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Photocatalysis with Transition Metal Based
Photosensitizers
Jong-Hwa Shon and Thomas S. Teets

Department of Chemistry, University of Houston, Houston, TX, USA

ABSTRACT
Photocatalysis under visible-light irradiation has many applica-
tions in organic synthesis and solar fuels. Out of the many
photosensitizers that have been used in photocatalysis appli-
cations, metal-based photosensitizers are most prominent,
given their excellent tunability and performance. In this review,
different categories of metal-based photosensitizers are sum-
marized and their function in photocatalytic reactions is
described. There are also examples of recently developed
photocatalytic applications using these photosensitizers.

KEYWORDS
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1. Introduction

A photosensitizer (PS) is a compound, which absorbs photon energy, usually
from the UVA to visible light region, and after excitation either participates
in energy or electron transfer. Taking advantage of these properties, there is
intensive research in displays[1,2], sensing[3,4], energy harvesting[5–10], and
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photo-initiated chemical reactions.[11–15] Photoredox catalysis or photocata-
lysis is one capacity of photosensitizers which uses the photon energy as an
additional driving force for a chemical reaction, such as activation of a redox-
active organic molecule for organic synthesis, activation of a water molecule
for hydrogen gas generation, or reduction of a carbon dioxide molecule. Such
catalytic applications are one of the primary applications of molecular photo-
sensitizers. The major advantage of using a photosensitizer as a catalyst is
that the thermodynamic and kinetic driving force of the reaction is gained
from external light energy as opposed to thermal energy. Thus, ideal photo-
catalysis can be controlled in an ON-OFF fashion and is particularly bene-
ficial for transformations that are thermodynamically unfavorable or
kinetically sluggish in the dark.

There are several types of photosensitizers for photocatalysis, including
organic dyes and semiconducting materials, but photosensitizers based on
coordination compounds are especially prominent for photocatalysis. Metal-
based coordination complexes with conjugated ligands typically are strong
visible-light absorbers, which has spurred their development in photoredox
applications. Ruthenium-based coordination complexes are historically the
most intensely researched class of molecular photosensitizers. Some of the ear-
liest research in photoinduced electron-transfer or photocatalysis used the
complex [Ru(bpy)3]

2+ (bpy = 2,2ʹ-bipyridine)[16,17], which remains prominent
in recent organic synthesis applications. Since the early work with [Ru(bpy)3]

2+

there has been a considerable effort in the development of new photosensitizers,
both for fundamental studies of excited-state energy and charge transfer and for
photocatalysis. Even though there is a wide variety of candidate photosensitizers
for photocatalysis, the reaction is limited by the redox properties of the photo-
sensitizer, which means the substrates or cocatalysts that can be activated are
dictated by the photosensitizer’s redox potentials. Thus, much current research
in photosensitizer design focuses on controlling the ground- and excited-state
redox properties of photosensitizers by changing the metal and/or the ligand
design. Such structure–property relationships are crucial for designing
improved photosensitizers and for selecting the correct photosensitizer for
a particular application. The redox properties of the photosensitizer dictate
not only the thermodynamic aspects of photocatalytic reactions but are also
key components in determining reaction kinetics. According to the Marcus
electron-transfer theory,[18,19] stronger reducing or oxidizing ability leads to
faster rates of electron transfer in the Marcus normal region, and vice versa in
the Marcus inverted region. Thus, there is no standard photosensitizer for all
photocatalytic reactions, and the preparation of photocatalyst libraries with
a large window of redox potentials and excited-state properties will be critical
for continued advances in photocatalysis research.

This review describes some of the most important classes of molecular
metal-containing photosensitizers. Specifically, we focus on compounds that
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undergo outer-sphere electron-transfer reactions following visible-light excita-
tion; we do not attempt in this review to summarize the many examples of
inner-sphere photochemistry that have been developed in coordination com-
pounds. In the first part of the review, some of the principles of photoinduced
redox processes are outlined, with the majority of the review cataloging differ-
ent categories of photosensitizers that have been developed. This survey of
photosensitizer structure types is not designed to be comprehensive, but rather
is intended to provide a concise summary of some of the major categories of
metal-based photosensitizers, focusing on recent developments but providing
historical context where needed. Our own group’s research involves the design
of cyclometalated iridium photoreductants,[20,21] one of the most prominent
classes of photosensitizers in the synthetic chemistry literature, so we do place
a larger emphasis on these compounds but also include photosensitizers of
several other transition metals to give a sense of the breadth of this field.
Furthermore, we place most of the attention on molecules that have been
used as photoreductants, although the redox potentials associated with photo-
oxidiation are also provided where available. In the final part of the article, we
summarize a few select photocatalytic transformations where some of the
aforementioned photosensitizers have found utility, giving a small sampling
of the diverse range of transformations these photosensitizers can promote.
Since the major focus of this review is photoreductants, the catalytic transfor-
mations we describe are all either net reductive transformations or are initiated
by electron transfer from the photosensitizer. We include examples from solar
fuels, organic synthesis, and polymer chemistry to highlight the wide range of
applications of photoinduced electron transfer. In addition, in all of the chosen
examples, the role of the photosensitizer is clearly identified, and with these few
case studies, the reader will appreciate the diverse ways in which photoinduced
redox chemistry can be used to promote chemical transformations of interest.

2. Mechanism of photocatalysis

2.1. Photocatalysis via photoinduced-electron transfer (PET)

Mechanisms of photocatalysis are classified by the role of the photosensitizer in
the reaction, primarily as an electron donor or acceptor via outer-sphere elec-
tron transfer, or via an energy-transfer pathway. Electron transfer (ET) mechan-
isms in the ground state are well defined by the Marcus ET theory. The kinetics
of electron transfer in the excited-state, also known as photoinduced electron-
transfer (PET), is also governed by the same Marcus relationship with the
addition of a term for the photosensitizer’s excited-state energy, typically the
triplet excited-state energy for metal-based photosensitizers.[22] In the Marcus
electron-transfer theory, the rate of adiabatic outer-sphere ET is described by
Equation (1).
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kET ¼ kBT
h

� �
exp

� λþ ΔG0ð Þ2
4λkBT

� �
(1)

where h is Planck’s constant, kB is the Boltzmann constant, T is temperature
(K), λ is the reorganization energy, and ΔG0 is the driving force of the
electron-transfer reaction.

The driving force of the ET reaction (ΔG0) depends on the difference
between standard redox potentials of the electron donor (D) and the acceptor
(A). Similarly, in PET, the kinetics also follows Equation (1) except the
driving force is given by Equation (2), which includes the excited-state
energy E(PS*) of the photosensitizer in addition to the redox potentials of
the donor and acceptor. Equation (2–1) applies to the situation where the
photosensitizer is an electron donor and transfers an electron to an acceptor
(A), and Equation (2–2) applies to the situation where the photosensitizer is
an electron acceptor and accepts an electron from a donor (D).

ΔG0 ¼ E PSþ=PSð Þ � E A=A�ð Þ þ E PS�ð Þð Þ � e2

ε
rPS þþrA�ð Þ (2� 1)

ΔG0 ¼ E PS=PS�ð Þ þ E PS�ð Þð Þ � E Dþ=Dð Þ � e2

ε
rD þþrPS�ð Þ (2� 2)

where E is the relevant reduction potential of the photosensitizer, donor, and
acceptor, E(PS*) is the excited-state energy, ε is the dielectric constant of the
medium, and r represents the radii of the charge-separated pair.

The terms associated with the photosensitizer in Equations 2–1 and 2–2
can be used to estimate excited-state redox potentials for the photosensi-
tizer. To simplify the abbreviations, from here on we will use the notation
*Eox and *Ered to describe potentials associated with excited-state electron
transfer from and to the photosensitizer, respectively. As shown in
Equations 3–1 and 3–2, these potentials are given by the respective
ground-state potential, Eox or Ered, along with the appropriate excited-
state energy. Since the photosensitizers described in this review are all
metal-based and operate out of a triplet excited state, we will use the
abbreviation “ET1” to describe the triplet-state energy that is needed to
calculate excited-state redox potentials.

Photoreductant : �Eox¼Eox� ET1 (3� 1)

Photooxidant : �Ered¼EredþET1 (3� 2)

Unlike thermal ET, PET is driven by the absorbed photon energy which
promotes the ground-state electron to a higher energy level to overcome the
activation energy. Thus, ideally, the PET reaction happens only via the
bimolecular reaction of the photosensitizer excited state with the donor or
acceptor, which is known as dynamic quenching (Figure 1a). While mechan-
istic studies of catalytic reactions involve many elementary steps beyond
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electron transfer, the photoluminescence properties of the photosensitizer
enable the use of the Stern–Volmer relationship to evaluate electron-transfer
kinetics. The Stern–Volmer (S-V) relationship can be evaluated in two ways
(bottom of Figure 1a–c): (1) by monitoring the decrease of photolumines-
cence intensity as quencher (Q) is added ((I0/Aex)/(IQ/Aex)); I0 is the inte-
grated photoluminescence intensity without any quencher present, IQ is the
integrated photoluminescence intensity in the presence of quencher, and Aex

is the absorbance at the excitation wavelength); (2) by monitoring the
decrease of photoluminescence lifetime (τ0/τQ) after addition of quencher
molecule (τ0 is the native photoluminescence lifetime without any quencher
present, τQ is the photoluminescence lifetime in the presence of quencher).
The combination of these two plots can be used to distinguish the electron-
transfer mechanism, as described in Figure 1.[23] In dynamic quenching
(Figure 1a), where the photosensitizer excited-state reacts bimolecularly
with the quencher, linear and overlaid Stern–Volmer plots are expected.
The other extreme is static quenching (Figure 1b), where the ground-state
association of the photosensitizer and the quencher precedes PET, and in this
situation, the steady-state Stern–Volmer plot follows the normal Stern–

Figure 1. Different types of quenching reaction of the photosensitizer. “PS” is the photosensitizer
and “Q” represents the donor or acceptor that is participating in PET with the photosensitizer
with an oxidation state (n). Other key abbreviations: hv is the photon excitation energy; kPET
represents the photoinduced electron transfer rate constant; kBET represents the back-electron
transfer rate constant; I0 and IQ are the integrated photoluminescence intensity and τ0 and τQ are
the photoluminescence lifetimes, in the absence and presence of quencher, respectively; Aex is
the absorbance at the excitation wavelength.
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Volmer relationship, whereas the excited-state lifetime (τ) is unaltered.
Finally, as shown in Figure 1c it is possible for both mechanisms to occur
simultaneously, which results in nonlinear steady-state emission quenching.
S-V studies give very limited information about photosensitizer mechanisms,
since they are not able to discriminate energy transfer or electron transfer.
Thus, to demonstrate electron-transfer quenching it is necessary to directly
observe oxidized or reduced photosensitizer and/or quencher molecules via
spectroscopic methods such as UV-vis absorption spectroscopy or transient
absorption spectroscopy.[24] When the slope (slope = kqτ0) of an S-V plot is
divided by the native lifetime (τ0) of photosensitizer, the quenching rate
constant (kq) can be obtained, and when PET is the quenching mechanism
this quenching rate constant is equivalent to the electron-transfer rate con-
stant, kET.

The two major pathways for PET are described in Figure 2. In the first step of
Figure 2, photon absorption will generate the PS excited state (*PSn). For most
metal-based photosensitizers, photon absorption is followed by rapid intersys-
tem crossing to a triplet state, on the picosecond timescale for heavy-atom
complexes such as fac-Ir(ppy)3 (ppy = 2-phenylpyridine).[25] As a result, for
such photosensitizers the *PSn excited state, from which any potential PET
processes occur, is a triplet state. Then, the excited-state complex has three
different pathways available in the presence of an electron donor (D) or acceptor
(A) molecule. The normal radiative and nonradiative excited-state decay pro-
cesses, with their associated first-order rate constants kr and knr, respectively,

Figure 2. Electron-transfer pathways for photosensitizers.
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compete with the electron-transfer quenching pathways, each with a second-
order rate constant kq. The photosensitizer has two independent electron-
transfer pathways following excitation, which are oxidative quenching and
reductive quenching. In oxidative quenching electron transfer from the photo-
sensitizer to the quencher occurs, and in reductive quenching electron transfer
from the quencher to the photosensitizer occurs. Once a redox reaction happens
between the quencher and photosensitizer, in a catalytic reaction the oxidized
(PSn+1) or reduced (PSn−1) state of the photosensitizer is required to be reduced
or oxidized to its original state by another species, usually a sacrificial redox
reagent. In cases of direct activation of the substrate by the photosensitizer, the
reducing or oxidizing ability of the photosensitizer can be key factors governing
the efficiency of photocatalysis. Thus, understanding both excited-state redox
potentials and ground-state redox potentials for the PS is critical.

2.2. Sensitization-initiated (energy transfer) photocatalysis

Energy-transfer-initiated photocatalysis is comparably less studied than other
electron-transfer-mediated mechanisms. One of the pioneers in this field is the
König group.[26] They have shown photocatalysis of halogenated substrates
using [Ru(bpy)3]

2+ (visible light absorber) and pyrene (triplet energy acceptor).
In this mechanism, summarized in Figure 3, the photosensitizer transfers
excited-state energy to a triplet acceptor, pyrene. The triplet excited-state of
pyrene (Py*T1) is itself very redox active and can undergo reductive quenching
with a sacrificial reagent to produce the pyrene radical anion, Py•−, which is
a strong reductant able to react with organic substrates via single-electron
transfer (SET). Another possible fate of the Py*T1 is triplet-triplet annihilation,
where two equivalents of the triplet combine to form the pyrene singlet state,
which itself can participate in redox chemistry.[27,28] [Ru(bpy)3]

2+ and pyrene
are the first known combination to proceed via sensitization-initiated photo-
catalysis, but there are decades of research on candidate triplet acceptors beyond
pyrene which could be matched with the triplet state of various photosensitizers
to expand this photocatalysis mechanism to other systems.[29]

3. Classes of common molecular photosensitizers

3.1. Ruthenium polypyridyl derivatives

Having outlined above the function of photosensitizer molecules and considera-
tions of their excited-state and redox chemistry, in this section we will highlight
some of the major classes of transition-metal-based photosensitizers and some
of their applications in catalysis.
[Ru(bpy)3]

2+ (1), has the longest history among photoactive late-transition
metal complexes with well-defined photophysical properties[16,30] and many
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applications in photoredox catalysis.[11] Figure 4 shows the structure of 1 and
related ruthenium-based photosensitizers, and Table 1 summarizes their key
photophysical and redox properties. Complex 1 has a photoluminescence λmax

of 615 nm and its estimated excited-state energy is 2.10 eV. [Ru(bpy)3]
2+ (1) has

lower excited-state reducing power, E(Ru3+/*Ru2+) = –1.21 V (reference to vs.
Fc+/0), compared to other iridium photocatalysts (see below), on account of the
Ru complexes having lower HOMO energy levels than the iridium complexes.
Nevertheless, 1 has a strong oxidizing ability and a higher reducing power in its
reduced ground state following reductive quenching, E(Ru2+/Ru+) = –1.73 V,
making it a versatile excited-state redox reagent. With this redox ability, several
reactions have been introduced such as reduction of electron-deficient olefins,
and reductive dehalogenation of various halogenated substrates.[11] It is also
possible to halogenate the alcohol functional group in the presence of a halogen
source.[15] In the early years of photocatalyst development, several approaches to
manipulate the photophysics and redox chemistry of [Ru(bpy)3]

2+ (1) focused

Figure 3. Summary of the sensitization-initiated photocatalytic reaction.
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onmodifications to the bipyridyl ligand. [Ru(bpz)3]
2+ (bpz = 2,2ʹ-bipyrazine) (2)

and [Ru(bpm)3]
2+ (bpm = 2,2ʹ-bipyrimidine) (3) are simply modified by adding

nitrogen atoms to the bipyridine ligand, which inductively withdraw electron

Figure 4. Ruthenium-based photocatalysts.

Table 1. Photoredox properties of complexes 1–4.
τ (μs) ET1 (eV) Eox (V) Ered (V) *Eox (V) *Ered (V) Ref

1 0.62a 2.10 0.89 a −1.73 a −1.21 0.37 [11,13,16,31–34]

2 0.80b 2.12 1.46 −1.20 −0.66 1.85 [13,17,35]

3 0.13b 1.90 1.29 −1.39 −0.61 0.59 [30,35]

4 0.92a 2.15 0.86 −1.76 −1.27 0.42 [35]

*All redox and excited-state redox potential were corrected from reported experimental condition vs. Fc+/0

according to the following conversions[36]: (Fc+/0 = 0.40 V vs SCE (MeCN/[NBu4][PF6]). Fc
+/0 = 0.45 vs SCE

(DMF/[NBu4][ClO4]. Fc
+/0 = 0.45 V vs SCE (DMF/[NBu4][PF6]). Fc

+/0 = 0.40 V vs NHE in H2O. Fc
+/0 = 0.51 V vs SCE

(glyme/[NBu4][PF6]). Fc
+/0=0.46 V vs SCE (CH2Cl2/[NBu4][PF6]). Fc

+/0=0.56 V vs SCE (THF/[NBu4][PF6]). Fc
+/0=0.43

V vs SCE (DMSO/[NBu4][PF6]). Fc
+/0 = 0.31 V vs SCE (MeCN/Na[ClO4])).

aRT in H2O.
bRT in polycarbonate.
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density. While they have relatively unchanged photophysical properties, their
HOMO and LUMO energy levels are quite different, as discerned by redox
potentials that are cathodically shifted by 400 to 600mV compared to complex 1.
These trends demonstrate that the electron-deficient bpz and bpm ligands
stabilize both the HOMO and LUMO energy levels.[30] Complexes 2 and 3
have found utility in certain photoredox transformations, including dehalogena-
tion reactions, photocatalytic thiol-ene addition, and cycloaddition.[37,38]

[Ru(phen)3]
2+ (phen = 1,10-phenanthroline) (4) is less known for its photo-

catalytic activity compared to 1 and has similar photophysical and electroche-
mical characteristics except for different kr and knr values which lead to a higher
photoluminescence quantum yield (ФPL) and longer lifetime (τ). A recent report
fromHan and Cho supports that 4 is catalytically active, promoting the trifluor-
omethylation of alkenes with better E: Z selectivity than 1.[39,40]

3.2. Cyclometalated iridium complexes

3.2.1. Homoleptic iridium complexes

Homoleptic tris-cyclometalated iridium complexes are typically more photo-
stable and photoreducing than ruthenium polypyridyl photosensitizers. As
a result, in recent years an increasing proportion of photoredox methodological
developments involves iridium-based photosensitizers. Pioneers in this field
include the groups of Macmillan[12,46,49–51] and Stephenson.[15,34,43,52–54] The
structures of homoleptic iridium complexes are drawn in Figure 5 and their
properties are listed in Table 2. The complex fac-Ir(ppy)3 (5) is one of the
strongest photoreductants commonly used in photoredox catalysis, and has
well-established photophysical and electrochemical properties.[2,55,56] The
excited-state energy (2.51 eV) and the ground-state redox potentials (E(IrIV/III)
= 0.38 V and E(IrIII/II) = −2.60 V), which are the two components of the excited-
state potentials, result in the excited state of 5 being ~900 mVmore reducing but
~500 mV less oxidizing than [Ru(bpy)3]

2+ (1). Complex 5 also has a longer
lifetime than 1, which contributes to the efficient PET that is essential for
photocatalysis. With the high reducing ability, 5 is particularly adept at reducing
halogenated substrates via hydrodehalogenation, capable of activating all of C–
I[43], C–Br[21], C–Cl[57], and C–F[58] bonds. The expansion of the tris-
cyclometalated iridium complex library is accomplished by introducing elec-
tron-withdrawing groups (F, CF3) or electron-donating groups (CH3, t-Butyl or
OMe) onto the 2-phenylpyridine cyclometalating ligand. Complexes 6–8 show
the effects of electron-deficient functional groups with anodically shifted first
redox potentials and variations in the excited-state energy from 2.22 to 2.90 eV.

Nacsa and Macmillan have modified fac-Ir(ppy)3 with tert-butyl groups or
methoxy groups 9–16,[46] with some of these complexes reported earlier by
Watts.[41] The photophysical properties of these variants were not studied in
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great detail, but their electrochemical properties and calculated excited-state
redox potentials fall in a narrow range. Thus, in surveying the whole set of
iridium homoleptic complexes 5–16, it appears that electron-withdrawing

Figure 5. Homoleptic iridium complexes.

Table 2. Photoredox properties of complexes 5–17.
τ (μs) ET1 (eV) Eox (V) Ered (V) *Eox (V) *Ered (V) Ref

5a 1.9 2.51 0.38 −2.60 −2.13 −0.09 [33,41–43]

6b 1.57 2.22 0.54 −2.27 −1.68 −0.04 [42,44]

7a 2.04 2.77 0.46 −2.58 −2.31 0.29 [41]

8a 2.16 2.90 0.81 −1.61 −2.09 0.19 [41,45]

9a n/a 2.58 0.37 −2.70 −2.21 −0.12 [46]

10c n/a 2.58 0.22 n/a −2.40 n/a [46]

11a n/a 2.52 0.28 −2.66 −2.24 −0.14 [46]

12a 1.97 2.56 0.26 −2.73 −2.30 −0.17 [41,46]

13c n/a 2.59 0.13 n/a −2.46 n/a [46]

14a 2.86 2.40 0.19 −2.61 −2.21 −0.21 [41,46]

15a 2.24 2.64 0.36 −2.74 −2.29 −0.14 [41,46]

16a n/a 2.42 −0.12 n/a −2.53 n/a [46]

17d 1.6 2.65 0.36 n/a −2.29 n/a [47,48]

aRedox potentials in MeCN.
bConditions unknown.
cRedox potentials in CH2Cl2.
dRedox potentials in H2O.
n/a, not reported.
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functional groups such as F or CF3 groups are more effective at perturbing
the relevant energy levels of the iridium complex.

One other reported modification to homoleptic tris-cyclometalated iri-
dium complexes is the incorporation of water-solubilizing sulfate groups, in
complex 17. Wenger has disclosed the synthesis of 17 and its photocatalytic
application in the hydrogenation of pyrroline derivatives with better yields
than 5.[47] Also, they have shown the strong reducing ability of 17 with
activation of activated alkyl chloride and alkyl fluoride substrates, and degra-
dation of ammonium substrates.[48]

3.2.2. Heteroleptic iridium complexes

In addition to homoleptic tris-cyclometalated iridium complexes, heteroleptic
bis-cyclometalated analogues have become prominent as photosensitizers. These
heteroleptic complexes offer many potential advantages over their homoleptic
analogues. The ancillary ligand(s) give additional layers of control over the mole-
cular and electronic structure, and often impart greater solubility when compared
to homoleptic tris-cyclometalated complexes. Most heteroleptic iridium com-
plexes are prepared fromchloride-bridged iridiumdimers of the type [Ir(C^N)2(μ-
Cl)]2 (C^N = cyclometalating ligand), which are accessed under simple reaction
conditions from IrCl3 and the cyclometalating ligand. In such heteroleptic struc-
tures, cationic complexes with bipyridine-derived ancillary ligands are widely
investigated. Bernhard and coworkers have developed various cationic cyclome-
talated iridium complexes with modified bipyridine ancillary ligands for photo-
catalytic H2 generation.[60,62,70] There are examples of heteroleptic iridium
complexes in Figure 6 and 7, and their properties are summarized in Table 3.
Among them, most well-established structures are [Ir(ppy)2(dtbbpy)]

+ (ppy =
2-phenylpyridine, dtbbpy = 4,4ʹ-di-tert-butyl-2,2ʹ-bipyridine) (18) and
[Ir(dF(CF3)ppy)2(dtbbpy)]

+ (dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-(trifluoro-
methyl)pyridine) (19). Replacement of one 2-phenylpyridine ligand with a π-
accepting bipyridine ligand greatly stabilizes the energy levels of both the
HOMO and LUMO. In computational studies of [Ir(C^N)2(bpy)]

+ complexes,
themajority of electron density at theHOMOenergy level comes from the iridium
metal center and the C^N ligands, whereas electron-density in the LUMO is
primarily localized on the bpy ligand. Thus, modification of the C^N ligands
with electron-withdrawing group changes the HOMO energy level while mini-
mally impacting the LUMO energy level in complex 19.[62]

Another example of an iridium photosensitizer with a modified bipyridine
ligand is [Ir(ppy)2(ptdtb)]

+ (ptdtb = N,N’-1,10-phenanthrolinedithiino[2,3-b]
benzene) (20). Erdmann et al. have introduced this N^N ancillary ligand
related to phenanthroline but with a dithio linker to extend the conjugation
off of the central arene ring. Enlarging the aromatic ring resulted in
a significant increase of the excited-state lifetime to 47 μs.[64] Whang et al.
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Figure 6. Iridium-based photocatalysts with N^N type ancillary ligand.

Figure 7. Iridium-based photocatalysts with L^X type ancillary ligand.
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used tetraphenylsilane functional groups to modify various positions on the
[Ir(ppy)2(bpy)]

+ complex. A significant increase of turnover the number for
photocatalytic hydrogen gas evolution was obtained with the complex
[Ir(ppy)2(4,4ʹ-(ditetraphenylsilane)-bpy)]

+ (21).[65] Further modification of
iridium complexes with alternative cyclometalating ligands derived from
coumarin, introduced by Takizawa et al., resulted in complexes with strongly
solvent-dependent lifetimes. The lifetime of 23 is 8.5 μs in CH2Cl2 and it
drops to 81 ns in acetonitrile. And methylation on 4-position of the bpy
ligand yields highly increased lifetime up to 23 μs in CH2Cl2.

Commonly, neutral heteroleptic Ir(C^N)2(L^X) complexes can be pre-
pared from the reaction of 2 equivalents of the ancillary ligand and 1
equivalent of the bis-cyclometalated iridium chloride-bridged dimer. To
manipulate the HOMO energy level of the iridium chromophore, π-
donating ancillary ligands can be used in the heteroleptic complexes. Our
group has investigated the effects of modified β-diketiminate (NacNac)
ligands on bis-cyclometalated iridium complexes. Figure 7 shows the struc-
tures of 24 and 25, two of the best-studied β-diketiminate complexes, and
many other substituted variants have been investigated as well.[20,21] The
results show that the HOMO energy level, which is related to the first
oxidation potential (Eox), varies from +0.03 V to −0.39 V depending on the
substitution of the NacNac. Even though the significant destabilization of the
HOMO energy also decreases the excited-state energy (ET1), the overall
excited-state oxidation potential (*Eox) has been cathodically shifted to values
as negative as −2.6 V.[20,71] These strongly reducing photosensitizers enable
the photocatalytic hydrodebromination of aryl bromide substrates under very
simple conditions, without any silane radical mediators as additives.

Amidinate (RʹNC(R)NRʹ) ligands are commonly used for various transition-
metal complexes, particularly in chemical vapor deposition precursor

Table 3. Photoredox properties of complexes 18–28.
τ (μs) ET1 (eV) Eox (V) Ered (V) *Eox (V) *Ered (V) Ref

18a 0.60 2.17 0.81 −1.61 −1.36 0.26 [33,54,59–63]

19a 2.3 2.58 1.29 −1.77 −1.61 0.49 [12,33,62]

20a 47.1 2.13 0.91 −1.69 −1.22 0.52 [64]

21b 0.47 2.34 0.71 −1.66 −1.63 0.71 [65]

22b 0.099 2.38 0.80 −1.46 −1.58 0.80 [6]

23a 0.081 2.13 0.70 −1.60 −1.43 0.53 [66]

24a 0.20 2.4 −0.07 −2.4 −2.5 0.0 [20,21]

25a 0.76 2.3 −0.26 −2.7 −2.6 −0.4 [20,21]

26c 0.069 2.33 0.26 −2.29 −2.07 0.04 [67]

27a 0.55 n/a 0.84 −1.81 n/a n/a [68]

28a 2.6 n/a 1.33 −1.44 n/a n/a [69]

aIn MeCN.
bIn THF
cIn CH2Cl2.
n/a, not reported.
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compounds.[72] Liu et al. have reported a phosphorescent amidinate-ligated
iridium bis(2-phenylpyridine) complex[73], and Yu et al. have documented the
photocatalytic activity of a modified iridium amidinate complex, Ir(tfm-ppy)2
(dipba) (tfm-ppy = 2-[4-(trifluoromethyl)phenyl]-pyridine), dipba = N,Nʹ-
diisopropylbenzamidinate) (26) for water reduction.[67] In this photocatalytic
study, they modified the phenyl group on the backbone of the amidinate with an
electron-donating group. The photophysical and electrochemical properties of
the modified complex are minimally changed. However, the photocatalytic
activities of two amidinate complexes are higher than a charged complex, [Ir
(tfm-ppy)2(dtbbpy)]

+ (dtbbpy = 4,4ʹ-ditert-butyl-2,2ʹ-bipyridyl).

3.2.3. Iridium pincer complexes

Many iridium pincer complexes have been developed for the purpose of
dehydrogenation and related reactions, using PCP and NCN type pincer
ligands.[74] The Pincer iridium complexes are described in in Figure 8 and
Table 3. After the emissive iridium pincer complexes[75,76] were reported,
Tinker and Bernhard demonstrated a photocatalytic system for hydrogen gas
evolution using the homoleptic iridium pincer complex [Ir(phbpy)2]

+ (27,
phbpy = 6-phenyl-2,2ʹ-bipyridine). They have shown improved robustness of
the iridium complex in the photocatalytic reaction, and a TON two times
larger than bidentate iridium complexes such as [Ir(ppy)2(bpy)]

+.[68] In
addition, Sato et al. have reported photocatalytic carbon dioxide reduction
reaction with [Ir(tpy)(ppy)Cl]+ (28, tpy = terpyridine).[69]

3.3. Pt complexes

Platinum-based organometallic complexes are less studied as photosensitizers
than their ruthenium and iridium counterparts, but there are examples of
organoplatinum complexes in photocatalytic applications, which are shown in

Figure 8. Iridium-based photocatalysts with pincer ligands.
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Figure 9 and Table 4. Yang et al. have followed up on earlier reported platinum
terpyridyl acetylide complexes of Yam et al.[82], preparing highly emissive com-
plex 29 which Du et al. applied in the photocatalytic hydrogen evolution
reaction.[77,83] Complex 29 has low-energy visible absorption between 375 and
540 nm and emits photoluminescence with λmax at 605 nm.Diacetylide platinum
complex 30 has well-characterized electrochemical and excited-state properties,
as reported by Castellano and coworkers, with isolated reports on the photo-
catalytic performance.[79] Several other substituted analogues of 30 have also
been described by Eisenberg and several others.[84] A later study of modified Pt
pincer complexes also characterized their photocatalytic performance in hydro-
gen evolution reaction.[85] Photocatalytic trifluoromethylation of alkenes and
heterocycles using the cyclometalated Pt complexes Pt(C^N)(acac) (C^N =
2-phenylpyridine, (31) 2-(2,4-difluorophenyl)pyridine (32), and 2-(3-methoxy-
phenyl)pyridine (33), acac = acetylacetonate) and its mechanistic studies were
reported by Choi et al.[80] Complex 34 is one of the many well-characterized
structures by De Cola and coworkers. It has relatively high photoluminescence
quantum yield (73%) and a longer lifetime (14.59 μs) than most platinum-based
organometallic complexes.

Figure 9. Platinum-based photocatalysts.
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3.4. Other metal complexes

Other transition metals beyond iridium and ruthenium also have the poten-
tial to be developed as alternative photosensitizers, with relatively undiscov-
ered photophysical properties. The structures of these complexes are in
Figure 10 with their properties summarized in Table 5. The first zirconium-
based photosensitizer has been reported by the Milsmann group with two
redox-active pincer ligands. They have utilized the green LED light source for
their photoreaction since the absorption band of 35 is around 550 nm. Under
the reductive quenching mechanism, benzyl bromide is successfully con-
verted to bibenzyl with benzimidazolium hydride as a sacrificial reagent.[86]

Group 6 isocyanide complexes have also recently emerged as versatile photo-
sensitizers, including chelated Mo complex (36) by Büldt, Wenger et al.[87]

and monodentate, homoleptic W complexes (37) by Sattler, Gray et al.[88] as
representative examples. Both have cathodically shifted oxidation potentials
compared to other complexes which permit high excited-state reducing
power (*Eox), namely −2.6 V for 36 and −3.0 V for 37. The catalytic potential
of 36 was demonstrated by the photocatalytic rearrangement of an acyl
cyclopropane to a 2,3-dihydrofuran, which occurs with visible light irradia-
tion (λ = 455 nm) and a TON of 17.

Pirtsch et al. have used a copper-based photosensitizer, [Cu(dap)2Cl]
(dap = 2,9-bis(para-anisyl)-1,10-phenanthroline) (38), to perform the photo-
catalytic reaction of atom-transfer radical addition or allylation.[90] In addi-
tion to copper complex 38, the potential of first-row transition metal
complexes (Cu, Zn, Ni) to serve as photosensitizers is summarized by
Hockin et al.[94] Iron complexes are ideal candidates for future photoredox
chemistry, given the large natural abundance of this metal. One major draw-
back of iron complexes as photosensitizer is that they typically have sub-
nanosecond lifetimes, e.g. τ ([Fe(bpy)3]

2+) <1 ns. The short excited-state
lifetime is due to low-lying, metal-centered (3MC) states positioned between
the metal-to-ligand charge transfer (3MLCT) state and the ground state (S0),
which leads to fast, nonradiative vibronic relaxation. Recent studies are

Table 4. Photoredox properties of complexes 29–34.
τ (μs) ET1 (eV) Eox (V) Ered (V) *Eox (V) *Ered (V) Ref

29a 4.6 2.46 0.65 −1.28 −1.81 1.18 [77,78]

30 2.56 2.49 n/a −1.77 n/a 0.72 [79]

31b 2.2 2.64 0.17 −2.78 −2.47 −0.14 [80]

32 0.382 2.73 0.22 −2.86 −2.51 −0.13 [80]

33 11.6 2.45 0.12 −2.60 −2.33 −0.15 [80]

34 14.14 2.51c 1.05 −2.10 −1.46 0.41 [81]

ain CH2Cl2.
bIn MeCN .
cCalculated from emission at 77 K.
n/a, Not reported.
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Figure 10. Other metal-based photocatalysts.

Table 5. Photoredox properties of complexes 35–41.
τ (μs) ET1 (eV) Eox (V) Ered (V) *Eox (V) *Ered (V) Ref

35a 325 2.09 n/a −2.16 n/a −0.07 [86]

36 b 2.2 −0.40 n/a −2.6 n/a [87]

37c 0.075 2.28 −0.72 n/a −3.00 n/a [88]

38d 0.27 2.05 0.22 n/a −1.83 n/a [89,90]

39e 0.002 2.13 0.23 −1.13 −1.9 1.0 [91]

40d 1.56 3.5 0.2 −3.3 −2.0 1.5 [92]

41 0.012 1.3 0.52 −1.10 −0.78 0.20 [93]

aIn THF.
bBi-exponential 6.4 μs (48%), 27.9 (52%) at 77 K.
cToluene.
dCH2Cl2.
eIn MeCN.
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focusing on the manipulation of the excited-state energy levels via ligand
modification.[95] A significant breakthrough was realized with the iron(III)
complex [Fe(phtmeimb)2]

+ (39, phtmeimb = phenyl(tris(3-methylimidazol-
1-ylidene))borate), which has a 2-ns excited-state lifetime at room
temperature.[91] The dinuclear gold complex (40) is another noble metal-
based photosensitizer that has been explored recently, one drawback being it
does not absorb in the visible region and can only be excited in the UV, with
absorption bands at 258 nm and 320 nm. With UV excitation, 40 can be used
for the photocatalytic atom transfer radical polymerization (ATRP) of (meth)
acrylates.[92] In the recent work of Whittemore et al. on the dirhodium
complexes 41, they were able to observe excited-state charge transfer between
an electron donor (p-phenylenediamine) and the dirhodium complex to
estimate the electron transfer rate. This result supports that complex 41 is
also a strong candidate for photoredox catalysis even though it has
a relatively short excited-state lifetime of 12 ns.

4. Examples of organic synthesis via photoredox catalysis

The above sections of this review summarized the principles of metal-based
photosensitizers, and gave numerous examples of photosensitizers that have
become prominent in the recent literature. Although the major focus of this
review is structure–property relationships in metal-based photosensitizers, in
this closing section we do want to provide specific examples of applications
of these complexes in catalysis. Acknowledging there are many other impor-
tant photocatalytic reactions in the literature beyond what we discuss here, in
this section, we highlight a select few reductive transformations initiated by
outer-sphere excited-state electron transfer, showing a diverse range of
transformations that can be carried out with a metal-based photosensitizer.

4.1. Small molecule activation

4.1.1. Reactions of organohalide substrates
Figure 11 summarizes several advances in photoredox reactions of alkyl and
aryl halide substrates.[12,43,49–52,54,63] Included in these results are simple
dehalogenation reactions, functional group transformations where the
organic radical is trapped by a second reagent, as well as radical cyclization
reactions initiated by dehalogenation. Iridium-based photosensitizers are
most prominent, especially for reactions involving relatively unactivated
substrates, and a number of sacrificial reagents and additives have been
used to promote these reactions.
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4.1.2. Photocatalytic organic synthesis with non-halogenated substrates
Although halogenated substrates summarized above are particularly promi-
nent in photoredox catalysis, photoredox reactions with other substrates are
becoming more and more common. Examples include C–C bond
cleavage[96], C–H functionalization[97,98], oxidative cyclization[38,99], alkene
reduction[100], cycloaddition[14,101,102], and trifluoromethylation.[31,39,49]

Organometallic photosensitizers are likewise prominent in these synthetic
applications, which highlight the growing diversity of photoredox catalysis as
a synthetic strategy.

4.1.3. Photocatalytic hydrogen gas evolution from water
A large number of research groups have contributed to the field of photo-
catalytic hydrogen evolution, using water or mineral acids as the
precursor.[60,65,67,103–112] This work is motivated by the need to discover
practical and efficient means of storing solar energy, with water splitting
being one of the most promising solutions. Photocatalytic hydrogen evolu-
tion schemes have used both organic and metal-based photosensitizers, and
typically the reaction system is either two-component (photosensitizer and
catalyst) or three-component (photosensitizer, electron relay (ER), and cat-
alyst), as summarized in Figure 12. Both oxidative and reductive quenching
pathways can be operative in photocatalytic hydrogen evolution, and
a variety of photosensitizers and catalysts have found success in this area.

4.1.4. Photocatalytic reduction of carbon dioxide
In addition to proton reduction to hydrogen, many photocatalytic systems have
been developed for CO2 reduction, to CO or other reduced products.[113–119]

Figure 13 summarizes two representative examples of CO2 reduction

Figure 11. Photocatalytic dehalogenation reaction of alkyl- or aryl-halogenated substrate.
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photocatalysis, highlighting two different approaches. In the top panel of Figure
13, work from Sato et al. is summarized, in which photocatalytic CO2 reduction
is carried out without cocatalyst. In this system, iridium complex 28 serves as
both the light absorber and the catalyst, reducing CO2 with triethanolamine
(TEOA) as a sacrificial reductant. The bottom panel of Figure 13 summarizes
work from Robert, Lau, et al., where homoleptic iridium photosensitizer 5 is
used in concert with a cobalt CO2 reduction catalyst. In this system, the proposal
is that complex 5 is oxidatively quenched by the cobalt precatalyst following
visible-light excitation, and a second oxidative quenching event further reduces
the catalyst prior to CO2 activation. Triethylamine was used as a sacrificial
reductant, and turnover numbers as high as 270 were achieved.

4.1.5. Lignin degradation via carbon-oxygen bond cleavage
Recent work has also revealed photoredox catalysis to be a promising means
of degrading lignin biomass, in the context of preparing fuels and commodity
chemicals from renewable biomass sources.[53,61,120–123] In the photochemical
degradation of lignin model compounds, described in Figure 14, the native
benzyl alcohol functional group of the lignin β-O-4 linkage is first oxidized to

Figure 12. Mechanisms in photocatalytic hydrogen gas evolution, based on work from Tinker
et al.[111]
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a carbonyl, which sufficiently weakens the neighboring ether C–O bond to
allow photoactivation. Photoredox cleavage of lignin models is accomplished
with reducing iridium photosensitizers such as 5 and 18, using tertiary
amines as sacrificial reductants.

4.1.6. Photoredox polymer synthesis
In addition to small-molecule organic chemistry and solar fuels described above,
photoredox catalysis has also emerged in macromolecular science. Most com-
monly, strongly photoreducing complexes are used to initiate radical polymer-
ization via carbon-heteroatom bond activation, with a few different approaches
emerging recently. As shown in Figure 15a, one approach uses a single-
component photocatalyst where a bis(1,10-phenanthroline)copper(I) complex

Figure 13. Photocatalytic reduction of carbon dioxide molecule, originally reported by Sato
et al.[69] and Chen et al.[117]
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serves as both light absorber and catalyst, promoting radical chain growth via
photochemical C–Br bond activation.[124] A second approach, in which visible
light is used to control radical polymerization of methacrylates, is shown in
Figure 15b.[125] Here, iridium photosensitizer 5 was used, and following visible-
light excitation it was oxidatively quenched by the initiator ethyl-α-
bromophenylacetate, generating a radical which then reacts with methacrylate
monomer to kick off radical polymerization. The light input afforded excellent
control over polymerization, which arrested when the light source was
turned off.

There are several other examples of photocatalytic polymerization path-
ways, using a variety of photosensitizers including iridium[126–128], iron[99],
gold[92], and copper.[124]

Figure 14. Photocatalytic reductive cleavage of oxidized lignin model systems.[121].

Figure 15. (a) Photocatalytic atom transfer radical polymerization (ATRP) with Copper photo-
sensitizer (CuI = bis(1,10-phenanthroline)copper(I)), originally reported in reference [124] (b)
Proposed mechanism of photocatalytic living radical polymerization with the complex 5. Pn =
polymer chain, M = monomer. Scheme based on work Fors et al.[125]
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5. Conclusion

We have summarized recent developments in metal-based photosensitizers and
their applications in photocatalysis. Current research primarily focuses on enlar-
ging the potential window of photosensitizers, using coordination-chemistry
approaches. Beyond redox potentials, other important attributes of photosensi-
tizers include photostability and long excited-state lifetimes, both of which are
critical for the performance in photocatalytic applications. Electrochemical and
photophysical characterization, in concert with Stern–Volmer quenching studies,
can be used to evaluate a candidate photosensitizer before applying it in
a photocatalytic reaction and allow for quantitative cataloging of all important
photosensitizer attributes. That said, there is no “one size fits all” photosensitizer
available, and the characteristics that are most important depend on the specific
photoreaction that is being targeted. This has led to the development of a large
variety of photosensitizer structures, using many different transition metals and
ligand sets. And while a large part of the photocatalysis community uses “off the
shelf” photosensitizers to develop new synthetic applications of photocatalysis,
coordination-chemistry and physical inorganic chemistry approaches for design-
ing new and improved photosensitizers will still play an important role in the
continued growth of photocatalysis as a synthetic method.
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