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Redox catalysis via photoinduced electron transfer

Yong-Min Lee, ® ** Wonwoo Nam ® *? and Shunichi Fukuzumi ® *@

This perspective article highlights redox catalysis of organic and inorganic molecules via photoinduced
electron transfer, which is well exploited for a number of important photoredox reactions including
hydrogen evolution, water oxidation and a number of synthetic applications. Organic and inorganic
photoredox catalysis is also combined with thermal transition metal redox catalysis to achieve overall
photocatalytic redox reactions, which would otherwise not be possible by using photoredox catalysis or
thermal redox catalysis alone. Both thermodynamic and kinetic data are discussed to understand the
photoinduced electron-transfer processes of organic and inorganic photoredox catalysts in the light of
the Marcus theory of electron transfer, providing a comprehensive and valuable guide for employing
organic and inorganic redox catalysts via photoinduced electron transfer. The excited states of electron
donors including radicals and anions act as super-reductants in the photoinduced electron-transfer
reactions, whereas the excited states of electron acceptors including cations act as super-oxidants in the
photoinduced electron-transfer reactions. Photoexcitation of simple electron donor—acceptor linked
molecules with small reorganization energies of electron transfer results in formation of long-lived
which can oxidize and reduce substrates to make various chemical

electron-transfer states,

transformations possible with use of transition metal redox catalysis. Finally molecular model systems of

rsc.li/chemical-science

1 Introduction

Solar energy conversion in photosynthesis has been achieved
by photoinduced multi-step charge-separation processes in
the photosynthetic reaction centers (PRCs) in Photosystem II
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photosystems | and Il are combined to achieve water splitting to evolve H, and Os.

(PS-II), where electrons and protons are taken from water.'™
These electrons and protons are used to generate a proton
gradient and reduce NADP' to NADPH via redox shuttle
reactions in Photosystem I (PS-I) through the Z scheme,
leading to the reduction of CO, into carbohydrates."* There

*Research Institute for Basic Sciences, Ewha Womans University, Seoul, 03760,
Korea

Wonwoo Nam earned his PhD
degree in Inorganic Chemistry
from the University of Cal-
ifornia, Los Angeles (UCLA)
under the supervision of
Professor Joan S. Valentine in
1990. After working for one year
as a postdoctoral fellow at
UCLA, he was appointed an
Assistant Professor at Hong Ik
University in 1991. In 1994, he
moved to Ewha Womans
University, where he is currently
a Distinguished Professor. His current research has been focusing
on dioxygen activation, water oxidation, and important roles of
metal ions in bioinorganic chemistry.

Chem. Sci., 2023, 14, 4205-4218 | 4205


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc07101k&domain=pdf&date_stamp=2023-04-26
http://orcid.org/0000-0002-5553-1453
http://orcid.org/0000-0001-8592-4867
http://orcid.org/0000-0002-3559-4107
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc07101k
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014016

Open Access Article. Published on 08 de mar¢ 2023. Downloaded on 15/3/2026 17:24:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

have been extensive studies to mimic the charge-separation
processes in PRCs using covalently and non-covalently
linked organic electron donor-acceptor molecules.>™”
Photoexcitation of donor-acceptor linked molecules (D-A)
results in electron transfer from the excited state of electron
donor (D*) or acceptor (A*) to an electron acceptor (A) or
donor (D) to produce the charge-separated state (D''-A""),
which has both oxidizing ability due to D** and the reducing
ability due to A'".* Photoexcitation of metal complexes
composed of an electron donor metal (M"") and electron
acceptor ligand (L) also results in generation of the metal-to-
ligand charge-transfer (MLCT) state (M"™V'L'~), which has
both oxidizing ability due to M""V* and the reducing ability
due to L'"."*?° In the presence of an electron donor substrate
(Sp) and an electron acceptor substrate (S,), electron transfer
from Sp to D*'-A"", produced by photoexcitation of D-A [eqn
(1)], results in formation of Sp"" and D-A"" [eqn (2)], which
transfers an electron to S, to produce S5, accompanied by
regeneration of D-A [eqn (3)].**** A bond formation between
Sp" and S,"~ may occur [eqn (4)] in competition with back
electron transfer from S,"~ to Sp"* [eqn (5)].2'* In such a case,
the overall reaction is the photocatalytic bond formation
reaction between Sp and S, with D-A, which acts as an organic
photoredox catalyst [eqn (6)].>*>* D-A can be replaced by
a metal complex (M"'L) that affords the MLCT excited state
upon photoexcitation.'®*°

hv

D-AZSD-A" (1)

Sp+ DA - Sp"T + D-A" (2)
Sa+D-A" — S, + D-A (3)
Sp" +SA" = Sp—Sa (4)
Sp" +8SA"T = Sp + 84 (5)

Sp + Sa DL,:’A Sp—Sa (6)
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A substrate radical cation (SpH''), which is produced by
electron transfer from SpH to D''-A"~ [eqn (7)], can react with
a nucleophile (NH) to produce the adduct radical (S,—-NH") and
H' [eqn (8)]* On the other hand, S, ~, which is produced by
electron transfer from D-A'" to S, [eqn (3)], is protonated to
produce S,H [eqn (9)].>* Then, hydrogen atom transfer from
Sp-NH to S,H' yields Sp-N and S,H, [eqn (10)].>* The overall
reaction is the photocatalytic bond formation between SpH and
NH with D-A, accompanied by the reduction of S, to SyH, [eqn
(11)]-** In this case as well, D-A can be replaced by M"'L.*

SpH + D™*-A"" — SpH™" + D-A"" 7)
SpH™* + NH — Sp-NH" + H* (8)
Sa’~ + H' — SpH” 9)
Sp-NH' + Sy.H' — Sp-N + SAH, (10)
SpH + NH + S, DhTA Sp—N + SxH, (11)

Both the photocatalytic bond formation between Sp and Sy
[eqn (6)] and that between SpH and NH, accompanied by the
reduction of S, to S4H, [eqn (3), (9) and (10)] are started by
electron transfer from substrates (Sp and SpH) to D**-A" (or
ML, 7) to produce Sp,™" and SpH'' [eqn (2) and (7)], respec-
tively." Electron transfer from D-A"" to S, should also occur to
regenerate D-A [eqn (3)].>* Although there have been many
studies on the photocatalytic reactions with D-A and M*'L, the
thermodynamics and kinetics of electron transfer between
substrates and D""-A"~ (or M"™™*L'7) have yet to be summa-
rized by a systematic manner. In this review, we focus on the
thermodynamics and kinetics of electron transfer between
substrates (Sp, and SpH) and D**-A"~ (or M""V*L' ") [eqn (2), (3)
and (7)], providing quantitative basis to predict the photo-
catalytic bond formation reactions [eqn (4) and (8)].

In the photocatalytic reactions, D-A acts as a photoredox
catalyst [eqn (2) and (3)]. In these cases, D and A are not
necessarily linked together. Photoinduced electron transfer
from D to the excited state of A (A*) or photoinduced electron
transfer from the excited state of D (D*) to A occurs to produce
D" and A'", which enable photocatalytic bond formation
reactions [eqn (4) and (8)]. Once reactive species such as D** and
A’ are produced, various redox reactions are made possible to
occur via D" and A"~. This perspective focuses on photoin-
duced electron transfer reactions of D, A and D-A, which initiate
various photoredox catalytic reactions. The rate constants of
photoinduced electron transfer and back electron transfer are
evaluated in light of the Marcus theory of electron transfer.**>¢
Firstly electron transfer from D*, which are super-reductants, to
A is discussed with the photoredox catalytic mechanisms.
Secondly electron transfer from D to A*, which are super-
oxidants, is discussed with the photoredox catalytic mecha-
nisms. Finally photoredox catalytic reactions with PRC models
(D-A) are discussed to show the combination of PS-I and PS-II
models.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2 Super-reductants

2.1. Singlet excited states of NADH analogs

The singlet excited state of an NADH (dihydronicotinamide
adenine dinucleotide) analog, 9,10-dihydro-10-methylacridine
(*AcrH;), has a largely negative one-electron reduction poten-
tial (—3.1 V vs. SCE) and an appreciable lifetime of 7.0 ns.”
Electron transfer from 'AcrH, halogenated
compounds (RX) occurs to produce dehalogenated compounds
(RH) and the two-electron oxidation product, 10-methyl-
acridinium ion (AcrH'), because the one-electron reduction
potentials of RX are less negative (e.g., —2.78 Vvs. SCE) than that
of 'AcrH, (—3.1 V vs. SCE).”” The rate constant of electron
transfer from 'AcrD, to PhCl was determined to be 6.0 x 10°
M " 57" at 298 K from the fluorescence quenching by PhCl.?
When AcrH, was replaced by the didueterated compound
(AcrD,), the rate constant of electron transfer from 'AcrD, to
PhCl was the same as that of 'AcrH,, showing no deuterium
kinetic isotope effect.>” Electron transfer reduction of RX results
in the C-X bond cleavage to produce R* and X .*® The produced
carbon-centered radical (R") abstracts a hydrogen atom from
AcrH,"", which is produced by electron transfer from 'AcrH, to
RX, to form 10-methylacridinium ion (AcrH') and RH [eqn

(12)]7

to various

H H

hv X -
—’ (L oxem a2
+ 2
N N
Me Me

Because AcrH' can be reduced by NaBH, to regenerate AcrH,
[eqn (13)], AcrH, acts as an organic photoredox catalyst for
photocatalytic dehalogenation of RX by NaBH,.*’

NaBH, + ActH" — AcrH, + Na* + BH; (13)

Photoredox catalysis of AcrH, was applied to tri-
fluoromethylation of hydrazones with an electrophilic CF;-
transfer reagent (CF;SO,Cl) as shown in Scheme 1.* Upon
photoexcitation of AcrH, in the presence of CF;SO,Cl, electron
transfer from 1AcrH; (EZX vs. SCE = — 3.1 V) to CF3S0,Cl (Ereq
vs. SCE = —0.18 V) occurs rapidly to produce AcrH, ", CF;" and
SO,Cl ™, followed by radical addition of CF;" to the C=N bond to
produce aminyl radical intermediate B in Scheme 1, which is
stabilized by the lone pair of the adjacent nitrogen atom. B is
oxidized by AcrH,'* to afford nitrenium intermediate C in
Scheme 1, accompanied by regeneration of AcrH,. Finally,
intermediate C undergoes deprotonation with a base to yield
the trifluoromethylated product (Scheme 1).*

The photoredox catalysis of AcrH, was combined with
palladium catalysis for arylation of arenes with aryldiazonium
salts (Scheme 2).*° Photoirradiation of a methanol solution
containing AcrH,, ArN,BF,, and Pd(OAc), with blue LED light
for 12 h afforded C-H arylation product (86% yield).** The
reaction was initiated by electron transfer from 'AcrH, to
ArN,BF, to generate AcrH,”" and Ar’, accompanied by N,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Photocatalytic trifluoromethylation of hydrazones with an
electrophilic CFs-transfer reagent (CFzSO,Cl) by AcrH, photoredox
catalysis. Reprinted from ref. 29 with permission form John Wiley and
Sons (Copyright 2017).

Blue light
% AcrH, xv/
/ Pd\ \J
AcrH,*  Photoredox @CD
catalysis catal sis Pd
V! iz \

/
A
ArN,BF
. @CDDG f
AcrH, Ar
Ar

] Pd(OAc)z

Scheme 2 Photocatalytic arylation of C—H bond by incorporating
a palladium catalyst and AcrH, photoredox catalyst. Reprinted from
ref. 30 with permission form American Chemical Society (Copyright
2017).

dissociation (Scheme 2).>° Ar" reacts with complex A in Scheme 2
to afford the palladium(m) complex B, which is then oxidized by
AcrH,'" via electron transfer from complex B to AcrH,"" to
produce palladium(v) complex C and regenerate the photo-
catalyst AcrH, (Scheme 2).*° Finally, the reductive elimination of
palladium(iv) complex C affords the formation of compound D,
which is the arylated product, and regenerates the palladium(u)
catalyst A.* Thus, a dual catalytic system of palladium(i)/
organic photoredox catalysts enables the arylation of arenes
with ArN," over a wide substrate range under the mild
conditions.*

The singlet excited state of 1-benzyl-1,4-
dihydronicotinamide (BNAH), which is one of the NADH
analogs, can also be used as a strong one-electron reductant for
the photoinduced reduction of substrates, although the one-
electron oxidation potential (—2.6 V vs. SCE)** is less negative
than that of 'AcrH, (—3.1 V vs. SCE).” BNAH or BNA' is used as
a photoredox catalyst for hydrogenation of a,B-epoxy ketones
and 1,2-diketones with HCO,H and Et;N to produce p-hydroxy
and o-hydroxy ketones,*? because BNA" can be converted to
BNAH by a mixture of HCO,H/Et;N at room temperatures.* The
photocatalytic hydrogenation mechanism by BNAH is shown in
Scheme 3. Firstly, electron transfer from 'BNAH* to a,B-epoxy
ketone (compound 1 in Scheme 3) or benzil (ie,

Chem. Sci., 2023, 14, 4205-4218 | 4207
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Scheme 3 Photocatalytic hydrogenation of a,B-epoxy ketones to B-
hydroxy ketones with HCO,H and EtzsN by BNAH photoredox catalysis.
Reproduced from ref. 33 with permission form American Chemical
Society (Copyright 2006).

diphenylethanedione; compound 3 in Scheme 3) occurs to
produce BNAH"" and the radical anions of compounds 1 and 3
(species 5 and 6 in Scheme 3, respectively). Then, the carbon-
oxygen bond cleavage occurs to convert species 5 (or species 6)
into species 7 (or species 8), followed by proton transfer from
BNAH'" to species 7 (or species 8) and an enol/keto tautomeri-
zation to produce species 9 (or species 10) and BNA" (Scheme 3).
Because BNA' is a strong one-electron reductant,® electron
transfer from BNA' to species 9 (or species 10) to produce
species 11 (or species 12), accompanied by regeneration of
BNA".>* The protonation of species 11 (or species 12) by water
yields the final products (compounds 2 and 4 in Scheme 3).**

2.2. Doublet excited states of radicals

10-Methylacridinyl radical acts as a relatively strong reductant
(Ereq vs. SCE = —0.43 V),*® being unstable due to the fast
dimerization reaction. However, 9-phenyl-10-methylacridinyl
radical is stable due to the steric effect of 9-Ph moiety that
prohibits the dimerization reaction.*® 3,6-Di-‘Bu-9-mesityl-10-
phenylacridinium tetra-fluoroborate, [Mes-(10-Ph)Acr](BF,),
also provides the stable acridinyl radical (Mes-(10-Ph)Acr") upon
the one-electron reduction of [Mes-(10-Ph)Acr|(BF,).*” If the
doublet excited state of the stable acridinyl radical ((Mes-(10-Ph)
Acr’]*) can be used as a reductant, the most negative E,.q value
was estimated to be —3.36 V vs. SCE.*” Such an extremely strong
one-electron reductant has enabled to develop reductive deha-
logenation of aryl halides even with electron-donating substit-
uents to afford the desired dehalogenated products in good to
excellent yields.*” As shown in Scheme 4, upon photoexcitation
of [Mes-(10-Ph)Acr|(BF,), electron transfer from diisopropyl-
amine (‘Pr,NEt) to the Acr” moiety of the electron-transfer state
of [Mes-(10-Ph)Acr](BF,) occurs to produce ‘Pr,NEt'* and the
stable acridinyl radical (Mes-(10-Ph)Acr’).”” The acridly radical

4208 | Chem. Sci., 2023, 14, 4205-4218
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Scheme 4 Reductive dehydrogenation of aryl halide (Ar—X) with dii-
sopropylamine by photoredox catalysis of [Mes-(10-Ph)Acr](BF,).3

is photoexcited to produce the charge-separated state in which
the phenyl moiety becomes the phenyl radical anion (Mes-(10-
Ph')Acr’) that is capable to undergo dissociative electron
transfer to Ar-X to produce aryl radical (Ar’) and X .*7 Aryl
radical abstracts hydrogen atom from ‘Pr,NEt"* to produce Ar-H
and regenerate the photocatalyst {[Mes-(10-Ph)Acr|(BF,)}.*
When p-methoxychlorobenzene, which exhibits a largely nega-
tive half-peak potential (<—2.8 V vs. SCE), is employed as
a substrate, the yield of p-methoxybenzene was 82%.%*” This
indicates that electron transfer from the excited state of the
acridinyl  radical  ([Mes-(10-Ph)Acr’]*) to  p-methoxy-
chlorobenzene may occur efficiently.®” However, the lifetime of
[Mes-(10-Ph)Acr’]* was much shorter than 100 ps. Fast electron
transfer from the short-lived [Mes-(10-Ph)Acr’]* to p-methoxy-
chlorobenzene has yet to be confirmed by femtosecond laser
transient absorption spectroscopy. The reductive detosylation
of amines was also made possible by using the doublet excited
state of Mes-(10-Ph)Acr".*”

The doublet excited state of perylene diimide radical anion
(PDI'7) has also been used as a super-reductant that is capable
of reducing aryl chlorides.*® The strong reducing excited state
(*PDI' ") was produced in situ by two subsequent visible light
excitations starting from air-stable PDI, enabling to avoid the
use of donor molecules, which are highly moisture- and air-
sensitive. Only mixing of aryl chlorides (Ar-Cl compounds)
with electron-withdrawing substituents, PDI and triethylamine
(Et;N) under irradiation with visible light afforded the reduced
products (i.e., Ar-H products) with good to excellent yields.*®
The photocatalytic mechanism is shown in Scheme 5, where
photoexcitation of a DMF solution containing PDI and Et;N
under 455 nm blue light results in electron transfer from Et;N to
PDI* to produce PDI'™ that is stable in the absence of dioxy-
gen.*® PDI'™ is excited again by visible light to produce *PDI" ™
and the dissociative electron transfer from *PDI'~ to aryl
halides undergoes, resulting that aryl chlorides are reduced to
aryl radical (Ar") species, which abstract a H-atom from Et;N"" to
yield Ar-H products.*®

Transient absorption spectra of *PDI'~ were observed upon
excitation (Aex = 700 nm), exhibiting absorption bands at 460
and 600 nm due to *(PDI' )*.*° The negative absorptions at 655-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Photocatalytic dehydrogenation of aryl halide (Ar—X) with
triethylamine (EtsN) by consecutive photoinduced electron-transfer
processes with perylene diimides (PDlIs). Reprinted from ref. 38 with

permission form the American Association for the Advancement of
Science (Copyright 2014).

750 nm correspond to the ground state bleaching of PDI"™.*°
The excited state absorption at 460 nm due to *PDI"~ decayed,
following first-order kinetics to give a lifetime (7) of 160 + 2 ps.*
The lifetime decreased with increasing concentrations of elec-
tron acceptors (Fig. 1a).*

The dependence of logarithm of the quenching constants
(kq) of *PDI"™ by electron transfer to electron acceptors on the 1
e~ reduction potentials of electron acceptors [E°(A/A"7)] is
shown in Fig. 1b, where the k, values of electron acceptors,

Quencher Concentration (M)

0 0.25 0.5 0.75 1
225
O 1,4-dinitrobenzene
a o © 3-nitrobenzaldehyde
2.00 X nitrobenzene
o--',.-x 0 4-nitroanisole
1.75 S 2-bromobenzaldehyde |
’ X 4-bromoanisole
o 1s0 X
=~ ’ S = -
I & T e
128 | R A e i
1.00 L
1.0E+11
-
1.0E+10 oV
= o
)
= 1.0E+09
€
= E°(*PDI-/PDI) = -1.87 eV <
1.0E+08
1.0E+07
0.0 0.5 1.0 1.5 2.0 25

Reduction Potential (-V) vs SCE

Fig. 1 (a) Stern—Volmer plots for lifetime quenching of *PDI"~ versus
concentrations of electron acceptors. (b) Dependence of logarithm of
kq of electron transfer from *PDI"™ to electron acceptors on the 1 e~
reduction potentials (E,eq vs. SCE) of electron acceptors. Red line
represents the fit calculated using the Rehm-Weller equation.
Reprinted from ref. 39 with permission form American Chemical
Society (Copyright 2020).
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Scheme 6 Reductive electrophotocatalysis with the photoexcited
state of DCA"™ (*DCA'") for the reductive borylation of aryl chlorides
and aryl bromides with bis(pinacolato)diboron (B,pinz). Reprinted from
ref. 42 with permission form American Chemical Society (Copyright
2010).

which have E°(A/A’") values of more than —1.5 V vs SCE,
approached the diffusion limited value (~2 x 10"° M~" s71).%
On the other hand, the k4 values of electron acceptors, whlch
have E°(A/A’") values of less than —1.5 V vs. SCE, exhibited the
sharp drop in the region where E°(PDI/*PDI"' ™) = E°(A/A"7) (i.e.,
AGgr = 0).* The dependence of log k, on E°(A/A"™) was well
fitted with E°(PDI/*PDI" ") value of —1.87 V vs. SCE and 2 value
of 0.84 eV using the Rehm and Weller empirical equation,
which was reexamined by Farid, Dinnocenzo, Merkel, Young,
Shukla and Guirado,* that correlates k; and AGgr with the
reorganization energy for electron transfer [ = 4 x AG*(0)] (red
line in Fig. 1b).***' Thus, *PDI'~ is a strong one-electron
reductant that can reduce electron acceptors, which have the
Eq values of more than —1.7 V. However, electron transfer
from *PDI'” to Ar—-Cl was too slow to compete with the fast
decay rate of *(PDI"7)*.3®

The photoexcited state of 9,10-dicyanoanthracene radical
anion (*DCAR) is also estimated to have an exceptionally
negative E,.q value of —3.2 V vs. SCE, which is comparable to
some of the most oxidizable elemental metals such as Li (E vs.
SCE = —3.3 V). In addition, *DCA"™ has a lifetime (7) of 13.5
ns, which is long enough to undergo electron transfer reduction
of a wide range of Ar-X compounds with E,.q values as low as
—2.94 Vvs. SCE (Scheme 6).*> DCA"™ was produced using an H-
type split cell with a porous carbon cathode and a Zn plate
sacrificial anode by applying a constant cell voltage of 3.2 V.**
Photoirradiation of DCA'™ in the cathodic compartment with
use of blue light enabled efficient coupling of 4-chlorobenzoate
and B,pin; (pin = pinacolato) as a radical acceptor to yield
arylboronate (88%).* This method has also been applied to the
reductive borylation of 4-Cl-anisole, which has a very negative
E.eq value of —2.90 V vs. SCE.**> The mesolytic cleavage of a C-Br
bond is significantly faster than that of a C-CI bond, so that 1-
Br-4-Cl-benzene was selectively converted to boronated-debro-
minated product.*

2.3. Singlet excited states of organic anions

The electron-transfer reduction of naphthalene monoimide
(NMI) gives the radical anion (NMI' "), which has E. value of

Chem. Sci., 2023, 14, 4205-4218 | 4209
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Fig. 2 (a) Chemical scheme of the formation of a singlet excited state

([*'NMI(H)"1*) from naphthalene monoimide (NMI) via a doublet excited
state (NMI'7]%). (b) Energy level diagrams of NMI, [2NMI*7]* and
[*NMI(H)"]* with redox potentials vs. Fc/Fct. Reprinted from ref. 43
with permission form American Chemical Society (Copyright 2021).

—1.7 V vs. Fc/Fc', in propylene carbonate (Fig. 2a).** The
femtosecond laser induced transient absorption measurements
revealed that the doublet excited state of the radical anion
(®NMI""]*) has a lifetime (z) of 24 ps, which was too short to
undergo intermolecular photoredox reactions with substrates
(Fig. 2a).*® In contrast, the singlet excited state of the two-
electron reduced anion (['NMI(H) ]*) species, which is called
Meisenheimer complex, has the fluorescence lifetime of 20 ns.*
Together with a high excited state energy (—3.08 V vs. Fc/Fc¢' in
Fig. 2b), such a long fluorescent lifetime has enabled
['NMI(H) ]* to act as a super-reductant that can reduce Ar-X
compounds to afford the products of C-C and C-P bond
coupling via photoinduced electron transfer.*

3 Super-oxidants

3.1. Excited states of quinones

The one-electron reduction potential of the triplet excited state
(E;.4) of 2,3-di-Cl-5,6-di-CN-p-benzoquinone (*DDQ¥) is 3.18 V
vs. SCE, which is highly positive enough to oxidize benzene by
electron transfer to produce benzene radical cation, which can
react with nucleophiles such as OH™ to yield phenol
(Scheme 7).** Although electron transfer from benzene (E,y vs.

o
cl
cl
o]
o O
(¢] CN o

ci CN

cl CN jﬁj +

OH ?‘0| CN
"

Scheme 7 A mechanism for photohydroxylation of benzene by
dioxygen with DDQ used as a photoredox catalyst in the presence of
TBN and H,O in MeCN under photoirradiation. Reprinted from ref. 44
with permission form American Chemical Society (Copyright 2013).
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SCE = 2.48 V) to DDQ at the ground state (Eq vs. SCE = 0.51 V)
is highly endergonic, electron transfer from benzene to *DDQ*
becomes exergonic to proceed.** Thus, photoirradiation of
benzene together with DDQ and H,O resulted in formation of
phenol and DDQH, [eqn (14)].* ‘Butyl nitrite (TBN) was used as
a recycling reagent to oxidize DDQH, to regenerate DDQ under
aerobic conditions.** Phenol was not further oxidized although
electron transfer from phenol to *DDQ* occurred with the
diffusion-limited rate constant. Back electron transfer from
DDQ’" to benzene radical cation may be quite exergonic, when
this process is in the Marcus inverted region,***>*® where the
back electron transfer is slowed down as compared to the case
of phenol radical cation, which decayed by fast back electron
transfer prior to the reaction with H,O. Thus, the back electron
transfer controls the selectivity of the reactions via photoin-
duced electron transfer.

[o] OH
R CI CN e X OH ClI CN
+ +H,0 —3» R-i +
Cl CN Z Cl CN
o OH

R=H, CN, NO, (DDQ) (DDQH,)
(14)

Since the singlet-triplet energy gap of Cl,Q is 0.64 eV, the
singlet excited state of DDQ (*DDQ?*) is estimated to have much
stronger oxidizing ability than the triplet excited state of DDQ
(’DDQ*).”” Thus, electron transfer from benzonitrile (PhCN) to
'DDQ* occurs to produce DDQ’~ and PhCN'" that is in equi-
librium with the dimer radical cation [(PhCN), '] (Scheme 8).*
The reaction of PACN"* and H,O occurs to form the OH-adduct
radical, which is oxidized by DDQH" to produce CN-substituted
phenols and DDQH, (Scheme 8).*” The ratio of ortho-, meta- and
para-CN-phenols produced in the photohydroxylation of ben-
zonitrile by 'DDQ*, was 44 : 18 : 38, respectively.*” Similarly, the
photohydroxylation of nitrobenzene (PhNO,) also occurred via
electron transfer from nitrobenzene to 'DDQ*.*” The ratio of
ortho-, meta- and para-NO,-phenols produced in the photo-
hydroxylation of nitrobenzene by 'DDQ*, was 45:40:15,
respectively.*”

The ratios of regioisomers were found to be determined by
the electronic charges of radical cation of substrates, supported
by the density functional theory.*” For benzonitrile radical

3DDQ*

ET\+ PhCN
+PhCN
ke(S) +PhCN

DDQ™- + PhCN+ _> (PhCN)+

o - PhCN
cl CN +H0 Ku2o0

j¢[ OH
Cl CN DDQH: + NG OL ne? ]
O (bDa) —DDQH X

Scheme 8 Proposed mechanism for photohydroxylation of benzo-
nitrile with DDQ and H,0 in MeCN via 'DDQ*. Reprinted from ref. 47
with permission form John Wiley and Sons (Copyright 2015).

'DDQ* ————>»
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Scheme 9 Proposed mechanisms for photocatalytic C—H amination
of different arenes with DDQ in the presence of TBN under photo-
irradiation. Reprinted from ref. 48 with permission form John Wiley
and Sons (Copyright 2017).

cation, the negative charge at the ortho-position is smaller than
that at the meta-position, while the para-position has a positive
charge.” As a result, OH™ was mainly added to the two ortho-
positions and a one para-position of benzonitrile radical cation,
resulting in ortho- and para-CN-phenols, respectively.*
However, for nitrobenzene radical cation, since the para-posi-
tion has the largest negative charge, other- and meta-NO,-
phenols were mainly obtained as products in the photo-
hydroxylation of nitrobenzene.*

DDQ has also been used as an effective photoredox catalyst
with ‘butyl nitrite (TBN) for C-H amination of arenes by amines
under visible light irradiation.*®* Two photocatalytic mecha-
nisms are shown in Scheme 9. Electron transfer from benzene
to *DDQ* occurs to produce benzene radical cation and DDQ" ™
as the case of photohydroxylation of benzene (mechanism-A in
Scheme 9).*® Benzene radical cation undergoes nucleophilic
attack by the amine, followed by oxidation of the resulting
species by DDQH' to yield the arene C-N substitution product.*®
DDQ is regenerated by TBN.*® The radical cations generated
from benzene and Cl-benzene react with various amine nucle-
ophiles, whereas the radical cation of anisole is less reactive,
yielding products with only strong nucleophiles such as pyr-
azole and other azoles.*®

Alternatively the charge-transfer complex formed between
amines and DDQ in the ground state may be involved
(mechanism-B in Scheme 9).*® Excitation by visible light results
in hydrogen atom transfer from amines to DDQ via electron
transfer followed by proton transfer.*® The generated amine
radical attacks the arene and another H-atom abstraction yields
the product and DDQH,.* However, the photoexcitation of the
charge-transfer band at 600 nm resulted in much less product
as compared with the photoexcitation of DDQ.** Thus, the
proposed mechanism-A is more likely to be correct.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10  Electrochemical generation of TAC*2* and photoinduced
electron transfer oxidation of substrate by TAC'2**, Reprinted from ref.
49 with permission form the American Association for the Advance-
ment of Science (Copyright 2021).

3.2. Excited states of radical dications

The higher one-electron reduction potential value than the
triplet excited state of DDQ (°DDQ" : E,.4 vs. SCE = 3.18 V) was
reported for the excited state of a trisaminocyclopropenium
radical dication (TAC*™" : E|,, vs. SCE = 3.33 V).*>* TAC" was
electrochemically oxidized to form TAC™>*, which was photo-
excited with use of visible light to produce TAC™>"* that is an
excited-state species with sufficiently strong oxidizing power
(3.33 Vvs. SCE) to oxidize various substrates, including benzene
and halogenated benzenes, via electron transfer, resulting in C-
H/N-H coupling with azoles (Scheme 10).*>*® TAC'*"* can also
convert aryl olefins to the corresponding glycol monoesters with
high chemo- and diastereoselectivity.>

3.3. Excited states of Flavin-Sc** complexes

Metal (M™") ions acting as Lewis acids can bind to riboflavin-
2/,3',4' 5'-tetraacetate (Fl) to form the 1:1 and 1:2 complexes
with FI to metal ratios.”® The formation constants K; and K, of
the 1:1 and 1:2 complexes of Fl with Sc** were determined to
be 3.1 x 10* M " and 1.4 x 10> M ', respectively.?® The fluo-
rescence of '(Fl-2Sc¢*")* is quenched by electron transfer from
electron donors to '(F1-2Sc**)*.5®* The quenching rate constants
(kq) of electron transfer from electron donors to '(Fl-2S¢®")*
increase as the 1 e~ oxidation potentials (ES,) of electron donors
decrease, approaching a diffusion limited rate constant
(Fig. 3).”° The E,,4 (vs. SCE) values of FI-M™* complexes were in
order of '(Fl-2S¢*")* (2.45 V) > '(FI-Yb*")* (2.25 V) > '(FI-Mg”")*
(2.06 V) > 'FI* (1.67 V), indicating that the order of El 4 (vs. SCE)
values of FI-M"" complexes is in agreement of the order of the
Lewis acidity of M"" bound to F1.>* The Ered value of "(Fl-25¢*")*
is by 0.78 V more positive than that of 'FI* (1.67 V) due to the
strong binding of two Sc** ions to F1'~.** Thus, *(F1-2Sc**)* acts
as a much stronger oxidant than 'FI* as shown in Fig. 3.7 The
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Fig. 3 Plots of logk, of electron transfer from electron donors [(1)
PhCHs, (2) PhCH,CHs, (3) m-xylene, (4) o-xylene, (5) p-cymene, (6) p-
xylene, (7) 1,2,3-tri-Me-benzene, (8) 1,2,4-tri-Me-benzene, (9) 1,2,3,4-
tetra-Me-benzene, (10) 1,2,3,5-tetra-Me-benzene, (11) penta-Me-
benzene and (12) m-di-MeO-benzene] to Fl* (10 uM) in the absence
(@) and presence of M™ (1.0 x 1072 M) [M™" =Sc>* (4), Yb** (H) and
Mg2+ (O)] against 1 e~ oxidation potentials (E3,) of electron donors in
MeCN at 298 K. Reprinted from ref. 53 with permission form American
Chemical Society (Copyright 2001).

combination of Fl with Sm** and iron complexes has also been
reported to enable the visible-light driven aerobic C-H bond
oxidation of alkyl benzenes.***¢

3.4. Excited states of Mn™(0)-(Sc>"),, complexes
P

As in the case of FlI-2Sc®*, two Sc** ions are bound to the oxo
moiety of a Mn"-oxo complex bearing N-benzyl-N,N',N-tris(2-
pyridylmethyl)-1,2-diamino-ethane (BnTPEN) ligand to form
[(BhTPEN)Mn"™(0)]**-(Sc(OTf)3),.5”*® Two HOTf molecules are
also bound to a Mn"-oxo complex bearing N4Py ligand to form
[(N4Py)Mn"™(O)]**-(HOTf),.** Upon  Photoexcitation  of
[(BhTPEN)Mn"™(0)]**-(Sc(OTf);), in MeCN at 298 K, the long-
lived photoexcited state with the lifetime of 6.4 ps was
formed.*® When Sc(OTf); was replaced by Sc(NO3)s, the lifetime
of the photoexcited state of [(BnNTPEN)Mn"(O)]**-Sc(NO3);
increased to 7.1 us.®* Such a long-lived excited state is assigned
as the doublet *E photoexcited state, which was formed by
intersystem crossing from the “E excited state, due to the spin
forbidden decay to the quartet ground state as reported for
Mn(v) complexes.®>*?

The transient absorption due to *E excited state of [(BnTPEN)
Mn"(0)]**-(Sc(OTf);), decayed via electron transfer from various
electron donors to the *E excited state to determine the rate
constants of electron transfer (k..).*° Logarithm of k., increases
with decreasing E.x values of electron donors to approach
a diffusion-limited rate constant, as expressed by the Marcus
equation of intermolecular electron transfer [eqn (15)],***

(ke) ™! = (kai) ™" + {Zexpl(=44)(1 + AG/ 2 (kg D]} ™" (15)
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where kgir is the diffusion rate constant, Z is the collision
frequency (10" M~ s7'), T'is the absolute temperature, kg is the
Boltzmann constant and A is the reorganization energy of
electron transfer.®” The Gibbs energy change of electron transfer
(AG,) is given by eqn (16),

AGy = e(Eox — ELy) (16)

where E,, is the 1 e~ reduction potential of the excited *E state
of Mn™-oxo intermediate and e is the elementary charge.*® The
best fit line using eqn (15) in Fig. 4 afforded that E,; and the
reorganization energy (1) values of {[(BnTPEN)Mn"(0)]**-
(Sc(OTf)s),}* are 2.1(1) V and 0.64(4) eV, respectively.® The
reorganization energy of electron transfer from electron donors
to {[(BnTPEN)Mn"(0)]**-(Sc(OTf);),}* (0.64(4) eV) is much
smaller than that from electron donors to the ground state of
[(BnTPEN)Mn"(0)]**-(Sc(OTf);), (2.11 eV).*® Such a large
difference in the A values results from the small 2 value for the
ligand-center electron transfer from electron donors to
{[(BnTPEN)Mn""(0)]**-(Sc(OTf);),}*, which corresponds to the
LMCT state, {[(BATPEN)Mn"(0)]**-(Sc(OTf);),}*.** In contrast,
electron transfer from electron donors to the ground state of
[(BhTPEN)Mn"™(0)]**-(Sc(OTf);), occurs in the Mn" center with
the large A value because of the significant change in the bond
distance of Mn-O between the Mn" and Mn" oxidation
states.*®®®

The highly positive E,., value of the ’E excited state of
[(BnTPEN)Mn"™(0)]**-(Sc(OTf);), and the small A value enabled
electron transfer from benzene (CqHe) to {[(BnTPEN)Mn"™ (0)]**-
(Sc(OTf)3),}* to generate CeHe *,*® which forms (C¢He), " in the
presence of large excess CeHe." CeHg " reacts with H,O to
produce the OH adduct radical, which is oxidized by [(BnTPEN)
Mn"(0)]"-(Sc(OTf);), to generate PhOH with Mn" species after
removal of H® (Scheme 11A).%° Mn" species reacts rapidly with
[(BnTPEN)Mn"(0)]**-(Sc(OTf);), to form [Mn"™-O-Mn"™]**
species (Scheme 11B).*°

7
= E' =216V
T A=053eV
w
= P
¥
= ' y=216eV
8 8 A=0.64eV
4 L T T T L
16 1.8 2.0 22 24
E,., V vs SCE

Fig. 4 Plots of log ke of electron transfer from electron donors [(1)
CgHs, (2) PhCHs, (3) PhCH,CHs, (4) m-xylene, (5) mesitylene, (6)
PhCH,OH, (7) durene, and (8) naphthalene] to {[(BATPEN)Mn'(0)]?*-
Sc(NO3)3}* (red circles) and {[(BATPEN)Mn'Y(0)]2*-(Sc(OTf)3),}* (black
circles) against E, values of electron donors in TFE/MeCN (v/v 1:1) at
298 K. Reprinted from ref. 61 with permission form John Wiley and
Sons (Copyright 2020).
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Scheme 11 (A) Proposed mechanism for the oxidation of CgHg by
{{(BNTPEN)Mn"(O)12*-(Sc(OTH)s),1*.* (B) The formation of [Mn"'-O-
Mn"** species by reacting Mn" with Mn"(O)-(Sc®*),. Reprinted from
ref. 60 with permission form American Chemical Society (Copyright
2018).

4 PRC models

4.1. 9-Mesityl-10-methylacridinium ion

A simple electron donor-acceptor-linked molecule with a small
Avalue of electron transfer and a high-lying triplet excited state
is an ideal PRC model compound, which has highly oxidizing
and reducing capability with a long lifetime of the electron-
transfer state between the electron donor and acceptor.® The
acridinium ion (Acr’) is the best candidate as an electron
acceptor moiety in such an electron donor-acceptor-linked
molecule, because the A value of electron self-exchange
between Acr' and its 1 e~ reduced species is the smallest (0.3
eV) among redox-active organic compounds.® Thus, a mesityl
group (Mes) is directly linked as an electron-donor moiety at the
9-position of Acr’ to form 9-mesityl-10-methylacridinium ion
(Acr*-Mes). According to the X-ray crystal structure of Acr'-Mes,
the mesityl moiety is orthogonal to the acridinium moiety.** In
such a case, there is little orbital interaction between the Mes
and Acr’ moieties. Photoexcitation of Acr'-Mes results in fast
intramolecular electron transfer from the Mes moiety to the
singlet excited state of the Acr’ moiety to produce the triplet
electron-transfer (ET) state (Acr'-Mes'*) via intersystem
crossing.®>*® Because the intramolecular back ET from Acr” unit
to Mes"" unit is too slow to compete with intermolecular back
ET, which obeyed second-order kinetics.®>* In order to obtain
the lifetime due to intramolecular back ET without contribution
of the intermolecular back ET, Acr'-Mes was immobilized into
tube-shaped nanosized mesoporous silica-alumina to prepare
(Acr'-Mes@tAIMCM-41) by cation exchange.®” Photoirradiation
of Acr'-Mes@tAIMCM-41 (4 > 390 nm) at 298 K results in
formation of the triplet ET state [*(Acr'-Mes *)*] via photoin-
duced ET from the Mes moiety to *(Acr*)* moiety (Fig. 5A).” The
EPR spectrum of *(Acr’-Mes")*@tAIMCM-41 was confirmed by
overlapping the EPR signals of the Acr’ and Mes"* moieties
(Fig. 5B and C, respectively).”” The decay in the EPR signal
intensity due to *(Acr'-Mes™)* followed first-order kinetics
(Fig. 5D) to give the lifetime of 3 s for the intramolecular back

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) EPR spectrum of Acr'—Mes'*@tAIMCM-41in MeCN at 298 K
observed under photoirradiation (1 > 390 nm) for 2 min. (B) EPR
spectrum of Acr'—Mes generated by the photoinduced ET reduction of
Acr*—Mes by BNAH (5.0 equiv.) in MeCN under photoirradiation. (C)
EPR spectrum of mesitylene radial cation prepared by the photoin-
duced 1 e~ oxidation of mesitylene with Hg(CF3COO), in CF3COOH at
298 K under photoirradiation. (D) Decay time course of the EPR signal
intensity due to Acr'—~Mes'*@tAIMCM-41 in MeCN at 298 K. Reprinted
with permission from ref. 67. Copyright 2012, National Academy of
Sciences.

ET in deaerated MeCN at 298 K.* The lifetime of 3 s is the
longest reported so far and is longer than the charge-separated
state lifetime in the PRCs.*”

4.2. PS-II model

The first functional model of PS-II was reported for the photo-
catalytic reduction of p-benzoquinone derivatives [X-Q: DDQ, p-
benzoquinone (Q), CL,Q, 2,5-di-Me-p-benzoquinone (PXQ) and
duroquinone (DQ)] as plastoquinone analogs with the
concomitant 4e /4H" oxidation of water to evolve O, [eqn (17)]
in the presence of [Fe"(N4Py)]*" (N4Py = 1,1-di(pyridin-2-yl)-
N,N-bis(pyridin-2-ylmethyl)methanamine)® acting as a water
oxidation catalyst (WOC).*

2H,0 + 2DDQ ——> 0O, + 2DDQH,
[(N4Py)Fe“}

(17)

The photocatalytic mechanism of the oxidation of H,O by
DDQ with [(N4Py)Fe"*" is shown in Scheme 12.® Electron
transfer from iron(n) complex to *DDQ* with H,0O occurs to
form Fe™(OH) and DDQH" species (Scheme 12, pathway a).
Subsequent electron transfer from Fe™(OH) to *DDQ* occurs to
form Fe'™(0) and DDQH" species (Scheme 12, pathway b).”%7>
Finally electron transfer from Fe™(0) to *DDQ* also occurs to
generate Fe'(0) intermediate (Scheme 12, pathway ¢).*® From
the slope of plot of the decay rate constant of *DDQ* against
concentration of iron(iv)-oxo, the second-order rate constant of
electron transfer from iron(iv)-oxo to *DDQ* was determined to
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Scheme 12 A mechanism of the photocatalytic 4e~/4H* oxidation of
H,O by DDQ as an oxidant and [Fe'(N4Py)]1>* as a WOC. Reprinted
from ref. 69 with permission form American Chemical Society
(Copyright 2019).

be 9.4 x 10° M~ ' s 1.* Iron(v)-oxo reacts rapidly with H,O to
produce Fe™(OOH) species and H' (Scheme 12, pathway d).*
On the other hand, DDQH" disproportionates to produce DDQ
and DDQH,.* Fe"™(OOH) is oxidized thermally by DDQ via H-
atom transfer to produce iron(u)-superoxo species, Fe™ (0, ")
(Scheme 12, pathway e), accompanied by release of O, and
regeneration of iron(u) complex (Scheme 12, pathway f).*
Meanwhile [(N4Py)Fe™(OOH)]*" can be generated indepen-
dently from the reaction of [(N4Py)Fe"]*" and H,0,,” and the
production of O, was confirmed through a thermal reaction
between [(N4Py)Fe"™(OOH)]** and DDQ, indicating that [(N4Py)
Fe™(OOH)]** is thermally oxidized by DDQ.*

The rate constants of electron transfer from [(N4Py)Fe™(0)]**
to other *X-Q* derivatives were also determined to be close to
the diffusion limited value.®® Thus, X-Q can oxidize H,O to O,
with Fe(u) complex under photoirradiation in the PS-II model
reactions.”

4.3. PS-I1 model

Because of the extremely long lifetime of Acr'-Mes'" with the
strong oxidizing and reducing capability, Acr'-Mes has acted an
efficient organic photoredox catalyst in various organic trans-
formations, which have been reviewed well.”?"*> One notable
example is the combination of a PRC model (Acr'-Mes) and an
H, evolution catalyst [Co™(dmgH),pyCl (py = pyridine and
dmgH~ = N,N-Dihydroxy-2,3-butanediimine monoanion)],**
which mimics the photocatalytic function of PS-I (Scheme 13).”
Solar energy is harvested by the Acr’ moiety of Acr'-Mes to
generate *(Acr’-Mes'").*” Electron transfer from QH, to the
Mes™* unit of *(Acr'-Mes™") occurs with the diffusion-limited
value to form Acr'-Mes and X-QH, ". Then, electron transfer
from Acr'-Mes to Co™ complex (i.e., Co™(dmgH),pyCl) occurs
to generate Co" species, accompanied by reproduction of Acr*-
Mes.*” QH,"" is deprotonated rapidly to produce semiquinone
radical (QH").*” Then proton-coupled electron transfer (PCET)
from QH' to Co" species occurs to form Q and the Co™-H~
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Scheme 13 (a) Plastoquinol and its analogs.®* (b) Photocatalytic
hydrogen evolution using the PS-I model system consisting of
hydroquinone derivatives, 9-mesityl-10-methylacridinium ion as
a PRC model and Co"'(dmgH),pyCl. Reprinted from ref. 87 with
permission form American Chemical Society (Copyright 2020).

species that reacts with H' to evolve H,, accompanied by
reproduction of an H, evolution catalyst (Co™(dmgH),pyCl).*”
The deuterium kinetic isotope effect (KIE = 2.0) was observed
for the H, evolution rate by use of D,O instead of H,0.***° This
indicates that PCET from QH" (QD") to Co" species may be the
rate-determining step for the photocatalytic H, evolution in the
PS-I model reaction.*

4.4. Combination of PS-I and PS-II molecular models

A PS-II molecular model (Scheme 12) has been combined with
a PS-I molecular model (Scheme 14) to mimic the photocatalytic
function of photosynthesis as shown in Fig. 6a, where the two
cells for PS-I and PS-II molecular models were connected in
a H,O-TFE phase with use of a glass membrane.* Only hydro-
quinone (QH,) derivatives can pass through the glass
membrane, but other catalysts cannot.”” Photoirradiation of
a H,O-TFE/toluene solution containing [(N4Py)Fe"]** and
quinone in the left cell as well as a H,O-TFE/toluene solution
containing Acr’-Mes and Co™(dmgH),pyCl in the right cell
(Fig. 6a) resulted in evolution of O, and H, from the left and
right cells, respectively (Fig. 6b and c), with 100% yield in both
cases on the basis of the initial concentration of quinone (Q) in
accordance with the stoichiometry of mimicry of photosyn-
thesis [eqn (18)].*°

Iw/Q/ [(N4Py)Fe "
2H,O #

0,+2H, (18)

Acr*—Mcs/Co”[ (dmgH), pyCl

When the toluene phases of the left and right cells are con-
nected with a glass filter (Fig. 7a), photoirradiation of both parts
resulted in formation of much larger amounts of H, (Fig. 7b) as
compared with the initial concentration of quinone.”® The
turnover number for the H, evolution were 160 + 21 on the
basis of the initial concentration of quinone.*® Thus, quinone

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 14 Proposed PS-1 model mechanism of photocatalytic H,
evolution from hydroquinone (QH,) derivatives with Acr*—Mes and
Co" complex. Reprinted from ref. 87 with permission form American
Chemical Society (Copyright 2020).
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Fig. 6 (a) A photocatalytic system used an H-type cell for the pho-
tocatalytic production of H, and O, from H,O. (b) Time profile of the
production of O, in the photocatalytic H,O oxidation. (c) Time profile
of the production of H, in the photocatalytic H,O reduction. Reprinted
from ref. 90 with permission form American Chemical Society
(Copyright 2022).

acts as a photocatalyst for photocatalytic H,O splitting as shown
in Scheme 15.” This is the first case to achieve photocatalytic
H,O0 splitting to produce H, and O, by combining the molecular
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Fig. 7 (a) A photochemical cell used for photocatalytic production of
H, and O, from H,O. (b) Time profile of the production of H, in the
photocatalytic H,O splitting under photoirradiation. Reprinted from
ref. 90 with permission form American Chemical Society (Copyright
2022).

2H,0 x-Q Ha
Acrt-Mes
2
[(N4Py)Fe]?* | hv hv Co(dmgH),pyCl
0, X-QH,
PSII PSI

Scheme 15 A scheme for the photocatalytic production of H, and O,
from H,O by the combination of the molecular models of PS-I and PS-
Il with use of X—Q/X-QH, as plastoquinone/plastoquinol analogue in
photosynthesis. Reprinted from ref. 90 with permission form American
Chemical Society (Copyright 2022).

models of PS-I and PS-II in homogeneous catalytic system (e.g:,
in solution).

5 Conclusions

The excited states of organic electron donors become much
stronger electron donors as compared with the ground states,
undergoing various reduction reactions, which would otherwise
be impossible to occur at the ground states. For example, the
singlet excited state of an NADH (dihydronicotinamide adenine
dinucleotide) analog, 9,10-dihydro-10-methylacridine ('AcrHj)
has a largely negative one-electron reduction potential
(E;.q vs. SCE = —3.1 V) and a lifetime of 7.0 ns to enable to
reduce various alkyl halides. The more negative E., value
(—3.36 V) is evaluated for the doublet excited state of stable
acridinyl radical (Mes-Acr’), which acts as a super-reductant.
The excited states of radical anions and anions also act as
super-reductants that enabled to reduce substrates, which are
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usually difficult to be reduced by the ground state reductants. By
the same token, the excited states of organic electron acceptors
such as DDQ and TAC'®" become much stronger electron
acceptors as compared with the ground states, undergoing
various oxidation reactions, which would otherwise be impos-
sible to occur at the ground states. The binding of Sc¢** ions to
flavin and Mn(iv)-oxo complexes enhanced the oxidizing ability.
The excited state further enhanced the oxidizing ability, acting
as super-oxidants.

A simple electron donor-acceptor-linked molecule with
a small reorganization energy of electron transfer such as Acr'-
Mes acts as an ideal photosynthetic reaction center (PRC) model
compound, which has high oxidizing and reducing capability
with a long lifetime of the ET state. The PCR model compound
was used to construct a PS-I model system in which H, was
evolved from plastoquinol analogues with a cobalt complex as
an H, evolution catalyst.

The PS-I model was combined with a PS-II model with use of
the excited state of plastoquinone analogues and water oxida-
tion catalyst to achieve the photofunction of photosynthesis.
Because H, can reduce NAD" to NADH by redox catalysis of
metal complexes,” > NADH can be produced from water by
adding to NAD"' reduction catalysts to the molecular photo-
catalytic system in Scheme 15. By the same token, CO, can be
reduced by water by adding CO, reduction catalysts®*™° to the
molecular photocatalytic system in Scheme 15. Thus, redox
catalysis via photoinduced electron transfer discussed in this
perspective may further be expanded to construct more useful
photocatalytic systems for solar fuel production and green
redox reactions. The development of stronger super reductants
and super oxidants together with PRC models with the stronger
reducing and oxidizing power would further expand the scope
of redox catalysis via photoinduced electron transfer.
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