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ABSTRACT

Photoredox catalysis has been prominent in many applications, including solar fuels, organic synthesis, and polymer chemistry.
Photocatalytic activity directly depends on the photophysical and electrochemical properties of photocatalysts in both the ground state and
excited state. Controlling those properties, therefore, is imperative to achieve the desired photocatalytic activity. Redox potential is one
important factor that impacts both the thermodynamic and kinetic aspects of key elementary steps in photoredox catalysis. In many
challenging reactions in organic synthesis, high redox potentials of the substrates hamper the reaction, leading to slow conversion. Thus, the
development of photocatalysts with extreme redox potentials, accompanied by potent reducing or oxidizing power, is required to execute
high-yielding thermodynamically demanding reactions. In this review, we will introduce strategies for accessing extreme redox potentials in
photocatalytic transformations. These include molecular design strategies for preparing photosensitizers that are exceptionally strong
ground-state or excited-state reductants or oxidants, highlighting both organic and metal-based photosensitizers. We also outline methodo-
logical approaches for accessing extreme redox potentials, using two-photon activation, or combined electrochemical/photochemical strate-
gies to generate potent redox reagents from precursors that have milder potentials.
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I. INTRODUCTION

Molecular photosensitizers (PSs), often referred to as photocata-
lysts in catalytic applications, are the organic molecules or transition
metal coordination complexes that absorb UV to visible light and con-
vert it to chemical potential, participating in energy or electron transfer
(ET) processes after excitation. Earlier applications of photosensitizers
were focused on areas related to solar energy capture and conversion,
such as solar fuels1–3 or photovoltaics.4–6 Many pioneering works have
recently demonstrated the applicability of photosensitizers in organic
synthesis methodology, carrying out challenging organic reactions
under mild conditions.7–13 Historically, the common molecular photo-
sensitizers used in photocatalysis are transition metal coordination
complexes, often of ruthenium(II) or iridium(III), which can serve as
efficient photosensitizers for a variety of applications.11,14,15 Metal-free
organic chromophores also have drawn attention as good alternatives
to transition metal-based photosensitizers, due to their relatively low
cost and low toxicity.13,16–19

The continued interest in this fast-emerging area motivates
researchers to develop effective photosensitizers capable of promoting
efficient photocatalytic reactions. There are many factors that deter-
mine the photocatalytic performance of photosensitizers, such as
molar absorptivity, maximum absorption wavelength, emission
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wavelength, excited-state energy, lifetime in the excited-state, quantum
yield, and electrochemical properties including ground- or excited-
state redox potentials. Of those factors, in many cases the photocata-
lytic performance is strongly correlated with the redox properties of
the photosensitizer in both the ground and excited state, which has
both kinetic and thermodynamic implications on the reaction. From a
thermodynamic standpoint, more extreme oxidizing or reducing pho-
tosensitizer redox potentials allow challenging, redox-inert substrates
to be activated. From a kinetic standpoint, the Marcus relationship
(see below) stipulates that in many cases increasing the driving force
of electron transfer increases the rate. Accordingly, photosensitizers
with extreme redox potentials are essential to carry out thermodynam-
ically challenging reactions with appreciable rates.

In this review, we will focus on strategies for accessing photosen-
sitizers with extreme redox potentials, suitable for promoting thermo-
dynamically challenging redox transformations. Acknowledging that
there is no objective definition for “extreme redox potentials,” most of
the examples highlighted involve excited-state potentials more nega-
tive than �1.6V vs saturated calomel electrode (SCE) for photoreduc-
tants, or excited-state potentials more positive than þ0.8V vs SCE for
photooxidants (these potentials will be clearly defined in Sec. IIB).
The former value represents the approximate excited-state potential of
iridium photosensitizers, which for many years were the strongest
photoreductants commonly employed, and also is the starting point
for the ground-state reduction potentials of unactivated organohalide
substrates, which have presented a particular challenge in photoredox
methodology. The latter represents the excited-state potential of com-
mon ruthenium polypyridyl photosensitizers, a versatile class of pho-
tooxidants. Regardless of the precise cutoffs for redox potentials, we
emphasize literature examples that specifically describe strategies to
increase the redox capabilities of common photosensitizer classes. This
article is not designed to be comprehensive, but rather aims to teach
the reader about the variety of strategies that have been discovered for
accessing strongly reducing or oxidizing photosensitizers. The review
starts with a general outline of photosensitization processes and sum-
marizes key features that affect the photocatalytic properties of photo-
sensitizers. Since this background has already been described in detail
in some of our previous papers,20–22 we will briefly introduce some of
those features that are most relevant to the present review. The strate-
gies described for accessing potent photosensitizers with strong and
extreme redox potentials are divided into three categories. The largest
section deals with molecular design strategies for accessing potent
photosensitizers, highlighting both organic and metal-based photosen-
sitizer classes. The other two sections highlight methodological
approaches for challenging photoinduced redox transformations.
These strategies use additional energy input in the form of two pho-
tons or electrochemical driving force to access potent excited-state
redox potentials, from precursors that would not be particularly strong
oxidants or reductants under conventional one-photon activation.

II. KEY FEATURES OF PHOTOSENSITIZERS
A. Photosensitization process

1. Photoinduced electron transfer

During the simplest and most general electron transfer process,
one electron transfers from an electron donor (D) to an electron
acceptor (A) and this process can be depicted as follows:

Dþ A !kET Dþ þ A�: (1)

The kinetics of this electron transfer mechanism in the ground state
can be described by Marcus theory, numerically represented as
follows:23–25

kET ¼ kBT
h

exp � kþ DG0ð Þ2

4kkBT

" #
: (2)

In Eq. (2), kB is the Boltzmann constant, T is the absolute temperature,
h is Plank’s constant, k is the reorganization energy, and DG0 is the
driving force of the electron transfer reaction, which can be deter-
mined by the redox potential difference between the electron donor
(D) and acceptor (A).

The Rehm–Weller equation [Eq. (3)] is another relevant empiri-
cal relationship, providing an estimate of the second-order rate con-
stant (kq) for an intermolecular photoinduced electron transfer
process26–31

kq ¼
kd

1þ kd
KdZ

exp
DG‡

RT

� �
þ exp

DG0

RT

� �" # : (3)

DG0 is the Gibbs energy of photoinduced electron transfer; kd and Kd

are the forward rate constant and equilibrium constant, respectively,
for the formation of the encounter complex; Z is the universal collision
frequency factor; R is the gas constant; T is the temperature; and DG‡

is the activation Gibbs energy of the forward electron transfer reaction.
Both of these relationships involve a driving force term, which in pho-
tocatalytic systems or more generally in photoinduced redox chemistry
involves electron transfer between the excited state of the photosensi-
tizer and an electron donor or acceptor. Therefore, photosensitizer’s
excited-state energy should be considered as well when estimating
driving force

DG0 ¼ E PSþ=PS
� �

� E A=A�ð Þ þ E PS�ð Þ
� �

� w; (4a)

DG0 ¼ E PS=PS�ð Þ þ E PS�ð Þ
� �

� E Dþ=D
� �

� w: (4b)

E represents the relevant redox potentials of the photosensitizer
(PS), electron donor (D), and electron acceptor (A); E(PS�) is the
excited-state energy of PS; and w is an electrostatic work term. The
redox potential and excited-state energy terms in Eqs. (4a) and (4b)
will be defined more clearly in Sec. II B. Note that Eqs. (4a) and (4b)
or closely related variants are sometimes also referred to as the
Rehm–Weller equation, although according to IUPAC that notation is
incorrect and only Eq. (3) should be described as the Rehm–Weller
equation.32

As illustrated in Fig. 1, there are two major pathways for photoin-
duced electron transfer: oxidative quenching and reductive quenching.
Upon absorption of photon energy, the excited-state photosensitizer
(�PSn) is produced, where n is the charge of the ground-state species.
During oxidative quenching, �PSn donates one electron to an acceptor
(A) and is oxidized in the process. In this case, the PS is functioning as
a photoreductant, and Eq. (4a) can be applied to this situation. In the
reductive quenching pathway, electron transfer from the donor (D) to
�PSn occurs, generating reduced PSn�1, with PS functioning as a pho-
tooxidant in this case. Equation (4b) can be applied to reductive
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quenching. As is also shown in Fig. 1, in a catalytic process a second
redox reaction involving oxidized PSnþ1 or reduced PSn�1 and a sacri-
ficial redox reagent (Sac) is required to re-generate PSn. Note that in a
catalytic reaction which specific reagent is designated as the sacrificial
reagent is context dependent, and sometimes, the sacrificial reagent is
involved in the quenching step, with PSnþ1 or PSn�1 then reacting

with the donor (D) or acceptor (A) substrate. But in any case, two
sequential redox reactions are required to turnover PSn and render the
photoinduced redox reaction catalytic.

2. Investigating mechanisms

Twomajor tools for mechanistic study of photocatalytic reactions
are Stern–Volmer quenching analysis and transient absorption (TA)
spectroscopy. Stern–Volmer quenching is one of the most convenient
methods to evaluate electron transfer kinetics. That said,
Stern–Volmer quenching on its own provides little mechanistic infor-
mation because it does not distinguish electron transfer quenching
from other quenching pathways, primarily energy transfer.14 As a
result, it is often necessary to conduct Stern–Volmer analysis in con-
cert with other techniques, like TA, that distinguish energy transfer
and electron transfer. However, once electron transfer is established as
the dominant pathway, Stern–Volmer analysis is still very useful for
measuring electron transfer kinetics and determining the kinetically
preferred electron transfer pathway. There are two methods to
evaluate the Stern–Volmer relationship, steady-state quenching, and
time-resolved quenching. In steady-state quenching studies, the photo-
luminescence quantum yield (U) is determined as the concentration of
quencher is increased. More conveniently, the integrated steady-state
emission intensity normalized to the absorbance at the excitation
wavelength (I/Aex) is a suitable proxy for quantum yield. In time-
resolved quenching studies, the photoluminescence lifetime (s) is
measured. As the concentration of quencher increases, the photolumi-
nescence lifetime decreases if �PSn participates in a bimolecular reac-
tion with the quencher. When each dataset is plotted and overlaid as
depicted in Fig. 2, the type of quenching occurring, static or dynamic,
can be determined. If dynamic quenching exclusively occurs, the
excited-state photosensitizer and quencher react bimolecularly, and
Stern–Volmer plots from both steady-state and time-resolved quench-
ing data should have nearly identical linear trends as shown is Fig.
2(a). On the contrary, during static quenching [Fig. 2(b)] the quench-
ing process takes place after a ground-state association between the
quencher and the photosensitizer, not the excited state. In this type of
scenario, the steady-state Stern–Volmer plot (photoluminescence

FIG. 1. Two major photo-induced electron transfer pathways.

FIG. 2. Stern–Volmer plots based on different types of quenching mechanism. U0 and UQ are the quantum yields, and I0 and IQ are the integrated steady-state emission inten-
sities, and s0 and sQ are the photoluminescent lifetimes without and in the presence of quencher, respectively. Aex is the emission intensity at an excitation wavelength.
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intensity) still shows the normal linear relationship, while time-
resolved quenching study (excited-state lifetime) exhibits a flat line. If
both dynamic and static quenching are involved in the mechanism
[Fig. 2(c)], the time-resolved data appear linear and reflect the
dynamic quenching component, whereas the steady-state data have a
quadratic relationship that reflects a superposition of the static and
dynamic quenching. The slope of a linear Stern–Volmer plot is known
as the Stern–Volmer constant, KSV, and it is equal to the product of
the inherent excited-state lifetime and the bimolecular quenching rate
constant, s0kq. Thus, in cases where the photosensitizer’s lifetime is
known, Stern–Volmer analysis can provide access to the quenching
rate constant, which can be interpreted as an electron transfer rate
constant if electron transfer is established as the dominant quenching
pathway. In short, Stern–Volmer analysis provides important kinetic
information for potential excited-state quenching pathways, but the
mechanistic insight from Stern–Volmer alone is limited.

Transient absorption (TA) spectroscopy, also called time-
resolved absorption spectroscopy, is a common technique for distin-
guishing energy transfer from electron transfer and for characterizing
other mechanistic steps in a photocatalytic reaction beyond the pri-
mary quenching event. In TA, there are two types of light source as
illustrated in Fig. 3. One is the white light probe source, and the other
is a single wavelength pump laser that can excite the photoactive spe-
cies. Using this pump-probe technique, excited-state spectral features,
photogenerated intermediates, and their associated lifetimes can be
observed, even when the species is not emissive.

Figure 4 briefly shows each step in a TA experiment with a sam-
ple that has a singlet ground state (S0) and two singlet excited states
(S1 and S2). The ground-state absorption spectrum is obtained by the
probe source [Figs. 4(a) and 4(d)]. When the pump pulse passes
through the sample, a fraction of the molecules is promoted to the
excited state S1, leading to a high and non-equilibrium population
[Fig. 4(b)]. Then, a weak probe pulse passes through the sample again
with a time delay t with respect to the pump pulse [Fig. 4(c)]. The
difference between the excited-state absorption spectrum and
the ground-state absorption spectrum is then calculated (DODt),
resulting in the spectrum as shown in Fig. 4(f). In regions where the
ground-state absorption is greater than the excited-state absorption, a
ground-state bleach (negative DODt) is observed. In regions where the
excited-state absorption is greater than the ground-state absorption, a
growth (positive DODt) is observed. Providing that there is no irre-
versible excited-state chemistry occurring, the DODt spectrum reaches
zero at long enough time scale since the excited-state sample relaxes
back to the ground state. By measuring the TA spectra with different

time delays, the excited-state lifetime and the timescales of any
quenching events can be obtained.

As a representative example of how to distinguish energy transfer
and electron transfer, we consider the ubiquitous example of [Ru(bpy)3]

2þ

(bpy¼ 2,20-bipyridine). When the metal-to-ligand charge transfer
(MLCT) excited state of [Ru(bpy)3]

2þ is quenched, the resulting chemical
species depends on whether the quenching occurs via energy transfer, oxi-
dative quenching, or reductive quenching.14,33 The MLCT excited state of
[Ru(bpy)3]

2þ can be formulated as [RuIII(bpy)•�(bpy)2]
2þ. If energy trans-

fer occurs, [RuIII(bpy)•�(bpy)2]
2þ is transformed back to [Ru(bpy)3]

2þ.
However, through electron transfer, [RuIII(bpy)•�(bpy)2]

2þ will donate or
accept one electron, resulting in [RuIII(bpy)3]

3þ or [RuII(bpy)•�(bpy)2]
þ,

which exhibit different absorption features.33 Moreover, in some cases the
quencher molecule has visible TA features for its excited state and/or
reduced and oxidized forms, which can additionally be probed to provide
further evidence for the quenching pathway.

This review article does not extensively cover Stern–Volmer
quenching and TA spectroscopy and their applications in mechanistic
studies of photoinduced redox reactions, but it is important to recog-
nize that many of the electron transfer pathways and redox intermedi-
ates that are discussed throughout this review were characterized using
these techniques.

B. Photophysical and electrochemical properties

The major focus of this review is strategies for accessing excep-
tionally strong excited-state reductants and oxidants. As such, the
redox potentials, particularly those from the excited state, are critical
metrics for evaluating the reducing or oxidizing power of a photosensi-
tizer. These redox potentials determine the thermodynamic limits ofFIG. 3. Schematic representation of transient absorption (TA) spectroscopy.

FIG. 4. Process of TA spectroscopy.
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excited-state electron transfer for a photosensitizer and, as described
in Sec. IIA, are critical determinants of the kinetics of electron transfer
as well. This section defines the relevant redox potentials and summa-
rizes how they are determined.

1. Excited-state energy

When photosensitizers or photocatalysts are promoted to an
electronically excited state after absorbing visible light, they will rapidly
relax to the lowest vibrational energy level prior to any quenching
occurring. In organic photosensitizers, the operative excited state is
often a singlet state, abbreviated as S1, although crossover to the lowest
triplet state, T1, can occur in some cases. For metal-based photosensi-
tizers, T1 is almost always the relevant excited state. The energy differ-
ence between the ground states S0 and S1 or T1 is the excited-state
energy, which is usually termed E0,0. There are different ways to esti-
mate E0,0.

22,34 The first method is a spectroscopic estimation using
normalized UV–Vis absorption and photoluminescence emission
spectra measured at room temperature. When both spectra are over-
laid, the intersection point of those two spectra can be determined as
the excited-state energy, providing the overlapping bands represent
absorption and emission transitions of the same electronic origin. If
the photocatalyst is not emissive at room temperature or there is no
clear crossing point between the two spectra, the maximum wave-
length of the first vibronic peak of the photoluminescence spectrum
obtained at low temperature, usually 77K, can be assigned as E0,0
value.35,36 Another simple method is to use the position of the long-
wavelength tail of the absorption spectrum to predict E0,0.

34 Finally, it
is possible to estimate E0,0 values computationally using density func-
tional theory (DFT) and time-dependent density functional theory
(TD-DFT).37–42

2. Ground- and excited-state redox potentials

The most common method to determine ground-state redox
potentials is to use cyclic voltammetry. Using cyclic voltammograms,
the ground-state oxidation potential Eox (reduction potential Ered) is
determined as the potential where the first one-electron oxidation
(reduction) occurs. For chemical species that exhibit reversible redox
features, the value can be determined using Eq. (5). The calculated
value is also known as the half-wave potential (E1/2),

E1=2 ¼
1
2
� Epc þ Epað Þ: (5)

In Eq. (5), Epc is the cathodic peak potential and Epa is the anodic peak
potential. In the case of irreversible redox waves, Epc or Epa can be
assigned as Ered or Eox, or alternatively, the onset potential (Eonset), sug-
gested by Vullev et al.,43 can also be assigned as Ered or Eox.

3. Excited-state redox potential

Based on the estimated excited-state energy and the measured
ground-state redox potentials, the excited-state redox potentials can be
calculated using Eqs. (6a) and (6b). Strictly speaking, these equations
neglect the entropy difference between the ground state and the
excited state and coulombic effects of charge separation, but they are
nonetheless good estimates for excited-state redox potentials and are
very commonly used,

�Ered ¼ Ered þ E0;0; (6a)
�Eox ¼ Eox � E0;0: (6b)

To avoid confusion, here we will describe the use of terms reduc-
tion potential (Ered), oxidation potential (Eox), excited-state reduction
potential (�Ered), and excited-state oxidation potential (�Eox). Even
though two of these values are termed “oxidation potentials,” they all
refer to thermodynamic potentials of the corresponding reduction half
reaction. For example, the oxidation potential (Eox) of D represents
the formal potential of the reduction half reaction D•þ!D. In another
example, the excited-state oxidation potential of A is defined by the
reductive half reaction A•þ!�A. Most importantly, the reader should
internalize what these relative values mean. From the standpoint of
the photosensitizer, a more positive value of �Ered means that the pho-
tosensitizer is a stronger photooxidant, and a more negative value of
�Eox implies that the photosensitizer is a stronger photoreductant. For
potential electron donors (D) or acceptors (A) that can react with pho-
tosensitizer, a more positive Eox value for the donor means it is more
difficult to oxidize, and a more negative Ered value for the acceptor
means it is more difficult to reduce.

Figure 5 illustrates schematically how excitation increases the oxi-
dizing or reducing power of the photosensitizer, by an amount equal
to E0,0. Also shown in Fig. 5, in order for thermodynamically favorable
reductive quenching to occur, �Ered of the photosensitizer must be
more positive than Eox of the donor, and for thermodynamically favor-
able oxidative quenching, the photosensitizer’s �Eox must be more neg-
ative than the acceptor’s Ered.

In molecular photosensitizers, excited-state redox potentials are
typically measured relative to the lowest vibrational energy level of the
lowest-energy electronic excited state (normally S1 or T1). This lowest-
energy state is rapidly accessed through non-radiative relaxation fol-
lowing excitation. However, it is worth noting that in some cases
charge transfer can occur from a higher-lying electronic or vibrational
states, effectively increasing the excited-state redox potential for that
electron transfer event. This electron transfer process, often referred to
as “hot” injection, is relevant in dye-sensitized solar cells (DSSC)
where interfacial electron transfer is occurring between a dye and
semiconductor,44–48 but is not relevant to bimolecular excited-state
electron transfer.

In the field of photoredox catalysis, the electrochemical potentials
are usually referenced against the saturated calomel electrode (SCE).
Therefore, all redox potentials presented in this review are referenced
to SCE unless otherwise noted, for convenient comparison to many
other resources. Some of data are reported directly from the original
work, and the others are adjusted to the SCE scale using well-
established conversion tables.49,50

III. STRATEGIES FOR HIGHLY REDUCING
AND OXIDIZING PHOTOSENSITIZERS
A. Molecular design approaches

The oxidizing and reducing abilities of photosensitizers are
closely related to the energy levels of the frontier orbitals, which dictate
the ground-state redox potentials and are a determining factor of the
excited-state energy. Controlling frontier orbital energies, therefore, is
critically important for designing potent photosensitizers. Most com-
mon photosensitizer classes are conjugated organic molecules or coor-
dination compounds with conjugated ligands. As such, the most

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Chem. Phys. Rev. 3, 021302 (2022); doi: 10.1063/5.0084554 3, 021302-5

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/cpr


widely used method to perturb frontier orbital energies has been to
incorporate electron-withdrawing or electron-donating groups to the
molecule or to extend p-conjugation.20

In this part, we will focus on structural modifications that result
in extreme redox potentials, with examples of both organic molecules
and metal-based photosensitizers provided. We do note that there are
other classes of photosensitizers that are fundamentally and technolog-
ically important, but do not quite meet the criteria for “extreme” redox
potentials we have outlined above. For example, platinum acetylide
photosensitizers51 have been extensively developed and were impor-
tant in a lot of early solar fuel research.52,53 In addition, porphyrin and
other polypyrrole photosensitizers are very prominent in photochem-
istry research,54,55 but they generally do not qualify as extreme photo-
redox agents. Recent work has shown that peripheral substitution to
porphyrin cores can render them rather strong ground-state oxi-
dants,56 although the modest excited-state energies of porphyrins lim-
its their excited-state reducing and oxidizing power. For a thorough
listing of photosensitizer properties, we refer the reader to a compre-
hensive review from our group that tabulates the relevant redox

properties of more than 200 photosensitizers commonly used in pho-
toredox catalysis.22

1. Acridinium chromophores

Since Fukuzumi’s work on compound 1 (9-mesityl-10-methyla-
cridinium perchlorate, Fig. 6), which demonstrated a strongly
oxidizing charge-separated state after excitation and an exceptional
excited-state reduction potential (�Ered) of þ2.06V,57,58 acridinium-
based photosensitizers have been widely studied in many photoin-
duced reactions, which require a strong oxidant.18,59,60 In the context
of photoredox catalysis for organic synthesis, Joshi-Pangu et al. devel-
oped a series of acridinium photocatalysts 2–6, which demonstrate
structure–property relationships in this class of photosensitizers.61

They incorporated electron-donating tert-butyl and methoxy groups
to the acridinium core to achieve more negative ground-state reduc-
tion potentials. All acridiniums 2–6 have more negative Ered value
(�0.57 to �0.84V) compared to 1 (�0.57V) and are similar or
slightly weaker as photooxidants (�Ered ¼ þ1.65–þ2.08V, compared

FIG. 5. Relative energy level diagram show-
ing thermodynamically favorable or unfavor-
able reductive and oxidative quenching
processes.
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to þ2.06V). Unlike compound 1, the N-aryl analogues 2–6 are effec-
tive photosensitizers for the decarboxylative conjugate addition of
Cbz-proline to dimethyl maleate, attributed in large part to the
enhanced stability afforded by replacing the N-methyl group in 1 with
an aryl substituent.

In subsequent work, White, Wang, and Nicewicz further
explored the systematic control of photophysical and redox properties
of acridiniums, separately modifying substituents located on the acri-
dinium core, the 9-position of this core, or the acridinium nitrogen
(7–22).62 Based on the observed trends, they synthesized 22 by select-
ing the best-performing elements from each category, and 22 shows
not only an enhanced �Ered of þ2.20V but also a longer excited-state
lifetime.

Fischer and Sparr elaborated synthetic methods of acridinium
ions, which have electron-donating groups on the acridinium
core.63,64 With this series of substituted acridiniums (23–34), the same
authors collaborated to demonstrate tunability of the excited-state oxi-
dative character.65 They introduced NMe2 and/or OMe groups to the
acridinium core and used phenyl, mesityl, xylyl, and 1-naphthyl as
the nine-position substituent. Compounds 27 and 28, which have the
most positive excited-state reduction potentials in the series (þ1.69
andþ1.73V, respectively), exhibit the best catalytic activity in a decar-
boxylative fluorination reaction. Alem�an, Manche~no, and coworkers
introduced polar imide group to the nine-position of acridinium
(35 and 36).66 These substituted acridinium photocatalysts have �Ered

� þ2.4V, substantially more positive values than that of 1 (þ2.18V),
and on account of their stronger oxidizing properties in the excited-
state outperform 1 in the dehydrogenative lactonization of 2-phenyl-
benzoic acid.

2. Cyanoarenes

Cyanoarenes, which have an aromatic core and one or more
cyano substituents as shown in Fig. 7, are one of the most thoroughly
studied organic photosensitizers due to their wide ground-state redox
potential windows (from �0.7 to �1.7V for the reduction potentials
and about þ1.5V for the oxidation potentials) and their structural
tunability.60,67,68 The simplest structural modification for controlling
redox potential of cyanoarenes is to extend conjugation or to introduce
electron-donating or electron-withdrawing substituents to the aro-
matic ring (37–51).69–71

The cyanoarene class was expanded by the Zhang72,73 and Zeitler
groups.74 They prepared carbazolyl or diphenylamino (DP) dicyano-
benzene derivatives, which have donor–acceptor (D–A) molecular
dyad structures (52–65). With this structural design, the carbazolyl
(Cz) or diphenylamino (DP) moiety and the dicyanoarenes can be elec-
tron donors and acceptors, respectively. Therefore, modifying the num-
ber or position of carbazolyl or diphenylamino group or incorporating
various substituents onto the center benzene ring can control the
HOMO and LUMO energy levels. Among the series of cyanoarenes,
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN, 52) has
been widely used67,75–83 due to its well-balanced ground- and excited-
redox potentials (Ered ¼ �1.24V, Eox ¼ þ1.49V, �Ered ¼ þ1.43V,
and �Eox ¼ �1.18V).74 These potentials suggest that 4CzIPN is a
strong excited-state oxidant and a moderately strong excited-state
reductant, making it a versatile photosensitizer candidate for a variety
of photoinduced redox transformations. Using 52 as a starting point,
Zeitler and coworkers demonstrated a systematic alteration of redox
potentials of cyanoarenes.74 Introducing chlorine to the cyanoarene
core (59) induces stronger oxidizing properties by increasing the
ground-state oxidation potential (Eox ¼ þ1.79V). By contrast, incor-
porating electron donating methoxy-carbazol (65) leads to increase in

FIG. 6. Structures of acridinium photosensitizers.
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FIG. 7. Structures of cyanoarene photosensitizers.
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the reducing power (Ered ¼ �1.34V). With the combination of donor-
based effects and acceptor core-related modifications, they showed
that 62 has a very negative ground-state reduction potential (Ered

¼�1.92V) and outperformed other cyanoarene photocatalysts in the
reductive C–O bond cleavage reaction of lignin model substrates and
in the photocatalytic reductive detriflation of aryl triflates.

Waser and coworkers84,85 and Yu and coworkers86 demonstrated
with compounds 65–73 that substituents on the Cz or DP can modu-
late �Ered. Electron-donating groups decrease the excited-state oxidiz-
ing power (less positive �Ered) and electron-withdrawing halogen
substituents increase the excited-state oxidizing power (more positive
�Ered). Halogen-substituted 66–68 have more positive excited-state
reduction potential than 52 and show higher photocatalytic activity in
the synthesis of alkynyl nitriles.84 Compounds 74 and 75, which are
the degradation products of 52 formed by radical addition of the ben-
zyl (74) or phenylethyl (75) radical, were isolated by the K€onig group
and reported in 2019.87,88 One cyano group of 52 was replaced with a
benzyl or phenylethyl group during the catalytic reaction, and it was
found that the radical anions of 74 and 75 have reasonably negative
ground-state reduction potentials of�1.72 and�1.69V, respectively.

3. Phenazine, phenoxazine, and phenothiazine

The two above classes of organic photosensitizers are particularly
noted for their highly oxidizing excited states, though there are other
classes of organic molecules, which are strong photoreductants. In
polymer chemistry, controlled radical polymerizations (CPRs) are crit-
ical to synthesize polymers with predictable molecular weights (MWs)
and narrow MW distribution.89 Phenazine, phenoxazine, and pheno-
thiazine are structurally related classes of organic photosensitizers,
which are widely used in CPRs due to their highly reducing excited-
state potentials.16,90–92 The Miyake group presented a series of
phenazine-based photocatalysts (76–91, Fig. 8).93–95 In 2016, they
introduced diaryl dihydrophenazines, functionalizing the phenyl sub-
stituents.93 The triplet excited-state oxidation potential was controlled
by functionalization of the phenyl substituents. Introducing electron
withdrawing groups (78, 79) induces less negative �Eox, but the addi-
tion of electron-donating OMe groups (76) results in a slightly more
negative �Eox value of �2.36V, compared to 77 (�2.34V). In the next
work, they used various N-aryl substituents (76–78, 80–85).94 Of the
nine phenazine photocatalysts, 81 has the most negative calculated
�Eox value, reported as �2.28V in this work. They also demonstrated
redox potential control by the incorporation of aryl groups to the
phenazine core.95 Compounds with methoxyphenyl (90) or dimethy-
laminophenyl (91) groups retain strongly reducing �Eox values (�2.12
and �2.15V, respectively). Miyake and coworkers also demonstrated
highly tunable photophysical and electrochemical properties of phe-
noxazines via systematic structural modification of the N-aryl moiety
and core substituents (92–110).96–98 The triplet excited-state oxidation
potentials of phenoxazines with electron-donating methoxy (99, 104)
or diphenyl amino (107) substituents were determined to be �2.01,
�1.91, and �1.88V, respectively, exhibiting strong reducing proper-
ties. N-trifluoromethylphenyl phenoxazines, which have strong
excited-state oxidation potentials, were presented by Son, Cho, and
coworkers (93, 111–114).99,100 The estimated �Eox value of 111 is
�2.56V,99 which is the most negative excited-state oxidation potential
in the series. Due to the strong reducing power of 111, it can reduce

unactivated aryl halides to aryl radical intermediates and was used as a
photocatalyst in C–C and C–B bond-forming reactions.100

Phenothiazine-based compounds are one of the traditionally used
photoredox catalysts due to their low cost, readily availability, and fac-
ile modification.101,102

FIG. 8. A series of phenazine, phenoxazine, and phenothiazine.
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After Hawker and coworkers demonstrated photocatalytic activ-
ity of parent phenothiazine 115 in atom transfer radical polymeriza-
tion (ATRP) reactions,103 phenothiazine-based photocatalysts have
been extensively used in this area.104–118 Although there are some
references that presented structural modification of phenothia-
zine,104–109,113 most of their excited-state oxidation potentials are not
more negative than 115 (�2.1V), except a few cases.104,105 In 2016,
Matyjaszewski group presented a series of phenothiazines (115–121),
and the �Eox value of 119 is determined to be �2.23V, which is more
negative than 115.104 Larionov and coworkers used four phenothia-
zines (115, 120–122) in photocatalytic borylation reactions of C–O,
C–N, and C–X bonds.105 Compound 122 has �Eox ¼ �2.71V and
showed an improved catalytic performance in the borylation of aryl
phosphates.

4. Ru(II) and Ir(III) complexes

Metal-based coordination complexes, which are composed of a
transition metal surrounded by conjugated visible-light-absorbing
ligands, also have been actively developed in many photocatalytic
applications. Although concerns about materials cost and metal toxic-
ity have motivated the development of “metal-free” organic photosen-
sitizers like those described in Secs. IIIA 1–IIIA 3, it is still true that
several classes of metal-based photosensitizers are the top performers
in several applications, on account of their broad and intense visible
absorption, long-lived charge-separated states, and tunable redox
potentials that enable the design of potent photoreductants and photo-
oxidants. In the fields of photovoltaics and photocatalysis,
ruthenium(II) polypyridyl complexes are the most commonly studied
molecular photosensitizers among photoactive late-transition metal
complexes.119,120 Ru(II) complexes were initially used in water
splitting121,122 and applications in photonic and optoelectronic devi-
ces.123 With pioneering research by MacMillan,124 Yoon,125 and
Stephenson’s groups,126 a series of common homoleptic Ru(II) com-
plexes (123–128, Fig. 9) have also been used in many organic synthesis
applications.8,9,11,12,127–129 However, the excited-state oxidation poten-
tial of [Ru(bpy)3]

2þ (�Eox ¼ �0.81V) is insufficiently negative to initi-
ate redox reactions with many classes of unactivated organic
substrates. Furthermore, for 127 and 128, not only can single electron
transfer occur in the excited state, but proton coupled electron transfer
(PCET) is also possible because the basicity of the peripheral nitrogen
atoms of 2,20-bipyrazine and 2,20-bipyrimidine increase in the MLCT
excited state.130–133 In PCET, electron transfer and proton transfer
occur consecutively or concertedly, and there are many reports of
excited-state PCET that involve charge-transfer excited states.
Although detailed mechanistic aspects will not be discussed further
here, PCET is one of the most important charge transfer mechanisms
in photocatalytic reactions.134–138

Cyclometalated iridium photosensitizers, also summarized in
Fig. 9, are much better suited for challenging reductive transforma-
tions than their ruthenium counterparts. In 2012, Stephenson and
coworkers successfully demonstrated photocatalytic dehalogenation of
alkyl, alkenyl, and aryl iodide substrates using fac-Ir(ppy)3 (129),
which has a much more negative �Eox value of �1.73V compared to
Ru(bpy)3

2þ.139

MacMillan’s group, in 2018, introduced electron-donating
methoxy and tert-butyl groups to the 2-phenylpyridine (ppy) ligand in

a series of homoleptic complexes (130–137).140 Although their
research focused on the relationship between the ground-state oxida-
tion potential (Eox) and enantioselectivity of a-benzylation of alde-
hydes, the excited-state oxidation potentials of all of these substituted
Ir(III) complexes are more negative (<�1.73V) than that of fac-
Ir(ppy)3. Wenger and coworkers presented new sulfonated variants of
fac-Ir(ppy)3 (138–141) to increase solubility in water, and these modi-
fications also result in more reducing excited states than fac-Ir(ppy)3
(�Eox ¼ �1.89,�1.85,�1.76, and�1.94V for 138, 139, 140, and 141,
respectively).141–143

Cyclometalated iridium complexes can also be engineered to be
strong photooxidants. Bernhard and coworkers have presented exten-
sive research on cationic heteroleptic Ir(III) complexes, shown in
Fig. 10, which have two organometallic cyclometalating ligands and
one neutral bidentate ligand, usually from the 2,20-bipyridine fam-
ily.144–146 These heteroleptic Ir(III) complexes are not particularly
strong photoreductants, with similar excited-state reducing power as
[Ru(bpy)3]

2þ. However, they do show stronger oxidizing power (�Ered

¼ þ0.70–þ0.97V) in the excited-state compared to [Ru(bpy)3]
2þ

(�Ered ¼ þ0.68V), and their combined redox properties and excep-
tional stability have made them very popular and versatile choices for
photoredox organic methology.11 In 2016, Knowles and coworkers
synthesized five heteroleptic Ir(III) complexes (142–146) using
dF(CF3)-ppy (2-(2,4-difluorophenyl)-5-trifluoro-methylpyridine) as
the cyclometalating ligand and bipyridine derivatives as the neutral
chelate.147 The excited-state reduction potentials (�Ered) of all Ir(III)
complexes in this series are more positive than [Ru(bpy)3]

2þ.
Compounds 145 and 146, which have electron-withdrawing CF3
groups on the bipyridine, exhibit robust photocatalytic activity in C–H
alkylation reactions due to their strongly oxidizing excited-state poten-
tials ofþ1.65 andþ1.68V, respectively.

To push the limits for extreme excited-state redox potentials and
expand the substrate scope for reductive photoredox transformations,
our group has developed a series of heteroleptic Ir(III) complexes
(147–165) supported by electron rich b-diketiminate (NacNac)
ligands, which are potent excited-state reductants (Fig. 10).36,148–150

The electronic characteristics of the NacNac can be readily modulated
by its substitution pattern. Making the NacNac more electron-rich
progressively destabilizes the HOMO energy level and results in more
negative values of the ground-state redox potentials, making these
Ir(III) complexes more powerful photoreductants.36 All Ir(III) com-
plexes with pyridine- or pyrazole-based cyclometalating ligands
(147–159) exhibit excited-state oxidation potentials more negative
than �2.0V, which represent 300–500mV more reducing power than
fac-Ir(ppy)3 (�E

ox ¼ �1.73V).36 Owing to their potent excited-state
reducing power, 148 and 155 show photocatalytic activity not only in
hydrodebromination of aryl bromide substrates,36,149 but also dehalo-
genation of other challenging substrates such as aryl chlorides, aryl flu-
orides, and alkyl bromides.149 All of 147–159 have a narrow range of
excited-state oxidation potentials (�2.0–�2.2V), motivating our
group to introduce triazole and NHC-based complexes 160–165 to
break through the �2.2V ceiling.150 Incorporation of these alternative
cyclometalating ligands increases the LUMO energy levels and triplet-
state energies, resulting in the even more potent cyclometalated Ir(III)
photoreductants [see Eq. (6b)]. The excited-state oxidation potentials
of 160 and 164 are �2.4V, which is 700mV more negative than fac-
Ir(ppy)3.
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Ancillary ligand modification can also increase visible-light
absorption and maximize photooxidation capabilities. In 2020,
Troian-Gautier and coworkers reported three Ir(III) complexes as
strong photooxidants with intense visible absorption (166–168).151

Introducing two trifluoromethyl substituents on the 2-phenylpyridine
ligands increases the excited-state oxidizing power of these

photosensitizers. The excited-state reduction potential values of 166,
167, and 168 are þ1.54, þ1.53, and þ1.52V, respectively, and these
values are 1.2V more positive than fac-Ir(ppy)3 (�Ered¼þ0.35V),
and 0.8V more positive than [Ru(bpy)3]

2þ (�Ered¼þ0.68V).
Extending the p-conjugation system of the ancillary N^N ligand sta-
bilizes the LUMO energy level, increasing visible-light absorption.

FIG. 9. Ru(II)- and Ir(III)-based photocatalysts.
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Zhu, Tan, Su, and coworkers demonstrated photocatalytic hydro-
gen generation using cationic [Ir(C^N)2(ppba)](PF6) complexes
[169–173, ppba¼ 4-(6-(1H-pyrazol-1-yl)pyridine-3-yl)benzalde-
hyde].152 Incorporating electron-withdrawing fluorine atoms on the
C^N ligands (172 and 173) results in a more positive excited-state
reduction potential, þ1.06V for 172 and þ1.16V for 173 (potentials

were originally reported vs NHE, þ1.30V for 172 and þ1.40V for
173). The oxidation potential of triethylamine (TEA), E(TEAþ/TEA),
is þ0.69V (þ0.93V vs NHE), so the potential difference between
TEA and the excited state of 172 and 173 provides the driving force
for photocatalytic hydrogen generation, allowing electron transfer
between the two species.

5. Other metal complexes

Platinum(II) complexes are another widely researched class of
photoactive transition metal compounds,153–159 though not as widely
used as Ru(II) or Ir(III) complexes in photocatalytic applications.
Che’s group developed tetradentate Pt(II) complexes with strong
excited-state reducing properties.160–162 In 2018, they demonstrated
photocatalytic reductive coupling of aromatic carbonyls and hydro-
debromination of aryl bromides using Pt(II) complexes supported by
bis(phenolate-NHC) ligands (174–176, Fig. 11).163 The excited-state
reduction potential of 175, which has electron-donating carbazolyl
groups incorporated into the bis(phenolate-NHC) ligand, is calculated
to be �2.18V, and this value is comparable to other potent photore-
ductants. Due to its strong excited-state reducing power, 175 shows a
good photocatalytic activity in reductive coupling of aromatic carbonyl
compounds and reductive hydrodebromination of aryl bromide sub-
strates. One limitation of 174–176 is that they only absorb in the UV
region, requiring excitation at k < 400nm to operate. Fukuzumi, Cho,
You, and coworkers investigated photoredox catalytic trifluoromethy-
lation reaction using Pt(II) complexes with anionic cyclometalating
C^N ligands (177–179).164 The anionic cyclometalating ligand can
induce cathodic shifts of the excited-state redox potential, so these
Pt(II) complexes are likewise potent photoreductants with excited-
state oxidation potentials of �2.11V for 177, �2.07V for 178, and
�1.93V for 179. Specifically, 178 exhibits excellent catalytic perform-
ances in trifluoromethylation of alkenes and heteroarenes.

Even though Ru(II), Ir(III), and Pt(II) complexes have been
widely used in many photoredox catalytic reactions, those metals have
limitations of high price and scarcity. Therefore, the development of
cheaper, earth-abundant transition metal complexes is important for
sustainable large-scale applications. Cu(I) is one of the promising can-
didates due to its low price and abundance. Moreover, unlike most
other 3d metals its d10 configuration means there are no low-lying
ligand-field excited states that deactivate the longer-lived, redox-active
charge-transfer states. In 2005, Peters and coworkers described an
amido-bridged bimetallic [(PNP)Cu]2 system (180), where PNP is
bis(2-(diisobutylphosphino)phenyl)amide.165 Due to strong phosphine
donors, the Cu1.5Cu1.5/Cu1Cu1 redox potential shifts cathodically
when compared to previously reported [(SNS)Cu]2 complexes [SNS
¼ bis(2-tert-butylsulfanylphenyl)amide].166 The excited-state oxida-
tion potential of 180 is calculated to be �2.74V, making it one of the
most potent photoreductants known.

Collins’ group presented a comprehensive work preparing 50
Cu(I) complexes including 40 heteroleptic complexes (181–220) and
10 homoleptic complexes derived from diimine and bisphosphine
ligands.167 By using different kinds of bisphosphine ligands to vary the
nature of chromophore and bite angle, they can control the photo-
physical properties and catalytic activity of Cu(I) complexes. The val-
ues of the excited-state oxidation potentials (�Eox) of the Cu(I)
complexes are between approximately �1.3 and �1.9V, and

FIG. 10. Heteroleptic Ir(III) complexes.
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complexes with BINAP and Xantphos ligands exhibit the most nega-
tive potentials. Thus, some members of this series are strong photore-
ductants with potentials that rival some of the homoleptic iridium
complexes like fac-Ir(ppy)3 (129).

In 2019, Poisson and coworkers reported photocatalyzed boryla-
tion of aryl, heteroaryl, vinyl, and alkyl halides using heteroleptic Cu(I)
complexes including 221 and 222. The excited-state oxidation poten-
tial of 221 is �1.92V, and its potent excited-state reducing power
makes borylation reactions of iodo- and bromoarenes and heteroar-
enes, which involve electron transfer to the organohalide substrates,
possible.

Homoleptic group 6 transition metal complexes [Cr(0), Mo(0),
and W(0)], supported by isocyanide ligands, have been comprehen-
sively studied by Gray’s group168–170 and Wenger’s group171–173 as a
promising class of strong photoreductants. In 2013, Gray and cow-
orkers reported homoleptic arylisocyanide W(0) complexes (223 and
224, Fig. 12).168 These W(0) complexes contain bulkier dimethyl-
phenyl and diisoproylphenyl isocyanide ligands, which protect the
metal center and prevent excited-state decay. Complex 224 has an
excited-state oxidation potential (�Eox) of�2.24V, making it a power-
ful photoreductant. In subsequent work, the same group disclosed a
new series of homoleptic W(0) complexes containing oligoarylisocya-
nide ligands by functionalizing the para position of CNDipp ligand.169

Through this structural modification, four new W(0) complexes hav-
ing oligoarylisocyanide ligands were described (225–228). All of these
W(0) complexes have excited-state oxidation potentials more negative
than �2.29V, again suggesting they are strong photoreductants.
Gray’s group further examined the effects of extension of the
p-conjugation system of the isocyanide ligands by incorporating
alkynyl–aryl units at the para position and using arylisocyanides with
fused polycyclic aromatic groups (229–234).170 Introduction of
fused-ring or alkynyl-bridged aryl substituents induces a cathodic shift
of the ground-state oxidation potential (Eox) by about 300mV com-
pared to the previous W(0) complexes, but E0,0 values span a small
range (�0.15 eV), resulting in a slight decrease in the excited-state
reducing power. However, the excited-state potentials of 229–234
(�1.73–�2.03V) are still comparable to or more negative than
fac-Ir(ppy)3.

Wenger and coworkers demonstrated highly reducing excited
states of Mo(0) and Cr(0) complexes having chelating isocyanide
ligands (235–237).171–173 Using chelating ligands, the stability of
the Mo(0) and Cr(0) complexes is increased relative to monoden-
tate analogues. The excited-state oxidation potentials are �2.2 V
for 235, �2.3 V for 236, and �2.2 V for 237. Compound 235
shows photoredox activity in a rearrangement of an acyl cyclopro-
pane to a 2,3-dihydrofuran,171 and 236 outperformed fac-Ir(ppy)3
in a photocatalytic intramolecular base-promoted homolytic aro-
matic substitution reaction173 due to their strong excited-state
reducing ability.

Cerium complexes with electron-rich nitrogen donor ligands,
mainly researched by Schelter’s group,174–178 are another class of metal
complexes with standout excited-state redox properties. In 2016,
Schelter and coworkers prepared a mixed-ligand series of Ce(III) com-
plexes (238–241) using N,N 0-diisopropylcarbodiimide (guanidinate)
and bis-(trimethylsilyl)amide ligands in different combinations.175

The UV–Vis absorption peak for all of these compounds is at ca.
420 nm, assigned to a 4f ! 5d transition, and these compounds can
be exceptionally strong photoreductants. As the number of guanidi-
nate ligands increases (moving from 238 to 241), the excited-state oxi-
dation potentials become more negative (�1.63V for 238,�1.84V for
239, �2.13V for 240, and �2.46V for 241). They demonstrated that

FIG. 11. A series of Pt(II) and Cu(I) complexes.
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241 can perform catalytic photoinduced phenylation of
4-fluorophenyl iodide through an outer-sphere electron transfer path-
way. Schelter and coworkers then presented a series of Ce(III) com-
plexes (242–245), which have two guanidinate ligands and one amide
ligand, modulating the bulkiness of the amide ligand to control struc-
tural, electrochemical, photophysical, and photochemical properties of

the Ce(III) complexes.176 The excited-state oxidation potentials were
calculated to be �2.14, �2.14, �2.44, and �2.44V for 242, 243, 244,
and 245, respectively, showing the trend that complexes with less
bulky amide ligand have more reducing potentials. Due to the stronger
excited-state reducing power, the yield of the phenylation of 4-
bromofluorobenzene increased from 0% using 240 to 66% using 245.
Schelter’s group discovered a simple Ce(III) chloride complex,
[CeCl6]

3� (246), which can be readily prepared in situ from CeCl3 and
NEt4Cl in acetonitrile solutions.177,178 The excited-state oxidation
potential of 246 is estimated to be �3.05V (�3.45V vs Fcþ/0),
although the compound only absorbs UV light. They examined photo-
induced reductive dehalogenation of aryl halide substrate using 246 as
a photoreductant.177 The potent excited-state reducing property of
246 enabled the dehalogenation reaction with good yields. In 2018,
they also demonstrated the photocatalytic activity of 246 in photoin-
duced Miyaura borylation of aryl chlorides and aryl bromides.178

Scaiano, Barriault, and coworkers synthesized polynuclear Au(I)
complexes with bisphosphine and N-heterocyclic carbene ligands in
2016.179 These colorless complexes require UVA excitation but are
nonetheless strong photoreductants active in photoredox catalytic
transformations. Among these Au(I) complexes, a complex supported
by the N-heterocyclic carbene ligand bis(N-methylimidazol-2-ylide-
ne)methane (247) exhibits an excited-state oxidation potential of
�2.10V and shows photocatalytic activity in the reduction of unacti-
vated carbon–halogen bonds.

Whereas most of the above-mentioned photosensitizers based on
coordination complexes have been developed as photoreductants, rhe-
nium tricarbonyl complexes are a class of coordination compounds,
which have been predominantly developed as photooxidants. These
compounds, summarized in Fig. 13, have the general fac-
[Re(CO)3(L)(N^N)]

nþ, where N^N is a chelating diimine ligand from
the 2,20-bipyridine (bpy) or 1,10-phenanthroline (phen) family, and L
is either an anionic or neutral monodentate ligand, giving charge-
neutral or cationic complexes, respectively. A thorough review article
catalogues the properties of many compounds from this family.180

Early work on the complex fac-[Re(Cl)(CO)3(phen)] (248) established
that it is a strong photooxidant, with a �Ered value of ca. 1.0V vs
SCE.181 Similarly, Connick et al. demonstrated that the compound
fac-[Re(CO)3(im)(phen)]þ (249, im¼ imidazole) is a strong photoox-
idant (�Ered ¼ 1.2V) capable of oxidizing Cuþ to Cu2þ in azurin.182

This work sets the stage for numerous studies using rhenium tricar-
bonyl complexes appended to coordinating protein residues to trigger
light-driven oxidation of protein cofactors or redox-active amino
acids.183,184 In addition, several dyads featuring rhenium tricarbonyl
units have been prepared to model intramolecular photooxidation of
tyrosine amino acids.185,186 The �Ered values of one such series were
likewise reported to be ca. 1.2V vs SCE,185 again signifying the strong
excited-state oxidizing character of these complexes and enabling pho-
toinitiated phenol oxidation.

The preceding discussion has focused on specific examples of
compounds that were designed and optimized to be strong photore-
ductants or photooxidants. In many cases, adding substituents to or
altering the p-conjugation of conjugated organic molecules or ligands
controls the frontier orbital energy levels and optimizes photocatalytic
properties. Figure 14 presents an oversimplified description of these
effects. Figure 14 shows individually the effects on HOMO and
LUMO energy and how they relate to the excited-state reducing or

FIG. 12. A series of group 6, Ce(III), and Au(I) complexes.
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oxidizing power, though in reality it is rarely possible to control the
HOMO or LUMO independently. In addition, Fig. 14 assumes that
the E0,0 value is controlled entirely by the HOMO–LUMO gap,
which is not generally true and is an especially gross simplification
in triplet photosensitizers. Nevertheless, Fig. 14 can still illustrate
general trends that are relevant to designing photosensitizers with
extreme redox potentials. When electron-withdrawing groups are
introduced or p-conjugation is extended, the HOMO and/or
LUMO energy levels are stabilized, as shown in Figs. 14(a) and
14(b). If the LUMO is stabilized [Fig. 14(a)], E0,0 decreases, result-
ing in a less negative excited state oxidation potential (�Eox) and
weaker reducing power of the excited state. However, the same
modifications stabilize the HOMO energy level [Fig. 14(b)], which
on its own results in a more positive excited-state reduction poten-
tial (�Ered), increasing the oxidizing power of the excited-state. On
the other hand, introducing electron-donating groups tends to
destabilize HOMO and/or LUMO energy levels [Figs. 14(c) and
14(d)]. As depicted in Fig. 14(c), destabilization of the LUMO
would increase the HOMO–LUMO gap and E0,0. This perturbation
leads to a more negative oxidation potential of the excited-state
(�Eox), making the photosensitizer a stronger photoreductant. If the
HOMO level destabilized [Fig. 14(d)], E0,0 is decreased, resulting in
a less positive excited-state reduction potential (�Ered).
Photosensitizers with the less positive �Ered value have weaker oxi-
dizing power in the excited state. Again, the reality is that the
HOMO and LUMO are usually both perturbed by adding substitu-
ents or altering conjugation, so which of the above effects on E0,0
and excited-state potential is observed depends on which frontier
orbital is more strongly influenced by the chemical modification.

Another possible scenario is that E0,0 does not change signifi-
cantly even as the HOMO and LUMO energy level are perturbed, in
which case �Ered and �Eox typically shift in the same direction as one
another. For example, if the HOMO is stabilized [Fig. 14(b)] without a
perturbing E0,0, both �Ered and �Eox have more positive value (less neg-
ative, in terms of �Eox). In that case, the photosensitizer can be a stron-
ger photooxidant as mentioned above, while becoming a weaker
photoreductant at the same time.

B. Two-photon activation

In photoredox catalysis applications, visible-light excitation of
the photosensitizer is usually preferred over UV, because many
organic substrates and reagents absorb UV light, which can sometimes
result in deleterious decomposition pathways. However, the relatively
low energy of visible light is thermodynamically insufficient to initiate
organic reactions that require high potentials, a limitation that must be
overcome to develop methods for more challenging substrates with
high redox potentials. One solution developed recently is to use multi-
photon excitation methods that combine the energy of two or more
photons in one catalytic turnover.187 The methods described in this
review all involve exactly two photons, and there are two major motifs
for two-photon activation. Most examples involve two sequential one-
photon absorption processes, which combine to generate a powerful
photoreductant or photooxidant. This pathway, also termed light-
induced consecutive photoelectron transfer, is described here in Sec.
III B 1. The simplified mechanistic pathway of this two-photon activa-
tion strategy is illustrated in Fig. 15. Although in principle this strategy
can produce strong photooxidants or photoreductants, all the exam-
ples in this section involve the latter.

Upon absorption of the first photon (h�1), the photosensitizer
(PS) enters its excited state (�PS), which undergoes reductive quench-
ing with a sacrificial electron donor (D) to produce the stable radical
anion PS•�. The excitation of PS•� by the second photon (h�2) gener-
ates the excited-state radical anion �PS•�, which is a potent reductant.
Then, �PS•� is oxidatively quenched by the substrate to regenerate the
neutral ground state of photosensitizer (PS). The other mechanism
described at the end of this section involves direct two-photon activa-
tion of the photosensitizer, which produces unbound, solvated elec-
trons that serve as the reducing equivalents. The approach outlined in
Fig. 15 is desirable for synthetic applications since it can be carried out
with conventional LED light sources. Direct two-photon activation
requires high-powered laser light sources, less commonly available to
synthetic chemists.

Two-photon activations were initially examined by Goez’s group
in photoionization of [Ru(bpy)3]

2þ for photochemical water

FIG. 13. Structures of rhenium tricarbonyl photooxidants.
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splitting.188,189 In the context of organic photoredox catalysis, K€onig
and coworkers demonstrated reduction and C–H aromatic substitu-
tion of aryl halides via two-photon activation of a perylene diimide
(PDI, 250).190 As depicted in Fig. 16, the excited-state �250 generated
by the first photon is reductively quenched by the triethylamine
(Et3N) sacrificial electron donor. The ground-state radical anion
250•2 is excited by the second photon to give excited-state radical
anion �250•2, which is estimated to have a strong reducing power
with a potential that reaches or exceeds the reduction potential of
substituted aryl chlorides.

Using these photochemical properties of PDI, researchers have
incorporated PDI into metal-organic frameworks (MOFs) and exam-
ined photocatalytic activity in photoreduction of aryl halides,191,192

photooxidation of benzyl alcohols,191 oxidative coupling of amines

into imines,193 oxidation of styrene,193 and catalytic coupling of
epoxides.192

K€onig and coworkers selected Rhodamine 6G (Rh-6Gþ, 2511),
which is a widely used organic dye in photochemistry as their next tar-
get for this two-photon strategy.194–196 In 2016, they demonstrated the
activation of aryl bromide substrates using Rh-6Gþ under irradiation
with 530nm green light and 450nm blue light.194 Wavelength-
dependent two-photon activation of 2511 is possible because it
absorbs both green and blue light, but the radical 251• only absorbs in
the blue region. In the photocatalytic mechanisms they proposed, both
the ground-state radical 251• and the excited-state �251• are active
redox species (Fig. 17). Through the sequential activation of aryl
bromide substrates by 251• with relatively mild potential [Ered(2511)
¼�1.0V] and �251• with highly reducing potential [�Eox(251•)
¼�2.4V], C–C coupling products were synthesized.

In 2017, K€onig and coworkers exhibited photocatalytic methods
for one-electron reduction of chlorobenzene using lanthanide-coupled
Rh-6Gþ.195 Some lanthanide(II) salts have negative enough potentials
to reduce aryl chlorides, but stoichiometric amounts are needed. They
utilized consecutive photoinduced electron transfer strategy to gener-
ate lanthanide (II) salts catalytically. As shown in Fig. 18, lanthanide-
coupled Rh-6Gþ complex 252 is excited by the first photon and
reduced by the DIPEA sacrificial electron donor to yield the reduced
radical 252•. The role of the coordinated lanthanide ion is to preclude
the back electron transfer to the DIPEA (N,N-diisopropylethylamine)
radical cation in this step. The excited-state radical �252• generated by
the second photon has significantly higher reducing power. Ln3þ is
reduced by �252• to Ln2þ, which transfers an electron to the aryl chlo-
ride substrate and then recombines with Rh-6Gþ (2511) to be regen-
erated to 252. Using this cooperative action of Rh-6Gþ and lanthanide
ions, they demonstrated C–C and C–P bond formation reactions of
aryl radicals produced from aryl chloride substrates.

K€onig’s group also reported the use of anthraquinone (Aq) and
its derivatives as photocatalysts in dehalogenation of aryl halides and
C–C bond forming reactions (Fig. 19).197 Upon the absorption of the
first photon, 1,8-dihydroxyanthraquinone, Aq-OH (253, Fig. 19) is

FIG. 14. Possible four scenarios controlling ground- and excited-state redox poten-
tials and reducing or oxidizing power of the excited state.

FIG. 15. Two-photon activation strategy.
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excited to �253, followed by the reductive quenching by TEA.
Interestingly, the radical anion Aq-OH•� (253•2) forms semi-quinone
anion Aq-OH-H� (254) through protonation and successive reduc-
tion. Both 253•2 and 254 were excited by a second photon and can
transfer a single electron to aryl halide substrates to yield aryl radicals,
which react in dehalogenation and C–C bond formation reactions.

P�erez-Ruiz and coworkers investigated 9,10-dicyanoanthracene
(DCA, 47),198,199 which is a simple but widely used organic photocata-
lyst as described in Sec. IIIA (see Fig. 7). The mechanistic pathway
they proposed is that excitation of 47 with blue light leads to the
excited-state �47, which is reductively quenched by DIPEA to form
radical anion 47•2. Excitation of 47•2 under irradiation of green light
induces the formation of excited-state �47•2, which is a highly reduc-
ing species. They examined phosphorylation, sulfide formation, and
borylation of aryl halide substrates (Fig. 20, substrate class A), demon-
strating the capability of 47•2 to cleave unactivated C–halide
bonds.198

In 2021, the same group expanded the substrate scope by report-
ing activation of five-membered ring heteroarene halides (Fig. 20, sub-
strate class B).199 Intriguingly, when photocatalyzed phosphorylation
of heteroarenes was carried out in a gel-based media, the yield, selec-
tivity, and reaction rate were significantly enhanced, especially for the
formation of heteroarene phosphonates. They postulated that the

efficient compartmentalization caused by the gel network induces
localization of reactants in the solvent pools between fibers and wide-
spread through the fibers, providing a confined but dynamic space for
enhanced photochemical reactivity.

In 2018, Sikes and coworkers proposed a mechanism for alkaline,
aqueous photoredox catalysis using Eosin Y (25622), triethanolamine
(TEOA), and oxygen under green and violet light (Fig. 21). According
to their proposed mechanism, 25622 is photoreduced by TEOA under
irradiation by green light, with the excited-state �25622 undergoing
electron transfer to form the radical trianion 256•32. Excitation of
256•32 by violet light produces the excited radical trianion �256•32,
which is expected to have faster photoinduced electron transfer rate
than the ground-state 256•32. Since their work mainly focused on
controlling the kinetics of elementary steps to introduce a set of tools
to favor photocatalyst regeneration, it does specifically comment on
the redox potential or redox reactivity of �256•32. However, this work
does suggest a strategy of using sequential photoinduced electron
transfer to favor catalyst regeneration, which is an important step in
any catalytic cycle.

The excited-state dynamics of acridinium salts, another widely
used organic photocatalyst class (see Fig. 6), were described by
Nicewicz’s group in 2020.200 Based on spectroscopic, chemical, and
computational studies, they suggested a mechanism depicted in Fig. 22

FIG. 16. Two-photon activation of PDI (250).
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for photocatalytic reactions involving aryl halide substrates. Upon irra-
diation at 390nm, excitation of 21 produces the excited state �21.
Excited-state �21 undergoes reductive quenching with DIPEA, gener-
ating 2• and the corresponding DIPEA radical cation. After absorption
of the second photon (also 390nm), 2• is then excited to produce �2•,
assigned as a long-lived twisted intramolecular charge-transfer (TICT)
state. The estimated maximum excited-state oxidation potential

following this second excitation, �Eox(2•), is �3.36V, suggesting that
2• is an exceptionally strong photoreductant. Photogenerated interme-
diate �2• can engage in electron transfer with aryl halides, producing
arene radical anions and regenerating 21. With this highly reducing
photoredox catalyst, they demonstrated reductive dehalogenation of
aryl bromides, aryl chlorides, and polyhalogenated aromatics, and
identified the reductive detosylation of amine substrates. One

FIG. 17. Two-photon activation of Rh-6Gþ (2511).

FIG. 18. Lanthanide coupled Rh-6G (252).
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significant aspect of this work is that acridinium compounds are nor-
mally strong excited-state oxidants under typical one-photon activa-
tion (see Fig. 6 and accompanying discussion). However, using the
sequential two-photon photoinduced electron transfer described in
Fig. 22, it is possible to generate a powerful photoreductant from an
acridinium precursor.

Researchers have presented two-photon activation strategies
using metal-based photocatalysts as well. K€onig and coworkers dem-
onstrated photocatalytic activation of stable, water insoluble, lipophilic
alkyl chloride substrates using [Ir(ppy)2(dtbpy)]

þ (2571) with an

FIG. 19. Photocatalytic cycle of anthraquinone (253) via two-photon activation strategy.

FIG. 20. Two-photon activation of DCA (47). (a) Ref. 198 and (b) Ref. 199. FIG. 21. Two-photon activation of Eosin Y (25622).
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assembly promoted single electron transfer strategy.201 They used the
mixture of sodium lauryl oligoethylene glycol sulfate (SLES) and water
to produce a microstructured solution system within and around a
micelle formed by SLES. In this structural design, the reactive species
can be compartmentalized in a microstructured heterogeneous aque-
ous solution as illustrated in Fig. 23. These micelles provide solubiliza-
tion of water-insoluble alkyl chlorides and allow hydrophilic chlorine
atoms to point toward the surface of the micelles, leading to proximity
to 2571, which is noncovalently immobilized on the negatively
charged micelle surface. Upon successive irradiation by blue light and
reductive quenching by ascorbate, 2571 is transformed to the radical
257•. The excited-state �257• is formed by the consecutive excitation
with a second photon, and this excited state is reducing enough to
transfer an electron to alkyl chloride substrates generating the alkyl
chloride radical anion. Due to the high hydration energy of chloride
anion in aqueous media, the C–Cl bond is cleaved to produce an alkyl
radical that can form the dehalogenation product or participate in
C–C coupling reactions.

In 2019, Connell and coworkers reported a tandem photocata-
lytic mechanism comprising two inter-connected photoredox cycles as
shown in Fig. 24.202 In the mechanism they proposed, radical 257•,
which is formed by blue light irradiation [step (i)] and reductive
quenching by TEA [step (ii)], can react with readily reducible sub-
strates to complete the photoredox cycle [step (iii)], regenerating 2571

[Ered(2571) ¼ �1.47V]. A second possible fate for 257• is conversion
to a new semi-hydrogenated complex 258 via hydrogen atom transfer
[step (iv)]. Absorption of the second photon [step (v)] by 258

produces an excited state, which is a significantly stronger reductant
[�Eox(258) ¼ �1.7V]. Excited-state �258 can reduce aryl and alkyl
halide substrates though electron transfer (ET) or proton-coupled elec-
tron transfer (PCET) processes [step (vi)]. The oxidized form of 258,
2581, can readily react with 257• to regenerate 258 and 2571, closing
the photocatalytic cycle [step (vii)]. The authors also considered a pos-
sibility of hydrogen atom transfer from the oxidized 2581 to re-form
257 [step (viii)]. Recently, some of the same authors applied this tan-
dem photoredox catalysis to the reductive activation and hydrofunc-
tionalization of olefins.203

The second major mechanism for two-photon activation involves
photoionization of the sensitizer in water to generate solvated electrons
(eaq

•�). This approach is perhaps less generalizable than the previously
described sequential approach. Photoionization with visible light nor-
mally involves excitation or photoreduction with the first photon to
generate a relatively short-lived and unstable species, which is then
ionized with a second photon. As a result, high-powered laser excita-
tion sources are needed since conventional light sources do not have
enough photon flux to ionize the unstable intermediate prior to
decomposition. Goez’s group has thoroughly studied the photoioniza-
tion of [Ru(bpy)3]

2þ (12321) to form hydrated electrons, which when
generated during a photocatalytic cycle have potent reducing
power.188,189,204–212 As depicted in Fig. 25, irradiation with the first
photon in the presence of a sacrificial electron donor produces radical
species 123•1. This one-electron-reduced form, which contains a
localized bipyridine radical anion, is stable for seconds in deaerated
aqueous solution.213 Upon irradiation with the second photon, 123•1

FIG. 22. Photocatalytic cycle of Mes-Acr
(21) via two-photon activation.
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expels a hydrated electron, eaq
•�. With this photocatalytic cycle, they

demonstrated the applicability of eaq
•� in many difficult reactions.207–212

In 2019, Wenger and coworkers also produced hydrated electron
through a two-photon mechanism using a water-soluble Ir complex
13832 in the presence of TEOA as sacrificial electron donor and blue
region light source.142 Their proposed mechanism, also shown in Fig.
25, is slightly different. Excitation of complex 13832 initially produces
the 3MLCT excited state (�13832), which is intercepted by the second
photon and ionized to form the oxidized 138•22 and the solvated elec-
tron. Capture of 138•22 with the sacrificial donor closes the photo-
cycle. This strongly reducing photosystem was demonstrated to be
capable of a few challenging dehalogenation reactions and can degrade
the benzyltrimethylammonium cation.

C. Combined photo- and electro-chemical activations

In the field of synthetic organic redox chemistry, the selective
activation of challenging substrates with high redox potentials (i.e.,
very positive or very negative) is imperative to design and functionalize
target molecules and develop synthetic methods with broad substrate
scopes. In recent decades, synthetic chemists have used concepts from

photochemistry214–218 and electrochemistry219–223 to drive method
development. There is some conceptual overlap between photochemi-
cal and electrochemical catalytic methods, which share the common
feature of typically involving radical intermediates generated through
single electron transfer (SET) processes. However, each method has
innate drawbacks and limits in terms of efficiency, cost, or environ-
mental issues that impede promising results in much more challenging
reactions. In photoredox catalytic systems, the photosensitizer radical
cation/anion, produced by reductive or oxidative quenching, must be
restored to the closed-shell species, which often requires a stoichiomet-
ric amount of a sacrificial reductant or oxidant. These additives can
provide unwanted reaction pathways and generate stoichiometric
byproducts. As discussed above, in the case of visible-light photocatal-
ysis, the energy of visible-light sources is insufficient for the activation
of challenging organic substrates, such as reduction of aryl chlorides224

and silyl chlorides,225 which require at least �2.6V of potential. The
critical limitation of electrochemical methods is a high ohmic drop
due to the low conductivity of organic solvents. This often necessitates
the use of a supporting electrolyte, which can hamper product separa-
tion, or can be overcome by applying higher potential to the reaction,

FIG. 23. (a) Structure of [Ir(ppy)2(dtbpy)]
þ

(2571). (b) Schematic representation of
microstructured solution system. (c) Two-
photon activation of 2571.
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which can induce unwanted and deleterious redox processes that
erode selectivity.226,227

The merger of photochemical and electrochemical methods allows
synergism of their advantages, making possible straightforward access
to novel reactions that are difficult or impossible with either method on
its own. The concept of combined photo- and electrochemical methods
in terms of organic synthesis was first suggested by Moutet and Reverdy
with their work on photoexcited electrochemically generated radical
ion.228 After that, Rusling and coworkers studied photoexcitation of
electrochemically generated anthracene radical anion.229 The radical
anion successfully reduced 4-chlorobiphenyl under irradiation by visible
light. However, further studies had not been carried out until recently
despite these fascinating early conceptual advances.

Photoelectrochemistry, which is the combination of a photocata-
lytic system with an electrochemical cell, can be categorized by a few
distinct mechanistic pathways as illustrated in Fig. 26.230,231

(Researchers often use their own terminology, but the IUPAC recom-
mends the use of the term “photoelectrochemistry” for “a field of
chemistry employing techniques which combined photochemical and
electrochemical methods for the study of the oxidation–reduction
chemistry of the ground or excited states of molecules or ions.”232 So,
we use the term photoelectrochemistry here.) In the traditional con-
cept, the photoelectrocatalytic system [Fig. 26(a)] is composed of a sin-
gle electrochemical cell with a photoanode coated in photoresponsive

materials such as semiconductors or metal complexes.5,233–239 In
decoupled photoelectro-chemistry [Fig. 26(b)], two distinct photoexci-
tation and electrochemical process activate two discrete chemical
species.240–242

Unlike the aforementioned two cases, in photoelectrochemistry
processes applied to organic synthesis [Figs. 26(c) and 26(d)], pio-
neered in large part by Lambert’s and Xu’s groups,243–252 the photoex-
citation and electrochemistry steps occur in tandem to activate a single
chemical species, which is normally a photocatalyst. These two figures
depict reactions that involve substrate oxidation, in which the electro-
chemical reaction of the photosensitizer occurs at the anode, but it is
also possible to carry out reductive transformations in which the key
electrochemical step is cathodic. In the chemical oxidant-free system
[Fig. 26(c)], an electrochemical reaction restores the photosensitizer by
reducing or oxidizing the radical ion formed by excited-state quench-
ing.243–246,253,254 In this part, we want to focus on the photoexcitation
of electrochemically generated radical ions as depicted in Fig. 26(d).
These excited-state radical ions of the photosensitizer can exhibit
extreme redox potentials. This approach can be used to either generate
strong photooxidants, normally by oxidation of the photosensitizer [as
shown in Fig. 26(d)], or strong photoreductants by initial reduction of
the photosensitizer.

In 2019, Lambert’s and coworkers demonstrated the possibility
of triamino-cyclopropenium (TAC) ion as a potent oxidative

FIG. 24. Tandem photocatalytic mecha-
nism of 2571.
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electrophotocatalyst.248 They demonstrated that the TAC ion (2591)
is electrochemically oxidized to form a radical dication intermediate,
259•21. This dication is an extremely strong photooxidant (�Ered

¼ 3.33V), so photoexcitation of this electrochemical intermediate pro-
duces excited-state species (�259•21), which can oxidize the substrate
(Fig. 27). With this highly oxidizing photoexcited radical dication,
they examined many challenging organic reactions such as the oxida-
tive coupling of benzene and pyrazole,248 C–H functionalization of
ethers,249 C–H amination via Ritter-type reaction,247 acetoxyhydroxy-
lation of aryl olefins,251 and diamination of vicinal C–H bonds.252

In 2020, Lambert, Lin, and coworkers demonstrated that they
can generate the highly reducing excited-state radical anion of dicya-
noanthracene (DCA) via tandem electrochemical reduction and pho-
toexcitation.250 As presented in Fig. 28, cathodic reduction of DCA

(47) produces radical anion 47•2. The photoexcitation of 47•2 (�Eox

¼ �3.2V) produces the excited-state radical anion �47•2, which is
proposed to undergo SET with the aryl halide substrates. The redox
potential of �47•2 is strong enough to activate aryl bromides and aryl
chlorides, generating aryl radicals, which were functionalized in differ-
ent ways.

Another example of potent reductants via photoelectrochemical
process was described by Wickens and coworkers in 2020 (Fig. 29).255

They studied the naphthalene-based chromophore NpMI (260). The
photoexcitation of electrochemically generated 260•2 provides the
excited-state radical anion �260•2, which exhibits about�3.3V reduc-
ing potential. Using �260•2, they successfully demonstrated the func-
tionalization of aryl chloride substrates having electron-donating
groups, which are considered as challenging substrates due to their
negative reduction potentials (< �3.0V).255

Although the radical cation/anion photochemistry described in
Secs. III B and III C has become a prominent mechanistic dogma in
organic synthesis, and thermodynamic analysis of the radical species
does indicate they are strong reductants or oxidants, recent spectro-
scopic and photochemical investigations have questioned the initially
proposed mechanistic pathways and the role of photoexcited radical
ions in these reactions. Early studies on the PDI radical anion (PDI•�)
revealed that its doublet excited state has a very short lifetime of ca.
160 ps,256 which on its own calls into question later suggestions of its
role in bimolecular redox chemistry. Mechanistic studies by Marchini
et al. suggested that a further decomposition product of PDI•� was the
active photoreductant in the work summarized in Fig. 16 above.257

Relatedly, Zeman et al. showed that PDI•� is quenched by some aryl
halides but not others, suggesting it may not always be involved in the
dehalogenation reaction, and used Rehm–Weller analysis to suggest
that �Eox for PDI•� is �1.87V vs SCE, much less potent than initially
reported.258 Similar controversies have arisen with the DCA radical
anion (47•2), which has a very short excited-state lifetime of 3 ps.259

In light of the above controversies, there are two recent studies
that put forth alternative mechanistic proposals for radical anion pho-
tochemistry. The Nocera group used time-resolved spectroscopic tech-
niques to study the photophysics and photochemistry of the NpMI
radical anion 260•2,260 with key results summarized in Fig. 30. They
found that the excited-state lifetime of �260•2 is 24 ps, too short for
bimolecular redox chemistry. However, a second proton-coupled
reduction of �260•2, which is operative under typical photoredox con-
ditions, generates the Meisenheimer complex 261. Compound 261 is a
closed-shell species with a 20-ns singlet excited-state lifetime and an
excited-state oxidation potential (�Eox) of �2.68V, making it a suffi-
ciently strong photoreductant with a long enough lifetime to activate
aryl chloride substrates in a bimolecular fashion.

Li and Wenger have recently demonstrated that the closed-shell
PDI dianion has a longer excited state lifetime than the radical mono-
anion PDI species, as illustrated in Fig. 31.261 Spectroscopic and elec-
trochemical studies of four PDI compounds [Fig. 31(a)] were carried
out both in water and in organic solvent. The lifetime of the excited
state of radical monoanion (�PDI•�) is 160 ps, which is too short for
diffusion-controlled bimolecular reactions. By contrast, the PDI dia-
nion species, PDI2�, which was produced by reaction with sodium
dithionite (Na2S2O4), exhibited a longer lifetime of 6.4 ns.
Furthermore, the �Eox value of PDI2� was estimated to be�2.7V, sug-
gesting a strong reducing power.

FIG. 25. Generation of hydrated electrons via two-photon activation of 12321 (a)
and 13832 (b).
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FIG. 26. Four categories of
photoelectrochemistry.

FIG. 27. Photoelectrochemical catalytic
cycle of TAC (2591).
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FIG. 28. Activation of aryl halides with
DCA (47) via photoelectrochemistry.

FIG. 29. Potent reducing property of NpMI (260) via photoelectrochemical process.
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IV. CONCLUSION

In this focused review article, we presented three strategies for
accessing photogenerated species with extreme redox potentials. The
most conventional and widely applied strategy is via molecular design,
producing organic or metal-based photosensitizers that have appropri-
ately positioned frontier orbitals to allow for visible-light generation of
powerful reductants or oxidants. There has been a steady outgrowth of
conceptual and practical advances over the past 20 years or more that

have allowed many classes of potent photoreductants and photooxi-
dants, many of which are intentionally designed to allow photoredox
transformations on challenging substrates. Given the recency of many
of these developments, we anticipate continued progress in the discov-
ery of designer photosensitizers well-suited for photoinduced redox
chemistry with challenging substrates.

There is no strict theoretical limit on how strong of a photooxi-
dant or photoreductant can be designed using conventional
approaches, since the excited-state redox potentials depend both on
the ground-state potentials and the excited-state energy. However,
given the limited energy of visible photons, there are practical chal-
lenges associated with accessing excited-state redox reagents with
reducing potentials more negative than�2.5V or more oxidizing than
þ2.0V. The other two directions covered in this review overcome this
limitation, relying on additional energy input to access strong redox
reagents via photochemistry, either in the form of two-photon activa-
tion or combined electrochemical/photochemical activation. In most
cases, these two approaches share the common feature of involving a
stable radical cation or anion, accessed via an initial photoredox step
or via electrochemistry, which is then excited by visible light to pro-
duce an exceptionally strong oxidant or reductant. These approaches
have only recently gained popularity in synthetic applications, but in
many cases, they do result in redox potentials that are not accessible
via conventional one-photon approaches. It remains to be seen how

FIG. 30. Generation of Meisenheimer complex 261, proposed to be the active pho-
toreductant in NpMI “radical anion” photochemistry.

FIG. 31. (a) Molecular structures of PDI compounds. (b) Formation of photoexcited PDI radical monoanion and (c) closed-shell dianion.
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generalizable these approaches are, given the inherent technical com-
plexity in executing two-photon excitation or photoelectrochemical
activation, but the early developments are certainly promising and
foretell many exciting future developments.
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