the generation of an
intermediate involving a metal-oxo species derived from H2O. These two qualitatively
different mechanistic pathways, shown schematically in Scheme 2, can thus be classified
into: 1) nucleophilic attack of water/hydroxide on high-valent metal-oxo species (or acid-base
mechanism), and 2) radical coupling mechanism. [62]
In the acid-base mechanism, the water/hydroxide acts as the nucleophile and attacks the
electrophilic oxygen center in a high-valent metal-oxo unit. Here, the geometry and the redox
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state(s) of the metal center(s) are critical for governing the electrophilicity of the metal-oxo
entity. From an orbital perspective, this event can be explained by the interaction of a σ
orbital of water/hydroxide (highest occupied molecular orbital, HOMO) with a π* orbital
(lowest unoccupied molecular orbital, LUMO) of the metal-oxo moiety. This attack leads to a
formal two-electron reduction of the metal center with the subsequent formation of the key OO bond. [62]

Scheme 2. Schematic representations of the water nucleophilic attack (or acid-base) mechanism and the
radical coupling mechanism.

The radical coupling mechanism involves the interaction of two metal-oxos. In this
alternative scenario, two metal-oxo fragments bearing significant radical character couple to
afford a peroxo intermediate. A description of the orbital interactions is characterized by the
coupling of two singly occupied molecular orbital (SOMO) with π* character, which results
in the creation of the [M-O-O-M] segment with possible rearrangements and further
oxidations leading to O2 liberation. [62] From the collective mechanistic understanding that
has been achieved, it is clear that the production of the essential O-O bond is a chemical step
and might be highly dependent on small alterations of the local environment as will be
highlighted in the following sections.

4.2. Pathways for O2 Formation in Ruthenium Systems Comprised of Neutral
Polypyridyl Ligand Frameworks
The first developed artificial WOC, “blue dimer” (1), is certainly the most well-studied
molecular Ru catalyst. Several mechanistic studies have been performed on the “blue dimer”
and are consitent with the stepwise oxidation of the initial Ru2III,III to yield the Ru2V,V state,
which appears to be a potent catalyst for H2O oxidation. The mechanism for H2O oxidation
by the “blue dimer” is outlined in Scheme 3 and starts from the paramagnetic Ru2III,III state.
The catalytically active form of the “blue dimer”, the [(bpy)2(O)RuVORuV(O)(bpy)2]4+ (76)
state, is reached by stepwise PCET oxidation. This intermediate does not accumulate in
solution and at pH 0 (in 0.1 M HNO3) the rate-determining step is the oxidation of the Ru2IV,V
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state. The Ru2V,V reacts rapidly with a H2O solvent molecule, with subsequent rearrangement,
to yield the peroxidic intermediate [(bpy)2(HO)RuIVORuIV(OOH)(bpy)2]4+ (78). From this
intermediate, O2 can be liberated which closes the catalytic cycle and regenerates the starting
complex [(bpy)2(OH2)RuIIIORuIII(OH2)(bpy)2]4+ 1. [62, 63, 64]

Scheme 3. Proposed mechanism for H2O oxidation by the “blue dimer”.

Although the “blue dimer” is a dinuclear metal complex, the actual mechanism occurs at
a single metal center and is of the acid-base type instead of occurring via the radical coupling
type pathway. However, the other Ru center is vital for the catalytic activity since it offers an
assistive role by “sharing” the oxidizing equivalents over two metal centers instead at a single
metal center. Support for this was provided by showing that the O-O bond forming step
occurred more rapidly in the “blue dimer” compared to the mononuclear analogs. This was
explained by the fact that in the “blue dimer” a hydrogen bonding interaction can arise (see
structure 77 in Scheme 3), which enables the concerted movement of protons and electrons

Design and Mechanistic Insight ...

255

and circumvents the generation of a high-energy intermediate comprising the hydroperoxo
Ru-OOH2 motif. [64, 65]

Scheme 4. O-O bond formation catalyzed by the Ru-Hbpp catalyst 2.

The O-O bond formation in the “blue dimer” proceeds through the acid-base mechanism
even though the two metal centers are placed in close proximity by the bridging μ-oxo ligand
to allow for intramolecular coupling of the two resulting oxo ligands. However, one example
of a dinuclear WOC where the placement of the two metal centers in a suitable arrangement
promotes the intramolecular O-O coupling is the Ru-Hbpp catalyst 2. The Ru-Hbpp catalyst 2
has been studied in depth and it has been shown that the ligand structure in this catalyst
enforces a geometry in which the aqua ligands are oriented towards each other. Kinetic
measurements in combination with 18O-isotopic labeling studies have been conducted and
indicate that oxidation with CeIV proceeds via four sequential one-electron oxidations to bring
the complex up to the Ru2IV,IV state (81). From this species, in,in-[Ru2IV,IV(O)2(bpp)(tpy)2]3+,
the two oxo moieties can couple in an intramolecular fashion to produce the important O-O
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bond. The generated 1,2-peroxo species, [(bpp)(tpy)RuIII-(OO)-RuIII(tpy)]3+ (83), is
transformed to the hydroperoxidic intermediate 85 from which O2 evolution occurs, as
illustrated in Scheme 4. The first-order kinetics of the reaction and quantum chemical
calculations also strongly support that the O-O bond formation takes place via the
intramolecular pathway and dismiss the bimolecular character of the process. In the Ru-Hbpp
catalyst, the pre-orientation of the two RuIV-oxo units and the electronic properties are
fundamentally different from those of the “blue dimer” and force the O-O bond formation to
proceed via the radical coupling pathway. [16, 66]

Scheme 5. Pathways for O-O bond formation established for the mononuclear Ru complexes
[Ru(tpy)(bpm)(OH2)]2+ (29) and [Ru(tpy)(bpz)(OH2)]2+ (30).

The knowledge that H2O oxidation occurred at a single metal center in the “blue dimer”
might have inspired Meyer and co-workers to design the two mononuclear Ru complexes
[Ru(tpy)(bpm)(OH2)]2+ (29) and [Ru(tpy)(bpz)(OH2)]2+ (30) for evaluation as WOCs. The
mechanistic details associated with these two mononuclear Ru WOCs were elegantly and
systematically exposed by kinetic measurements under catalytic conditions in acidic
solutions. The key intermediate for both complexes is the generation of high-valent RuV=O,
which triggers O-O bond formation (Scheme 5). The addition of three equivalents of the
chemical oxidant CeIV to the starting aqua complexes, [RuII(OH2)]2+ (86), resulted in a
spectroscopically and electrochemically identifiable species, the peroxo species
[RuIII(OOH)]2+ (90). This peroxo species is thus generated from the corresponding [RuV=O]3+
intermediate in a first-order catalytic process by rapid reaction with H2O, where the solvent
H2O molecule reacts by nucleophilic attack with subsequent loss of a proton to create the
essential O-O bond. The [RuIII-OOH]2+ peroxo species is then reacted in a one-electron
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oxidation step to yield the [RuIV(OO)]2+ peroxo species 91. The [RuIV(OO)]2+ species
represents a branching point in the catalytic cycle and is a striking example that small
alterations in the reaction environment can lead to drastic changes in the reaction mechanism.
In 0.1 M HNO3 solutions, the [RuIV(OO)]2+ peroxo intermediate 91 is subsequently
decomposed to release O2 via displacement by a solvent H2O molecule and thus converted to
the starting aqua complex [RuII(OH2)]2+ (86). [32, 66]
Another pathway dominates in strongly acidic conditions (1.0 M HNO3) and involves
additional rate-limiting oxidation of the [RuIV(OO)]2+ peroxo species 91 to [RuV(OO)]3+ (92).
This change in the catalytic cycle is thought to be related to the difference in the redox
potential of the CeIV/CeIII redox couple in the two reaction media, with the access to
[RuV(OO)]3+ being limited under less acidic conditions. The liberation of O2 from the
[RuV(OO)]3+ peroxo species closes the catalytic cycle and regenerates the RuIII state. [32,66]
It should be pointed out that calculations on the [Ru(tpy)(bpm)(OH2)]2+ (29) and
[Ru(tpy)(bpz)(OH2)]2+ (30) complexes have shown that the corresponding [RuIV=O]2+
complexes do not possess the ability to promote O-O bond formation and access to the higher
redox state [RuV=O]3+ (89) is necessary in order to initiate the generation of the vital O-O
bond. The calculations also revealed that the radical coupling, which involves the [RuV/IV(O)(O)RuV/IV] framework, requires significantly higher activation energy than the pathway
involving H2O nucleophilic attack at a single Ru center. These findings agree with the
experimentally observed results and make the radical coupling pathway improbable. [67]
By contrast, Thummel and co-workers proposed that the closely related catalysts 26-28
do react via nucleophilic attack of a solvent H2O molecule on RuIV=O species. [68, 69] This
further highlights the difficulties and the different mechanistic portrayals that might exist
when examining WOCs.

4.3. Mechanistic Details for O-O bond formation in Ruthenium Systems
Based on Negatively Charged Ligand Scaffolds
As previously described in this Chapter, the [Ru(bda)(pic)2] catalyst 65 has significantly
reduced redox potential so that even a high-valent RuIV intermediate can be isolated. The
[Ru(bda)(pic)2]-type catalysts are also interesting from a mechanistic perspective, since O-O
bond formation proceeds through a radical coupling type of mechanism (Scheme 6). Support
for this pathway originated from the rate law, which followed a second-order dependence in
[Ru]. These findings coupled with the fact that the RuIV dimer 71 was found to be
catalytically active suggest that O2 formation proceeds through a bimolecular process. The
origin of the radical coupling pathway is the flexible bda ligand that offers a large O-Ru-O
cleft, thus allowing a H2O molecule to coordinate to the Ru core without the need for ligand
exchange processes.[46, 70] It should be noted that the occurrence of seven-coordinated
intermediates in H2O oxidation catalysis was also proposed by the groups of Meyer and
Thummel in their catalytic systems but without clear experimental proof. [32, 33] Sequential
oxidation converts the starting RuII complex to the corresponding seven-coordinated RuIV-O•
oxyl radical species 95, which can be seen as a resonance form to the RuV=O (95’). When the
RuIV-O• oxyl radical 95 has been generated, two of these entities couple to produce the peroxo
species RuIV-O-O-RuIV (96). From this species, liberation of O2 readily occurs, or in the
presence of excess CeIV, the RuIV-O-O-RuIV species can be further oxidized to RuIV-O•-O-
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RuIV that decomposes to generate O2, RuIII and RuIV. Quantum chemical calculations revealed
that the O-O bond forming step has an activation energy of only 12 kcal mol-1. [46,71] The
distinguishing feature of this work is the occurrence of seven-coordinated Ru intermediates in
the catalytic cycle and the provision of support for O2 formation via the direct interaction of
RuIV-O• radicals.

Scheme 6. Portrayal of the radical coupling pathway for conversion of H2O to O2 for the
[Ru(bda)(pic)2] catalyst 65.

Replacing the flexible bda ligand backbone by the more rigid pda ligand (H2pda =
phenanthroline dicarboxilic acid) to yield the [Ru(pda)(pic)2] complex 97 switched the
mechanistic pathway for H2O oxidation. The kinetics changes from second-order in catalyst
to first-order, implying that the mechanism now proceeds through a mononuclear process.
The coordination features in the developed [Ru(pda)(pic)2] complex 97 are that the O-Ru-O
bite angle is slightly larger than that of the [Ru(bda)(pic)2] complex 65, ~131° vs. ~125°,
respectively, and in the [Ru(pda)(pic)2] complex 97, the pda ligand backbone is essentially
planar. The large O-Ru-O cleft in [Ru(pda)(pic)2] complex 97 allows a hydroxide ligand to
directly coordinate to the Ru center to generate a seven-coordinated RuIV species, analogous
to what was found for the [Ru(bda)(pic)2] complex. However, for the [Ru(pda)(pic)2]
complex, calculations revealed that the H2O nucleophilic attack pathway is preferred over the
radical coupling mechanism, which dominates in the previous developed [Ru(bda)(pic)2]
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complex (Scheme 7). The calculations thus support the experimental observations and shows
that a small alteration in the ligand backbone can change the mechanistic outcome of the
studied catalytic system. [71]

Scheme 7. Mechanistic pathway for O-O bond formation for the [Ru(pda)(pic)2] catalyst 97.

4.5. Other Pathways for O2 Evolution Based on Non-innocent Ligands
In transition metal complexes, the active place where the catalysis usually occurs is at the
metal center. The ligand backbones are usually treated as innocent, as spectators, and do not
participate in the catalytic processes. However, this view might be incorrect in a few
occasions – the ligand frameworks can be actively participating. These types of ligands are
called non-innocent and can be responsible for cooperating, assisting the metal center(s)
during the catalytic processes. The design and use of cooperative catalysis could thus offer
novel approaches for carrying out selective transformations. [72, 73]
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From a mechanistic perspective, the Tanaka catalyst (16) represents an interesting
example. This catalyst is comprised of two hydroxo units in close proximity to accommodate
for intramolecular O-O bond formation to occur. However, the quinone ligands have a more
important role during catalysis due to their non-innocence. In complexes containing noninnocent ligands, there is an extensive mixing of the metal and ligand-based orbitals, making
it difficult to characterize the various redox states at the different atoms. The proposed
mechanism for the Tanaka catalyst 16, depicted in Scheme 8, involves four consecutive
PCET steps. The first PCET step generates intermediate 102, which contains an oxyl radical
that is stabilized by hydrogen bonding to the hydroxo moiety that is in close vicinity.
Removal of a proton and an electron in the following step eventuates in O-O bond formation
where the generated O2 group is proposed to transfer some of its electron density to the
quinone unit. In this structure (103), the O2 unit is proposed to be of superoxo and the
quinone to be of semiquinone-like characters. The following step involves the formation of a
terminally coordinated superoxo, which releases O2 and thereby closing the catalytic cycle.
Remarkably, the Ru centers in the Tanaka catalyst remain in their formal RuII redox state
throughout the entire catalytic cycle. Instead the quinone and oxo units cycle between
different redox states instead of the metal center(s) during the catalytic oxidation process. [74,
75, 76, 77] This highlights that the incorporation of non-innocent ligand backbones can evoke
novel mechanistic reaction landscapes and create new ways for initiating O-O bond
formation.

Scheme 8. Proposed mechanism for O2 evolution by the so-called Tanaka catalyst (16).
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Another example where the ligand backbone has a central role and participates in the
catalytic process was reported by Milstein and co-workers. They utilized a PNN–Ru pincertype complex (105) and showed that this complex was able to split H2O into both O2 and H2
(Scheme 9). This complex is able to generate both H2 and O2 in a consecutive fashion via
thermally and photolytically induced steps at a single metal center. Here the ligand scaffold
cooperatively participates in the catalytic process where the ligand pincer ligand goes through
a series of deprotonation-protonation events at one of the methylene centers of the pincer
arms. H2 can then be generated in a thermal step which is accompanied by the formation of
the Ru dihydroxo species 107. From the dihydroxo species 107, liberation of O2 occurs
through the intramolecular coupling of the two hydroxyl groups to generate H2O2, which
subsequently decomposes to generate O2. This completes the catalytic cycle in which H2O is
fully split into H2 and O2. [68, 79] Calculations have also revealed that the release of H2 is the
rate-determining step of the reaction and associated with a high activation barrier, which
could explain why the H2 evolving process is slow. [80] Although the overall reaction is quite
inefficient and slow, in regard to the generated yields of O2 and H2, it highlights the potential
of molecular Ru complexes in H2O splitting schemes.

Scheme 9. Reaction scheme for consecutive generation of H2 and O2 by the Ru pincer-type complex
105.

CONCLUSION
The urgent need for development of “green” and carbon-neutral energy sources
constitutes an essential, if not the most essential challenge of the 21st century for the human
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society. A way of accomplishing this would be to convert abundant and energy-poor materials
to energy-rich molecules by the help of the energy provided by sunlight. Solving the problem
of viable renewable energy systems could be envisioned by splitting H2O into O2 and H2, or
other solar fuels. In such systems, WOCs play an important role and are currently being cited
as the bottleneck in artificial systems for conversion of solar energy to fuels. Significant
efforts have thus been addressed to design stable and efficient catalysts that are able to
overcome the kinetic and thermodynamic constraints that are associated with the oxidation of
H2O. Here, the use of mono- or dinuclear Ru complexes has provided a key foundation for
understanding and advancing the field of artificial H2O oxidation. These single or
multimetallic catalysts offer several desirable properties, such as robustness, efficiency and
redox flexibility, which is in accordance with the requirements needed to bring about the
conversion of H2O to O2.
Since the initial report by Meyer, more than 30 years ago, of the “blue dimer” which was
able to catalyze the four-electron-four-proton oxidation of H2O to O2, numerous Ru
complexes have been developed to carry out this demanding reaction. The realization that
H2O oxidation could occur at a single metal center has greatly expanded the field of
homogeneous H2O oxidation and resulted in a variety of easily accessible Ru catalysts
comprised only of a single catalytic center. Important aspects for managing the multi-electron
oxidation of H2O is the efficient movement of protons and thus the access to coupled protonelectron transfer events (i.e., PCET). Here, mechanistic investigations also provide essential
insight and contribute to strategies for the rational crafting of novel and improved WOCs.
As discussed in this Chapter, several studies of Ru-based WOCs have shown that small
alterations of the structure and/or catalytic conditions can dramatically influence the
performance of the investigated catalyst. The work on the Ru-based WOCs, especially the
catalysts comprised of single metal sites, and the acquired mechanistic understanding
associated with the Ru-based complexes has clearly established important factors that govern
the formation of the crucial O-O bond. Combined experimental and theoretical investigations
thus represent powerful methods for systematic evaluation of catalysts in order to get insight
in the catalyst’s intrinsic properties, such as the structural and electronic features, and how
these affect the various steps in the catalytic cycle. The merging of theoretical and
experimental studies allows one to uncover key molecular design elements for advancing the
field of artificial H2O oxidation catalysis and developing commercially viable WOCs.
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