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Bioinspired transformation of small-molecules to energy-related feedstocks is an attractive research
area to overcome both the environmental issues and the depletion of fossil fuels. The highly effective
metalloenzymes in nature provide blueprints for the utilization of bioinspired metal complexes for
artificial photosynthesis. Through simpler structural and functional mimics, the representative herein is
the pivotal development of several critical small molecule conversions catalyzed by metal complexes,
e.g., water oxidation, proton and CO, reduction and organic chemical transformation of small
molecules. Of great achievement is the establishment of bioinspired metal complexes as catalysts with
high stability, specific selectivity and satisfactory efficiency to drive the multiple-electron and multiple-

proton processes related to small molecule transformation. Also, potential opportunities and challenges
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Introduction

Because of their fascinating potential to alleviate problems
related to energy, environment and economy, the transforma-
tion of inexhaustible or readily available small molecules like
water (H,O), carbon dioxide (CO,), methane (CH,), nitrogen
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for future development in these appealing areas are highlighted.

(N,) and other organic molecules into highly value-added
chemicals is of great concern nowadays."> However, the inher-
ent features of these small molecules make their catalytic
conversion quite challenging. One of the key problems is that
their fairly inert bonds, such as C-H and C=O0O bonds, often
require high thermodynamic potentials for molecular activa-
tion, and their conversion usually involves multi-electron and
multiple-proton transfer processes, which make the selective
chemical reaction rather difficult to either occur or control.? It
is encouraging that thermocatalysis and electrocatalysis have
been realized to effectively activate their inert bonds and thus
the conversion of these small molecules; however, they usually
require an additional non-renewable energy input, which is
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Fig. 1 Schematic representation of the natural photosynthetic chain in photosystems.

limited by the needs of large-scale and sustainable develop-
ment in the future.”

Natural photosynthesis (NP) has shown us an excellent
example to realize small molecule transformation.” Upon light
absorption by antenna systems, the harvested photon energy
is transferred to the active site to power subsequent redox-
reactions (Fig. 1). The water oxidation, for example, occurs
by using the photo-generated oxidative holes to activate
water molecules at the oxygen-evolving centre (OEC) in PSIL®
Then, the released four protons and four electrons are trans-
ferred via the electron transfer chains to the catalytic active
center of PSI, so as to realize the corresponding reduction
reactions via energetically enriched bio-reducing agents such
as NADPH or ATP. In this regard, most green plants use high-
energy electrons to reduce protons and CO, to carbohydrate at
the [NiFeS]-metalloenzyme catalytic centre for energy storage.
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In some green algae and photosynthetic bacteria, however,
ferric redox proteins continue to transfer high-energy electrons
to hydrogenases (H,ases) that reduce protons to produce H,
with remarkable activity.” At this point, the proton source for
H, evolution of these anaerobic organisms comes from the
carbon metabolism of organic matters. On the whole, plants
and organisms can produce O, and carbohydrates (or H,) from
CO, and H,O through the cooperation of PSII and PSI under
sunlight irradiation to complete the transformation of solar
energy into chemical energy.

Inspired by NP, it was promising to realize small molecule
transformation by reproducing the structure and functions of
natural photosynthesis, that is, artificial photosynthesis.® An
ideal artificial photosynthetic system is usually based on a
typical Z-scheme consisting of both oxidation and reduction
catalysts (Fig. 2). Since most small molecules do not have
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Fig. 2 Schematic representation of the general concept of artificial
photosynthesis.

light-absorbing capacity, appropriate structural design allows
the catalyst molecules to match well with light harvesters to
achieve efficient electron transfer, such as an appropriate
driving force as well as flexible interface interaction.’ Following
the capture of exciton carriers from photosensitizers, effective
catalysts can reduce the activation energy and accelerate the
reaction rate, which are undoubtedly important prerequisites
for the construction of efficient artificial systems."*"*

The archetypal biological systems have represented promis-
ing blueprints for the design of biomimetic catalysts. In light
of the hydrogenase for reversible H, production, the carbon
monoxide (CO) dehydrogenase for reversible CO, fixation, or
the oxygen evolving complex for water oxidation, these delicate
biocatalysts usually consist of a relatively small metal-
containing active site.'® Though the fine structure and catalytic
mechanism remain controversial, it is found that the precise
control of metals and ligands has led to the design and synthesis
of metal complex catalysts with rich photophysical, electrochemi-
cal, and catalytic properties to mimic the metalloenzymes.*?

As the active sites, the metal centers within the complexes
possess partially filled d-orbitals, which can reversibly store
electrons and protons from small molecules via multiple redox
states as well as provide binding sites for small molecule
transformation. For example, Re(i)-based catalysts enable the
conversion of CO, to CO, partly due to the selective coordina-
tion of CO, molecules to the reduced metal centres of the
complexes."* The individual metal center of a typical metal
complex catalyst is usually coordinated by organic ligands,
which expose each metal atom to the system to catalyze the
reaction and provide higher coefficient of atomic utilization.
The highly controllable ligands within metal complexes can be
readily and systematically functionalized using different moi-
eties to provide multiple functions, including electron-
donating and electron-withdrawing substituents, accessional
redox sites, intramolecular proton relays, sterically bulky
groups with either hydrophobic or hydrophilic characteristics
and so on.">'® For instance, the CO-displacement of the all-CO
[FeFe]-H,ase mimics by a poorly 6-donating phosphine ligand,
tris(N-pyrrolyl)phosphine (P(pyr)s), could change the reduction
potentials of diiron complexes with small cathodic shifts, ca.
30 mV for single replacement and 60 mV for dual replacement."”
Ligand modification can also facilitate the interaction between

15498 | Chem. Commun., 2020, 56, 15496-15512
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the catalyst and other components in the system. By introducing
four dangling phosphonic acid groups to the outer sphere of
a DuBois-type catalyst, the photocatalytic experiments can be
carried out in both homogeneous and heterogeneous systems
with a phosphonated bipyridine-based Ru(u) photosensitizer, and
the outer sphere provides the catalyst with good solubility in
aqueous solution as well as anchors for the immobilization on
metal oxide semiconductors."®

It’s no exaggeration to say that the unique properties of
metal complexes offer infinite possibilities for photocatalytic
small molecule transformation. Through the coordination with
photosensitizers, the entire artificial photocatalytic process can
be viewed as consisting of three consecutive subprocesses:
capture of photonic energy by a variety of chromophores giving
rise to the formation of excited states, conversion of these
excited states into redox power by a charge separation process
and finally catalysis using stored redox equivalents to drive the
corresponding small molecule reduction or oxidation reactions
at the active sites.® In this respect, water can be oxidized to O,,
while the corresponding electrons can be used to drive the
reduction-conversion reactions, including proton reduction to
produce H, or reducing CO, to carbon-neutral fuels. Due to the
complexity of the catalytic conversion processes, at present, a
more effective strategy is to divide the overall process into two half
reactions as occurring in natural photosynthesis, which is con-
ducive for further investigation and optimization of the catalysts.
For any oxidation or reduction half reaction, the corresponding
sacrificial reagents (sacrificial electron donor, SED or sacrificial
electron acceptor, SEA) need to be added to provide the required
reductive or oxidative equivalents. Once optimized, these half
reactions can be integrated, such as introducing them into the
PEC systems, to realize the coupling of oxidation and reduction
processes.”’ Furthermore, the approach can also be extended to
couple the abovementioned reduction reactions with oxidative
transformations of small organic molecules to produce high
value-added organic products, mimicking the coupled redox
reactions occurring in NP. A typical example is cross-coupling
hydrogen evolution (CCHE), which will be discussed later.”*

Over the past few decades, numerous homogeneous and hetero-
geneous molecular systems based on metal catalysts have been
developed. This Feature Article provides a comprehensive account
of several photochemical transformation reactions of critical small
molecules that are catalyzed by metal complexes, e.g., water oxida-
tion, proton and CO, reduction and catalytic oxidation of some
small organic molecules. All these fields are involved in energy-
related small molecule activation and are also the hot spots of
chemistry, materials, energy and environmental science. Herein, we
do not intend to provide an exhaustive report of the works in these
areas, but rather to pay attention to what researchers have learnt
from NP for small molecule activation using bioinspired metal
complexes as catalysts. Representative works, current challenges
and promising perspectives will be highlighted.

Molecular water-oxidation catalysts (WOCs)

In NP, water oxidation occurs with a low overpotential (a
thermodynamic parameter reflecting the difficulty of water

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Crystal structures of the (a) native OEC and the (b) synthetic Mn,Ca
complex. Reprinted with permission from ref. 24. Copyright 2015 Science.

oxidation) of ~160 mV and a high reaction rate of 100-400 s~

under ambient conditions.>” Although there are some ambi-
guities, the core structure of the oxygen-evolving complex (OEC)
is universally acknowledged to be a cubic Mn;CaO, cluster
linked to additional dangling Mn via p-O atoms.”® Ligands
including CI™ ions, water molecules and amino acid residues
surround the Mn,CaOs cluster to give the final crystal structure
of the OEC, as shown in Fig. 3a. Structural mimicry of natural
OEGCs is a feasible way to design artificial OECs. Limited by the
accessible characterization and synthetic approach, it was not
until 2015 that Zhang et al. reported a synthetic Mn,Ca-cluster
similar to the native OEC in PSII with the two magnetic
resonance signals assignable to the redox and structural iso-
merism in NP to produce O, in the presence of H,O (Fig. 3b).>*
However, as a complicated reaction involving multiple elec-
trons and protons, catalytic water oxidation did not occur by
using the artificial OEC metal complex. Challenges, such as the
high overpotential and the vulnerability of WOCs under harsh
oxidation conditions do remain.

Designing metal complex catalysts to mimic PSII functionally
started early in the 1980s. Meyer et al. reported the molecular
catalyst [(bpy),Ru(H,0)(u-0)(HO)Ru(bpy).]'" (bpy = 2,2-
bipyridine) for water oxidation, known as “Blue Dimer”
(complex 1 in Fig. 5 and Table 1).> From then on, Ru-based
molecular catalysts have been regarded as potential candidates
for natural PSII-OEC and have become the most efficient water-
oxidizing molecular catalysts, which have been highlighted in
many comprehensive reviews.”*® In spite of multicore-Mn
active sites in NP, theoretical and experimental results show
that a single metal centre is active enough for water oxidation
since Thummel et al. reported the first water oxidation catalyst
based on a mononuclear molecular ruthenium complex.’

View Article Online
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These findings expand the scope of WOCs based on metal
complexes and lay a foundation for studying the critical
mechanisms of O-O bond formation by transition metal com-
plexes: water nucleophilic attack (WNA) and interaction of two
M-O units (12M) (Fig. 4).>%**

In the WNA mechanism, the O-O bond formation occurs by
the nucleophilic attack of one H,O molecule to the high-valent
M=—O0 intermediate. Alternatively, the I2M pathway forms
an O-O bond via the interaction between two M=O entities
to an M-O-O-M species, which can release O, upon further
oxidization. Most of the water oxidation catalysts reported so
far form O-O bonds through WNA, while the catalysts with a
Ru-bda (bda = 2,2'-bipyridine-6,6’-dicarboxylic acid) framework,
such as the complex 2 shown in Fig. 5, form O-O bonds mostly
through I2M. As proposed by Sun et al., an uncommon seven-
coordinated Ru(v) dimer complex with [HOHOH]  bridging
ligand was isolated as a critical intermediate for catalytic water
oxidation via 12M.*> An exceptional case was proposed by
Wurthner and coworkers in 2016, a metallosupramolecular
macrocycle complex 3 that gathers three Ru(bda) centres was
formed via the axial ligand connection, which allows water mole-
cules to form O-O bonds through the WNA pathway (Fig. 5).**

The in-depth understanding of catalytic mechanisms has
further promoted the application of molecular catalysts for
water oxidation in the fields of thermocatalysis, electrocatalysis
and photocatalysis.>**> Early research studies emphasized the
vital role of Proton Coupled Electron Transfer (PCET), which
provides effective ways to reduce the redox potential, forms the
Ru-oxo species through a narrow potential gap and stabilizes
the high-valent metal-oxo intermediate.®® Accordingly, imida-
zole and carboxylate were introduced as redox and proton
transfer mediators into the ligands of WOC by Akermark and
coworkers.’” As shown in Fig. 5, the corresponding ruthenium
complex 4 showed decreased redox potential as well as favour-
able coupled proton-electron transfer, which were able to
catalyse water oxidation under neutral conditions with
[Ru(bpy);]** as the photosensitizer.

In the photocatalytic water-oxidation process, one of the
main obstacles is the mismatch redox potentials between the
catalyst and the photosensitizer. Both the push-pull effect
(effect from electron donating and electron withdrawing
groups) and the space effect (the space blocking effect caused
by the proximity of some atoms or groups in a molecule) of
ligands could affect the redox potential, activity and stability of

Table 1 A detailed summary of the representative structures of WOCs shown in Fig. 5 based on Ru and non-noble metals

WOCs Photosensitizers/SEA/solvents Light source TON TOF [s7']
Complex 1 — — 13.2 0.0042
Complex 2 — — 2000 41
Complex 3 [Ru(bpy);]Cl,/Na,S,0s/pH 7.2 CH;CN/phosphate buffer solution 150 W Xe lamp (380 nm) >1255 >13.1
Complex 4 [Ru(bpy),(deeb)](PFs),/Na,S,0s/pH 7.5 phosphate buffer solution Halogen lamp (>400 nm) 200 —
Complex 5 [Ru(bpy),(dcbpy)]Cl,/Na,S,04/pH 7.5 phosphate buffer solution 500 W Xe lamp (>400 nm) 51 0.28
Complex 6 [Ru(bpy),(py-bpy)](PFs)./50 mM Na,S,0s/phosphate buffer solution = Xe lamp (>400 nm) — 0.08
Complex 7 [Ru(bpy);]Cl,/Na,S,04/pH 9.0 sodium borate buffer solution LED lamp (>420 nm) 1610 11.1
Complex 8 [Ru(bpy);]Cl,/Na,S,0/pH 8.7 borate buffer solution 3 W blue LED 220 0.76
Complex 9 [Ru(bpy);](Cl0,),/5 mM Na,S,0s/pH 8.5 borate buffer solution Xe lamp (>400 nm) 11.61 + 0.23 0.158

This journal is © The Royal Society of Chemistry 2020
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WNA 12M

Fig. 4 Schematics of the WNA and the I2M pathways to form O-O bonds
catalysed by molecular catalysts. Reprinted with permission from ref. 30.
Copyright 2020 Wiley-VCH.

the critical high valence intermediate Ru¥=O0. A charge-neutral
mononuclear ruthenium complex RuL(pic); was synthesized
with a carbazoledicarboxylate ligand, as shown in Fig. 5
(complex 5).>® Due to the rigid planar structure and strong
electron-donating feature of the ligand, the Ru centre can be well
stabilized at high redox states for efficient photochemical water
oxidation. Alternatively, researchers aim to mimic the natural
water-oxidizing environment to improve the catalytic activity.
Accordingly, Konig et al loaded the hydrophilic derivative of
complex 2 and the photosensitizer onto the surface of the vesicle
membrane to mimic the biological photosynthesis where both
chromophores and catalytic units are bound to membranes.
Compared to the homogeneous systems with dissociative compo-
nents, this two-dimensional assembly greatly increased the local
concentration of the redox counterparts and shortened the average
distance between them for electron transfer.*

In addition to constructing intermolecular systems with
separated catalysts and photosensitizers, Ru based catalysts
can also form supramolecular assembly with a photosensitizer

Blue dimer
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to achieve efficient intramolecular charge transfer. As shown in
Fig. 5, Sun et al. proposed the first case of an active photochemical
water oxidation assembly by coupling two ruthenium diamine
chromophores with one [RuL(pic),] catalyst (complex 6).*° The
photocatalytic activity of this assembly was enhanced compared
with that of the conventional multicomponent system.

On the other hand, the Mn,CaOjs cluster developed in nature
as WOC suggests that the use of Mn or other non-noble metals
is likely to achieve efficient light-driven water oxidation.*'™°
However, few reports have been proposed on homogeneous
Mn-based molecular catalysts for water oxidation, and most of
them are utilized in electrocatalytic systems.*” The only case of
a molecular Mn-based catalyst for photochemical O, evolution
was reported in 2016 by Streb et al*® Lately, a molecular
manganese vanadium oxide cluster consisting of a [Mn404]%"
cubane core, a tripodal [V40,6]°” polyoxovanadate and three
acetate ligands served as a critical model compound to inves-
tigate the structure and mechanism of OEC in PSII, as the
formation of a [Mn}'Mn}'0,]*" intermediate is similar to the S1
state in the natural Kok cycle. A TOF (turnover frequency,
referring to the number of H, molecules produced per unit
time at each catalytic active site (or catalyst)) of around 1.75 s~
was observed under visible light irradiation with [Ru(bpy);]** as
the photosensitizer and persulphate (S,04>") as the oxidant.

The complex with a Co 0, cubane structure also achieved
efficient photochemical O, evolution, which was first reported
by Patzke et al. as [Coy(hmp)s(i-OAc),(1,-OAc),(H,0),].*° The
highly flexible architecture of monodentate acetate and aqua
ligands makes it the closest mimic of PSII-OEC among the
highly sought after cubane WOCs to date, providing mecha-
nistic modelling to explore the water oxidation pathways of
PSIL In addition, some N-coordinated cobalt complexes, such
as cobalt porphyrins, cobalt salophen, and cobalt polypyridine
complexes, are also reported as homogeneous catalysts for

photocatalytic water oxidation (complex 7).°%°

N
[} —
N\Rl N ) N—\Rlu—N\ p
7| SN0 |
O N N
& 0 # ]
o %)
4 5

WOCs based on non-noble metals

2t UL

Fig. 5 Representative structures of WOCs based on Ru and non-noble metals.
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At present, the reports on iron based molecular catalysts are very
limited. On one hand, it is difficult to design and synthesize
metallic iron catalysts with both suitable redox potential as well
as relatively low overpotential. On the other hand, the stability of
metallic iron catalysts is generally not satisfactory; especially under
alkaline conditions, as they decompose into nanoparticles.”> In
2014, the first homogeneous photocatalytic water oxidation system
based on an iron complex was reported (Fe-TAML, Fe™ complex
with biuret-modified tetra-amidomacrocyclic ligands, complex 8).>*
For the first time, the generation of a high valence Fe"(O) inter-
mediate species during photocatalysis was detected as the active
intermediate for water oxidation. No nanoparticles were observed
after the measurement, indicating that the system was carried out
through homogeneous catalysis.

Due to its inexpensiveness and easy accessibility to various
oxidation states, Cu is also considered to be an ideal catalytic
centre for water oxidation. However, there are few reports about
Cu-based photochemical water oxidation compared with its wide
application in the field of electrocatalysis. It was not until 2016
that the first homogeneous photocatalytic water oxidation catalyst
based on a Cu complex was reported.>® With [Ru(bpy);]*" as the
photosensitizer and Na,S,0; as the electron acceptor, the water-
soluble copper-polypyridine complex, [Cu(F;TPA)(ClO,),], could
catalyse water oxidation with a TON (turnover number, the
number of H, molecules produced at each catalytic active site
(or catalyst)) of 11.61 + 0.23 (complex 9). The substitution of
fluorine (F) on pyridine ligands increases the stability of the metal
centre. One of the keys to further develop Cu-based water oxida-
tion catalysts is to reduce their overpotentials.”> Accordingly, a
Cu(u) coordination polymer, [Cu(tza),], (Htza, tetrazole-1-acetic
acid) with negatively charged carboxylate ligands, was synthesized
to reduce the overpotential. Moreover, the nitrogen catenation
ligand with both electronically rich and conjugated electron-
withdrawing properties could maintain the catalytic activity of
the system to the greatest extent (TOF 1.68 s~ " at pH 9.0).

As the key part in NP, water oxidation not only produces the
most critical resource of O, for mankind, but also provides
necessary electrons and protons for the subsequent reduction
reactions. In artificial photosynthetic systems, solar-powered water
oxidation into O, is also indispensable to realize the overall water
splitting, which is the ultimate goal of mimicking natural photo-
synthesis. Over the years, many breakthroughs have been made in
the design and synthesis of novel OECs that mimic PSII-OEC in
structure and function. However, water oxidation usually requires a
high overpotential and a high thermodynamic demand (AG =~
237 kJ mol '), which create troublesome challenges in this field.
How to stabilize the high-valent intermediates and how to reveal the
mechanism of O-O bond formation are the key points of current
research on molecular catalysts for photocatalytic water oxidation.

Molecular hydrogen evolution
catalysts (HECs)

NP uses hydrogenase as the hydrogen-evolution catalyst (HEC)
to reduce the protons released from the oxygen-evolving centre,

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Active site of natural [FeFe]-H,ase and (b) the photocatalytic mimics.

thus completing the whole catalytic cycle. With remarkable
catalytic activity (producing 6000-9000 molecules of H,
per second per site) and only ubiquitous elements like Fe,
S and C, [FeFe]-hydrogenase ([FeFe]-H,ases) has great potential
as a catalyst in the field of photocatalytic H, production.’®
However, limited by its vulnerability to O, as well as the
intricate purification technology, it is very difficult to directly
apply hydrogenase extracted from microorganisms to artificial
photosynthetic systems. Fortunately, with the in-depth research
on the structure and mechanism of these important biological
enzymes, it has been a hot research topic in recent years to
mimic the active centre of hydrogenase in both structure and
function for solar H, evolution.®”

Fig. 6a shows the active site of [FeFe]-H,ase featuring a
butterfly binuclear Fe-Fe cluster ([2Fe2S]) coordinated with
CN~ and CO ligands, an azadithiolate (adt>~) double bridge
ligand as well as a cysteine-linked [4Fe4S] cluster.’® One of
the Fe ions within [2Fe2S] is in an ideal six-coordinated
octahedral configuration, whereas the other one shows only
five-coordination with an open coordination site that is
believed to be the active site for proton binding and H, release.
Thus, the [2Fe2S] cluster as the catalytic centre can capture and
reduce protons to produce H,, and the [4Fe4S] cluster acts as a
channel for electron transfer from and to the active site.

It is worth mentioning that, the unique adt>~ cofactor acts
as a proximal proton acceptor site and plays a critical role in the
mechanism of H, evolution, which also provides inspiration for
the design of complex catalysts.

At the early stage, scientists have focused on the structure
modification of the [2Fe2S] subunit to tune their properties,
such as the redox potentials and water solubility. Accordingly,
the first reduction potentials of [2Fe2S] complexes can be tuned
in the range of —1.18 to —1.67 V for the all-CO complexes with
different dithiolate bridges in CH;CN, which enabled efficient
electron transfer from the excited photosensitizer to the [2Fe2S]
mimics.” Since the pioneering work by Sun and Akermark in
which they constructed intramolecular dyads consisting of
photosensitizer and mimics, more and more attention has
been paid to the interaction between the photosensitizers and
the catalysts.®* On one hand, a series of molecular dyads
and triads that are composed of a molecular photosensitizer
and a [2Fe2S] catalytic centre have been constructed via cova-
lent or coordinative linking, for desired photoinduced electron
transfer (Fig. 6b). For instance, molecular triads with ferrocene
as the electron donor, [FeFe]-H,ase mimics as the catalyst and a

Chem. Commun., 2020, 56, 15496-15512 | 15501
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Ru-complex or zinc porphyrin as the photosensitizer (PS) were
synthesized with enhanced photocatalytic H, evolution.®® On
the other hand, [FeFe]-H,ase mimics have been incorporated
effectively with semiconducting PS. Accordingly, under the
same conditions, the system with QDs as the PS exhibited a
much higher catalytic activity than that of the system with
[Ru(bpy)s]**, due to the long-lived charge-separation state of
the former.®> Since the first attempt by Wu et al. in 2011 with
CdTe QDs and the first water-soluble [FeFe]-H,ases mimic,
using semiconducting QDs as the PS to combine with a
[FeFe]-H,ase mimic for H, production has developed rapidly,
and the catalytic efficiency has increased from null to TONs of
hundreds of thousands.®® Strikingly, the synthetic [2Fe2S]
catalytic centre, even the most popular one that could decom-
pose generally within one-hour of irradiation, can serve as an
effective catalyst for H, production.

In NP, the active sites of [FeFe]-H,ase are surrounded by
protein matrices, which protect the vulnerable cores and serve
as a channel to input substrates and output products. Thus, in
recent years, scientists have focused on not only the structural
modification of [FeFe]-H,ase mimics, but also their surround-
ing biological environment. Specifically, the self-assembled
system that comprises chitosan, [Fe,(CO)e(u-adt)CH,CeHs],
CdTe QDs and H,A was capable of producing H, with a
TON of up to (5.28 + 0.17) x 10" with respect to the catalyst,
nearly 4000-fold compared with that of the same system in the
absence of chitosan (Fig. 7).®* Also, the catalytic stability was
enhanced from 8 to 60 h in this self-assembled system. In other
photocatalytic system, micelles, dendrimers and peptide scaf-
folds have also been used to mimic the natural protein environ-
ment for improved photocatalytic H, evolution.®

Compared with [FeFe]-H,ase, the catalytic H, production
rate of natural [NiFe]-H,ase is far behind, which is known
to prefer H, oxidation (>1000 s ').°® The greater structural
complexity of heterobimetallic centres of [NiFe]-H,ase mimics
lagged far behind that of [FeFe]-H,ase mimics. Very recently,

Initial TOF: 1.40 s vs [FeFe]-H,ase mimic
TON: 5.28 x 10 vs [FeFe]-H,ase mimic, 60 h

Fig. 7 A schematic describing the H, photogeneration of a chitosan-
confined mimic of the diiron subsite of [FeFe]-Hjase in the presence of
CdTe quantum dots and H,A. Reprinted with permission from ref. 64.
Copyright 2013 Springer Nature.
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Fig. 8 The structure and active site of natural [NiFe]-H,ase, the general
structure of [NiFe]-Hzase mimics and the real dimer catalyst for excep-
tional H, photogeneration. Reprinted with permission from ref. 67. Copy-
right 2020 Wiley-VCH.

a [NiFe]-H,ase mimic, (dppe)Ni(p-pdt)(n-Cl)Ru(CO),Cl, was
synthesized based on the similar valence shell structures of Ru"
and Fe™.®” Experimental and theoretical analyses revealed that
mimic 1 in Fig. 8 worked as the pre-catalyst and H,
was produced only after being reduced to an unprecedented
dimer intermediate 2 with an extraordinary TOF of 0.54 s,
which offers inspiration for further design of heterobinuclear
[NiFe]-H,ase mimics for advanced H, evolution.

Fig. 9 shows the general catalytic mechanism for proton
reduction at the metallic centre M"™". Reduction of the active
metal centre M"" followed by protonation generates the key
metal-hydride intermediate (H-M™"), which can react in two
different ways.®® On one hand, the H-M"" reacts with a second
metal-hydride to afford MV and generate H, via reductive
elimination (homolytic pathway). On the other hand, H-M"" is
further reduced and protonated to release H,, which is defined
as the heterolytic pathway. The active site of natural [FeFe]-
H,ase, for example, is believed to produce H, by heterolysis,
according to the H/D-isotope effect.%® Natural photosynthetic
organisms evolve [FeFe]-H,ase with pendant amines in the
second coordination sphere as a proton relay to promote the
formation of H-M"" intermediate via PCET processes. Thus, an
efficient metal complex catalyst should have unsaturated
first coordination spheres as coordination sites for substrate
binding. And exploring HECs that are conducive for the for-
mation and stabilization of pivotal metal-hydride intermediates

(n1) (n) » p(n-2)
M p= M 2o M
h
H* Homolytic Heterolytic H*
H—m(n+1) H*
H—m(n+1) M H—m®
Y
H,

Fig. 9 Proposed mechanistic pathways for H, evolution by a metallic
catalytic center.
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is widely regarded as an essential precondition for proton
reduction.

The photocatalytic activity of natural [FeFe]- and [NiFe]-
H,ase and their mimics shows the potential of using non-
noble metal catalysts to produce H, in artificial photosynthesis.
In this regard, complexes of cobalt and nickel have been found
to be critical candidates.”® A so-called “DuBois-type” complex
10 with a bis(diphosphine) ligation was firstly described by
DuBois and coworkers as [Ni(P,”"N,""),](BF,), (Fig. 10).”* With
the similarly positioned pendant amine, the catalytic rate of
DuBois-type Ni complexes increased by three orders of magni-
tude compared with that of the corresponding carbon-based
analogues. In 2011, Holland and coworkers reported the first
case of photocatalytic H, evolution based on this kind of nickel
diphosphine catalyst.”> With Eosin Y (EY) as the light absorber
and H,A as the SED, up to 2700 TON in 150 h was obtained
(based on the catalyst) under visible light irradiation in water/
acetonitrile mixed solvent at pH 2.25. Further functionalization
with appropriate substitutes can not only improve the reactivity by
regulating the electronic structure, but also promote the inter-
action between the catalyst and other components (complex 11).”

The cobaltoximes that formed from the coordination of two
glyoximato equatorial ligands with a cobalt ion are some of the
most well-developed catalysts (Fig. 10 complex 12). Since firstly
reported by Lehn and co-workers as [Co(dmgH),] (dmgH, =
dimethylglyoxime) in 1983, a large number of diimine/dioxime
cobalt HECs have been described.”* Most of them showed high
activity in organic media while low stability in water, especially
under acidic reductive conditions. Mechanism studies have
revealed that the cobalt catalyst underwent glyoximate ligand
exchange during photocatalysis.”> Such an exchange was not
expected due to the bidentate nature of these ligands as well as
the H-bonding between the glyoximate ligands that holds the
two monoanionic chelates in the equatorial positions of a tetra-
gonally distorted octahedral complex. To solve this problem, the
addition of extra dmgH, ligands (dmgH = dimethylglyoxime) or

R\
Ser e
& I\“ li‘\N 1;\‘ B‘ R\N\
NPETTSPAN, /APHLN r&\
R” L R LNi
N _PH |\'/PH N
R=R'=Ph, L=MeCN /©/ RLR D
R R=CH,P(O)(OH), -
10 1
YT
2 BN Cys C
O-N, | N-0 Ph_ g g_ Ph &

5.8
Cys—S. //\\ co
g .

i €.
Ph Cys=8" \X/ \"CN
CN

H Co’ H =290 B
AN H :
~o-n{ N-07 j: ! :[
Dand e 4

s

L=Cl, L'=Pyridine, n=0
12 13 14

Fig. 10 Representative structures of Ni-based, Co-based HECs and the
active centre of [NiFe]-Hyase.
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triphenylphosphine (PPhs) into the system as well as the replacement
of the H bridges with BF, bridges in cobaloxime complexes was
used to significantly improve the stability of the photosystems.”®””

Different substitutes of axial pyridine ligation in cobaloxime
complexes can not only tune their catalytic performance, but
also provide more possibilities for the construction of hybrid
systems with semiconducting photosensitizers. Chen et al
fabricated CdSe/ZnS core/shell QDs functionalized with a coba-
loxime catalyst via a phosphonate linkage.”® Transient spectra
show that the electron transfer from the light-excited QDs to
cobaloxime occurs within an average time scale of 105 ps,
followed by a much slower carrier recombination process that
takes more than 3 ns. This long-lived charge separation state
enables the hybrid system to produce more than 10000 turn-
overs of H, per QD in 10 h when using TEOA as SED.

HECs based on redox non-innocent ligands like sulfur
donors are also very popular for photocatalytic H, evolution.”
As shown in Fig. 10, Kisch and coworkers reported the first
photocatalytic H, evolution system with nickel dithiolene
complex 13.%° This kind of complex has a bioinspired aspect,
since the nickel ion has mixed N/S ligation as found in [NiFe]-
Hyase (Fig. 10 complex 14). The redox processes may occur on
both the ligands as well as the metal centre, making such
complexes potential reservoirs of charge in the multielectron
processes. Additionally, ligand sites corresponding to S and/or
N donors are available for protonation, thus allowing these
systems to assemble two protons and two electrons to make H,
from stepwise electron-transfer and protonation. Examples of
such cobalt- and nickel-based dithiolene catalysts were both
systematically studied in photocatalytic systems with excellent
H, evolution efficiency.?"%*

Moreover, cobalt complexes stabilised by other nitrogen
donor ligands have also shown remarkable photocatalytic
performance in aqueous systems.** For instance, polypyridyl
scaffolds as ligands not only provide desired stability to the low-
valent Co metal centre throughout the catalytic cycle, but also
minimize structural reorganization within the molecular archi-
tecture. In 1981, Sauvage et al. reported the first photosystem
based on a [Co(bpy),]”" (n = undefined) complex for H, evolu-
tion, where a Co(1) bipyridine intermediate was detected.®
Nowadays, polypyridyl-cobalt complexes are a diverse family
featuring pyridine- and bpy-derived tetra- and penta-dentate
ligands.®>®® Castellano et al. evaluated ten distinct Co>*-based
polypyridyl catalysts for light induced H, evolution using high-
throughput screening with [Ru(bpy);]*" as the PS and H,A as
the SED.®” They proposed that the complexes with tetradentate
ligands yield more active photocatalytic compositions than
their counterparts bearing pentadentate ligands with high
catalytic stability. Moreover, molecules with cis-open coordina-
tion sites seem to be impressively more active than those with
trans-open sites, providing guidelines for the development of
molecular compositions. Very recently, three water-soluble
polymer catalysts with appending Co porphyrins and different
side-chain groups were synthesized to mimic the natural
enzyme reaction centre and to explore the effect of residual
groups on the catalytic performance.®® Attributed to the strong
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interaction between the positively charged polymer chain and
the negative CdSe QDs after protonation, the highest photo-
catalytic activity of 2.7 x 10* TON came from the catalyst with
amino side-chain groups.

As mentioned above, the activity, stability, and even mole-
cular solubility of the pre-synthesized metal complexes can be
easily tuned through rational structural design for artificial H,
production. Here, it is worth noting that the metal catalysts
formed in situ also show great potential for their convenient
preparation and satisfying catalytic activity. One typical system
was proposed by Eisenburg and coworkers, who proposed that
the DHLA dissociated from CdSe QDs may coordinate with
Ni** to form a soluble nickel(n)-DHLA species to serve as the
real catalytic center.®® Simultaneously, Wu and coworkers
constructed an artificial photosynthetic system by directly add-
ing Co®>" ions into MPA-functionalized CdTe QD solutions.*
Upon irradiation, the dangling bonds (S*>~ from photogener-
ated hole oxidation of MPA) on the surface of QDs interact with
Co”" ions for H, generation with remarkable activity. This metho-
dology can be adapted to other earth-abundant metal centres,
including Ni**, Cu®*, Fe>* and Mn*', where nickel ions showed
the highest catalytic activity of a TON up to 137 500.°" Subsequent
characterization studies provided direct evidence of photoinduced
electron transfer (PET) from QDs to Ni*" active sites.”

Furthermore, the metal complex as the catalysts for proton
reduction and water oxidation can be not only used in a
homogeneous system, but also integrated onto the electrode
surface of PEC cells. For example, by using a low-cost cobalt
porphyrin complex (CoTCPP) as the catalyst on the surface of
a three-dimensional BiVO, film, a 2-fold enhancement of
photocurrent density was observed.”® Another typical work
was proposed by Reisner et al. in 2016 as shown in Fig. 11.
A phosphonic acid-modified nickel(n) bisdiphosphine catalyst
(NiP) and an Fe(u) catalyst based on a phosphonic acid-
modified tris(2-picolyl)Jamine (TPA) ligand (FeP) were loaded
on the surface of a TiO, photocathode and WO; photoanode as
the reduction and oxidation catalysts, respectively.®® Water
splitting with an approximate 2:1 ratio of H,:0, observed
shows the possibility of using a metal complex as the catalyst
to realize the overall water splitting in PEC cells. It should be
mentioned that the current state of O, evolution complexes in
photocatalytic systems lags far behind that of H, evolution
catalysts. The mismatch of catalytic performance limits the
further integration and development of solar-driven overall
water splitting. Presently, there is an urgent need to know
how to improve the binding stability, increase the loading
amount of catalysts, and promote the interaction between the
light absorber and the catalyst at the electrode interface.

Molecular CO, reduction catalysts

Unlike anaerobic bacteria that use hydrogenases to reduce
protons for H, evolution, most green plants utilize the protons
and electrons released by PSII to fix CO, in the atmosphere,
thus providing energy for life on Earth and maintaining the
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rinted with permission from ref. 94. Copyright 2016 Royal Society of
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balance of carbon and oxygen in the atmosphere. Mimicking
the natural processes to convert the greenhouse gas CO, into
valuable chemicals and fuels using solar energy is of great
significance to ease the growing energy crisis and excessive
CO, emission.”® Unfortunately, the multielectron reduction of
CO, by artificial photochemical transformation often shows
poor selectivity with a variety of products, including carbon
monoxide, formic acid, formaldehyde, methanol, etc.°® In par-
ticular, reduction in aqueous solution involves a serious com-
petition process of H, production. Therefore, appropriate
catalyst design is often unavoidable to minimize the energy
barriers of the overall process and control the selectivity of the
products.®”

Although the inherent thermodynamic stability of CO,
makes its reductive activation challenging, a variety of enzymes
can interact with CO,. For instance, [NiFe]-CODHs (CODHs-
carbon monoxide dehydrogenases) are metalloenzymes present
in many anaerobic microorganisms that catalyse the reversible
conversion of CO, to carbon monoxide (CO).%® The active centre
in [NiFe]-CODHs is a [Ni-4Fe-5S] cluster, as shown in Fig. 12a.
Crystal analysis after incubation with NaHCO; resulted in a
structure consistent with the binding of CO,. Notably, a two-
atom bridge with Ni-C and Fe-O bonds could be detected
(Fig. 12b). Both CO,-derived O atoms are closely associated
with the two nearby protein residues. Plausible mechanisms
for CO, conversion include the formation of a {Ni"Fe"(OH)}
species and the reduction to afford a Ni’Fe” intermediate.”®*°
In this mechanism, a metal-built frustrated Lewis pair instead
of the CO, radical anion, is considered to be responsible for the
selective transformation of CO, to exclusively afford CO, with a
TOF of 0.194 s~ "'

In 2010, a CO,-reducing enzyme CODH I from the anaerobic
microbe Carboxydothermus hydrogenoformans (Ch) was firstly
introduced to an artificial CO, photoreduction system by
Armstrong and coworkers.'®® In the presence of [Ru(bpy)s;]**
modified TiO, nanoparticles, the sensitized hybrid enzyme-
nanoparticle system could catalyse a controlled, two-electron
reduction giving CO as a clean product, which shows the
feasibility of constructing artificial photosystems using biological
enzymes. However, the sensitivity of natural enzymes requires all
the preparation stages of their system in an anaerobic glove box. If
artificial catalysts can be used to simulate the function and activity
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Fig. 12 Structure of the [NiFe]-CODH active site with (a) a reduced nickel
center in the absence of a substrate and (b) bound CO, after incubation
with NaHCOs.

of these enzymes, it is undoubtedly an attractive research direc-
tion. In this respect, transition metal complexes have the advan-
tages of their easily tuned redox potential, trapping of CO,
via coordination to the metal centre, and valence jump of the
metal oxidation state in response to the multielectron reduction
processes.

Fig. 13 shows the competing pathways for CO and HCOOH
formation from CO, at a metallic centre M™*,'® in which the
metal-hydride intermediate influenced the final product dis-
tribution of CO, reduction. In the first pathway, CO, gets
inserted into the metal-hydride via the electrostatic attractions
between the polarized O-C and M-H bonds, setting the electro-
philic C atom near the nucleophilic hydride moiety. Alterna-
tively, electron-rich metals with free binding sites tend to
activate CO, in the form of monodentate C-coordination, lead-
ing to a metallo—carboxylate species with O-atoms sterically
available for protonation. Generally, the insertion method
often affords HCOOH as a product, whereas the coordination
method tends to yield CO.

In the 1980s, Lehn et al. used Re(1) complexes [fac-Re(bpy)
(CO);sL (bpy = 2,2’-bipyridine; L = C1~ or Br )] to achieve the first
selective CO, reduction to CO under UV irradiation.’®* Since
then, metal complexes with single-metal or bi-metallic centres
involving Re, Ru, Ni, Co, Mn, and Fe have been widely exam-
ined as catalysts for CO, photoreduction.'*>% Like the photo-
induced electron transfer processes that exist in NP, the metal
complex catalyst can be covalently bonded to photosensitizer
units to form supramolecular photocatalysts for efficient intra-
molecular electron transfer. To this end, supramolecular photo-
catalysts such as Ru-Re, Ru-Ni binuclear or even multinuclear
complexes have been constructed.'®” Detailed investigations
showed that the type and the length of the bridging ligands, the
redox potential of both the catalytic and photosensitive units, as
well as the types of substituents can be reasonably controlled.'®

H—M*1) < M-1) > M(n-2)
e COQ e’ COQ

HCOO co
M™)(OCHO) / \ M®)}(CO,)

Fig. 13 The competing pathways for CO and HCOOH formation from
COs,.
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According to Ishitani and coworkers, covalently bridged Ru(u)
multinuclear complexes composed of both photosensitizers
and catalysts were able to photocatalyze the reduction of CO,
to formic acid (HCOOH) with NADH model compounds as the
SED in a mixed solution of dimethylformamide (DMF) and
TEOA.'® The ratio between the photosensitizer units and
catalyst units strongly affected the photocatalytic performance.
For a trinuclear supramolecular composed of two photosensi-
tizer units and one catalyst unit, a TOF of up to 11.6 min_ " and
corresponding 671 TON can be measured. Noncovalent inter-
actions, such as hydrogen bonding, have also been found to
be able to construct supramolecular systems based on metal
complex catalysts."*°

Multicomponent systems with separated photosensitizers
and catalysts have been reported based on well-designed
metal complex catalysts. The unique [Ni-4Fe-5S] cluster of
[NiFe]-CODHs provides a critical design of homogeneous cata-
lysts. Considering the evidence proving the importance of
sulfur ligation for CO, reduction in CODHs, a Ni complex
bearing an S2N2-type tetradentate ligand was synthesized and
investigated as a catalyst for CO, photoreduction (complex 15
in Fig. 14) by Kojima et al.'"* With [Ru(bpy);]** as the photo-
sensitizer and BIH as the SED, a QY of up to 1.42% was
obtained. Inspired by the natural RuBisCo using Mg ions as a
Lewis-acidic active site for efficient CO, fixation, two noncoor-
dinating pyridine pendants were further introduced into the
above catalyst, which act as “artificial arms” to capture Mg>*
ions in the vicinity of the Ni center (complex 16).""* With
[Ru(bpy);]** as the PS and 1,3-dimethyl-2-phenyl-2,3-dihydro-
1H-benzo[d|imidazole (BIH) as the SED, a higher quantum yield
(QY) for CO production could be obtained, as compared to
that of their counterparts without Lewis-acid capturing sites.
Mass spectrometry and 'H NMR measurements confirmed the
generation of Mg>"-bound Ni complex 17. DFT calculation
shows that the cooperatives between Ni and Mg centres for
the stabilization of a Ni-CO, intermediate is the key to increase
the catalytic efficiency of the system.

Through rational molecular design of the metal centres and
ligands, the catalytic activity, selectivity and even the reaction
mechanism can be tuned and promoted. Lu et al. proposed that
by replacing one Co" in the dinuclear homometallic
[CoCo(OH)L1](ClO,); complex 18 (CoCo) with a Zn" unit, the
resulting dinuclear heterometallic CoZn catalyst 19 showed a much
improved activity for photochemical CO, reduction (Fig. 15).'*

2+

15

Fig. 14 Ni complexes for CO, photoreduction bearing an S,N,-type
tetradentate ligand as the photocatalyst and a Ni(1) complex bearing an
SoN,-tetradentate ligand with two noncoordinating pyridine pendants as
the photocatalyst.
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The enhanced performance was attributed to the strengthened
dinuclear metal synergistic catalysis. That is, the Co" acts as the
catalytic centre and the Zn" serves as the assistant catalytic site
to strongly bind with OH™, thus greatly promoting the C-OH
cleavage of the O—C-OH intermediate.

In addition to considering the influence of metal centres,
the regulation of ligands greatly influences the photocatalytic
performance. Ishida et al. found that the amide groups at the
5,5’-positions of 2,2-bipyridyl ligands (L) affect the reduction
potential of the trans-(Cl)-{Ru(L)(CO),Cl,]-type complexes."**
The C-connected amide group is twisted with respect to the
bipyridyl plane, whereas the N-connected counterpart is within
the plane. DFT calculations show that the slight twist of the
former raises its LUMO level, causing a negative shift of the
first reduction potential (Ep) of the Ru-based catalyst. Corre-
spondingly, the logarithm of the TOF value increases with the
negative shift of Ep until it reaches the reduction potential of
the [Ru(bpy)s;]>" photosensitizer. Even a remote substituent
within the complex catalyst also significantly controls visible-
light-driven CO, reduction. Papish et al found that for a
nickel(n) pincer complex 20 with C-N-C ligands, the introduc-
tion of the n electron donor group (O™) on the para-position of
pyridine resulted in greatly enhanced CO, photoreduction
performance (Fig. 15).""> Protonation, however, turns off its
catalytic activity, highlighting the importance of selecting
rational remote-substituents.

The improvement of product selectivity and inhibition of
H, production are some of the most challenging issues in
the field of CO, photoreduction, especially in pure water.
A water-soluble cobalt porphyrin complex 21 ([{meso-tetra(4-
sulfonatophenyl)porphyrinato}-cobalt(ur)], CoTPPS) was synthe-
sized by Sakai et al. as a catalyst for the photoreduction of CO,
in fully aqueous media, which shows a selectivity to CO up
to 91% (Fig. 15)."'® Preparation of syngas, a mixture of CO
and H, for methanol production, is another way to solve the
competitive process of proton reduction. By anchoring both a
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Fig. 15 Representative structures of several CO, photoreduction
complex catalysts.
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CO-producing Re' catalyst and a hydrogen-evolution Co™
catalyst onto TiO, particles, a ternary hybrid catalyst was
established for photocatalytic syngas production.'’” Due to
the controllable loading mode and amounts of molecular
catalyst, the ratio of H, to CO in the formed syngas can be
widely tuned from 1:2 to 15:1 by changing the ratio of the two
catalysts.

Considering the product distribution, it has attracted much
attention to control the types of products through molecular
structure regulation. According to Robert and coworkers, an
iron tetraphenylporphyrin (TPP) complex 22 functionalized
with tetramethylammonium groups was a highly efficient
catalyst to realize the eight-electron reduction of CO, to CH,
with an Ir-dye as the PS and TEA as the SED (>420 nm,
Fig. 15).""® CH, was achieved via a successive two-step
reduction, in which CO, was firstly reduced to CO and then
to CH,. Mechanism studies show that the initial product CO
was connected to Fe" and further reduced to CH, via a
postulated Fe'-formyl (Fe'-CHO) intermediate, which can be
greatly stabilized through the space interactions between the
positive charged tetramethylammonium groups and the partial
negative charges on the CHO species bound to the metal. The
non-substituted tetraphenyl Fe porphyrin, however, only gives
CO and H, under the same irradiation conditions, possibly due
to its much more negative redox potentials and the absence of
phenyl ring substitution to stabilize the intermediates involved
in hydrocarbon production.

Transition metal complexes are also good candidates
to couple with a variety of materials, e.g., semiconductors,
carbon materials, polymers and mesoporous organosilicas.'*’
By anchoring the catalyst, [Ru(dcbpy)(bpy)(CO).J** or [Ru-(dcbpy),
(CO),J** to an N-doped Ta,Os semiconductor, Motohiro et al
fabricated a hybrid CO, photoreduction system in a CO,-saturated
MeCN/TEOA (5:1) solution.”® The selectivity for visible-light-
induced reduction of CO, to HCOOH was more than 75% and
the QY was 1.9% at 405 nm. They proposed that the linkage
between the complex and the semiconductor is essential for
efficient electron transfer from the excited state of the semicon-
ductor to the metal complex. Very recently, Robert and coworkers
constructed a hybrid CO, photoreduction system with only earth-
abundant elements via covalent grafting a Co-quaterpyridine
complex to the surface of g-C;N, through an amide linkage, as
shown in Fig. 16a."*' Visible light irradiation of the molecule-
material hybrid in the presence of BIH furnished CO with
impressive selectivity (98%) and long-term durability, since no
degradation was observed after 4 days of visible light illumination.

By introducing molecular catalysts to the electrode surface,
CO, reduction can also be coupled with water oxidation,
just like photosynthesis in nature.'” Different methods can
realize the loading of these reduction catalysts to the photo-
cathode surface. At present, the well-developed method is
chemical bonding. Gritzel et al. introduced a phosphonated
Re(bpy)(CO);Cl catalyst to the surface of a light-harvesting
p-type Cu,O electrode via an interfaced nanostructured TiO,
scaffold for CO,-to-CO conversion.">®* Compared to the corres-
ponding planar devices, a 40-fold enhancement of the catalytic
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Fig. 16 (a) Visible-light-driven CO, reduction by a cobalt complex
covalently linked to mesoporous carbon nitride. Reprinted with permission
from ref. 121. Copyright 2020 American Chemical Society. (b) PolyRuRe/
NiO photocathode for CO, photoreduction. Reprinted with permission
from ref. 124. Copyright 2019 American Chemical Society.

photocurrent could be observed based on the mesoporous-
TiO,-modified Cu,O photocathode, representing the first
demonstration of utilizing phosphonate linking groups to
immobilize molecular catalysts onto the surface of the photo-
electrode. Recently, Ishitani et al. developed a novel immobili-
zation method based on electrochemical polymerization for a
polyRuRe/NiO photocathode bearing both a Ru(i)-Re(i) supra-
molecular photocatalyst and a Ru(u) tris-diimine photosensiti-
zer (Fig. 16b).">* This strategy was considered to increase
the amount of metal complex adsorbed on the electrode
surface while also suppressing desorption. CO generation was
enhanced by a factor of 2.5 under visible light irradiation than
that of the electrode bearing only methyl phosphonic acid
anchors and an improved FE (from 57% to 85%) was also
detected at —0.7 V vs. Ag/AgCl.

Recently, a tandem PEC cell was reported by Reisner and
coworkers who can realize bias-free solar syngas production.'*”
Commercially available cobalt(u) meso-tetrakis(4-methoxyphenyl)
porphyrin (CoMTPP) was firstly immobilized via n-n stacking
interactions onto carbon nanotube (CNT) sheets. Then the com-
posite was integrated onto the surface of a perovskite-based
photocathode. By using an n-type BiVO, film as the photoanode,
the perovskite-BiVO, PEC tandem device could realize bias-free
syngas production coupled to water oxidation for three days
under 1 sun irradiation in an aqueous CO, saturated solution.
The corresponding conversion efficiencies for solar-to-H, and
solar-to-CO are 0.06 and 0.02%, respectively. Similar to the PEC
water splitting systems, the PEC CO, conversion is also limited
by the sluggish kinetics of water oxidation. Developing catalysts
with high selectivity, high efficiency and high stability
requires a deeper understanding of the catalytic mechanisms.
At present, most reported complex catalysts can only show good
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catalytic performance in CO, saturated systems. How to achieve
efficient photoconversion of CO, in a low concentration or even
an atmospheric atmosphere may be one of the directions that
need to be paid attention to in the future.

Molecular organic transformation
catalysts

As mentioned before, while photosynthesis in nature oxidizes
water to produce O,, the released protons and electrons can be
used for reductive H, evolution and overall water-splitting.
Artificial photosynthesis reproduces the natural chemical
transformation in a redox-neutral way (reactions with no exter-
nal reducing or oxidizing agent). Water oxidation occurring
at the photoanode can be coupled with proton reduction or
CO, reduction at the photocathode. Taking one step further,
artificial photosynthesis may use photogenerated carriers to
catalyse redox-neutral chemical reactions in a one-spot reaction
(two or more steps taken in one reactor for the synthesis). This
strategy can overcome the consumption of sacrificial reagents
in traditional transition-metal catalysis. One typical example is
proposed, as shown in Fig. 17, to generate a persistent ketyl
radical and a transient a-carbonyl radical iz situ from aromatic
B-ketoesters using a fac-Ir(ppy); photocatalyst under visible-
light irradiation.”® The persistent ketyl radicals can undergo
pinacol coupling, while the transient acarbonyl radical can be
intercepted by an alkyne to afford a series of highly substituted
1-naphthols in good to excellent yields. Remarkably, this
photocatalytic method avoids the normal requirement for
stoichiometric external oxidant and reductant. The easy-to-get
photocatalyst, broad substrate scope, mild reaction conditions
and high functional-group tolerance make this reaction a
useful synthetic tool.

The redox-neutral reaction design provides enlightenment
for the construction of chemical bonds, especially the activation of
inert bonds. As an important bond-forming reaction, the oxidative
cross-coupling reactions have been recently considered as a
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powerful and straightforward tool to realize the direct C-H
functionalization for accessing carbon-carbon (C-C) or
carbon-heteroatom (C-X) bonds."*”"'*® However, the catalytic
conversion often requires the addition of stoichiometric sacri-
ficial oxidants to activate the inert C-H or X-H bond and
remove H atoms, which is not suitable for the substrates
sensitive under oxidative conditions and does not meet the
requirements of atom economy (converting as much of the
reactants as possible into the final products) and sustainable
chemistry. In this regard, a new reaction called cross-coupling
with H, evolution (CCHE) was proposed.'**"*° A typical CCHE
system combines a photocatalyst with a proton reduction cocata-
lyst to create a dual catalyst system. After irradiation, the former
initiate electron transfer to generate the radical cation or radical
anion of the substrate, while the latter captures electrons from the
substrates or reaction intermediates to reduce the protons elimi-
nated from the reactive scaffolds (C-H/C-H or C-H/X-H bonds)
into H,. This bond formation strategy not only avoids the use of
sacrificial oxidants but also releases H, gas as the sole byproduct,
which can be further used as an efficient energy source.

The pioneer work in this field was reported by Wu and
coworkers in 2013 by using EY and a graphene-supported RuO,
(G-Ru0,) nanocomposite as the PS and catalyst, respectively."*"
Catalysed activation and functionalization of the C(sp®)-H
bonds adjacent to amino groups was achieved via CCHE
reaction with various tetrahydroisoquinoline derivatives and
indole derivatives under visible light irradiation. Later on, the
first cobalt catalysed CCHE reaction, where a Co(dmgH),Cl,
molecule was used to capture the electron and proton for cross-
coupling reactions between a variety of isoquinoline and indole
substrates, and H, was the only by-product (Fig. 18a)."*> Mecha-
nistic insights revealed that, an efficient CCHE reaction relies
on the successive electron transfer from the isoquinoline sub-
strate to the excited [eosin Y]* to generate a [eosin Y]*~ radical
anion, which then delivers the electron to Co(dmgH),Cl, for
proton reduction to H,. Since then, photocatalytic CCHE reac-
tions have been widely reported to functionalize less reactive
C(sp®)-H and C(sp®)-H bonds for C-C bond construction.
Because of its powerful ability for both proton reduction and
hydrogen atom transfer, the family of cobaloxime complexes
has become widely used as cocatalysts in this field."*?

Two ideal reactions were reported using this strategy:
one-step amination of benzene to aniline and one-step hydro-
xylation of benzene to phenol with the combination of QuH"
(1-methylquinolinum ion) or QUCN" (3-cyano-1-methylquinolinum
ion) as the photocatalyst and a cobalt complex as the H,
evolution catalyst."** Aniline was synthesized from the reaction
of benzene with ammonia while phenol from the reaction of
benzene with water. An equivalent amount of H, was the
sole byproduct in these reactions. Both of them are proposed
to proceed via nucleophilic addition to the arene radical
cation followed by the cobaloxime-facilitated removal of one
electron and two protons. With excellent yields and selectivity,
this strategy provides a blueprint for aromatic C-H functiona-
lization under unusually mild conditions with no sacrificial
oxidants. Kinetic study reveals that the arene radical cation
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Fig. 18 (a) The first cobalt complex catalyzed CCHE reaction between
isoquinoline and indole substrates. Reprinted with permission from ref. 132.
Copyright 2014 Wiley-VCH. (b) Oxidant-free aromatic C—H thiolation to
construct C-S bonds. Reprinted with permission from ref. 136. Copyright
2016 American Chemical Society. (c) Schematic diagram for the decarbox-
ylative Heck-type coupling. Reprinted with permission from ref. 140. Copy-
right 2018 American Chemical Society.

species serve the key role for the C-H/N-H cross-coupling.
With Ru(bpy)s;(PF6), as the photocatalyst and Co(dmgH),Cl,
as the cocatalyst, a variety of N-arylazoles were successfully synthe-
sized with H, evolution, whereas C(sp®)-H bonds were unaffected."*
Selective C(sp’)-H bond amination of arenes was also achieved by
utilizing heterocyclic azoles as nitrogen sources.

Intramolecular or intermolecular C-C/C-X bond construc-
tion for building valuable five/six-membered heterocyclic
compounds can be achieved by photocatalytic CCHE reactions.
In 2016, Wu and coworkers reported an intramolecular
oxidative cyclization between aromatic C-H bonds and enam-
ine C-H bonds of N-aryl enamines into indoles with good to
excellent yields under visible light irradiation (Fig. 18b)."*°
Mechanistic investigations reveal that the system proceeds via
visible-light-catalysed oxidation of the enamines, followed by
intramolecular radical addition to yield the indoles smoothly.
Another intramolecular photocatalytic CCHE reaction was
reported by Lei and Wu, which can realize the C-H functiona-
lization/C-S formation to form benzothiazoles with no external
oxidant."®” With both the Ru(bpy);>" photocatalyst and cobal-
toxime cocatalyst, N-phenylthioamides were transformed to
2-aryl- or 2-alkylbenzothiazoles with H, as the only side pro-
duct. The unexpected oxidation byproduct amides, which are
often generated in oxidative cyclization of thiobenzanilides, can
be completely avoided. Using a photo/cobaloxime dual catalytic
system, the intermolecular photocatalyzed dehydrogenative
[4+2] annulation between styrene derivatives with electron-
rich dienophiles can also be achieved to form poly-substituted
aromatics.'®® The in situ generated alkene radical cation species
were proposed as the key intermediate for the annulation
reaction with good regioselectivity.

This journal is © The Royal Society of Chemistry 2020
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terminal alkene. Reprinted with permission from ref. 142. Copyright 2019
American Chemical Society.

Due to the unique features of cobaloxime complexes to
form alkyl cobalt derivatives as well as the tendency to generate
alkyl radicals, diverse types of reactions can be designed using
these metal complexes."*® Accordingly, Wu et al. proposed a
room temperature Heck-type coupling using inactivated alipha-
tic acids and terminal alkenes as feedstocks (Fig. 18c).’*® The
scope of this reaction was quite broad in that more than 90
olefins were synthesized in good to excellent yields. A radical-
based mechanism was proposed. That is, in the presence of a
base, the excited photosensitizer ([Mes-Acr-Me']¥) converted
the substrates of carboxylic acids to alkyl radicals. Then, a
radical addition to the alkenes occurred and subsequently a
B-H abstraction by a planar Co(u) intermediate formed from
the cobaloxime catalyst resulted in the formation of Heck-type
products.

Furthermore, a photoinduced asymmetric cross-dehydrogenative
coupling reaction between tertiary amines and simple ketones
was achieved using a synergistic tri-catalytic hydrogen-transfer
strategy.'*" In combination with a Ru(bpy)s(PFg), photocatalyst
and a Co(dmgH),pyCl catalyst, a chiral primary amine catalyst
was used to react with ketones for chiral enamine production.
With nitrobenzene derivatives as the hydrogen acceptor, the
synergistic effect between the photocatalyst and cobaltoxime
catalyst was able to transform tertiary amines into iminium
ions. Cross-coupling products with high chemo-, region- and
enantio-selectivity were obtained through the reaction between
the in situ generated iminiums and enamines.

Generally speaking, introducing phosphine groups into
molecules can significantly improve their bioavailability as
well as the intrinsic optical and electronic features. Recently,
Wu and coworkers developed a straightforward and atom
economic strategy to synthesize alkenylphosphine oxides via
a free radical pathway (Fig. 19)."*> Different from the well-
established photocatalytic systems, this reaction uses cobalox-
ime as the only photocatalyst to initiate the photocatalytic
reaction of H-phosphine oxide [P(O)-H] with alkene and alkyne
to selectively produce alkenylphosphine oxides in good to
excellent yields. No external photosensitizer and sacrificial
oxidant were needed. Mechanistic studies showed that, the
excited cobaloxime complex could activate [P(O)-H] into its
reactive radical species phosphinoyl radical [P(O)-], which was
subsequently utilized to functionalize alkenes and alkynes.
Meanwhile, the electron and proton eliminated from the P(O)-H
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functionality could be captured to form intermediates such as
Co™-H or Co" for a hydrogen transfer reaction. The formation of
both the phosphinoyl radical and cobalt intermediates could be
experimentally detected, which reveals the value-added potential
of cobaloxime in photocatalysis.

Conclusions

Inspired by NP, artificial photosynthetic systems based on
oxidation or reduction half reactions have been widely consid-
ered by researchers for efficient solar-to-chemical energy
conversion. Once optimized, the oxidative processes, such as
water oxidation, can be coupled to reductive reactions like
H, evolution or CO, fixation, enabling a more practical small
molecule transformation. More importantly, the mimicry of
natural processes provides researchers with important insights
into organic synthesis, particularly the activation of inert
bonds. In this respect, catalysts play a crucial role as NP
produces various enzymes as catalytic active sites to achieve
molecular conversion.

Lessons learned from NP have stimulated researchers to
design abundant metal complexes as promising catalysts for
energy-related photocatalytic small-molecule transformation.
At present, metal complexes can be facilely tuned on the
molecular scale via metal centers, ligands, functional substi-
tutes, binding sites, and co-ordination number, thus regulating
their photophysical, redox, and catalytic properties. The metal
centres not only provide suitable binding sites for the reactive
small molecules, but also show specific selectivity to certain
substrates, which is important for artificial photosynthesis.
Compared with these well-developed non-noble metal com-
plexes used in photocatalytic H, production, Ru, Re and other
precious metals are still outstanding in the field of CO, photo-
reduction and water photooxidation. From an economic and
sustainable viewpoint, high-performance catalysts based on
non-noble metals should be further developed, although the
troublesome challenges are that a higher overpotential and
stronger basic conditions are often required, under which
conditions some of these low-cost catalysts decompose into
metal oxides to serve as the true catalysts. In addition to the
metal center, the flexible ligand-tunability provides more pos-
sibilities for the application of metal complexes in the field of
small molecule transformation. How to design and synthesize
ligands with higher performance under the guidance of a
catalytic mechanism is a prerequisite in catalyst design.

In NP, the secondary coordination spheres are derived to
protect the catalytic centers as well as to input substrates and
output products. Artificial photosystems have been focused on
exploring the influence of secondary coordination effects on
the catalytic activity of systems based on metal complexes. The
next step should pay more attention to the interactions between
the catalysts and other components like photosensitizers,
sacrificial reagents and other additives, similar to the well-
organized integration of light absorber, charge transfer chains
and reaction units in natural photosynthesis. Furthermore, the
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strategy of building a heterostructure through integrating
with inorganic materials such as semiconductors should be
considered for their merits such as light absorption, charge
separation and stability.

In addition to developing more efficient complex catalysts
through structural and functional optimization, theoretical
exploration and in situ characterization of catalytic mechan-
isms, carrier dynamics, and inactivation processes are also
required to deepen the mechanistic understanding of the
catalytic process. On one hand, these theoretical analyses can
support the experimental results, and more importantly, they
may guide the design and synthesis of molecules as well as the
system construction.

From the perspective of small molecule transformation, the
artificial photosynthesis offers a shortcut to take advantage of
the efficient principles of the primary photosynthetic reaction.
The greater diversity in molecular design of metal complexes
and the smaller components than their natural counterparts in
artificial systems have higher potential for small molecule
activation. Photochemical methods, coupled with time-
resolved spectroscopy and theoretical analysis, provide unique
opportunities to identify and monitor intermediates in the
reaction cycle. The kinetic measurements can shed light on
rate-determining processes and the mechanism as a whole.
Once optimized, the catalytic conversions of oxidation and
reduction can be coupled to get rid of the dependence on
sacrificial reagents. At present, the idea has been realized by
constructing photoelectrochemical cells and CCHE reactions.
However, the mismatch between the catalytic performance of
the oxidative and reductive reactions are still far from meeting
the requirements of practical applications. Challenges and
opportunities require and stimulate further exploration in
bioinspired metal complexes to achieve more efficient, stable,
low-cost and environmentally friendly artificial photosynthetic
systems for a bright future.
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