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The four-electron oxidation of water (2H,O — O, + 4H™ + 4e™) is considered the main bottleneck in
artificial photosynthesis. In nature, this reaction is catalysed by a MnsCaOs cluster embedded in the
oxygen-evolving complex of photosystem Il. Ruthenium-based complexes have been successful artificial
molecular catalysts for mimicking this reaction. However, for practical and large-scale applications in the
future, molecular catalysts that contain earth-abundant first-row transition metal ions are preferred
owing to their high natural abundance, low risk of depletion, and low costs. In this review, the frontier of

Received 13th November 2020 water oxidation reactions mediated by first-row transition metal complexes is described. Special

DOI: 10.1039/d0cs01442g attention is paid towards the design of molecular structures of the catalysts and their reaction

mechanisms, and these factors are expected to serve as guiding principles for creating efficient and
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1. Introduction

Energy shortage and global warming are two of the most serious
global problems facing humanity. Artificial photosynthesis systems
have attracted significant attention as promising solutions to
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robust molecular catalysts for water oxidation using ubiquitous elements.

these problems."® Natural photosynthesis converts the sunlight
energy to chemical energy in the form of carbohydrates. The
artificial photosynthesis reaction mimics the natural photo-
synthesis and can produce valuable chemical fuels from earth-
abundant sources, such as H,O and CO,, in an eco-friendly
fashion. Artificial photosynthesis primarily consists of two half-
reactions, ie. reduction and oxidation reaction. The oxidation
reaction comprises the four-electron oxidation of water
(2H,0 — O, + 4H' + 4e”) and generates energy-rich electrons,
and the formed electrons are used for the production of
chemical fuels. Therefore, water oxidation is indispensable for
realising artificial photosynthesis. However, the water oxidation
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reaction requires the transfer of four electrons and the for-
mation of a double bond between two oxygen atoms therefore,
the reaction has been regarded as the main bottleneck in the
artificial photosynthesis reaction sequence.

Efficient catalysis of water oxidation has been studied extensively.
The catalysts reported so far can be mainly classified as hetero-
geneous and homogeneous catalysts. While the former basically
consists of metal oxides,”™" the latter usually includes metal
complexes. Among them, homogeneous catalysts are advanta-
geous for probing reaction mechanisms at the molecular level
with well-established spectroscopic techniques. Further, reaction
mechanism-based design and high tunability of the catalysts are
significant advantages of homogeneous catalysis systems. There-
fore, the development of metal-complex-based homogeneous
catalysts for water oxidation is a promising research prospect.

The first example of an artificial homogeneous catalyst for
water oxidation is a p-oxo-bridged dinuclear ruthenium complex,
the so-called ‘blue dimer’, which was reported by Meyer et al. in
1982."* Building on the pioneering discovery of the blue dimer,
ruthenium-based complexes have mainly been studied as candi-
dates for homogeneous water oxidation catalysts,*"” and several
examples of the ruthenium-based complexes with excellent
catalytic activities have been reported."®* However, these com-
plexes are not necessarily suitable for potential large-scale
practical applications because of the limited supply and high
cost of elemental ruthenium.

In this context, earth-abundant first-row transition metal
ions such as manganese, iron, cobalt, nickel, and copper are
suitable alternatives, as these metal ions are inexpensive and
have a lesser risk of depletion in nature. However, complexes
with these earth-abundant metal ions are much less explored
as water oxidation catalysts compared to ruthenium-based
complexes, and the development of earth-abundant metal-
based molecular catalysts remains an emerging field.** There-
fore, establishing guiding principles for designing this catalyst
class is highly important.
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This paper reviews the frontier of water oxidation reactions
mediated by the earth-abundant-first-row transition-metal com-
plexes. Although several excellent and relevant reviews are
available,>>™* this review aims to extract the principles from
the literature for the design of molecular water oxidation catalysts
based on the earth-abundant first-row-transition-metal complexes.
The review begins with an introduction to the challenges in
creating efficient and robust catalysts for the purpose. Significant
examples of the catalysts with a focus on their molecular structures
and reaction mechanisms are presented next, and finally, the vital
aspects for obtaining excellent catalysis are discussed.

2. Challenges in water oxidation
mediated by complexes of earth
abundant first-row metal ions

The oxidation of water to produce dioxygen may seem a straight-
forward transformation because of the structural simplicity of the
substrate and products. However, the reaction is highly challenging
owing to the requirement of multiple (four) electron transfer,
rearrangement of multiple bonds in the cleavage of four O-H bonds,
and formation of an O—O0 bond. The Gibbs free energy (AG) for the
water-splitting reaction (eqn (1)) is ~237 kJ mol . Therefore, the
standard redox potential (E°) for the water oxidation reaction
(eqn (2)) is +1.229 V vs. the normal hydrogen electrode (NHE)
according to the Nernst equation (eqn (3)), where n is the number
of electrons transferred in the reaction and F is the Faraday constant.

HZO(l) - 1/202(g) + Hz(g) (1)
2H,0 — O, + 4H" + 4e~ 2)
AG = —nFE° (3)

Reaction kinetics are critical in water oxidation. The reaction
has a high kinetic barrier, and thus large overpotentials are
required to drive the reaction. Therefore, the catalyst employed
for water oxidation should facilitate the complicated electron
transfer and chemical conversion processes by lowering the
activation energy of the reaction.

Therefore, gaining insights into the natural and artificial
water oxidation catalysts will be highly beneficial for obtaining
the keys to the development of novel molecular catalysts for
water oxidation based on the earth-abundant first-row transition
metal ions. In nature, the water oxidation reaction is catalysed by
a Mn,CaOs cluster in the oxygen-evolving complex (OEC) of
photosystem II. The Mn,CaOs cluster contains the earth-
abundant manganese ions, which belong to the first row of
transition metals. Mn,CaOs is a highly active catalyst with an
extraordinary turnover frequency (TOF: 100-400 s~ ')** for the
water-oxidation reaction and possesses a substantially low over-
potential (7 < 0.3 V).*> However, the structure of Mn,CaOj
cluster is stable only under biological conditions, and the
extraction of the cluster from the protein is highly challenging.
Moreover, artificial replication of the cluster to exhibit similar
reactivity is difficult, although there exist a large number of
reports on the syntheses of the synthetic models of the cluster.*®*°

Chem. Soc. Rev., 2021, 50, 6790-6831 | 6791


https://doi.org/10.1039/d0cs01442g

Published on 11 Meyi 2021. Downloaded on 11/3/2025 6:45:01 PM.

Chem Soc Rev

While simple structural mimicry of the natural enzyme is quite
difficult, these promising advances indicate that high-performance
molecular water oxidation catalysts can be constructed using
earth-abundant first-row transition metal ions.

Next, we focus on the artificial system for water oxidation. As
described earlier, the development of molecular catalysts for
water oxidation has been mainly studied on metal complexes
containing the ruthenium ion. The reported investigations on
ruthenium-based complexes provide important insights and
principles for constructing artificial water oxidation catalysts.

Water oxidation can be broadly divided into three steps:
(1) transfer of multiple electrons; (2) generation of the key
active intermediate for catalysis; and (3) O-O bond formation
by the reaction of the key intermediate(s). The multi-electron
transfer reaction can be achieved mainly using the redox-active
nature of metal centres. During this process, proton-coupled
electron transfer (PCET) is also frequently used to avoid the
formation of highly charged species. After the accumulation of
the multiple charges, the formation of catalytically active key
intermediate, in which an oxygen atom is bound to a high
valent metal centre, takes place. For instance, in the case of
ruthenium-based complexes, Ru(v)=0, and Ru(w)-O°* species
are widely known to be the key intermediates during water
oxidation. For the final O-O bond formation step, two kinds of
pathways exist. The first is the nucleophilic attack of a water
molecule on the oxygen atom in the key intermediate, i.e. water
nucleophilic attack (WNA). This mechanism generally operates
in an intermolecular fashion. The other is the coupling reaction
between two key M-O intermediates (I2M). This process can
proceed both in an inter- and intra-molecular fashion. The
manner of the O-O bond formation is governed by the structure,
arrangement, and reactivity of the aforementioned intermediate.
Collectively, the complexes that can accumulate multiple charges
and generate a high valent key intermediate with an oxygen atom
bound to the metal centre are regarded as potential candidates
for water oxidation. In addition, first-row transition metal ions
participate in many biological reactions which involve O,. For
example, the Mn,CaOs cluster in the OEC can serve as a water
oxidation catalyst in the natural photosynthesis process.’*>" Iron-
based metalloenzymes can catalyse several oxidation reactions
and supply the O, required for respiration.’*™° Copper-based
complexes in metalloenzymes are known to transport or activate
0, for subsequent oxidation of substrates.®®®" Therefore, com-
plexes of earth-abundant first-row transition metal ions should
be potential candidates for water oxidation catalysis. However,
the design of new water-oxidation catalysts by the simple replace-
ment of the ruthenium ion within the same molecular framework
with these metal ions is not useful, mainly because of the lability
of the earth-abundant metal ion complexes towards substitution,
which renders them less stable than their ruthenium-based
counterparts. Because of the high lability of such metal ions,
the incorporation of two multidentate ligands of different types
for forming heteroleptic complexes, a frequently used strategy for
the construction of ruthenium-based water oxidation catalysts,
becomes difficult. Further, ligand-scrambling results in the
formation of several other complexes during the syntheses. The
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Scheme 1 Features of the natural enzyme and artificial ruthenium-based
catalysts for water oxidation (top), and the approach for the development
of efficient molecular water oxidation catalysts containing earth-abundant
first-row transition metal ions.

lability also affects the stability of high-valent species required for
the water-oxidation catalysis. In other words, ligand-leaching from
the metal ions upon oxidation is a problem in the case of complexes
with earth-abundant first-row transition metal ions. Thus, molecular
designs for mitigating such decomposition pathways are critical.
Despite the various technical challenges, the development of
molecular water oxidation catalysts using earth-abundant first-row
transition metal ions derives inspiration from the excellent example
of the natural system, which clearly indicates that the construction
of such efficient catalysts is possible. In addition, the numerous
studies on ruthenium-based artificial catalysts provided important
guidelines to achieve the reaction. The business currently required
in this field is the establishment of a focused catalyst design strategy
for employing the earth-abundant first-row transition metal com-
plexes (Scheme 1). In the following sections, we aim to compile the
factors essential for designing active catalysts for water oxidation
with metal complexes of the earth-abundant first-row transition
metal ions. The reported water oxidation catalysts will be classified
based on their ligand structures, and their structural features,
activities, and their reaction mechanisms will be discussed.

3. Water oxidation catalysed by
complexes of earth abundant
first-row transition metal ions
Representative examples of the water oxidation catalysts are

organised based on the nature of the constituent ligand(s). Chart 1
summarise the structures of the water oxidation catalysts described

This journal is © The Royal Society of Chemistry 2021
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Chart 1 Structures of ligands or metal complexes introduced in this
review.

in this review. The purpose of this review is to unveil the effect of
ligand structures on the catalytic activity and reaction mechanism of
homogeneous catalysts containing earth-abundant first-row transi-
tion metal ions, and propose the rational strategy for designing
catalysts with excellent performance. Therefore, in this review,
following sections are grouped by ligand of water oxidation catalysts.
In the beginning of each section, we will briefly introduce
the structural features of the ligand focused on the section, which
is then followed by the description on the examples of complexes
bearing the corresponding ligand(s) mainly from the viewpoint of
activity and catalytic mechanism. Finally, at the end of each section,
we will provide the analysis on the properties of ligands based on
the aforementioned discussion.
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3.1 Mononuclear water oxidation catalysts with 2,2’-bipyridyl
ligands and their derivatives

The strong electron-donation and chelation abilities of the
nitrogen atoms render the 2,2’-bipyridyl moieties as excellent
ligands for forming metal complexes with various metal ions.
Notably, blue dimer, the first molecular water oxidation catalyst
reported, comprises the 2,2/-bipyridine motif,"” and the ruthenium-
based complexes with 2,2'-bipyridyl ligands are a prominent catalyst
class for water oxidation.”®” Inspired by their success in
ruthenium-based water oxidation catalysts, the bipyridyl complexes
of the earth-abundant firstrow transition metal ions and their
derivatives were studied.

In 2012, Mayer et al. reported the first example of a copper-
based molecular catalyst (Cu(bpy)(OH),, 1 in Chart 2, bpy =
2,2-bipyridine,) for water oxidation.®®> This pioneering study
demonstrated the capability of copper complexes as homogeneous
electrocatalysts for water oxidation. The complex contains one bpy
and two hydroxide anions as ligands and was prepared in situ by a
straightforward process of mixing commercially available copper
salts and bipyridine at high pH. Electrochemical studies con-
firmed the catalytic activity of 1 for water oxidation, and the cyclic
voltammograms (CVs) of 1 under various pHs showed large
irreversible peaks attributed to the water oxidation. The controlled
potential electrolysis (CPE) of the complex at 1.35 V (vs. NHE) in a
buffered aqueous solution (pH = 12) resulted in the formation of
O, with a faradaic efficiency of 90%. The overpotential () of the
reaction was estimated to be 750 mV. EPR measurements of the
complex revealed that 1 exists in equilibrium with the dimeric
complex (Fig. 1). Further, the resting state of the complex varied
with pH. Remarkably, 1 had very high reaction rates, and its TOF
was estimated from CV using the following equation (eqn (4)).

1
ical kcalRT 2 71
— =220 (| ——— | v 2 (4)
ip F
~ < OH
PN OH; LoN,,  LoH
u X "
Z>N7 YOH, Z~N" “oH
S —~
OH
1 2
OH,
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3 4

Chart 2 Structure of mononuclear water oxidation catalysts with 2,2'-
bipyridyl ligands and their derivatives.
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Fig. 1 The acid-base equilibrium of 1 in solution at different pH values.
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where ico is the catalytic current, 7, is the peak current measured in
the absence of the substrate, n., is the number of electrons
involved in the catalytic reaction, F is Faraday constant, k. is
the effective first-order rate constant, R is the universal gas
constant, T is the temperature in Kelvin, and v is the scan rate.
The TOF (k.o of 1 was ~100 s~ ', which is one of the highest
values among reported copper-based water oxidation catalysts. It is
known that the molecular catalyst can decompose to form metal
oxides under catalytic conditions in some cases, and thus the true
catalyst is the metal oxide.®*®® Therefore, it is essential to clarify
the stability of the homogeneous catalysts based on earth-
abundant first-row transition metal ions, which are more
substitution labile complexes compared to the homogeneous
catalysts containing 2nd or 3rd-row transition metal ions.
Notably, analysis of the electrode and reaction solutions after
the electrolysis did not indicate the formation of heterogeneous
nanoparticles, and thus the stability of the catalytic system was
confirmed. Additionally, the stability of catalytic system was
investigated by multiple CV scans, and no changes were
observed in the catalytic current. These results clearly show
that 1 can serve as an efficient and robust homogeneous
electrocatalyst for water oxidation. The simple structure of 1
is likely the origin of its high stability.

Inspired by the findings of Mayer et al., the catalytic activity
of copper-bipyridine analogues was investigated. Lin and
Papish independently reported the electrocatalytic activity of
copper complexes containing the 6,6’-dihydroxy-2,2’-bipyridine
ligands (6,6’-dhbpy).°>°” Lin investigated the electrochemical
properties of a basic aqueous solution containing a Cu(u) salt
and 6,6’-dhbpy. The key feature of their system is the presence
of hydroxyl groups on the ligand. The ligand was designed to
mimic the role of tyrosine Z or Yz in photosystem II for
providing redox activity and enabling PCET during the catalysis.
Importantly, such features should facilitate the access to high-
oxidation-state copper species, which are required for the catalyst,
lead to lower the overpotential. The complex was prepared by
mixing a Cu(n) salt with 6,6'-dhbpy under basic pH and was
obtained as a one-dimensional polymer with infinite structure.
Electrochemical measurements of a solution containing the
polymer-based complex indicated that the water oxidation reaction
proceeds at n = 510-560 mV in the 12.0-14.0 pH range, which is
substantially lower than # of 1. However, the TOF value of the
system estimated based on eqn (4) was found to be lower (0.4 s™)
than that of 1. Papish et al isolated the discrete complex [(6,6"-
dhbpy),Cu]™" (2) and studied its catalytic activity. Similar to the
approach of Lin et al., they aimed to lower the overpotential of the
reaction by facilitating PCET and stabilising the key reaction
intermediate. In their report, n and TOF were estimated to be
477 mV and 0.356 s, respectively. In both cases, it is indicated
that the pendant hydroxyl groups on the ligand play an important
role in the catalysis. The catalytic cycle reported by Lin et al. is
shown in Fig. 2. In their proposed catalytic cycle, 6,6'-dhbpy serves
as a non-innocent ligand and participates in electron transfer and
PCET reactions. Due to such nature of the ligand, the catalytically-
active high-oxidation-state copper species form more readily,
which contributes to the lowering of # value of the system

6794 | Chem. Soc. Rev, 2021, 50, 6790-6831
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Fig. 2 Plausible catalytic cycle for the water oxidation reaction mediated
by copper-bipyridine complex 2.

compared to that of 1. In this system, the Cu(m)-OH species (B in
Fig. 2) act as a key intermediate for O-O bond formation and the
0-0 bond formation reaction proceeds via the WNA mechanism.
Further investigations are required to clarify the nature of the
catalytic intermediate and the catalytic mechanism.

A copper complex with bidentate ligands containing a pyridyl
moiety is also known to serve as a water oxidation catalyst. In 2017,
Brudvig et al. reported the novel copper complex, Cu(pyalk),
(pyalkH = 2-pyridinyl-2-propanol, 3).°® The analogous iridium
complex with the pyalkH ligand was previously studied for water
oxidation catalysis®® and demonstrated oxidation resistance. The
group also showed that pyalkH undergoes facile deprotonation
and forms the strongly electron-donating alkoxide anion, which
can stabilise high oxidation states. Due to such reasons, pyalkH
was expected to be a good ligand for designing water oxidation
catalysts. In the electrochemical measurements of complex 3 at pH
13.3, a large reversible catalytic current was observed. Controlled-
potential electrolysis of 3 was conducted at 1.1 V (vs. Ag/AgCl), and
the formation of ~600 umol of dioxygen with a faradaic efficiency
of ~75%, which corresponds to a catalytic turnover of > 30,
was confirmed. The » and TOF of the catalytic reaction were
520-580 mV (pH 10.4-13.3) and ~0.7 s~ based on eqn (4),
respectively. The group also investigated the stability of the
catalyst by UV-vis absorption spectroscopy, SEM, EDX, and
electrochemical measurements, and confirmed the robustness
of the complex as a homogeneous catalyst. The control experi-
ment using copper(n) picolinate indicated that the oxidation-
and dissociation-resistant pyalkH ligand is likely the origin of
the high stability of 3. In the subsequent report by the same
group, a catalytic mechanism was proposed based on quantum
chemical calculations, UV-vis absorption spectroscopy, kinetic
isotope effect, and electrochemical measurements (Fig. 3). In
the proposed mechanism, the complex 3 first isomerises to the
cis-form (A), and the subsequent oxidation of the metal centre
and the binding of the hydroxide anion generates the Cu(m)-
OH species (C). The cis form alone is responsible for water
oxidation. Next, the PCET reaction proceeds to generate the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Catalytic cycle for water oxidation with the copper—PyalkH complex 3.

Cu(m)-O* species (D), which is the key intermediate. The inter-
mediate reacts with water via WNA mechanism to form the O-O
bond, which is the rate-determining step. The resultant peroxo
species (E) is further oxidised via PCET and liberates dioxygen.
Remarkably, the pyalk ligand remains bound even with a labile
pyridine group that opens up a coordination site for water
binding, which confirms the high stability of the complex.

In 2020, Zhang et al. reported a relevant mononuclear copper
molecular catalyst for electrochemical water oxidation.”® The
catalyst was simply generated in situ from copper salt and an
organic ligand, 1-mesityl-1H-1,2-3-triazole-4-carboxylic acid, in a
0.1 M sodium acetate solution. The complex can catalyze
electrochemical water oxidation at a very low overpotential
(0.31 V) under neutral conditions. It was also revealed that the
catalysis undergoes with first-order kinetics to the catalyst,
suggesting a single-site mechanism for water oxidation.

In 2012, Lau et al. reported a cobalt complex Co(qpy)(OH,),
bearing the tetradentate polypyridyl ligand 4 (qpy = 2,2":6',2":6",2"-
quaterpyridine).”* The structure of qpy comprises two 2,2/
bipyridine moieties connected with each other, and thus, the
ligand is expected to have strong chelation and oxidation
resistance. Further, 4 was the first reported example of a cobalt-
based complex that can drive water oxidation photochemically.
Upon irradiating visible light (457 nm) on a borate buffer solution
containing catalytic amounts of 4, the photosensitiser [Ru(bpy)]**,
and the sacrificial electron acceptor sodium peroxodisulfate, O,
evolution occurred with a turnover number (TON) of 335. The
oxygen atom in this reaction was confirmed to originate from
water by '®O-labelling experiments, and mass spectroscopy.

This journal is © The Royal Society of Chemistry 2021
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Chart 3 Summary of features of water oxidation catalysts with 2,2'-
bipyridyl ligands and their derivatives.

The authors also performed several photochemical control
experiments and dynamic light scattering measurements and
confirmed the absence of cobalt oxide nanoparticle formation
during the catalysis. These results highlight the use of multi-
dentate ligands with oxidation-resistance as an effective strategy
for stabilising high-valent cobalt-oxo species without forming
heterogeneous metal oxide species.

As described below, 2,2’-bipyridyl ligand-based complexes
with earth-abundant first-row transition metal ions can function as
efficient catalysts for water oxidation. The inherent feature of this
class of ligands is their high resistance towards oxidation reactions
(Chart 3). The ease of preparation of the catalysts is another
advantage. Additionally, the electronic structures and properties
of the ligands can be tuned by introducing substituents at
appropriate positions, which can stabilise the high-valent key
reaction intermediates. Some reports disclosed that an increase
in coordination positions on the ligand or the use of an anionic
ligand enhance the stability of the resultant catalyst molecules.
However, the reports on the 2,2/-bipyridyl ligand-based complexes
with earth-abundant first-row transition metal ions are mainly
limited to copper-based complexes with square planar geometry.
The bidentate structure of 2,2"-bipyridyl type ligand often leads to
the formation of tris(2,2'-bipyridyne)-metal complexes in the case
of metal ions, which prefer hexacoordinated octahedral geometry.
Therefore, a substitution-labile site on the complex, which
functions as a water binding site, cannot be generated.

In this regard, the utilisation of a ligand with more coordi-
nation sites would be preferable for the construction of water
oxidation catalysts based on metal complexes containing Mn,
Fe, Co, and Ni ions.

3.2 Mononuclear water oxidation catalysts with PY5-type ligands

The development of first-row transition metal complexes that are
stable during the catalysis reaction is key for obtaining efficient
water oxidation catalysts. In this regard, the use of multidentate
ligands is an important strategy. The derivatives of 2,6-(bis(bis-2-
pyridyl)-methane)-pyridine (PY5) are excellent candidates owing to
their pentadentate coordination and are suitable for constructing
stable structures. Another important feature of these ligands is the
open-site, which serves as a substrate binding site, can generate by
the reaction with a metal ion in an octahedral geometry. Due to
these reasons, several first-row transition metal complexes with
PY5 ligands have been developed, and their catalytic activity for
water oxidation was investigated.

In 2012, Berlinguette et al. reported the catalytic activity
of the PY5-based cobalt complex 5 (Chart 4).”* This is the first

Chem. Soc. Rev., 2021, 50, 6790-6831 | 6795
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Chart 4 Structures of mononuclear water oxidation catalysts with PY5-
type ligands.

example of a cobalt complex that catalyses water oxidation. The
authors used 2,6-(bis(bis-2-pyridyl)methoxy-methane)-pyridine
as the ligand, wherein the methoxy groups were introduced to
prevent ligand oxidation which causes catalyst deactivation.
The metal centre of the complex has an octahedral geometry
(Chart 4), and five out of the six coordinating atoms are nitrogen
derived from the pyridine moieties of the ligand; a water molecule
coordinates at the remaining site. Electrochemical measurements
revealed that 5 undergoes PCET to furnish [Co™-OHJ*". A sweep to
the positive potential region indicated an irreversible catalytic
current at ca. 1.45 V (vs. NHE), which indicates the formation
of a [Co™-~OHJ*" species that are reactive towards OH . It is
noteworthy that the stabilisation of the metal ion within the
pentadentate framework of PY5-type ligands allows access to
this reactive intermediate. Building on this success, the electro-
catalytic activity of 5 for water oxidation was intensively studied,
and catalysis with # = 500 mV at pH = 9.2 was achieved. The
authors performed several electrochemical measurements using
[Co(OH,)s*" and excluded heterogeneous catalysis of water oxidation
by the cobalt-oxide-based film formed on the electrode. Overall, the
study confirmed the homogeneous water oxidation catalysis by 5
and demonstrated that the PY5-type are an important class of
ligands for the design and construction of water oxidation catalysts
based on earth-abundant transition metal ions. In a later study, the
catalytic cycle of 5 was proposed based on electrochemical studies
and quantum chemical calculations’ (Fig. 4). The electrochemical
studies revealed that the two-step PCET reaction from the initial
state of the complex affords the key Co(v}-oxyl catalytic intermediate
(C). This species has an intermediate-spin-quartet configuration of
the formally Co™-d® centre. The structurally-rigid PY5-type ligand
framework is responsible for generating the ligand field, in which
this highly active state is almost isoenergetic to the low-spin doublet
ground state. The O-O bond formation step was intensively
investigated, and both intra- and inter-molecular pathways were
considered. The results of the DFT calculations, together with
electrochemical measurements, indicated that the nucleophilic
attack of the hydroxide anion in an intermolecular fashion
(C — D) is the most plausible pathway. By further oxidation
of the complex via PCET mechanism, dioxygen is liberated, and
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Fig. 4 Proposed water-oxidation mechanism using Co-PY5 complex 5
as a catalyst.

the coordination of a water molecule regenerates the initial
state. Thus, the structure of complex 5, which remains robust
pentacoordinate structure during the catalytic process and also
has an open site at the octahedral apex as a substrate binding
site, is useful for water oxidation.

Ott and Thapper et al. developed several complexes with the
2,6-(bis(bis-2-pyridyl)hydroxy-methane)-pyridine (PY5-OH) ligand.
The hydroxy groups were introduced on the ligand to explore the
possibilities for further functionalisation suitable for surface
immobilisation. The first report by the group on the complex
bearing a cobalt ion, [Co(PY5-OH)CI](BE,) (6)”* investigated the
photo-, electro-, and chemical-catalytic activities of the complex.
The CVs of 6 in borate buffer (pH 8 and 9) showed a catalytic
current at 1.2-1.3 V (vs. NHE), and the overpotentials for the
reaction were 540 and 510 mV at pH = 8 and 9, respectively.
Light-driven water oxidation using 6 as the catalyst was inves-
tigated in the borate buffer (pH 8) in the presence of [Ru(bpy);]**
as the photosensitiser and S,05>" as the sacrificial electron
acceptor. Upon visible-light irradiation (1 = 470 + 10 nm,
820 mE cm > s~ 1), O, evolution with a TOF of 1.3 + 0.2 s "
and TON of 51 + 3 was observed. The catalytic reaction with
[Ru(bpy);]** as the chemical oxidant proceeded with TOF of
15 + 1. The removal of chloride ligand and further oxidation
resulted in the formation of a p-oxo bridged dimer complex, and
this dimeric intermediate was found to be almost inactive for
water oxidation. Therefore, the presence of chloride is essential

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Postulated mechanism for water oxidation by Co—PY5-OH complex 6.

for stabilisation of the complex. The authors also proposed the
catalytic mechanism based on EPR measurements and UV-vis
absorption spectroscopy (Fig. 5). In the mechanistic studies,
the authors used m-chloroperoxybenzoic acid (m-CPBA) as the
oxidant. The key Co(iv)=O0 intermediate (B) is generated in the
presence of m-CPBA, wherein the temporary detachment of a
pyridine ligand provides the coordination site for substrate
binding. Subsequently, the O-O bond formation occurs via
the WNA pathway (B — C), and the liberation of the O, from
the complex closes the catalytic cycle. The authors also analysed the
reaction mixture after the catalysis by DLS and UV-vis absorption
spectroscopy and confirmed the molecular integrity of the catalyst
during the turnover. Although the catalytic mechanism of 6 is
different from that of 5, these studies disclosed that Co complexes
bearing PY5-type ligands could serve as molecular catalysts for
water oxidation.

In 2016, the same group reported two iron complexes
bearing the PY5-OH ligand (7 and 8).”° In their report, cerium
ammonium nitrate (CAN) and [Ru(bpy);]>" were used as the
chemical oxidants. Interestingly, under acidic conditions (pH 1.5)
and with CAN as the oxidant, 7 exhibited higher activity than 8. In
contrast, the catalytic activity of 8 was better than that of 7 when
the reaction was performed at pH 8 using [Ru(bpy);]*" as the
oxidant. The TON and TOF of 7 at pH 1.5 were 16 and 0.75 s~ ',
respectively, and those of 8 at pH 8 were 26.5 and 2.2 s,
respectively. Notably, 8 also catalyses light-driven water oxidation
at pH 8 (TON: 43, TOF: 0.6 s~ ). The authors carefully examined
the reaction mechanism using EPR and quantum chemical
calculations and proposed the mechanism shown in Fig. 6 and 7.

At pH 1.5, the two sites with the labile ligands in the cis
configuration are necessary for efficient catalysis. The coordination
of two water molecules to 7 and the subsequent PCET affords
Fe(v)=O0 as the key intermediate (B in Fig. 6), and then Ce cation
coordinates to the intermediate B, forming intermediate C.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Proposed mechanism for water oxidation by Fe—PY5-OH complex
7 using CAN as a chemical oxidant.

After that, the WNA reaction of this intermediate C leads to the
bond formation between the two oxygen atoms (D in Fig. 6).
Intermediate D releases oxygen due to further WNA and returns
to intermediate C. It should be noted that 8 cannot catalyse the
reaction under acidic conditions because one of the coordination
sites is occupied permanently by the chloride ligand.

In contrast, the de-coordination of a pyridyl group and the
reaction with water proceed initially in the catalysis mediated
by 8 at pH 8 (Fig. 7). Subsequently, one- and two-electron
oxidations involving the transfer of two protons proceed to
afford the catalytic intermediate Fe(v)J—=O (C). The Fe(v)—O
species reacts with water to form the O-O bond via WNA (D).
Under these conditions, the stability of 7, which lacks a
chloride ligand, is lower than that of 8. Intermediate D releases
oxygen due to further PCET and returns to intermediate B. The
results of the study showed the application of the PY5-type
ligands for preparing molecular catalytic systems for water
oxidation under various experimental conditions.

The most recent example of a PY5-based complex for water
oxidation was reported by Sun et al. in 2016.”® They synthesised a
nickel complex (9) bearing 2,6-(bis(bis-2-pyridyl)methyl-methane)-
pyridine (PY5-Me) as the ligand and investigated its catalytic
activity. From the results of electrochemical studies, the TON
and TOF values of water oxidation mediated by the complex in a
phosphate buffer were 19 and 145 s~ ' (eqn (4) was used for the
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Fig. 7 Proposed mechanism for water oxidation by Fe—PY5-OH complex
8 using [Ru(bpy)sl®* as a chemical oxidant.

calculation of TOF), respectively. The robustness of the catalyst
was confirmed by DLS, XPS, and electrochemical measurements.
Further, the catalytic mechanism of 9 was recently suggested
based on the quantum chemical calculations.”” The formation of
the active species Ni(v)=—0, which was supposed to be the key
intermediate from the original report, was difficult to access in
this system due to its high redox potential (2.17 V), therefore
Ni(v)=0 was suggested to be the actual key intermediate
involved in the O-O bond formation. An overview of the proposed
catalytic cycle is shown in Fig. 8. In this catalytic cycle, two-step
PCET reactions from the initial state afford the key Ni(v)—0
intermediate (B).”®’° The intermediate then reacts with water via
WNA, leading to O-O bond formation (B — C). The authors note
that HPO,>~ plays a crucial role in this reaction by abstracting a
proton from the water molecule during the attack. Quantum
chemical calculations indicated that the presence of HPO,>~ lowered
the activation energy for O-O bond formation to 11.5 kecal mol ",
which is in excellent agreement with the experimental kinetic data
(barrier of 12.9 kcal mol™"). Further PCET (C — D), oxidation
(D — E), and O, dissociation (E — 9) regenerated the initial
catalyst state. Additionally, the authors calculated the activation
barriers for the O-O bond-formation process for various M-PY5-Me
(M = Mn, Fe, Co, Ni, and Cu) complexes. The calculation results
suggest that the Cu-analogue is expected to show a lower energy
barrier compared to 9. Further, its redox potential is comparable to
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Fig. 8 Proposed mechanism for electrocatalytic water oxidation by
Ni-PY5-Me complex 9.

that of 9, whereas the complexes bearing Mn, Fe, and Co ions likely
have a higher energy barrier for water oxidation compared to that of
9. They also calculated the ligand exchange reaction of PY5>-M"~—=0
species and found that the binding strength of PY5 to the metal ions
follows the trend Co > Ni > Mn > Cu > Fe. Further, a difference
of 6.4 keal mol " was observed between Ni (56.4 kcal mol ) and Cu
(50.0 keal mol ™). These results indicate that both the energy barrier
of the catalysis and the stability of the catalysts should be consid-
ered for developing superior molecular water oxidation catalysts
from earth-abundant transition metal complexes.

The aforementioned examples of PY5-complexes indicate that
the following features of PY5 are essential for catalysis (Chart 5).
First, because PY5 is a pentadentate ligand, the dissociation of the
entire ligand from the metal ion is not facile, which is an important
attribute for mitigating catalyst decomposition. Second, the alkyl
linker between the pyridyl moieties allows flexible ligand
movement, which allows partial dissociation of the ligand for
efficient catalysis. Third, the methoxy, hydroxy, or methyl protecting
groups on the alkyl linker inhibit undesired pathways for ligand
oxidation. Actually, the molecular integrity of the catalysts was
proved by various studies. Therefore, this class of ligands are
promising candidates for the development of water oxidation
catalysts based on first-row transition metal ions. However, a recent
report pointed out the possibility of heterogeneous nanoparticle

PY5-type ligands

C\ T O - stable structure to prevent catalyst decomposition

- flexible ligand movement allows efficent catalysis

- high oxidation resistance

Chart 5 Summary of features of water oxidation catalysts with PY5-type
ligands.
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formation during the catalysis, and that the resultant nanoparticles
are the true species that catalyse water oxidation in iron-based
PY5-complexes.*® Therefore, further in-depth mechanistic studies
are required to elucidate the prevailing catalysis mechanism.

3.3 Mononuclear water oxidation catalysts with
alkylamine-pyridine complexes

The success of the PY5-type ligands in water oxidation catalysis
with earth-abundant first-row transition metal ions highlights
the utility of multidentate ligand systems. The intrinsic structural
rigidity and oxidation resistance of these ligands confers high
catalyst stability during the reaction. The use of alkylamine-
pyridine type ligands is another important approach in the
water-oxidation catalyst design owing to their capacity to stabilise
high oxidation states and their ability to serve as highly-active
oxidation catalysts.*’®* Also, the structural flexibility of the
alkylamine moiety and coordination ability of pyridyl fragments
are promising features for the ligand design. Moreover, the
derivatisation of the structure is relatively straightforward, which
is advantageous for fine-tuning the structural and electronic
features of the complexes. Owing to several such beneficial
attributes, this class of ligands were studied for the development
of water oxidation catalysts.

In 2011, Fillol and Costas et al. reported the catalytic activity of
a series of iron complexes bearing the tetradentate alkylamine-
pyridine type ligands (10-16 in Chart 6).** Ligand availability,
modularity, and versatility of these complexes allowed the
systematic study of a large number of structures. The following
are the key structural features of these complexes: 10-14 have two
labile sites that are disposed in a cis configuration; 15 has
two labile sites in a trans configuration; and 16 has only one

Chart 6
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Fig. 9 Postulated mechanism for water oxidation by iron complexes 10—
14 based on tetradentate nitrogen ligands.

labile site. The catalytic activity of the complexes was examined
using Ce" as the chemical oxidant at pH 1. Although 10-14
exhibited catalytic activity, 15 and 16 were inactive for water
oxidation, which strongly indicates that the presence of two labile
sites in a cis configuration is essential for the desired reactivity.
Among the complexes investigated, 11 showed the highest
activity with a TOF of 0.23 s~' and TON of 360. This result
indicates that the use of lower coordination rigidity and lower
ligand basicity are keys to improving the catalytic activity in this
class of complexes. The authors also elucidated the plausible
catalysis mechanism of the active complexes based on UV-vis
absorption spectroscopy (Fig. 9). In this catalytic cycle, the iron
centre is initially oxidised by the Ce(wv) oxidant to the Fe(v)=—0
species (A), the formation of which was confirmed by ESI-MS.
The further oxidation of the species by Ce(wv) affords the
Fe(v)—O0 species (B), which serve as the key intermediate for
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Structures of alkylamine-pyridine complexes.
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0-0O bond formation. Subsequently, the WNA reaction occurs,
wherein the hydrogen bonding between a hydroxyl ligand and
H,0 molecule (C) assist in the formation of the Fe(ur)-(OOH)
species (D). Finally, the dissociation of O, accompanied by the
transfer of three electrons and three protons regenerates the
Fe(v)=O0 catalytic resting state. Overall, this study succeeded in
identifying the key features for the construction of water oxidation
catalysts using alkylamine-pyridine complexes.

The complexes developed in the aforementioned report
pursued a novel design of the iron-based complexes for water
oxidation. However, the potential oxidation of the alkylamine
ligand during the catalytic reaction leads to catalyst deactivation.
To overcome this problem, the same group reported a novel
complex similar to 11 in 2019.%° In this complex (17), the
hydrogen atoms at the benzylic methylenic positions were
replaced by deuterium, which imparted robustness against C-H
oxidation. Therefore, the TOF of 17 reached 3800, which is
substantially higher than that of 11. Notably, the initial reaction
rates of these complex are identical, indicating that the deutera-
tion does not affect the reaction rates. This study clearly
demonstrates that catalytic activity can be improved by the
identification of structural limitations at the molecular level
and with remediation by rational design.

In 2014, Smith et al. reported the catalytic activity of a series
of manganese-based complexes comprising the tetradentate
pyridinophane ligand (18-20).*® Among them, 18 and 19 were
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found to catalytically disproportionate H,O, in aqueous solution.
In contrast, 20 exhibited water-oxidation catalysis. The CPE
experiment of the complex at 1.23 V (vs. NHE) confirmed the
formation of dioxygen with a faradaic efficiency of 74-81% and
TON of 16-24. The unique water-oxidation reactivity of 20 largely
relies on the bulkiness of the substituent on the pyridinophane
scaffold. The installation of a bulky substituent (#Bu) in 20
prevents the formation of the dimeric complex, which is inactive
for water oxidation. It should also be noted that the electron-
donating ability of the #Bu groups enables facile access to higher
oxidation states. The study highlights the importance of rational
modification for achieving remarkable changes in catalytic activity.
The mechanism for the catalysis with 20 was reported by the same
group in 2017 (Fig. 10).*” The catalytic cycle was proposed based
on DFT calculations. In its initial state, the complex undergoes
deprotonation (20 — A), and the subsequent PCET reactions
(A > B — C) generate the key catalytic intermediate C (Fig. 10).
The next step involves the formation of O-O bond via
intramolecular coupling between the two oxygen atoms (I12M
mechanism). The O-O bond formation process proceeds via
coupling between the two oxyl radical fragments (D — E). The
energy barrier for the intramolecular O-O bond formation was
estimated as 14.7 kcal mol™'. The authors also claimed two
important features of the pyridinophane scaffold, which
were its ability to (1) provide an appropriate environment for
generating various oxidation and spin states and (2) its flexible

Fig. 10 Proposed catalytic cycle for water oxidation mediated by manganese pyridinophane complex 20.
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nature that allowed the formation of the octahedral complex
with the two labile sites in a cis configuration.

Recently, Liao et al. proposed another catalytic pathway of 20
based on DFT calculations.®® They proposed two possible
mechanisms for the O-O bond formation. The first involves
the intramolecular coupling of the radical species similar to the
mechanism proposed by Smith et al., and the other possible
pathway is the WNA reaction of the Mn(v)=0. The activation
energies for the intramolecular I2M reaction and intermolecular
WNA reaction were 13.8 and 13.1 kcal mol ', respectively. In the
latter WNA mechanism, the oxo moiety that is not attacked by a
water molecule serves as a base for deprotonating the water
molecule bound to the Mn(iv)=—0 moiety. Overall, they concluded
that the O-O bond formation process likely proceeds both via the
intramolecular I2M and intermolecular WNA processes.

In 2016, Lu reported that a nickel analogue of the complex
21 was active for water oxidation.®® Similar to the complexes
developed by Costas et al. (10-14), this complex also has the two
labile sites in the cis configuration. Electrochemical analysis of
the complex (21) in acetate buffer showed an irreversible
catalytic current at an onset potential of ca. 1.35 V (vs. NHE).
Further, the CPE of the complex at 1.60 V (3 = 750 mV)
confirmed the formation of dioxygen, and the stability of the
complex during the CPE was confirmed by UV-vis absorption
spectroscopy, electrochemical measurements, and ESI-mass
spectroscopy. The faradaic efficiency and TON of the reaction were
~70% and 3.4 (33 h), respectively. The proposed mechanism of
water oxidation mediated by 21 is shown in Fig. 11. The mechanism
was proposed based on electrochemical measurements and DFT
calculations. Initially, one of the water molecules in 21 is replaced by
an acetate anion vig ligand exchange. The species thus formed
undergoes a 2e~ per one H' PCET process, and the subsequent
ligand exchange between acetic acid and water molecules generates
the bis- hydroxy-Ni(iv) species (A). The O-O bond formation step

Fig. 11 Proposed pathway for water oxidation by Ni-PY5 complex 21 in
phosphate buffer solution.
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occurs via the HO-OH coupling of the two cis-OH groups with
the assistance of the acetate (B) to generate the Ni(u)-(OOH)
species (C). Notably, kinetic isotope effect studies indicated that
the atom-proton transfer process for the O-O bond formation is
the rate-determining step. Further, the calculated energy barrier
of the O-O bond formation was 18.9 kcal mol™". Finally, the
Ni(n)-(OOH) intermediate underwent further oxidation to yield
O, and re-entered the catalytic cycle (C — 21). Although this
study demonstrates that the nickel complex with alkylamine-
pyridine type ligands and cis labile sites can serve as water
oxidation catalysts, other studies demonstrated that the complex
with the trans labile sites exhibits higher activity.”® Therefore, the
strategy for designing highly active nickel-based catalysts should
differ from that for iron-based complexes.

Pentadentate ligands were also utilised as alkylamine pyridyl-
type ligands. Brudvig et al. reported a series of manganese com-
plexes with pentadentate alkylamine pyridyl-type ligands (22 and
23) in 2013.°" They reported chemical oxidation reactions with
Oxone or hydrogen peroxide as the oxidants, and 22 showed the
evolution of O, in the presence of both Oxone and hydrogen
peroxide, whereas 23 acted as a water oxidation catalyst only in the
presence of hydrogen peroxide. The difference between these two
complexes is that 22 has a pentadentate anionic ligand, whereas
23 has a pentadentate neutral ligand. The high c-donating ability
of the anionic ligand should stabilise the high-valent manganese
species in water. Indeed, the Mn"™/Mn™ redox potential of 22 is
located in the more negative potential region compared to that
of 23, which indicates that 22 is more easily oxidised to the
high-valent state than 23. Although 22 exhibited better activity
than 23, the TON (3-4) and TOF (0.01 s~ ') of the complex are
lower than those of reported manganese-based water oxidation
catalysts. Further, the authors indicated that the low activity of
these complexes is due to their decomposition during the
catalysis. The mechanisms of degradation may include oxidation
of the ligand to produce a different complex or an inactive
manganese oxide material. However, this study demonstrates that
the inclusion of an anionic carboxamido ligand trans to the labile
coordination site promotes the formation of a high-valent Mn
species which can facilitate oxygen formation. In other words, the
use of an anionic ligand that remains unprotonated during the
catalysis is an essential strategy for obtaining manganese-based
water oxidation catalysts.

Meyer et al. explored the catalytic activity of a copper
complex bearing the polypeptide ligand 24.°* Polypeptides are
biologically-relevant molecules comprising several amino acids
which are covalently-linked together. This class of ligands
are particularly interesting because of their excellent ligand
tunability via precise control of the chemical structures and
pK, values of the constituent amino acids. Also, the metal
complexes can be prepared from the ligands via the facile
self-assembly processes. The electrochemical measurement of
the complex was performed in 0.25 M phosphate buffer, and
one pH-dependent reversible oxidation wave appeared at 0.58 V
versus NHE (pH 11). The result indicated that the oxidation of
the metal centre involves the PCET process. Upon sweeping the
potential to the positive region, an irreversible oxidation wave
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was observed at ca. 1.32 V, suggesting the catalytic activity of
the complex for water oxidation. Further, a CPE experiment was
conducted to identify the product of the reaction, and the
evolution of dioxygen with a faradaic efficiency of 99% was
confirmed. The TON after 8 h reached ca. 13 and the onset
potential for water oxidation was determined to be ca. 1.10 V,
which corresponds to an overpotential of ca. 520 mV at pH 11.
The authors also calculated the TOF to be 33 s~ " based on cyclic
voltammetry (eqn (4)) and proposed a plausible cycle for the
catalysis (Fig. 12) based on the electrochemical analysis. First, the
proton-coupled oxidation of the Cu"-aqua complex generated
the corresponding Cu™-hydroxo complex (A), which was indicated
by the pH-dependent behaviour of the first oxidation wave. A
further oxidation coupled with the transfer of electron led to the
formation of the high-valent Cu™=0 (B) or Cu™(0*) (C) species,
which were analogous to the highly reactive Ru*-oxo (or Ru"™-oxyl)
intermediate. The pH-dependent behaviour of the potential of
the catalytic current also supported their hypothesis.”*** This
high-valent intermediate then reacts with H,O to produce the
[Cu"~OOHP~ (D) or [Cu"(HOOH)]*~ (E) species. The study also
revealed that the rate-determining step was the O-O bond formation
process. Further oxidation of these species coupled with proton
transfer resulted in the formation of [Cu™-00**" (H), from which,
the liberation of dioxygen completed the catalytic cycle. This study
demonstrated that bio-relevant polypeptides could also be employed
as ligands for water oxidation catalysts containing an earth-
abundant first-row transition metal ion.

Meyer et al. also developed an iron complex with an anionic
pentadentate alkylamine pyridyl-type ligand (25).”* This is the first
example of an iron-complex electrocatalyst for water oxidation. The
complex showed a quasi-reversible peak, which was attributed to
the Fe(m)(OH,)/Fe(u)(OH,) process at 0.38 V vs. NHE in dry
propylene carbonate (PC). Upon further sweep of the potential to
the positive region, an irreversible oxidation peak assigned to the

o D

Fig. 12 Proposed mechanism for water oxidation mediated by the copper
complex bearing the polypeptide ligand 24.
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Fe(m)(OH,) — Fe(v)=—O0 oxidation process was observed at 1.58 V.
In the presence of water, a catalytic current coupled with the
Fe(ur)(OH,) — Fe(v)—O0 process emerged. The CPE of the complex
was performed at 1.58 V in PC-8% H,O solution containing 0.5 M
LiClO,. The evolution of dioxygen was confirmed after 15 h of
electrolysis in spite that the faradaic efficiency of the catalysis
is not so high (45%). TON and TOF of the reaction were 29 and
0.15 s~ ' (TOF was determined based on eqn (4)), respectively. The
catalysis mechanism of the complex was formulated based on the
electrochemical studies using H,O and D,O as the substrates
(Fig. 13). The mechanism was analogous to the previously reported
ruthenium polypyridyl complex-based catalysts.”*""” The PCET
reaction of the initial state affords the key Fe(v=—0 intermediate
(A), and its reaction with a water molecule results in the O-O bond
formation (A — B) via the WNA mechanism. The rate-determining
step is the O-O bond formation process. The subsequent PCET
reaction (B — C) and ligand exchange between the dioxygen and
water molecules completed the cycle and regenerated the initial
state (C — 25). It is noteworthy that the onset of catalytic current
for the water oxidation with 25 occurs at an overpotential that is
200-250 mV lower than those of the relevant ruthenium-based
complexes. The result indicates that the use of anionic ligands
allows the formation of reactive high-valent species under mild
conditions.

Note that some iron complexes bearing alkylamine-pyridine
ligands can act as homogeneous catalysts under acidic conditions,
although they can form iron hydroxide nanoparticles, which can
act as a heterogeneous catalyst, in photocatalysis under basic
conditions.”

The copper complex with an anionic pentadentate alkylamine
pyridyl-type ligand (26) was also reported by Meyer et al. in 2014.%°
The complex serves as a stable water oxidation catalyst in 0.1 M
phosphate buffer solution. The results of electrochemical measure-
ments and kinetic analysis revealed that the complex functions as
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Fig. 13 Proposed catalytic cycle for the water oxidation reaction by
the iron complex with an anionic pentadentate alkylamine pyridyl-type
ligand 25.
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Chart7 Summary of features of water oxidation catalysts with
alkylamine-pyridine ligands.

a single-site catalyst and operates via the oxidative activation of the
catalyst. The authors also reported that the HPO,>~ anion in the
buffer works as a proton acceptor and is involved in the atom
proton transfer process of the O-O bond formation step.

As described above, alkylamine-pyridine ligands can have
diverse structures (Chart 7). Tetradentate and pentadentate
ligands are available, and the structural differences in these
ligands induce changes in the catalytic mechanism. In
addition, anionic ligands can be prepared by introducing an
amide moiety, which is different from the PY5-type ligands.
Further, the anionic nature of the ligands can contribute to the
stabilisation of high-valent species. It should also be noted that
the high flexibility of the scaffold is advantageous for the
stabilisation of reactive intermediates. However, the alkyl moieties
of the ligands undergo facile oxidation during the catalytic
reaction, which leads to the deactivation of the catalysts in
certain cases. Therefore, modifying moieties by approaches
such as deuteration are required for preventing ligand oxidation.
Although further optimisation of the structure is required for
obtaining highly-active catalysts, the alkylamine-pyridine ligands
are a useful class of scaffolds for the development of various
kinds of complexes containing earth-abundant metal ions and
for enabling water oxidation.

3.4 Mononuclear water oxidation catalysts with macrocyclic
ligands

The tetradentate macrocyclic ligands described in this review
have planar structures with four coordinating nitrogen atoms.

27 X;=Xp,=H,R=Cl
28 X1 =X, = H, R = (CHy),
29 X, =X, =H, R =F (23)

OH, o
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Therefore, the resultant complexes can exhibit a robust coordi-
nation environment, which is completely distinct from the
tetradentate alkylamine pyridyl-type ligands described in the
previous section. It is also expected that the complexes with this
class of ligands possess labile sites at axial positions of the
metal ion. For this reason, complexes bearing the tetradentate
macrocyclic ligands are expected to be important candidates for
the catalysis of oxidation reactions, including water oxidation.

In 2010, Bernhard and Collins et al. reported a series of iron
complexes bearing the tetra-amido macrocyclic ligand (TAML) as
the first example of an iron-based molecular catalyst for water
oxidation (27-31 in Chart 8).”” Simple structure with low molecular
weight, use of iron (i.e. the most abundant and benign transition
metal), and high water solubility of the complexes are the distinct
advantages of these catalysts. Moreover, the ease of ligand
modification afforded opportunities for accessing various kinds
of ligands with electron-donating or withdrawing groups, which
allowed the systematic investigation of the catalytic activity of the
resultant complexes. The activity of these complexes was examined
at pH 0.7 using CAN as the oxidant. Although 27 was not active for
water oxidation, the complexes 28-31 catalysed the water oxidation
reaction with relatively high reaction rates. The reaction rates
increased depending on the electron-withdrawing ability of the
substituents, and the complex with the most electron-deficient
structure, 31, showed the highest TOF value (>1.3 s~ ). However,
the rapid liberation of O, with first-order kinetics was terminated
after 20 s, and a slower steady logarithmic evolution was observed
in the second step, indicating the instability of the catalyst in
acidic media. Although the stability of the catalysts was not so
high, the study demonstrated for the first time that iron
complexes can serve as water oxidation catalysts and that their
catalytic activity can be precisely tuned by modification of the
ligand structures.

Subsequently, Liao and Sienbahn clarified the reaction
mechanism for the catalysis by Fe-TAML complexes using
quantum chemical calculations (Fig. 14),”® and explored the
mechanism of 31. In their proposed mechanism, a two-step
PCET reaction and one-electron oxidation afford the key
Fe(v)=O0O intermediate (C). WNA to this intermediate leads to
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= o) &
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Chart 8 Structures of mononuclear water oxidation catalysts with macrocyclic ligands.
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Fig. 14 Proposed pathway for water oxidation with iron complexes bearing the tetra-amido macrocyclic ligands (TAMLs) 28-31.

the formation of the bond between the two oxygen atoms (D),
and the subsequent deprotonation (D — E), PCET reaction
(E - F), and liberation of dioxygen regenerates the initial
catalyst state. The authors also discussed the origin of the
low stability of the complex during the catalysis and proposed
three possible pathways for the decomposition of the complex.
The first was the possibility that the oxo group acts as a base
and removes a proton from the water molecule. The generated
hydroxide ion attacks one of the carbon atoms of the ligand and
causes catalyst degradation. The second possibility is a nucleophi-
lic attack of the nitrate anion originating from the Ce(iv) oxidant
on the benzene ring of the ligand, which also causes catalyst
degradation. The third likely pathway is the self-oxidation of the
amide ligand by interaction with the Fe(v)—O0 species to form an
N-oxide. The authors undertook calculations, which demonstrated
that the attack of water on the ligand is the main pathway for the
degradation of the catalyst. Therefore, these degradation pathways
must be considered during the ligand design to avoid undesired
catalyst degradation.

Gupta and Dhar reported the chemical and photochemical
evolution of O, catalysed by iron complexes with biuret-modified
tetra-amidomacrocyclic ligands (32 and 33).”° They anticipated
that the lone pair of the -NMe group can be effectively delocalised
along the complex, which would alter the electron density of the
iron atom. Indeed, the introduction of the -NMe moiety in the tail
position increased the stability of the complex, which was a severe
problem in the case of the Fe-TAML complexes developed by
Bernhard and Collins et al. The introduction of an additional -NO,,
moiety in the head aromatic ring further enhanced the stability of
the complex. The electrochemical measurements of the complexes

6804 | Chem. Soc. Rev., 2021, 50, 6790-6831

in aqueous media indicated the formation of high-valent Fe(v)
species, which are expected to be important for the water oxidation
reaction. The chemical reaction was performed with CAN as the
oxidant at pH 1. The TON over a period of 300 s was calculated to
be (10 + 1) and (17 + 1) for 32 and 33, respectively, and the TOF
was 0.03 and 0.06 s~ * for 32 and 33, respectively. The photo-
catalytic reaction was performed by irradiating visible light
(Amax = 440 nm) on the solutions containing the catalysts, with
[Ru(bpy);]** as the photosensitiser, and Na,S,0; as a sacrificial
electron acceptor, at pH 8.7 (basic condition). As a result, 32 was
found to have better overall efficiency (TON = 220 + 10, TOF =
0.67 s ') than 33 (TON = 60 + 4, TOF = 0.21 s~ ). It should be
noted that the UV-vis absorption spectroscopy, HRMS, and DLS
measurements confirmed the molecular nature of the catalytic
system and the formation of Fe,O; nanoparticles was not
detected. Another significant achievement of this study was
the identification of the reaction intermediate during the photo-
chemical reaction. The results of EPR, UV-vis absorption, and
high-resolution mass spectroscopies demonstrated that a high
valent Fe(v)—O intermediate is photochemically generated as
the active intermediate for water oxidation. This is the first
example of an iron-based complex that promotes photocatalytic
water oxidation through the formation of a Fe(v)=0 intermedi-
ate. The reaction mechanism of the light-driven water oxidation
mediated by this complex is shown in Fig. 15. Photoirradiation
of the reaction mixture leads to the formation of the Fe™V-OH (A)
first, followed by the formation of Fe(v)J—O (B) via a two-step
PCET process. The Fe(v)=O intermediate subsequently under-
goes WNA to form the O-O bond (C). The generated species are
oxidized further (2 eq.) and release dioxygen to complete the

This journal is © The Royal Society of Chemistry 2021
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Fig. 15 Proposed water oxidation mechanism of the iron complex with
biuret-modified tetra-amidomacrocyclic ligand 32.

catalytic cycle by regenerating the initial Fe'-aqua complex
(C — 32). The study successfully demonstrated that the appropriate
modification of the TAML ligands can improve the stability of the
corresponding catalyst and achieve water oxidation under both
chemical (acidic medium) and photochemical (basic medium)
conditions.

Gupta et al. also reported the catalytic activity of a cobalt
complex bearing a biuret-modified TAML (bTAML) ligand
(34)."°° The complex displayed two redox waves in the cyclic
voltammogram in the absence of water. The first wave was
assigned to be the oxidation of Co®" to Co*". The electrochemical
measurements in 0.1 M phosphate buffer (pH = 9.2) showed an
irreversible wave at 1.1 V (vs. NHE), and a catalytic current
was observed at 1.5 V. The first irreversible wave exhibited
pH-dependent behaviour, and this process was stepwise or con-
certed two-proton and one electron transfer reaction. In contrast,
the catalytic current showed pH-independent nature. The CPE
experiment was then performed in 0.1 M phosphate buffer
(pH = 9.2), and the formation of dioxygen was detected. The
faradaic efficiency for the process was calculated to be 62%.
UV-vis absorption spectroscopy, electrochemical measurements,
XPS, SEM, and DLS ruled out the possibility of the formation of
any heterogeneous cobalt oxide during the electrolysis. The TOF
value calculated via cyclic voltammetry (eqn (4)) was 5.68 s~ . The
proposed mechanism for water oxidation catalysed by 34 is as
follows (Fig. 16). First, the one-electron oxidation of the complex
with the loss of two protons affords [Co™(O)bTAML]™ (A).
[Co™(O)bTAML] "~ is then further oxidised to [Co(O)bTAML]™
(C), which is isoelectronic with Co"=0 (B). The exact oxidation
state of the cobalt ion could not be determined due to the redox
non-innocent nature of the ligand, and thus the state was
proposed to be either Co'—0 or Co™—0(bTAML radical cation),
although the high-valent Co'=O0 species is unstable in general.”
These species are the key intermediates responsible for the O-O
bond formation. Further, the positive kinetic isotope effect
observed for the catalytic reaction indicated the involvement of

This journal is © The Royal Society of Chemistry 2021
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Fig. 16 Proposed catalytic mechanism of the cobalt complex bearing the
biuret-modified TAML (bTAML) ligand 34.

base-assisted nucleophilic attack of H,0 on the key intermediate
(B or C — D). The cobalt-hydroperoxo or peroxo species thus
formed (D) subsequently underwent oxidation to liberate O, and
regenerated the initial catalyst state (D — 34). This study
demonstrates that the redox non-innocent ligand plays a crucial
role in the formation of the reactive key intermediate and
promotes water oxidation.

Zhang et al. unveiled the catalytic activity of a series of
Co-TAML complexes and their derivatives (35-38) for water
oxidation.'®! In their study, three complexes with redox active
ligands (35-37) and the complex with a redox inactive ligand
(38) were investigated. In the cyclic voltammograms of 35-37 in
phosphate buffer (pH = 7), irreversible catalytic currents were
observed, whereas 38 did not show a catalytic current. These
results indicate the importance of redox activity of the ligands
on the overall catalytic activity. To further confirm the activity,
CPE experiments were performed on 35 and the formation of
dioxygen with a faradaic efficiency of greater than 90% was
detected. The overpotential of the reaction was estimated to be
380 mV (pH 7). The homogeneous nature of the catalytic system
was indicated by electrochemical measurements, XPS, and
SEM. The TOFs of the reaction were determined from the cyclic
voltammetry results (eqn (4)) and the values were 7.53, 7.58,
and 8.81 s~' for 35, 36, and 37, respectively. The catalytic
mechanism was examined in detail by the electrochemical
approach in conjunction with quantum chemical calculations
(Fig. 17). From its initial state, the [(L*7)Co™]~ complex under-
goes ligand-based PCET (2e~ + H") to afford [(L*>")Co™-OH] (A).
The oxidation of metal centre coupled with the transfer of protons
occurs next, leading to the formation of the catalytically-active
[(L>*")Co™=0] (B) state. The attack of water on the intermediate
generates the O-O bond, which is the rate-determining step. It
should be noted that the O-O bond formation process proceeds
with the help of a buffer anion. The peroxide intermediate (C)
undergoes further oxidation via the PCET process to release
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Fig. 17 Proposed mechanism for water oxidation mediated by the Co-
TAML complex 35.

dioxygen and thereby completes the catalytic cycle. This study
highlights the relevance of the interplay between the ligand- and
metal-centred redox activity for improving water oxidation catalysts.

Llobet et al. developed the copper-based catalysts for water
oxidation (39-42) that comprised ligands which were similar to
TAMLs.'*> The copper centres of the complexes showed a
square planar geometry. In the complex 42, electrocatalytic
water oxidation with a very small overpotential (3 = 170 mV at
pPH 11.5) was achieved owing to the strong electron-donating
ability of the aromatic ring on the ligands. Foot-of-the-wave
analysis revealed that the catalytic rate constant of the reaction
is 3.6 5" at pH 11.5. The stability of the catalyst was studied by
the electrochemical analysis, UV-vis absorption spectroscopy,
and EDX, which provided insights into the molecular nature of
the catalyst. The results of the electrochemical experiments and
quantum chemical calculations revealed the unique mechanism
of the complex (Fig. 18). Initially, the complexes were oxidised
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Fig. 18 Plausible catalytic pathway of water oxidation promoted by the
copper-based complexes with TAML-like ligands 39-42.
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from the Cu(u) to the Cu(m) state (A) at 0.48-0.56 V vs. NHE.
Subsequently, the pH-dependent ligand-based oxidation occurred,
which was followed by the coordination of the hydroxyl ligand to
afford the L*Cu(m)(OH) species (B). Electrochemical analysis and
DFT calculations indicated that the rate-determining step involved
the generation of the radical cation species and the reaction with a
hydroxyl anion. The reaction of L*Cu(m)(OH) with the additional
hydroxy anion and the electron transfer from the hydroxy anion to
the cyclic ligand generates the Cu(ur)(HO- - -OH)*~ species (C),
which comprises a radical anion fragment with a partial O-O
bond. Then, the Cu(u)(HO--OH)*" transforms to Cu(m)-
(HO-OH) (D) through a second intramolecular electron transfer,
thus converting the HO-OH unit to a singlet state. It must be
noted that the oxygen atoms are not directly bound to the
copper centres in the Cu(ur)(HO---OH)*” and Cu(u)(HO-OH)
intermediates. Instead, the (HO- - -OH)*~ and (HO-OH)*~ moieties
are bound to the complex via hydrogen bonding. Then,
the Cu(m)(HO-OH) intermediate is further oxidised to the
[(L)Cu(ur)(HOO®)] species by metal-based electron transfer and
the subsequent PCET processes. Finally, O, and a free proton
are dissociated from the complex, which regenerates the initial
state. The results of the DFT calculations also indicate that the
ligand-based oxidation reaction to produce C from B is essential
for determining the overpotential of the reaction. Therefore, it is
expected that the electronic structure of the aromatic ring in
the ligand can largely affect the overpotentials. Indeed, the over-
potentials were largely reduced upon introduction of electron-
donating groups on to the ligand (n = 700 (39), 400 (40), 270
(41), and 170 (42) mV at pH 11.5). However, the value of the TOFs
determined by foot-of-the-wave analysis decreased with an increase
in the electron-donating ability of the introduced substituents
(TOF: 3.56 (39), 3.58 (40), 0.43 (41), 0.16 (42) s *). The results
suggest that using a redox non-innocent ligand can be an effective
strategy for lowering the overpotential of the catalysts owing to the
ability of the ligand to assist in the generation of the highly
electrophilic OH-bound species without the formation of the
Cu(iv)=—0 or Cu(m)-oxyl species.

Llobet et al. further developed a copper-based TAML complex
(43) for water oxidation which operates in neutral condition."®
They employed a highly m-extended TAML with two phenyl-
bisamidate units for accessing to several oxidation states in the
ligand at a lower potential range, which leads to the stabilization of
the accumulated oxidative equivalents by charge delocalization. In
the complex 43, the storage of oxidative equivalents (holes) both by
the metal centre and the ligand allowed the catalytic water
oxidation achieved under neutral conditions at a surprisingly low
overpotential (200 mV). Foot-of-the-wave analysis revealed that the
catalytic rate constant of the reaction is 140 s at pH 7. The
stability of the catalyst was also intensively studied by the
electrochemical analysis, SEM, XANES, EXAFS and EDX, which
confirms the molecular nature of the catalyst. The catalytic cycle
of complex 43, proposed based on the electrochemical experi-
ments, spectroscopic characterization and quantum chemical
calculations, is shown in Fig. 19.

1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC)
ligands are another class of macrocycles used for the construction

This journal is © The Royal Society of Chemistry 2021
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Fig. 19 Proposed mechanism for water oxidation promoted by the
copper-based TAML complex 43.

of complexes with square planar geometry. In contrast to the
TAML-type, the TMC ligand is flexible, and the mechanism for the
water oxidation can be expected to be different. Further, this class
of ligands are capable of stabilising metal-oxo species in transition
metal-catalysed oxidation reactions."**

In 2014, Lu and Zhang reported the first example of a Ni-based
molecular catalyst for water oxidation.”® They employed the
[Ni"(meso-L)](ClO,), complex (44, L: 5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetra-azacyclotetradecane), which has a TMC-type ligand,
as the catalyst. This complex was reported to serve as an electro-
catalyst for water reduction.'® The CV of the complex in 0.1 M
sodium phosphate buffer at pH 7.0 showed a small irreversible
oxidation wave which was assigned to the Ni""/Ni" process seen
at 0.87 V (vs. NHE). Note that the redox potential of this oxidation
process is pH-dependent, indicating that the process involves
PCET. At more positive potentials, an additional irreversible
current was observed at 1.41 V, which could be caused by water
oxidation. The onset potential for water oxidation was observed at
ca. 0.99 V vs. NHE, which corresponded to an overpotential of
ca. 170 mV. Based on this result, the CPE of the complex at 1.55 V
(vs. NHE) was carried out on an ITO electrode, and the evolution
of O, with a faradaic efficiency of 97.5% and TON of 15 was
confirmed. Several control experiments were also performed, and
the reaction mixture was analysed by electrochemical measure-
ments, ESI-MS, and absorption spectroscopy. Notably, the
catalyst was recovered almost quantitatively from the reaction
mixture after the CPE experiment, and the structure of the
recovered complex was confirmed by single-crystal X-ray struc-
tural analysis. The results of these experiments strongly indicate
that the complex functions as a homogeneous catalyst. This high
stability of the complex can be attributed to its low overpotential
required for water oxidation. The reaction mechanism of the
complex was proposed based on the results of a previous electro-
chemical study, and DFT calculations.'*>'%” The study revealed that
the [Ni"(meso-L)** and [(meso-L)Ni"(OH,),]*" species exist in

This journal is © The Royal Society of Chemistry 2021
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Fig. 20 Proposed mechanism for water oxidation by the nickel complex
with 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC)-type
ligand 44.

equilibrium.'% In the catalytic cycle (Fig. 20), the complex in its

initial state undergoes a PCET reaction to afford the hexa-
coordinated octahedral species, trans-Ni(m)-(OH,,0OH) (A). A
further PCET process generates the key intermediate state. In
this key state, the three different species, trans-Ni(u)-(OH,,0°)
(B), the five coordinated Ni(u)-O°® species (C), and cis-Ni(u1)-
(OH,0H) (D), are in an equilibrium, and the difference in the
Gibbs free energy between them is within 1.6 kcal mol
Subsequently, the energetics of the O-O bond formation path-
way from the three species were calculated. It should be noted that
the reaction rate is first-order dependent on the concentration of
nickel species. Therefore, O-O bond formation should be pro-
moted by monometallic Ni species (B, C or D). The authors
compared three different pathways for O-O bond formation;
WNA, OH attack, and HO-OH coupling. Comparison of the Gibbs
energies during the reaction suggested that HO-OH coupling from
intermediate D was the most energetically stable and feasible
pathway. The formed Ni(u)-HO-OH (F) is further oxidised and
liberates dioxygen with the concomitant regeneration of the initial
state of the catalyst. This study points to the advantages of the
TMC-type ligand during water-oxidation catalysis, which includes
flexible structures for minimising the thermodynamic energy of
0-0 bond formation.

In 2016, Sun et al. reported a copper-based complex [Cu(TMC)-
(H,0)](NO3), (45) for water oxidation catalysis.'* The CV of the
complex in 0.1 M phosphate buffer exhibited a quasi-reversible
reduction wave due to the Cu"/Cu' redox process. In addition,
a prominent catalytic current started at ca. 1.4 V (vs. NHE),
which was indicative of the electrocatalytic water oxidation. From
the electrochemical measurements (eqn (4)), the TOF was
determined to be 30 s~'. The authors also performed the CPE
experiment in a homogeneous solution; the evolution of dioxygen
with the faradaic efficiency of 89% was confirmed. However, in
this case, the deposition of the catalyst on the counter electrode
was observed. Therefore, to prevent the catalyst decomposition
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Fig. 21 Plausible catalytic cycle for water oxidation mediated by the
copper-based complex with TMC ligand 45.

and improve the durability the complex was immobilised on a
Nafion-coated carbon cloth electrode. As a result, no current
decay was observed during the electrolysis, and oxygen evolution
with a faradaic efficiency of 98% was achieved. Further, the TON
reached 362 in this experimental condition. The proposed
reaction mechanism was established based on electrochemical
and kinetic studies (Fig. 21). The mechanism is as follows. The
initial state undergoes a PCET reaction to afford Cu(m)-OH state (A),
and the further oxidation of the state generates Cu(ur)(TMC )JOH>" or
Cu(v)(TMC*)(OH)*" species (B). It should be noted, however, that
the oxidation of the simple aliphatic ligand or the formation of
high-valent Cu(iv) species does not seem to occur easily.”” The WNA
reaction on this state generates the bond between the two oxygen
atoms, which is regarded as the rate-determining step. As a result,
the Cu(u}-HO-OH species (C) forms and a further two-electron
oxidation of the state with the dissociation of two protons results in
the evolution of O, and the regeneration of the initial state. The
study demonstrates that the TMC-type ligand can also be utilised for
the development of copper-based catalysts for water oxidation.

As shown above, macrocyclic ligands can provide square
planar tetracoordinated environment, and thus simultaneously
gave open labile sites, which is essential to drive the catalytic
reaction, to the resultant complexes (Chart 9). Due to this
inherent feature, the macrocyclic ligands are regarded to be
fine candidates for oxidation reactions, and several catalysts
have been reported. Notably, complexes bearing these ligands
have been employed for water oxidation, and the first examples of
iron- and nickel-based catalysts for the reaction were developed
using these ligands. The ligands introduced in this section can be
divided into two broad categories: (1) TAML-type ligands and

Macrocyclic ligands
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Chart 9 Summary of features of water oxidation catalysts with macro-
cyclic ligands.
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(2) TMC-type ligands. The TAML-type ligands are anionic and
thus produce a strong ligand field at the resultant complex. The
structure of the ligand is rigid, and thus, it provides a robust
coordination environment. Moreover, the facile modification of
the ligand structures enables the addition of various features to
the complexes, such as the tuning of redox properties and the
creation of redox non-innocent ligands. All these features con-
tribute to stabilising the high-valent key reaction intermediates,
and in some cases, the lowering of overpotential. In contrast,
TMC-type ligands are neutral and have structural flexibility. This
structural flexibility contributes to the production of labile sites
arranged in a cis fashion and the facile O-O bond formation
proceeds in the case of the nickel-based complex. The copper
analogue bearing the TMC-type ligand also serves as a water
oxidation catalyst, in which the redox non-innocent nature of the
ligand plays an important role.

3.5 Water oxidation catalysts with porphyrin/corrole ligands

Derivatives of porphyrin and corrole are vital constituents of
natural enzymes and are known to exhibit unique photochemical
and electrochemical properties and reactivities.' ™' Importantly,
this class of compounds can be used for the construction of metal
complexes with rigid structures. The resulting complexes are
also typically stable against oxidation and catalyse various
kinds of oxidation reactions both in the natural and artificial
systems.>>*'7"11® Therefore, the porphyrin and corrole class of
ligands are expected to be good candidates for the preparation
of molecular catalysts for water oxidation.

In 1994, Natura et al. reported a series of Mn-based complexes
(46-48 in Chart 10)'"° that electrochemically catalysed water
oxidation. The complexes were the first Mn-based water-oxidation
catalysts and were developed by bridging two triphenyleneporphyrin
moieties with an o-phenylene linker, wherein two porphyrin rings
were facing each other in the complex. All these complexes exhibited
an irreversible catalytic current at ca. 1.2 V vs. Ag/Ag” in the presence
of water. Importantly, the CPE experiments of the complexes at
1.2-2.0 V (vs. Ag/Ag") confirmed the evolution of dioxygen.
Among the complexes investigated, 46 displayed the highest
activity and a TON of 9.2. The use of **0-labelled H,O as the
substrate revealed that the oxygen atoms in the O, evolved
are derived from H,O. The detailed water oxidation catalysis
mechanism of 46 was also investigated by the same group with
mCPBA as the oxidant.">® The ESR and Raman spectroscopic
analyses indicated the formation of the bis-Mn(v)-oxo-porphyrin
species during the reaction. In their proposed mechanism, the two
Mn(m)-OH units are oxidised initially to form bis-Mn(v)—0
species (A in Fig. 22). Subsequently, the intramolecular O-O bond
formation between the oxo moieties occurs to afford the Mn(iv)}-O-
O-Mn(v) intermediate. Finally, ligand exchange with the hydroxy
ligands occurs and the bridged peroxy group liberates the dioxygen
and regenerates the initial catalyst state. They compared the
stability of the high-valent oxo species of mononuclear and
dinuclear porphyrins. While the oxo species of the relevant mono-
nuclear manganese porphyrin complex decomposed within several
minutes, the dimer complexes retain their catalytic activities for
several hours. Based on these results, they concluded that the
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Chart 10 Structures of mononuclear water oxidation catalysts with porphyrin/corrole ligands.
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Fig. 22 Proposed catalytic cycle of water oxidation promoted by Mn-
based bis-porphyrin complexes 46—48.

higher stability of the high-valent oxo species of the dimer
complex is due to the existence of an inner hydrophobic space
created by the two porphyrin moieties and bulky meso mesityl
groups. These results indicate that the creation of a reaction
field that can stabilise the reactive high-valent oxo species is a
promising strategy for obtaining efficient molecular catalysts for
water oxidation.

Inspired by the aforementioned findings, several porphyrin
and corrole-based complexes began to attract considerable
attention. In 2006, Sun et al. demonstrated that the manganese-
based corrole complexes 49 and 50 could catalyse electrochemical
water oxidation."™" Corrole derivatives function as trianionic

This journal is © The Royal Society of Chemistry 2021

ligands and thus are expected to stabilize high-valent metal
species. In their later work, they extensively studied the mechanism
of the water oxidation reaction with a manganese-based corrole
complex (51)."*> The authors specifically focused on the elucidation
of the O-O bond formation process. Experimental results indicated
that the Mn(vj=0 species forms upon oxidation with tert-butyl
hydroperoxide (TBHP), and the subsequent reaction with 7-Bu,NOH
results in the formation of dioxygen. These processes were mon-
itored by real-time mass spectroscopy, and the intermediates were
characterised by UV-vis absorption and high-resolution mass spec-
troscopies. As shown in Fig. 23, the catalyst in its initial state
undergoes oxidation to the key intermediate Mn(v)=0 species (A)
by reaction with TBHP. Next, the nucleophilic attack by the
hydroxyl anion on the intermediate leads to the formation of the

Ar

Fig. 23 Plausible catalytic pathway of water oxidation by the manganese-
based corrole complex 51.
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hydroperoxide species (B). Further deprotonation and one-
electron oxidation of the species causes the formation of peroxo
radical species (C), and the initial state is recovered upon the
release of dioxygen and one electron.

Because the Co(un)-Hangman porphyrins are known to activate
the O-0 bond of dioxygen,"** Nocera et al. explored the catalytic
activity of Co(m)-Hangman corrole complexes (52 and 53) for
water oxidation."” In these complexes, the macrocyclic frame-
works were modified with electron-withdrawing groups to boost
the oxidising power of the corrole subunit. The complexes were
deposited on FTO-coated glass electrodes, and electrochemical
measurements were performed. The measurements in 0.1 M
phosphate buffer exhibited an increase of the irreversible current
with an onset potential of 1.25 V (vs. Ag/AgCl), indicating the
occurrence of water oxidation. It should also be noted that the
intensities of the catalytic current were larger in these complexes
compared to that for the corrole complex without the hanging
group, and 53 exhibited higher activity than 52. This result
indicates that the ability of the hanging group to preorganize
water within the hangman cleft appears to be beneficial for the
0-0 bond formation step. The CPE experiments of the complexes
were conducted at 1.4 V (vs. Ag/AgCl), and 53 was found to be
the most efficient catalyst and evolved dioxygen with near
quantitative faradaic efficiency. The authors also performed
several experiments to confirm the molecular nature of the
complexes during the catalysis. They found that the introduction
of electron-withdrawing groups is an effective strategy for
enhancing the catalytic activity. The role of the hanging groups
was further studied in a later report.**>'2® Quantum chemical
modelling suggested that the carboxy moiety functions as the
base to activate the water molecule towards the reaction with
the metal oxo key intermediate. It was also disclosed that the
high degree of peripheral fluorination contributes to the oxida-
tion resistance and high reactivity of the metal-oxo species,
which are the key catalytic intermediates. In other words, the
introduction of electron-withdrawing groups on the corrole
scaffold tunes the electrophilicity of the metal-oxo species and
prevents decomposition of the corrole radical cation species. The
study clearly demonstrated the advantages of this class of com-
plexes, which included ease of structural modification and precise
tunability of the properties based on structural modifications.

Sakai et al. reported the light-driven water oxidation reaction
catalysed by water-soluble cobalt-porphyrin complexes (54-56)."*
The catalytic activity of these complexes was investigated in a
phosphate buffer solution (pH 11) using [Ru(bpy);]** as the
photosensitizer, and Na,S,0g as the sacrificial electron accep-
tor. The photo-irradiation of the reaction mixture for 30 min
resulted in the formation of O, with a TOF of 0.118-0.170 s *
and TON of 88-122. The DLS measurements revealed the
absence of nanoparticle formation, which excludes the partici-
pation of cobalt oxide species in the catalysis. Further, the initial
reaction rates showed a second-order dependence on the
concentration of the catalyst, which indicates that the O-O
bond formation process involves two molecules of the catalyst.
Based on this result, the authors proposed two possible path-
ways for this step (Fig. 24). The first is the radical coupling
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Fig. 24 Plausible reaction mechanism of photocatalytic water oxidation
by the water-soluble cobalt—porphyrin complexes 54-56.

between Co(m)-oxyl radical species (A), the other involves the
radical coupling of the Co(iv)-oxyl radical species (B). In both
cases, a bimolecular radical coupling process appears to be the
rate-determining step. This work successfully confirmed the
suitability of cobalt-porphyrin derivatives for photochemical
water oxidation.

In 2013, Groves et al. reported a highly active electrocatalyst
for water oxidation based on cobalt porphyrins.'*® They devel-
oped a series of water-soluble cationic porphyrins (57-59), and
investigated their catalytic activity in aqueous media at neutral
pH (0.2 M aqueous sodium phosphate buffer). Among these
complexes, 57, which contained the most electron-deficient
groups at meso positions, exhibited the highest activity. The
TOF of the reaction mediated by the complex was calculated
based on electrochemical measurements (eqn (4)), and was
remarkably high at 1400 s~'. Further, the onset potential was
estimated to be ~1.2 V (vs. Ag/AgCl), and CPE experiments
confirmed the formation of dioxygen with 85-90% faradaic
efficiency. During electrochemical analysis, 57 exhibited higher
oxidation potentials than the other two complexes, indicating
the stronger oxidation power of the formed species. In other
words, the complex can provide stronger thermodynamic driv-
ing force for water oxidation than other complexes. The absence
of cobalt nanoparticle formation during the catalysis is an
evidence for the homogeneous nature of the catalytic system.
The authors also proposed a plausible reaction mechanism
(Fig. 25). In this mechanism, from the resting Por-Co(m)-OH
species (A), one-electron oxidation of the porphyrin ring proceeds
to produce porphyrin radical cation species, and "Por-Co(u)-
OH (B) forms. Further one-electron oxidation coupled with the
transfer of one proton affords the key reactive intermediate
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Fig. 25 Plausible catalytic cycle of water oxidation promoted by the water-soluble cationic cobalt porphyrins 57-59.

“Por-Co(u)-O (C). The O-O bond formation step then occurs via
WNA on "Por-Co(u)-O, and this step is rate determining.
Further ligand exchange with a water molecule generates dioxygen
as the product, and the resting state is regenerated. Notably, the
PK, of buffer drastically affects the onset potential in this catalytic
system, which indicates that the assistance of an anion is essential
for promoting the proton transfer reaction. The study clearly
demonstrates that cobalt porphyrin bearing electron-deficient
groups can achieve water oxidation with a remarkably high TOF
and modest overpotentials.

Cao et al developed a cobalt-based corrole complex,
[Co(tpfe)(py).] (60, tpfc = 5,10,15-tris(pentafluoro-phenyl)corrole
and py = pyridine), as an electrocatalyst for water oxidation.'*
The catalytic activity of 60 was investigated by coating the complex
on indium tin oxide (ITO) electrodes. The CPE experiments using
the modified electrode at 1.4 V (vs. Ag/AgCl) confirmed the
formation of dioxygen with a faradaic efficiency greater than
95% and a TOF of 0.2 s'. The homogeneous nature of the catalyst
was disclosed by several experiments, including electrochemical
measurements, UV-vis absorption spectroscopy, and MALDI-TOF
mass spectrometry. The reaction mechanism of the complex was
proposed based on DFT calculations. The catalyst in its initial state
exists as the Cor-Co(ur)-(OH,,py) species. In the catalytic cycle of
the Co-Hangman corrole complex reported by Nocera et al. (vide
supra),'** the concerted transfer of the two electrons and two
protons affords the key Co-oxo intermediate. Therefore, in this
study, the possibility of a similar 2e /2H" oxidation process from
the initial state was investigated. Proposed catalytic cycle based
on the experimental results and DFT calculation, is shown
in Fig. 26. The potentials required to form the intermediates,

This journal is © The Royal Society of Chemistry 2021
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Fig. 26 Proposed mechanism for water oxidation mediated by the
cobalt-based corrole complex 60.

Cor*"-Co(m)-(OH,py), and Cor**-Co(m)-(0*~, py) via PCET
process were calculated to be 0.45 and 1.37 V (vs. NHE),
respectively. The authors claimed that these values were com-
parable to the experimentally-observed values (Cor®*-Co(m)-
(OH,py): 0.78 V, Cor*'-Co(m)-(0*",py), 1.34 V (vs. NHE)),
although the calculated and experimentally obtained potentials
for the first oxidation step are different to some extent. The formed
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key active species, Cor® ~Co(m)-(O®~,py) (B), then undergoes the
O-O bond formation via WNA mechanism (B — C). Next, the
PCET process occurs at —0.56 V (vs. NHE), to generate the
Cor-Co(m)-(O0* ", py) species (D), which is further oxidised at
—0.02 V (vs. NHE) to form Cor**~Co(m)~(00*®,py) (E). As a result,
the energy barrier for the formation of the dioxygen is as low at
3.6 kcal mol . Similar to the report by Groves et al,"® the
dependence of the reaction rate on phosphate concentration
indicated that an additional, base-dependent atom-proton transfer
(APT) process contributed to the rate-determining O-O bond for-
mation process. The study disclosed that the cobalt corrole complex
is also an interesting candidate for water oxidation catalysis.

Cao et al. reported in 2015 that Ni-porphyrin complexes can
also catalyse water oxidation."*® They anticipated that Ni-por-
phyrin could serve as a water oxidation catalyst owing to the
higher redox potential exhibited by the high-valent Ni atoms than
that of Co in the same valence state. Indeed, the complex 61 was
water-soluble and displayed a large irreversible catalytic current at
1.0 V (vs. NHE) in a phosphate buffer solution. This onset potential
is substantially lower than the Co porphyrin analogue by ~200 mV.
The CPE experiments at 1.32 V (vs. NHE) in 0.1 M phosphate butter
at pH 7.0 confirmed the evolution of dioxygen with >90% faradaic
efficiency. The molecular nature of the catalyst was also confirmed
by several experiments. The TOF was determined to be 0.67 s~
based on the electrochemical analysis (eqn (4)). In the CV mea-
surements of the complex, the decrease of the catalytic current
with increasing scan rates indicated that the rate-determining step
of the reaction involved the chemical reaction. The kinetic isotope
effect of the reaction was 1.55, and the O-O bond formation was
determined to be the rate-determining step. Electrochemical and

0,
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spectroscopic measurements and DFT calculations indicated
that the two-electron oxidised species of the complex is the key
intermediate in the catalysis, and the proposed mechanism is
shown in Fig. 27. In this catalysis mechanism, the oxidation of
Por-Ni(u), ie. the initial state of the catalyst, proceeds at the
porphyrin ring to give Por**-Ni(u) (A). Subsequently, coordina-
tion of water occurs to afford Por®*-Ni()-OH, (B), and the PCET
of Por*"-Ni(un)-OH, generates Por®*-Ni(m)-OH (C). The further
release of the proton from the species gives Por® -Ni(u)-O°® (D)
as the key intermediate of the reaction. The subsequent WNA
reaction leads to the formation of the O-O bond, which can
proceed in two possible pathways. In one pathway, the cluster
constructed from four water molecules functions as a proton
acceptor, and the energy barrier of this pathway was estimated
to be 24.9 keal mol . In another pathway, the acetate anion serves
as a proton acceptor, and the energy barrier is 18.0 kcal mol *. The
authors also investigated the transition state formed between
the key intermediate and the proton acceptors. The results
of the investigation revealed that the acetate anion can easily
form the transition state compared to the water cluster. There-
fore, the latter pathway was found more plausible. The formed
species (E) undergoes further oxidation via the PCET process
(E - F), which leads to the release of O, and the regeneration of
the initial state of the catalyst. This study achieved the lowering
of the porphyrin-based catalyst’s overpotential by focusing on
the nature of the central metal ion.

In 2019, Cao et al reported the water oxidation reaction
catalysed by a water-soluble copper-porphyrin complex (62)."*"
Electrochemical measurements of the complex in 0.1 M phos-
phate buffer (pH = 7.0) displayed a pronounced catalytic current.

Ar —| 4+

Fig. 27 Plausible catalytic cycle for water oxidation facilitated by the water-soluble Ni—porphyrin complex 61.
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Porphyrin and corrole

A - redox activity enables the multi-electron transfer

Ar - anionic nature to stabilise the high-valent species

Ar - easy to modify to improve the catalytic activity

Chart 11 Summary of features of water oxidation catalysts with por-
phyrin/corrole ligands.

The onset of catalytic current occurred at 1.13 V (vs. NHE), which
corresponds to the relatively low overpotential of 310 mV. The
molecular nature and stability of the catalyst were confirmed by
various techniques, including electrochemical measurements, UV-
vis absorption spectroscopy, SEM, and EDX. The CPE conducted at
1.30 V (vs. NHE) detected the formation dioxygen with a faradaic
efficiency of >93%. The TOF value of the catalysis was determined
as 30 s~ based on cyclic voltammetry (eqn (4)). This is a rare
example of a copper-based catalyst for water oxidation which
operates under neutral conditions. Notably, the complex catalyses
the two-electron oxidation of water to form H,O, under acidic
conditions. Based on the result, the authors suggested that the
one-electron oxidized species of the complex trigger the O-O bond
formation, although the complete catalytic mechanism has not
been proposed. In other words, the O-O bond formation without
generating the high-valent Cu™-oxo/Cu™-oxyl radical species is
the origin of the low overpotential, which promotes water oxidation
in the case of 62.

To date, various kinds of complexes bearing porphyrin and
corrole ligands have been reported. The redox-active and robust
nature of the ligands enables the transfer of multiple electrons
in the resultant complexes and assists the formation of the
key reactive intermediates (Chart 11). The anionic nature of
these complexes greatly contributes to the stabilisation of the

Chart 12 Structures of dinuclear water oxidation catalysts.
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high-valent oxo species. It should also be noted that the
modification of the complexes by introducing substituents at
the meso-positions and peripheral moieties is an important
strategy for controlling the catalytic activities. Naruta et al
demonstrated the important strategy to stabilize high-valent
metal-oxo species by introducing a hydrophobic group near the
catalytic centres. Also, Groves et al. reported that the appro-
priate modification of porphyrin rings by the introduction of
electron-deficient groups imparts remarkable activity to the
catalysts. In other words, the fine-tuning of electronic structure
by the chemical modification of the porphyrin and corrole
derivatives affords catalysts with excellent performance. These
findings highlight that the usefulness of this class of complexes
as water oxidation catalysts.

3.6 Dinuclear water oxidation catalysts

The first example of an artificial water oxidation catalyst, the blue
dimer, is a dinuclear metal complex. Dinuclear complexes are
regarded as promising candidates for water oxidation catalysis
owing to their potential for enhanced electron transfer due to the
presence of two metal centres in the structure. Further, the
delocalization of the charge between the two metal centres is
expected to stabilise the high-valent species. Therefore, dinuclear
complexes are expected to be suitable scaffolds for constructing
water oxidation catalysts based on earth-abundant first-row
transition metal ions.

Crabtree and Brudvig et al. developed the bis(u-O)-bridged
dinuclear manganese complex (63 in Chart 12) for water oxidation
in 1999."*> The most significant feature of the complex is the labile
aqua ligand that is located trans to the p-oxo ligand. The activity of
the complex was examined at pH 8.6 using NaClO as the chemical
oxidant. The TON of the reaction was 4 for 6 h, and thereafter, the
catalytic reaction terminated due to the formation of MnO,  as
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Fig. 28 Plausible catalytic pathway for water oxidation mediated by the
bis(u-O)-bridged dinuclear manganese complex 63.

evidenced by UV-vis absorption spectroscopy. The proposed
catalytic cycle of 63 is shown in Fig. 28. First, the complex is
oxidised by NaClO to the Mn(iv)Mn(wv) state (A). The aqua ligand
of the dimer is subsequently exchanged with the CIO™ (A — B),
and a further two-electron oxidation of the dimer leads to the
formation of the Mn(v)Mn(v)=—O state (C), which acts as the key
intermediate for O-O bond formation. The nucleophilic attack
of the hydroxy anion on this oxo species generates O, (C — D),
with the concomitant regeneration of the Mn(iv)Mn(wv) state of
the complex. When oxone was used as the chemical oxidant, the
reaction followed a similar mechanism, and the reaction rate
reached 2420 mol of O, mol h™". The major drawback of this
catalyst is the need for the use of oxygen transfer reagents such
as NaClO, and oxone to drive the reaction. The reaction with
CAN™? as the oxidant or under electrochemical conditions"**
did not generate O, owing to the instability of the complex
under the experimental conditions. It should be also noted that
there is a possibility of the formation of manganese oxide nano-
particles in this system which are the true catalytic species.*>*%¢

In 2003, McKenzie reported the use of a manganese dimer
complex bearing a monoanionic pentadentate ligand (64) as a
water-oxidation catalyst. Originally, the authors intended to
study these complexes as model systems of the manganese
lipoxygenase."*” However, mechanistic investigations revealed
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the ability of 64 to function as a water oxidation catalyst."*® The
complex has metal centres with a unique hepta-coordinated
structure, wherein the manganese ions are present in various
oxidation states. The carboxyl moiety of the ligands plays two
roles. The first is as a bridging ligand to form the dimeric
complex, and the second is for the formation of hydrogen bonds
with the aqua ligands. The catalytic activity of the complex was
investigated by adding the chemical oxidant TBHP to a solution
containing the complex, which confirmed the generation of
dioxygen. Further, periodic additions of TBHP afforded dioxygen
generation repeatedly. They also explored the catalytic reaction
using Ce(wv) as the chemical oxidant which also afforded dioxygen
generation; however, the dioxygen generated was lower than that
with TBHP. To gain insights into the nature of the active species
of the reaction, electrochemical studies, ESI-MS, EPR, and UV-vis
absorption spectroscopic investigations were carried out using
TBHP as the chemical oxidant, and the formation of the high-
valent Mn species was confirmed. Because O, evolution can occur
through disproportionation of TBHP, the authors performed the
reaction using '®0O-labelled water as the substrate to examine the
source of the oxygen atoms in the generated O,. As a result,
80-'°0 was mainly generated, indicating that both water and
TBHP are the oxygen sources. The catalytic cycle of 64, proposed
based on the experimental results, is shown in Fig. 29. The
complex is initially oxidised by TBHP to afford the monomeric
intermediate with an OH ™ ligand (A). The intermediate immediately
dimerises to afford the p-oxo bridged Mn(m)Mn(m) state (B). This
intermediate is then oxidised by TBHP to the bis p-oxo species
with the Mn(iv)Mn(1v) oxidation states (C), wherein the source of
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Fig. 29 Catalytic cycle for water oxidation by the manganese dimer
complex with a monoanionic pentadentate ligand 64 initially proposed
by McKenzie et al.
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the oxygen atom is TBHP. During this process, the carboxylate
arms are concomitantly displaced to accommodate the two p-oxo
groups. The p-oxo moieties of the species undergo intramolecular
0O-0 bond formation (C — D). In this process, the coordination of
the carboxylate arms to the metal centre assists the reaction.
Subsequent ligand exchange with water molecules dissociates O,
from the complex and closes the catalytic cycle. It must be noted
that this complex did not form the inactive MnO, species
observed in the catalysis mediated by 63 (vide supra).

Further studies on the catalytic mechanism of 64 based on
quantum chemical calculations™® indicated a different path-
way. In the newly proposed mechanism (Fig. 30), the dimer is in
equilibrium with the monomeric species (A) and the reaction is
initiated from the monomeric state. First, the monomeric
species is oxidised to the Mn(v)=O state (B), which then
dimerises to form the Mn(iv)-(u-0),-Mn(1v) diamond core (D),
in which pyridyl groups of the ligand are detached. This species
exists in equilibrium with the Mn(m)-(p-O)-Mn(v)-O° key
intermediate (C), which is formed by the coordination of a
pyridyl moiety to the metal centre. This mixed-valence state is
attacked by a water molecule and forms an O-O bond via the
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Fig. 30 Updated catalytic mechanism for water oxidation mediated by 64
reported in 2011.
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WNA mechanism. From the resultant Mn(ur)-(p-O)-Mn(m)-
OOH species (E), O, dissociates without any oxidation process,
and the initial monomeric species is regenerated. In this step,
the second manganese centre delivers the additional oxidising
equivalent to release O,. As shown above, in both mechanisms,
the flexible nature of the ligand and the dinuclear core of the
complex play an important role in facilitating the O-O bond
formation, which provides an intriguing insight into the develop-
ment of the dinuclear complex-based water oxidation catalysts.

In 2011, Akermark et al reported a manganese dimer
complex (65) as a water oxidation catalyst."*° Although several
manganese-based complexes were developed for water oxidation
(vide supra), many of the complexes require oxygen atom donors
to drive the reaction, and cannot catalyse water oxidation when
single-electron oxidants are used. The complex developed by the
group is the first example of a manganese-based complex that
** as the
single-electron oxidant. The key to their success was the use of
an oxidation-resistant negatively charged ligand. Such features
of the ligand drastically reduce the redox potentials of the metal
centre without causing catalyst decomposition. The catalytic

promotes water oxidation in the presence of [Ru(bpy)s]

activity of this complex was investigated in phosphate buffer.
Upon addition of a single-electron oxidant [Ru(bpy);]**, oxygen
evolution with a TOF of 0.027 s !, and TON of ca. 25 was
achieved. They also studied the light-driven reaction by using
[Ru(bpy),(deep)”* (deep = 4,4'-bis(ethoxycarbonyl)-2,2/-bipyridine)
as the photosensitizer and Na,S,0g as the sacrificial electron
acceptor. Under these conditions, oxygen evolution occurred
with a TON of approximately 4. Several control experiments
revealed that the complex is essential for enabling the light-
driven water oxidation. The results of the study clearly demon-
strated that the manganese-based complex could catalyse water
oxidation even in the absence of the oxygen donors when the
complex was appropriately designed.

In 2012, Stahl and Llobet et al. reported two kinds of p-peroxo
cobalt dimeric complexes (66 and 67)."** These complexes are
analogues of the ruthenium-based dimeric water oxidation com-
plexes. The complex 66 was stable enough to remain active for
several hours, and cobalt oxide particles were not observed during
the reaction. This is particularly noteworthy considering that
several cobalt-based dimeric complexes with bidentate bipyridyl
ligands undergo facile decomposition under similar conditions."**
Electrochemical studies of the complexes revealed that these
complexes could generate the Co(v)Co(wv) states via the two-step
one-electron oxidation reactions. The CV of 66 exhibited a quasi-
reversible redox wave at 1.56 V (vs. NHE), and the wave was
assigned to the Co(wv)Co(ur)/Co(m)Co(m) process. In the differential
pulse voltammetry, two oxidations were observed with approxi-
mately equal intensities at 1.56 and 1.82 V. The latter wave was
assigned to the Co(v)Co(iv)/Co(iv)Co(mr) process. Upon further
sweep of the potential to the positive region, the catalytic current
was observed at 1.91 V, indicating the electrocatalytic activity of the
complex for water oxidation. The group also performed the CPE of
the complex at 2.0 V in phosphate buffer (pH 2.1) and detected the
evolution of dioxygen with a faradaic efficiency of 77%. The CV
of 67 displayed similar features as that of 66 with the shift of
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Fig. 31 Plausible catalytic pathway of water oxidation mediated by the p-
peroxo cobalt dimeric complex 66.

potentials to the negative region; the quasi-reversible wave and
catalytic wave were observed at 1.35 and 1.84 V, respectively. In the
CPE experiment, 67 exhibited higher current than 66; however, the
faradaic efficiency of the reaction mediated by 67 was not reported.
The authors also proposed a preliminary reaction mechanism
based on the experimental results (Fig. 31). In this mechanism,
Co(m)Co(m) is initially oxidised to the Co(iv)Co(m) state (A), which
then undergoes PCET, as confirmed by differential pulse voltam-
metry (DPV). As a result, the Co(wv)Co(iv)-peroxo species forms, as
observed in the case of the ruthenium-based complex, and the
oxygen evolution reaction proceeds to close the catalytic cycle. The
study highlights the importance of the non-labile ligand frame-
work in minimizing ligand exchange and decomposition of the
resultant complexes under catalytic conditions.

Thapper et al. reported the p-O, bridged cobalt dimer
complex (68) as a catalyst for electrochemical and photochemical
water oxidation.*” The key feature of the complex is its doubly-
bridged p-OH/p-O, motif, which enhances the kinetic stability of
the complex. Electrochemical measurements of the complex in
CH;CN displayed a reversible redox wave attributed to Co™Co™/
Co™Co™ at 1.34 V (vs. NHE). In the CV of the complex in borate
buffer (pH 8), oxidation was observed at 1.05 V, and the further
sweep of the potential exhibited a catalytic current for water
oxidation. The onset of catalytic current was ca. 1.30 V which gave
an overpotential of 540 mvV. Encouraged by the result, the
catalytic activity of the complex for light-driven water oxidation
was then investigated. Experiments were performed by using
[Ru(bpy)s]** as a photosensitizer and Na,S,0; as the sacrificial
electron acceptor. Under visible light irradiation of at pH 8, the
TON and TOF values of the reaction reached 58 and 1.4 s,
respectively; however, the catalysis terminated after 60 s.
DLS measurements revealed that the absence of cobalt oxide
formation during the catalytic reaction, which demonstrates
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the activity of 68 as a discrete catalyst. The reaction mechanism
of 68 was proposed based on EPR spectroscopy and kinetic
analyses and is shown in Fig. 32. The initial complex undergoes
a two-step one-electron oxidation to form the Co(wv)-(u-O,)-
Co(wv) state (B). WNA of a water molecule on the peroxo moiety
of the complex leads to O-O bond formation (B — C) and a
further nucleophilic attack by another water molecule leads to
the evolution of dioxygen and the (OH)Co™-Co™-(OH) species
(D). Further oxidation and deprotonation results in (OH)Co™"-
Co"™=O0 species, and the second oxidation and deprotonation
afford a reactive bis(Co(iv)=0O) species (E) that undergoes
intramolecular O-O bond formation to regenerate the initial
state. This study is the first example of light-driven water
oxidation by a molecular dinuclear catalyst.

In 2015, Thummel et al. reported the water oxidation reactions
catalysed by 69 and 70, which were two different types of iron-
based complexes.'*®> 69 is a p-oxo-bridged dimeric complex
bearing 2-(pyrid-2’-yl)-8-(1”,10”-phenanthrolin-2"-yl)quinoline
(ppq) ligands, and 70 is a monomer complex comprising the
bis-phenanthroline amine (dpa) ligand. In the electrochemical
measurements of 69 in MeCN, the complex exhibited a single
two-electron wave which was attributed to the formation of the
Fe'V-O-Fe" species. The species then undergoes disproportio-
nation with the loss of two protons to afford the Fe™-0-FeY=0
state. In contrast, 70 displayed two reversible waves, which were
assigned to Fe™™ and Fe"™ redox couples. In the cyclic
voltammograms of the complexes in pH 1 aqueous buffer, large
irreversible currents were observed, which indicated the catalytic
activity of the complexes. Encouraged by the results, the activity
of the complexes was examined by using cerium ammonium
nitrate (CAN) as the chemical oxidant at pH 1. The dimeric
complex exhibited a higher initial reaction rate (7920 h™') than
that of the monomeric complex (842 h™"). The group further
confirmed that the dimeric catalyst remains intact during the
oxidation process. While the mechanistic aspects were not dis-
cussed in this report, the results indicated that Fe™-O-Fe"=0
species, which form via a two-electron oxidation process of the
initial state, is the key intermediate which triggers the catalysis.

Das et al. reported another kind of dinuclear oxo-bridged
iron complex 71, [(FeLCl),O](FeCly), (L = (2-(pyrridin-2-yl)-
oxazolidine-4,4-diyl)) as an electrocatalyst for water oxidation.'**
They designed the catalyst with a stable metal-oxo-metal scaffold,
using a redox-inactive oxazolidine ligand. The bulk electrolysis
experiment at 1.0 V vs. Ag/AgCl was performed to evaluate the
catalytic activity of complex 71, the TON, TOF and a faradaic
efficiency were determined to be 408, 0.11 s*, and 78.6%,
respectively. They also investigated the catalytic mechanism of
complex 71 employing theoretical study as well as ESI-MS analysis
of the crucial steps (Fig. 33). The computational results revealed
that the complex 71 undergoes dechlorination by hydroxide
anions under basic medium conditions to produce intermediate
A. The intermediate A can undergo dehydration by releasing
18.3 keal mol " of free energy to produce intermediate B which
is a bis-p-oxo bridged iron complex. In the next step, a peroxo-
bridged iron complex C forms upon complexing with two hydro-
xide anions as the process is thermodynamically favourable by
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Fig. 32 Proposed mechanism for water oxidation promoted by the p-O, bridged cobalt dimer complex 68.

16.2 kcal mol . At this stage, two electron oxidation of C
followed by dehydration can occur resulting in intermediate E
from which the release of dioxygen is very facile (AG =
—11.9 keal mol ") upon complexing with two hydroxide anions.
In a follow-up step, electrochemical two electron oxidation of F
can produce intermediate A to complete the catalytic cycle.

In 2016, Fukuzumi and Kojima et al. reported the light-
driven water oxidation reaction catalysed by the dinuclear cobalt
complex 72. The structure of the complex 72 is similar to that of
68, although the bridging ligand in 72 (doubly-bridged p-OH/
p-O motif) is distinct from that of 68 (doubly-bridged p-OH/
p-0, motif). This change in the bridging moieties enables n-n
interactions between the two equatorial pyridine rings, which is
a unique feature of the complex. Importantly, this hydrophobic
interaction is expected to stabilize the dimeric structure in aqueous
media. For the catalysis experiments, the group used conditions
similar to those reported by Thapper et al.; [Ru(bpy)s]** was used as
the photosensitizer, and Na,S,0g was the sacrificial electron accep-
tor at pH 9.7. Further, the TON was calculated to be 742, and the
quantum yield was 44%."*® The authors were successful in devel-
oping the water oxidation reaction catalysed by 72 with the use of
[Ru(bpy)s]*" as the chemical oxidant. At pH 7.8, the dioxygen
evolution was confirmed, and the TON was determined to be 4.3.
The O, yield, relative to the added oxidant, was 22%. The detailed
mechanism of this chemically-driven water oxidation reaction
was proposed based on DFT calculations, isotope-labelling experi-
ments, and UV-vis absorption spectroscopy (Fig. 34). Under these

This journal is © The Royal Society of Chemistry 2021

conditions, one out of the two hydroxy ligands is deprotonated,
and thus the resting state is Co(ur)-(p-O,u-OH)-Co() (72). From
this state, the two-electron oxidation involving the transfer of
one proton proceeds to afford the bis-(u-oxyl)Co(m), state (A).
The intramolecular radical coupling between the two oxyl ligand
affords p:m?mn>peroxo dinuclear Co(m) intermediate (B). It
should be noted that this mechanism of O-O bond formation
process of 72 is totally different from that of 68 (vide supra). The
intermediate rapidly undergoes ligand substitution to afford a
p-peroxo-p-hydroxo dinuclear Co(m) complex (C). Finally, the
oxidation of the complex, the evolution of dioxygen, and the
deprotonation reaction occur and thereby regenerate the initial
state. Notably, the rate-determining step of this system is not
the O-O bond formation step. This is because the two water
molecules that form a dioxygen molecule are preliminary fixed
between the two Co™ centres as bridging ligands. In other
words, the study indicated the importance of the dinuclear
structure in facilitating the smooth formation of the O-O bond.

Kieber-Emmons et al. developed a novel copper-based
dimeric complex (73) in 2017."*® They hypothesized that it is
necessary to mitigate the formation of the terminal Cu(v)=0/
Cu(m)-O' intermediate for achieving efficient water oxidation.
This is because late transition metal oxo species have been
disfavoured due to their filled antibonding orbitals in metals
with high d electron counts.”® Therefore, the terminal Cu(iv)=0/
Cu(m)-O°® becomes unstable and/or too reactive, which is not
suitable for effective water oxidation.
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Fig. 34 Possible catalytic pathway for water oxidation mediated by the
dinuclear cobalt complex 72.
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Based on this assumption, they screened several copper
complexes with scaffolds derived from tmpa (tmpa = tris(2-
pyridylmethyl)amine), and found that 73 functions as a catalyst
for water oxidation. In the cyclic voltammogram of the complex
with a rotating disc electrode, a large irreversible current was
observed with an onset potential of ~1.2 V (vs. NHE) at pH
12.5, suggesting the catalytic activity of the complex for water
oxidation. The CPE experiment was also conducted at 1.62 V
(vs. NHE), and the formation of dioxygen was confirmed. The
faradaic efficiency of the reaction was determined to be 112 +
23% by using rotating ring disc electrode voltammetry. The rate
of the catalytic reaction was estimated to be 33 s~ ' based on the
results of the electrochemical measurements (eqn (4)) with an
overpotential of 1.0 V. They also clarified that the complex
functions as a homogeneous catalyst by employing several
analytical techniques. The results of the electrochemical and
spectroscopic studies revealed that the complex 73 undergoes
partial dissociation in aqueous solutions (pH 12.5), which
leads to the formation of the monomeric species. The DFT
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calculations indicated that the oxidation of the monomer and
dimer both result in the formation of the same bis-(u-O)Cu(im),
intermediate, and thus the formation of terminal Cu(wv)=—0/
Cu(m)-O° species is avoided (Fig. 35). Calculations further
revealed that both intermolecular water nucleophilic attack
and redox isomerization of bis-(u-O)Cu(im), species (E) are
energetically accessible pathways for O-O bond formation.
Finally, a hydroxyl anion attacks the common intermediate of
these two pathways, Cu(u)-O—0" species (G), which leads to
the formation of dioxygen with the concomitant regeneration
of the monomeric species. This study indicates that the use of
the dimeric structure is an important strategy for obtaining
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Fig. 35 Plausible catalytic mechanism for water oxidation by the copper-
based dimeric complex 73.
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copper-based catalysts for water oxidation because the for-
mation of the energetically unfavoured copper-oxo/oxyl radical
species can be avoided by employing such structures.

In 2015, Zhang et al. reported a dimeric copper complex for
water oxidation. Before the discovery of this complex, the
copper-complex-catalysed water oxidation reaction was known
to require basic conditions. This is the first example of a copper
complex-based water oxidation catalyst (74) which operates in
neutral aqueous solutions.”” The complex, 74, exhibited an
irreversible catalytic current with an onset potential at 1.6 V
(vs. NHE) in a phosphate buffer solution (pH 7), indicating its
activity for water oxidation. The onset potential of the catalytic
current shift depended on the pH of the solutions, with the
slope of —59 mV per pH, which is consistent with PCET
oxidation. The overpotential was approximately 0.8 V at pH 7.
The CPE experiment at 1.87 V for 0.5 h confirmed the oxygen
evolution with a faradaic efficiency of 98%. The homogeneous
nature and the stability of the complex during the catalysis were
confirmed by UV-vis absorption spectroscopy and electro-
chemical measurements. The TOF value of the reaction was
estimated to be 0.6 s based on electrochemical measurements
(eqn (4)). The mechanism of water oxidation mediated by the
complex was constructed based on the DFT calculations and
electrochemical measurements and is shown in Fig. 36. When the
complex is dissolved in water, one of the pyridyl groups dissociate
from the copper centre, and a water molecule coordinates at the
formed vacant site. In this state, hydrogen bonding exists between
the dissociated pyridyl moiety and the coordinated aqua ligand.
This initial state undergoes two sequential PCET reactions to form
the Cu(m)-O-Cu(m) species (B). Subsequently, the intramolecular
hydrogen atom transfer reaction from the hydroxy ligand to the
pyridyl moiety occurs leading to the formation of the O-O bond in
an intramolecular fashion (B — D). Further PCET reaction (D — E)
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Fig. 36 Proposed mechanism of water oxidation catalysed by the dimeric
copper complex 74, which operates in neutral aqueous solutions.
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and oxidation of the complex induce the liberation of O, from the
complex (E — F), and the coordination of a water molecule
regenerates the initial state of the complex (F — 74). Similar to
the catalytic cycle of 73, the formation of Cu(v)—O species is
prevented in this catalytic cycle. This study highlights the impor-
tance of a cooperative interaction between the two copper centres in
facilitating O-O bond formation without generating the unstable
Cu(v)—0O state. It should be noted that the oxidation resistance of
the ligand is vital for driving the reaction.

In 2018, Zhang et al. also reported the catalytic activity of an
unsymmetrical dimeric copper complex (75) that has a struc-
ture similar to that of 74."*® This complex served as an electro-
catalyst for water oxidation in phosphate buffer (pH = 7.0). The
electrochemical measurements of the complex revealed an
irreversible current at 1.6 V (vs. NHE), indicating its catalytic
activity. The CPE experiment conducted at 1.87 V (vs. NHE)
confirmed the evolution of dioxygen. The molecular integrity of
the complex was confirmed by electrochemical measurements,
SEM, XPS, and UV-vis absorption spectroscopy. The overpotential
and TOF value based on (eqn (4)) were estimated to be 780 mV
and 0.78 s~ ', respectively. The unsymmetrical structure of 75 is
its unique attribute, wherein one of the copper centres has an
aqua ligand in the initial state. Further, this unsymmetric
structure is the origin of the unique electrochemical behaviour
of the complex. The DPV experiment displayed two oxidation
peaks. Although the first peak at 1.75 V (vs. NHE) did not show
any pH dependence, the second peak shifted with variations in
solution pH with a slope of —64 mV per pH, which indicates that
the second oxidation process is a PCET reaction. The kinetic
isotope effect for the reaction was 2.04, suggesting that the
transfer of a proton is involved in the rate-determining step.
Note that the concentration of the phosphate anion largely affects
the catalytic activity, indicating the role of phosphate anion as a
proton acceptor. The catalytic cycle of 75 proposed by considering
the results of aforementioned experiments (Fig. 37) is distinct
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Fig. 37 Proposed mechanism for water oxidation by the unsymmetrical
dimeric copper complex 75.
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from the that of 74. One-electron oxidation and the subsequent
PCET reaction of the initial complex generates the OH-Cu(iun)-
(u-O)-Cu(m) intermediate (B). The proton on the hydroxy ligand
of this intermediate interacts with the phosphate anion via
hydrogen bonding and promotes the intramolecular O-O bond
formation. The formed intermediate (C) is then oxidised to the
superoxide species (D), and the additional oxidation of the
intermediate generates dioxygen to close the catalytic cycle.
The results described in the study demonstrated that the
introduction of an open site on the metal centre drastically
changes the catalysis mechanism.

As described above, there have been several reports on water
oxidation catalysts based on dinuclear complexes. Importantly,
the O-O bond formation process proceeds mainly in an intra-
molecular fashion, whereas the mononuclear metal complexes
mainly form O-O bonds via WNA to form high-valent metal-oxo
species. Such features of the dimeric complex should be of impor-
tance because the O-O bond formation process is often the rate-
determining step in water oxidation. The formation of the bond via
an intramolecular pathway would lead to the acceleration of the
rate-determining step in the entire reaction. Overall, these results
indicate that the use of dinuclear structures is a significant strategy
for designing molecular water oxidation catalysts (Chart 13). It
should be noted that appropriate design of the ligand for
stabilizing high valent species, such as by the introduction of an
anionic moiety, and improvement of their oxidation resistance is
essential for achieving water-oxidation with high efficiency.

3.7 Multinuclear water oxidation catalysts

The natural enzyme that catalyses the water oxidation reaction
(OEC) contains the multinuclear Mn,CaOs complex as the catalytic
centre. Therefore, artificial multinuclear metal complexes are
expected to be excellent candidates for the development of water
oxidation catalysts. Moreover, the OEC contains the earth-abundant
firstrow transition metal manganese ions, and thus the use of
multinuclear complexes containing such metal ions is an important
approach.

The detailed structure of the Mn,CaOs cluster was elucidated
using synchrotron X-ray crystallography.”®>' The cluster is stabi-
lised by six carboxylates, one histidyl group of the surrounding
amino acid residues, and water molecules coordinated to Mn and
Ca ions (Fig. 38).

The mechanism of water oxidation catalysed by the OEC has
been extensively investigated. The mechanism includes two
important steps: accumulation of multiple charges and the
0O-0 bond formation. During the accumulation of charges, four
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Fig. 38 The structure of the Mn,CaOs cluster and its ligand environment
in the OEC. Manganese, purple; calcium, yellow; oxygen, red; oxygen
atoms in water molecules, orange.

manganese ions are oxidised in a stepwise fashion with the
involvement of the PCET processes. The existence of multiple redox
centres is regarded essential for promoting the rapid electron
transfer reaction. While the details of the O-O bond formation
process has not been clarified yet, recent studies indicate that the
presence of the neighbouring water coordination sites is impor-
tant for accelerating the process."*®'*° Thanks to these two
features, the OCE can efficiently catalyse water oxidation.*”

Based on the aforementioned background, several studies on
the structural mimicry of the OEC have been reported. Particularly,
the cubane-type manganese complexes are the most intensively
investigated. Development of such complexes is an interesting
research target because such studies can contribute both to the
understanding of the features of the OEC, and the construction of
artificial water oxidation catalysts. However, most of the structural
models of the OEC are inactive for water oxidation, although
excellent structural mimics were obtained.**™*

Dismukes et al. disclosed the only example of a manganese-
cubane complex that is active for water oxidation. In 1997, they
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reported the synthesis of complex comprising the Mn,O, scaffold
stabilised by the phenylphosphonic acid ligands (76 in
Chart 14).">! In a subsequent study, the ligand photodissociation
reaction of the complex in the gas phase was investigated."**>'>* In
this study, irradiation with a laser (337 nm) resulted in the
formation of the Mn,O, core structure, which indicates the
dissociation of dioxygen from the complex by photoirradiation,
although the process is not catalytic. However, in 2008,
Spiccia et al. found that the Mn,0, complex stabilized by
bis(4-methoxyphenyl)phosphinate can serve as a catalyst for
water oxidation.'*® In their study, the complex was deposited
into a thin Nafion membrane deposited on a conducting
electrode. The irradiation of white light (270-750 nm) on the
electrode with polarization at 1.00 V resulted in the formation
of dioxygen, which was confirmed by a Clarke electrode. They
also performed an isotope labelling experiment and confirmed
that the source of dioxygen is water.

The mechanism of catalysis was studied by quantum
chemical calculations.'*®> The mechanism proposed in the study
involves the dissociation of a phosphate group from the ligand
upon photoirradiation, which renders the Mn,0O, core more
compact. In this state, the distance between two oxygen atoms
becomes significantly less, and the O-O bond formation pro-
ceeds. Subsequently, dioxygen is dissociated from the complex,
and the coordination of the phosphate ligand affords the Mn,0,
(‘butterfly’) structure. This complex is also utilized as the water
oxidation catalyst in the water-splitting cell.*>***'” Photo-
irradiation of this water-splitting cell with the Ru" dye injects
and transfers the electrons into the TiO, conduction band, causing
the formation of the Ru™ species. Then, the species oxidises the
cubane complex to drive the water oxidation reaction. In other
words, the reaction proceeds only upon irradiation of visible light,
in the absence of external bias. The performance of the cell was
investigated using various techniques, and the formation of
dioxygen was confirmed. The TOF of the reaction was estimated
to be 47 + 10 h™". The authors also studied the stability of the
cubane-structure during the catalysis. Initially, it was suggested
that the Mn,0, structure is retained during the reaction based on
the results of EPR and electrochemical measurements.">®">* How-
ever, a close inspection revealed that the true catalytic active
species is the manganese-based nanostructure that is similar to
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Chart 14  Structures of multinuclear water oxidation catalysts.
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manganese oxide lattice."®® From these results, it is concluded
that the complex 76 serves as a precursor alone and forms the
active nanostructure. The heterogeneous species formed by
the dissociation of the complex serves as an active and robust
self-healing catalyst for water oxidation. Although the complex
cannot function as a homogeneous catalyst, the study demon-
strated that a high-surface-area material with high catalytic
activity can be obtained using the complex as a pre-catalyst.

Inspired by the studies on the structural models of the OEC,
the cubane-complexes containing cobalt ions were also studied
as water oxidation catalysts.'®'®* In these early studies, synthesis,
structural determination, and electrochemical properties of
the cobalt-cubane complexes were mainly reported. In 2011,
Dismukes et al. reported the water oxidation reaction catalysed
by the complex 77.'® This is the first example of a cobalt-
cubane complex that showed catalytic activity for water oxidation.
The complex can be synthesized from Co(NO;),, NaOAc, and
pyridine in a straightforward manner, and characterized by com-
paring the results of '"H NMR, cyclic voltammetry, and UV-vis
absorption and mass spectroscopy with those reported in the
previous studies. In their study, the catalytic activity of the complex
under photoirradiation was investigated using [Ru(bpy);]*" as a
photosensitizer, and Na,S,0g as a sacrificial electron acceptor. The
TOF and TON (1 h) values of the reaction were calculated to be
40 + 2 and 0.02 s, respectively. In this catalytic system, the
evolution of dioxygen was terminated after 1 h probably due
to the photodecomposition of [Ru(bpy);]**.'®® The robustness
of the catalyst was confirmed by 'H NMR spectroscopy. The
control experiment using Co(u) salt did not afford dioxygen.
These results clearly demonstrate that the complex 75 remains
intact during the catalysis and is responsible for water oxidation.
This is a remarkable example which shows that the artificial
M,0,—cubane structure can function as a molecular catalyst for
water oxidation.

Later, Bonchio et al. prepared several cobalt cubane com-
plexes (78-83) with structures similar to that of 77."®” The aim
of their study was to improve the stability and efficiency of the
catalytic system by introducing para-substituted pyridines to
the Co,0, cubane structure as terminal ligands. In the cyclic
voltammograms of the complexes, the overpotentials which
varied in a narrow range (0.50-0.57 V) were detected; however,
no apparent ordering effect as a function of the pyridine
substituent was observed. In contrast, the rate constant of
photoinduced electron transfer reaction largely depended on
the substituents. Hammett linear free energy plots revealed a
correlation between the photoinduced electron transfer constants
and the electron-donating ability of the ligand. This result
indicates that the introduction of an electron-donating group
can enhance the rate of photoinduced electron transfer. They also
optimized the reaction conditions to prevent the decomposition
of [Ru(bpy);]*" during the photolysis, which was a major problem
in the catalytic system developed by Dismukes et al.; therefore,
oxygen evolution occurred until quantitative consumption of the
sacrificial electron acceptors for all complexes and the TON
reached 140. However, the effect of substituents on the quantum
yield was not straightforward. This is probably related to an
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overall balance of competing factors governing the diverse steps
before oxygen evolution. This rigorous study successfully pro-
vides an effective photocatalytic system for water oxidation based
on the cobalt-cubane complex.

In 2015, Tilley et al. reported the reaction mechanism of
water oxidation mediated by the cobalt cubane complex 77.
Their study indicated that the stoichiometric reaction of the
one-electron oxidised species of 77 (the Co,(m)Co(1v) state) with
hydroxy anion affords the formation of O, with quantitative
regeneration of the initial state. They also indicated that
Cos(m)Co(v) species undergoes disproportionation to form
the species with higher valent, Cos(m)Co(v) or Co,(mr)Co,(1v).
The proposed mechanism of water oxidation reaction mediated
by 77 is shown in Fig. 39."°®"'%® The mechanism was formulated
based on the results of the aforementioned experiments and
DFT calculations.'”® Several reaction pathways were considered
for the reaction. Among them, the lowest energy pathway
involved the formation of the Co(v)=O0 (C) species, which can
also be regarded as the Co(wv)-oxyl radical species. The nucleo-
philic attack of the hydroxy anion on the Co(v)=—O0 intermediate
forms the O-O bond (D). Further oxidation gives the peroxo
radical species (E), and the ligand exchange reaction with
hydroxy anion generates dioxygen. This proposed catalytic cycle
indicates that the +2 oxidation state of the cobalt centre is not
necessary for the reaction. Therefore, structures that can stabilise
the higher oxidation states might be essential for obtaining
efficient catalysts. These studies provide important insights into
the water oxidation reactions catalysed by multinuclear metal
complexes.

Given that the multinuclear structure is essential for driving
the water oxidation reaction in the OEC, the use of manganese-
based multinuclear complexes can be an effective strategy. In
2018, Maayan and Christou et al. reported the catalytic activity
of a dodecanuclear manganese complex (84)."”" The previous
studies demonstrated that the Mn"™V-O-Mn"™-H,0 motif in the
Mn,05Ca cluster of the OEC plays an important role in the
catalysis. Interestingly, this motif is a multiple structural
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Fig. 39 Plausible catalytic cycle of water oxidation facilitated by the
cobalt cubane complex 77.
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element in the complex 82, and thus it is expected that the
complex can exhibit activity for water oxidation. However, the
previously reported relevant complexes that have the Mn,, core
are insoluble or unstable in the presence of water. Based on this
background, the authors designed a new Mn;, complex bearing
the bulky benzoate ligands to protect the core, but with at least
two hydrophilic groups on each ligand to enhance the stability
of the complex in water. The structure of the complex was
confirmed by FT-IR, XPS, and UV-vis absorption spectroscopies.
The electrochemical measurements of the complex in dry
MeCN exhibited the four reversible one-electron processes,
which are assignable to sequential electron transfer of the
manganese ions. The results clearly demonstrated that the
complex possesses the ability to transfer multiple electrons.
In the cyclic voltammograms of the complex in acetate buffer
(pH 6.0), the reduction peak of O, to superoxide was observed
at —0.45 V (vs. NHE), which indicated dioxygen evolution. To
further verify the catalytic activity, the CPE experiment was
conducted at 1.21 V (vs. NHE) at pH 6, and the formation of
dioxygen was confirmed. Faradaic efficiency in the first 20 min
of the CPE was 77.9%. TOF and TON values were estimated
from a foot-of-the-wave analysis to be 0.035 s~ and 629 (5 h),
respectively. It should also be noted that the catalyst can
promote the reaction with substantially low overpotential (334
mV). The CV curve of the complex after multiple scans
remained unchanged, indicating the high stability of the
complex. The results of UV-vis absorption spectroscopy also
support the robustness of the complex. The catalytic activity of
the complex is attributed to the multinuclear structure and
hydroxy substituents. First, the existence of multiple manganese
centres provides surface sites with a core that serves as a charge
reservoir. Second, the hydroxy groups on the ligands provide
multiple shuttle pathways through hydrogen bonding, and trans-
fer H,O to the vicinity of the Mn ions and remove generated H'
ions from the catalytic centres. This excellent study highlights the
importance of a multinuclear metal complex for achieving water
oxidation under mild conditions.

In 2015, Luber and Patzke et al. reported a family of cobalt-
lanthanoid cubane complexes (85-88) for water oxidation.'”
This is the first example of artificial catalysts that contain both 3d
and 4f transition metal ions. Redox inactive Ln*" (Ln = Ho-Yb)
cations are introduced into the cubane framework to mimic a
Ca”" ion in the OEC. The catalytic activity of these complexes was
investigated in the presence of [Ru(bpy)s]*" as a photosensitizer
and S,04>" as a sacrificial electron acceptor. The production of
dioxygen was confirmed, and the control experiments revealed
that all of the three components, catalyst, photosensitizer, and
sacrificial electron acceptor, are essential for promoting the
reaction. Under optimised condition, the maximum TON and
TOF were 211 and 9.6 s~ ', respectively. Among the complexes, the
structures with Er** and Ho®" exhibited the highest activity. The
electrochemical studies of the complexes and the relevant
cobalt-cubane complex which did not contain the Ln*" ions
were conducted. All of the complexes exhibited pH-dependent
redox processes which were attributed to the Co™/Co" redox
couple. The redox potentials of the cubane complexes with Ln**
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ions are located in the more positive potential region compared
to the relevant cobalt-cubane complex, indicating the signifi-
cant effect of the lanthanide ions on the redox potentials. Note
that the catalytic activity of the cobalt-lanthanide complexes
was higher than the cobalt-cubane complex, and thus the redox-
tuning of the Lewis acidity of Ln** is essential for enhancing the
activity. They also tested the stability of the complexes using
various experiments including DLS, recycling test, ICP-MS,
UV-vis absorption spectroscopy, XANES/EXAFS, and HR-ESI-MS
analysis, and confirmed the molecular integrity of the complexes
during the catalysis. Isotope labelling experiments using 10%
H,'®0 confirmed that the source of oxygen atoms is water.
Mechanistic studies based on the results of the photocatalytic
experiment and quantum chemical calculations revealed another
role of the Ln*" ion during the catalysis. As Ln*" ions have flexible
ligand binding modes, which is in close analogy with the
mechanism of the OEC, smooth ligand exchange reactions were
possible during the catalysis which contributed to the enhance-
ment of the catalytic activity. Collectively, this study demonstrates
the importance of the incorporation of Lewis acidic and redox
inactive metal ions into the cubane structure to improve the
performance. This finding is also impressive for providing
insights into the catalytic mechanism of the OEC.

As a multinuclear metal complex, polyoxometalates (POMs)
is also important materials for the development of efficient
water oxidation catalysts. POMs, which have structurally rigid and
stable molecular metal-oxo cores, are known as efficient water
oxidation catalysts due to its ability to drive fast and reversible
electron transfer reactions maintaining its structure.'”*™"”> Recently,
the development of POM-based water oxidation catalysts containing
earth-abundant first-row transition metal ions such as Mn,7¢78
Fe,7%18 Co,'8" Ni'®7# and Cu'®® as catalytic centers is also
reported In this review, we will not discuss the details of these
systems because the catalytic centers in the system are supported
by POMs containing 2nd or 3rd-row transition metal ions. The
recent representative reviews'*®®® will be helpful for further
understanding the nature of these catalysts.

In 2016, we reported the catalytic activity of the pentanuclear
iron complex (89).'*° The complex is not a structural mimic of
the OEC but possesses the essential features of the OEC; multi-
nuclear redox centres, and neighbouring water activation sites.
The complex consists of the [Fes(us-O)] core wrapped by two
[Fe(u-bpp)s] units (Hbpp = bis(pyridyl)pyrazole). Although the
metal ions at the apical positions are coordinatively saturated in
the hexacoordinated structure, the iron ions in the [Fe;(p3-O)]
core are in a pentacoordinated (i.e. coordinatively unsaturated)
structure. Therefore, the iron ions at the core are expected to
serve as neighbouring water activation sites. The CV of the
complex in the absence of the substrate displayed five redox
waves attributed to the oxidation of the iron centres, which
indicates that the complex has multi-electron-transfer ability.
Upon addition of the water as a substrate to the solution, a large
irreversible current was observed coupled with the fourth oxidation
wave. The CPE experiment of the complex at 1.42 V (vs. Fc/Fc') in
MeCN-H,O0 (10:1 v/v) confirmed the evolution of dioxygen with
a faradaic efficiency of 96%. The TOF value of the reaction was
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calculated using eqn (4) and determined to be 1900 s~'. This
value is about 1000 times higher than those of other reported
iron-based molecular catalysts and higher than that of the
OEC (400 s~ %). The TON estimated from the CPE results was
approximately 1000000 to 10000000 for 120 min based on
the assumption that the thickness of the reaction-diffusion
layer adjacent to the electrode surface (u) is of the order of
1 = \/D/kea,*® where D (em? s ') is the diffusion coefficient of
the catalyst. Similar to other molecular catalysts based on earth-
abundant first-row transition metal ions, the decomposition of
the pentairon catalyst during the catalysis is also discussed in
this system,"®""*? although the results of several measurements
including electrochemical study, UV-vis absorption spectro-
scopy and XPS fully evidenced the stability of the complex and
no formation of heterogeneous catalytic active species under
our experimental condition."®?

The catalytic cycle for 89 was proposed based on the results
of electrochemical and spectroelectrochemical measurements,
37Fe Mdssbauer spectroscopy, and quantum chemical calculations
(Fig. 40). Initially, the four sequential oxidations of iron ions
afforded the four-electron oxidised species (S4). The S, state then
reacts with water to afford the Fe(m)s(OH,) state. Note that the
reaction barrier for this step was estimated to be ca. 15 keal mol .
Coordination with another water molecule, together with
sequential or simultaneous deprotonation, produces the bis-oxo
species as a key reaction intermediate. Quantum calculations
indicated that the species is in the mixed- valence state,
Fe(u),Fe(ur{Fe(iv)—0},. Subsequently, the O-O bond formation
process proceeds between the Fe(v)—O moieties in an intra-
molecular fashion with an estimated reaction barrier of less than
10 kecal mol . Then, O, is evolved from the peroxo intermediate
to complete the catalytic cycle. Notably, this proposed catalytic
cycle has several similarities with the reaction mechanism of the
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Fig. 40 Plausible catalytic cycle water oxidation promoted by the penta-
nuclear iron complex 89.
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Multinuclear complexes

\* 9§ - multi-electron transfer can be facilitated

MQ‘ ) - 0-0 bond formation in intramolecular fashion
\J { - number of examples is currently limited

\

Chart 15 Summary of features of water oxidation catalysts with multi-
nuclear structures.

OEC; the accumulation of multiple charges and the subsequent
intramolecular formation of O-O bond. These results indicate
that the functional mimicry of the OEC can be an innovative
strategy for the development of highly active catalysts for water
oxidation.

As shown above, the arrangement of multiple metal ions in
close proximity, such as in the OEC, can be considered an important
strategy for the construction of water oxidation catalysts. Multi-
nuclear metal complexes are an intriguing class of compounds
(Chart 15). It was also revealed that the use of a scaffold with
appropriate functions is important for this class of materials, rather
than the simple imitation of the OEC structure. As evidenced by our
study,'®%'*19 guch a functional mimic of the OEC can afford
the catalyst with remarkable efficiency. Although the number of
examples is currently limited, further exploration of this field
should pave the way for the development of efficient water
oxidation catalysts.

4. Conclusions

This review summarized the recent progress in molecular water
oxidation catalysts of earth-abundant first-row transition metal
ions. Table 1 summarises the TON, TOF, and overpotential of
water oxidation catalysts introduced in this review. As the
natural enzyme for water oxidation contains a Mn,CaOs cluster
as the catalytic centre, the complexes with earth-abundant
first-row transition metal ions are expected to be excellent
candidates for artificial catalysts. Moreover, numerous examples
of synthetic catalysts based on ruthenium complexes provided
an overview of the following key factors that guide successful
artificial water oxidation: (1) accumulation of four oxidation
equivalents; (2) formation of a high-valent key intermediate
wherein an oxygen atom is bound to the metal centre; and
(3) O-0O bond formation, which is typically the rate-determining
step in the catalysis. However, a concrete strategy for achieving
these key requirements in metal complexes with earth-abundant
first-row transition metal ions has not been well-developed,
mainly due to high lability of the complexes, which behave in
complete contrast to the ruthenium-complex-based catalysts for
water oxidation.

In this study, the design, activity, and mechanism of mole-
cular catalysts of earth-abundant metal ions were reviewed with
a key focus on the structures of the ligands, and the essential
factors required for the development of effective catalysts were
established. First, the catalysts require robust structures that
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Table 1 Summary of the TON, TOF, and overpotential of water oxidation catalysts introduced in this review
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Cat. Oxidant n/mv TON TOF/s Ref.

1 Electrochemical ~750 >30° ~100% 62

2 Electrochemical 510-560 ~1% 0.40% 66 and 67

3 Electrochemical 560-580 >30° 0.7% 68

4 [Ru(bpy);](Cl0,); — 180 4.0 71
Photochemical — 3357 —

5 Electrochemical 500 — 79°¢ 72 and 73

6 Electrochemical 540, 510" — — 74
Photochemical — 51% 1.3%
[Ru(bpy);](ClO.); — 15 —
m-CPBA — 5 —

7 CAN o 16 0.75 75
[Ru(bpy)s](ClO4); — 7 0.9
Photochemical — 208 —

8 CAN — 5 0.53 75
[Ru(bpy)s](ClO,)s — 26.5 2.2
Photochemical — 43.5% 0.6%

9 Electrochemical 800 19" 145% 76 and 77

10 CAN — 82 0.063 84

11 CAN — 360 0.23 84

12 CAN — 63 0.046 84

13 CAN — 145 0.14 84

14 CAN — 40 0.015 84

15 Inactive — — — 84

16 Inactive — — — 84

17 CAN o 3800 0.41 85

18 Inactive — — — 86

19 Inactive — - — 86

20 Electrochemical 800 16-24' — 86-88

21 Electrochemical 750 3.4 — 89

22 Oxone — ~3-4 0.010 91
H,0, 0.014

23 H,0, — ~3-4 0.0034 91

24 Electrochemical 520 13* 33% 92

25 Electrochemical 640 >29' 0.15% 94

26 Electrochemical 542 — 3 x 107" 96

27 Inactive — — — 97

28 CAN — 2.5 — 97

29 CAN — 5.8 — 97

30 CAN — 7.5 e 97

31 CAN — 17 >1.3 97 and 98

32 CAN — 10 — 99
Photochemical — 2207 0.764

33 CAN — 17 — 99
Photochemical — 60¢ 0.21¢

34 Electrochemical — — 5.68% 100

35 Electrochemical 380 — 7.53% 101

36 Electrochemical — — 7.5% 101

37 Electrochemical — — 8.81% 101

38 Inactive — — — 101

39 Electrochemical 700" — 3.56" 102

40 Electrochemical 400" — 3.58% 102

1 Electrochemical 270" — 0.43% 102

42 Electrochemical 170" — 0.16% 102

44 Electrochemical 170 15° — 90 and 106-108

45 Electrochemical 610 3627 30% 104

16 Electrochemical — — 0.00057 119 and 120

47 Electrochemical — — 0.00077 119 and 120

48 Electrochemical — 9.29 0.00187 119 and 120

19 Electrochemical — — — 121

50 Electrochemical — — — 121

51 TBHP — ~0.02 — 122

52 Electrochemical — — — 124

53 Electrochemical — — 0.81" 124

54 Photochemical — 89° 0.12° 127

55 Photochemical — 10° 0.14° 127

56 Photochemical — 122° 0.17° 127

57 Electrochemical — — 1400 128

58 Electrochemical — — — 128

59 Electrochemical — — — 128

60 Electrochemical — — 0.20° 129

This journal is © The Royal Society of Chemistry 2021

Chem. Soc. Rev,, 2021, 50

,6790-6831 | 6825


https://doi.org/10.1039/d0cs01442g

Published on 11 Meyi 2021. Downloaded on 11/3/2025 6:45:01 PM.

View Article Online

Chem Soc Rev Review Article

Table 1 (continued)

Cat. Oxidant n/mv TON TOF/s Ref.
61 Electrochemical — 0.67% 130
62 Electrochemical — 30% 131
63 NacClo — 4 0.0033 132
64 TBHP — 20 — 137-139
Oxone — 0.0006
65 [Ru(bpy);](PFe)s — 25 0.027 140
Photochemical — 1“ —
Photochemical — 4" —
66 Electrochemical — — — 141
67 Electrochemical — — — 141
68 Photochemical — 58% 1.4% 142
Electrochemical 540 — —
69 CAN — — 2.2 143
70 CAN — — 0.23 143
72 Photochemical — 7428 — 145
[Ru(bpy)5](ClO,); — 4.3 —
73 Electrochemical 1000% — 33% 146
74 Electrochemical 800 — 0.6% 147
75 Electrochemical 780" — 0.78% 148
76 Inactive — — — 151
77 Photochemical 550 40’ 0.02Y 165, 168 and 169
78 Electrochemical 520% — — 167
79 Electrochemical 500% — — 167
80 Electrochemical 570% — — 167
81 Electrochemical 530% — — 167
82 Electrochemical 510% — — 167
83 Electrochemical 510% — — 167
84 Electrochemical 3347 629°4 0.035%¢ 171
85 Photochemical — 163” 9.6/ 172
86 Photochemical — — — 172
87 Photochemical — 2117 8.9 172
88 Photochemical — — — 172
89 Electrochemical 520 >78% 1900% 189

1 x 10°9%ab 140-1400%

1: onset overpotential, turnover numbers (TONs) are defined as moles of produced product per mole of catalyst, no /., turnover frequencies
(TOFs) are defined as moles of produced product per mole of catalyst per s. ¢ Electrolysis at a potential of 1.35 V vs. NHE (pH 12. 5). © Electrolysis at
a potential of 1.13 V vs. NHE (pH 12.4). © Electrolysis at a potential of 1.1 V vs. NHE (pH > 10.4). ¢ Photochemical oxidation using [Ru(bpy),]Cl, as
photosensitizer and Na,S,04 as the sacrificial electron acceptor. ° Electrolysis at a potential of 1.59 V vs. NHE (pH 9.2)./ Electrolysis at a potential
of 1.3 Vvs. NHE (pH 8, 9). ¢ Photochemical oxidation using [Ru(bpy);](Cl0,), as photosensitizer and Na,S,0; as the sacrificial electron acceptor.
" Electrolysis at a /E)otential of 1.5 Vvs. NHE (pH 10.8). ' Electrolysis at a potential of 1.23 V vs. SHE (pH 12.2)./ Electrolysis at a potential of 1.60 V
vs. NHE (pH 6.5). * Electrolysis at a potential of 1.4 V vs. NHE (pH 11). ! Electrolysis at a potential of 1.58 V vs. NHE. " Electrolysis at a potential of
1.4 V vs. NHE (pH 8). " Electrolysis at a potential of 1.30 V vs. NHE (pH 11.5). ? Electrolysis at a potential of 1.55 V vs. NHE. ? Electrolysis at a
potential of 1.64 Vvs. NHE. ¢ Electrolysis at a potential of 1.2-2.0 V vs. Ag/Ag". " Electrolysis at a potential of 1.60 V vs. NHE (pH 7). * Photochemical
oxidation using [Ru(bpy);](NO;), as photosensitizer and Na,S,0; as the sacrificial electron acceptor. * The catalyst was coated onto an ITO
electrode and subjected to electrolysis at a potential of 1.60 V vs. NHE (pH 7). “ Photochemical oxidation using [Ru(bpys)](PFe), as photosensitizer
and Na,S,05 as the sacrificial electron acceptor. ¥ Photochemical oxidation using [Ru(bpy,)(deeb)](PF¢), as photosensitizer and Na,S,0g as the
sacrificial electron acceptor. ™ Electrolysis at a potential of 1.62 V vs. NHE (pH 12.5). * Electrolysis at a potential of 1.87 V vs. NHE (pH 7).
Y Photochemical oxidation using [Ru(bpy);]*" as photosensitizer and Na,S,05 as the sacrificial electron acceptor. * Electrolysis at a potential of
1.21 V vs. NHE (pH 6). “ Electrolysis at a potential of 1.42 V vs. F¢/Fc’. “* Estimated based on the assumption that the thickness of the reaction-
diffusion layer adjacent to the electrode surface (u) is on the order of p ~ /D /kca. “° Determined based on the profile of cyclic voltammograms
(eqn (4)). “ Based on the results of foot-of-the-wave analysis (FOWA). “° Obtained as a roughly estimated value by considering the thickness of the
reaction—-diffusion layer during the controlled potential electrolysis.

72-77

are resistant to oxidation. As mentioned above, high lability is
one of the inherent features of earth-abundant first-row transition
metal ions. Therefore, strategies to mitigate the demetallation of
the ligand should be applied while constructing the catalysts. In
this context, the use of multidentate ligands, ideally tetra- or
pentadentate ligands, is critical. Several kinds of multidentate
ligands such as the PY5,”*”77 alkylamine-pyridine,®*8%91:92:94,96
TAMLS’90,97,99—105 and porphyrins119—122,124,127—131 have been
widely employed. Importantly, the ligands themselves need to
be oxidation resistant. Therefore, ligands with oxidation-prone
moieties, such as alkyl groups, should be avoided. In another

6826 | Chem. Soc. Rev., 2021, 50, 6790-6831

approach, the introduction of the appropriate substituents
or deuteration®® of the oxidation-prone ligands may be pursued
to mitigate ligand-oxidation.

Second, to enhance the multi-electron transfer reaction for
accumulating the charge, the utilization of redox non-innocent
ligands is promising. Alternatively, an increase in the number
of metal centres by using di- or multinuclear complexes can
promote multi-electron transfer. Another important strategy is
to adopt the PCET approach. As the PCET reaction releases
electrons and protons at the same time, the total charge of the
complex upon oxidation remains unchanged. Therefore, the

This journal is © The Royal Society of Chemistry 2021
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oxidation reaction occurs under milder conditions and facilitates
the formation of the highly oxidised species. Furthermore, the
stabilisation of the oxidised species is also an important factor.
The charge delocalisation by redox non-innocent ligands or
multiple metal centres and the suppression of the total charge
increases by PCET will be beneficial for this purpose.

Third, high-valent key reaction intermediates should be
stabilised to avoid decomposition or undesired side reactions,
while retaining substantial reactivity for water oxidation. In this
context, the negatively-charged anionic ligands, and ligands
that can provide strong ligand field to the resultant complexes
are useful. Ligands with PCET abilities are also promising
because these ligands become negatively charged via proton
dissociation upon oxidation of metal centres and thus function
as anionic ligands. To improve the reactivity of high-valent key
intermediates, the introduction of electron-withdrawing groups
into ligands is another valuable strategy. Electron-withdrawing
groups can enhance the reactivity of the metal centres by
increasing the positive charge on the metal centres.

Finally, the O-O bond formation process should be accelerated.
As mentioned earlier, this process is usually the rate-determining
step, and thus determines the reaction rate. This is mainly because
the O-O bond formation proceeds in an intermolecular fashion.
The use of conditions that favour the intramolecular O-O bond
formation process is a potential solution to this problem. Intra-
molecular O-O formation processes do not require the diffusion of
molecules and benefits from enhanced kinetics. To achieve such a
process, the use of complexes with two substitution-labile sites
which are oriented in a cis configuration is a promising strategy.>*
The design and incorporation of neighbouring coordination
sites and the use of di- or multinuclear metal complexes is also
beneficial.!*>*8°

The compatibility between the ligand structures and metal
ions is also vital for catalyst design. Manganese complexes are
expected to be good candidates for water oxidation catalysis
because the catalytic centre of the natural enzyme, the OEC, contains
manganese ions. However, most of the reported manganese-
complex-based catalysts require oxygen transfer reagents such as
H,0, and Oxone for O, evolution, and true H,O oxidation, wherein
the H,O contributes both the oxygen atoms for generating O,, is
hard to achieve. This is maybe because the formation of reactive
high-valent key intermediates is difficult and/or the stability of the
intermediates is not sufficient. To overcome the drawback, the use of
the complexes with anionic ligands and multinuclear complexes is a
valuable approach for obtaining manganese-based catalysts.'*® This
is because negatively charged ligands can stabilise high-valent key
intermediates, and multinuclear structures promote multi-electron
transfer reactions and stabilise the formed high-valent species. Iron
complexes are potential candidates for water oxidation catalysts
because these complexes can access the reactive Fe'=—0 intermedi-
ate owing to the high redox flexibility of the metal ion, which is
similar to that of the ruthenium ion. Moreover, the development of
water oxidation catalysts based on iron complexes using various
kinds of ligand such as PY5,”® alkylamine-pyridyl ligands,®**>*
and TAMLs’”*® has been reported. Furthermore, successful
water oxidation has been achieved using chemical oxidants,
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electrochemical conditions, and photochemical conditions. It is
noteworthy that a multinuclear metal complex that exhibits a
remarkable reaction rate and stability was developed using iron
ions.'®® In the catalysis mediated by iron-based complexes, the
existence of substitution labile sites in cis configuration®" or the
presence of neighbouring water activation sites'®® can accelerate
the O-O bond formation process in the intramolecular reaction
pathway. The complexes containing cobalt anions can catalyse
photochemical and electrochemical water oxidation reactions. In
the case of cobalt complexes, the reactivity of the high-valent
intermediates is low. Therefore, molecular design to improve
the reactivity of these intermediates is essential. Notably, the
introduction of strong electron-withdrawing groups into the
ligands has enhanced the catalytic activity of the cobalt-based
catalysts.'**">*1?8 Also, the employment of multinuclear structure
is a niche approach for forming the reactive intermediate by
accumulating multiple charges among the metal ions.'®>'%"7'%°
Complexes containing the late 3d transition metal ions, such as
Ni and Cu, can also catalyse electrochemical water oxidation.
Accessing the high-valent state may be difficult with these
classes of compounds. Therefore, the active species for
water oxidation is mainly the M™-O' intermediate of these
complexes,®670%9%102,104,108,130,146-148 1 accymulate  enough
charge to drive the reaction, the utilization of redox-active ligands
should be advantageous for such scenarios.®¢ 6%°79%102128-131
Dinuclear complexes are another set of attractive targets for
storing multiple oxidation equivalents for enabling water
oxidation.' #6148

The development of molecular catalysts containing earth-
abundant first-row transition metal ions is cutting-edge
research in the field of water oxidation. While the number of
catalysts that exhibit high stability and reaction rate compar-
able to that of ruthenium-based catalysts is still limited, the
recent progress unveils their potential for the development of
the next-generation water oxidation catalysts. In summary, the
strategies for designing active water oxidation catalysts are
becoming more evident. Further studies and efforts in this
area are expected to induce a paradigm shift in this research
toward the ideal water oxidation catalyst for realizing sustain-
able development.
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