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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
water oxidation reactions mediated by first-row transition metal complexes is described. Special
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.*®*°
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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


https://doi.org/10.1039/d0cs01442g

Published on 11 Caxah Alsa 2021. Downloaded on 03/08/2024 8:29:37 AM.

Review Article

Section 3.1
2,2'-bipyridine and its derivatives

Section 3.2
PY5-type ligands

Section 3.3
Alkylamine-pyridine

Section 3.4
Macrocyclic ligands

Section 3.5
Porphyrin and corrole

Ar
Ar
Ar
Ar

Section 3.7
Multinuclear complexes

Section 3.6
Dinuclear complexes

07

e ] .- 8
004 J,I/?—7 ‘ :

M = earth-abundant first-row transion metal

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 '
— =220 (| ——— | v 2 (4)
ip F
~ < OH
PN OH; LoN,,  LoH
u X "
Z>N7 YOH, Z~N" “oH
S —~
OH
1 2
OH,
~ N
N, 0 Cg;l\f%
cul = e I\
o “nF N ‘ N
<
OH,
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
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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
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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.
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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,