#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

PERSPECTIVE

Improved transition metal photosensitizers to drive

i '.) Check for updates ‘
advances in photocatalysis

Cite this: Chem. Sci., 2024, 15, 77

@ All publication charges for thisarticle  DooyouNg Kim,®}L Vinh Q. Dang®]L and Thomas S. Teets & *

have been paid for by the Royal Society
of Chemistry To function effectively in a photocatalytic application, a photosensitizer's light absorption, excited-state
lifetime, and redox potentials, both in the ground state and excited state, are critically important. The
absorption profile is particularly relevant to applications involving solar harvesting, whereas the redox
potentials and excited-state lifetimes determine the thermodynamics, kinetics, and quantum yields of
photoinduced redox processes. This perspective article focuses on synthetic inorganic and
based

photosensitizers. We include our own work in these areas, which has focused extensively on

organometallic approaches to optimize these three characteristics of transition-metal
exceptionally strong cyclometalated iridium photoreductants that enable challenging reductive
photoredox transformations on organic substrates, and more recent work which has led to improved
solar harvesting in charge-transfer copper() chromophores, an emerging class of earth-abundant

compounds particularly relevant to solar-energy applications. We also extensively highlight many other
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Accepted 22nd November 2023 complementary strategies for optimizing these parameters and highlight representative examples from

the recent literature. It remains a significant challenge to simultaneously optimize all three of these
parameters at once, since improvements in one often come at the detriment of the others. These
inherent trade-offs and approaches to obviate or circumvent them are discussed throughout.
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Photosensitizers are molecules that absorb light and initiate
either an energy-transfer or redox process, the latter being the
focus of this article. We note that it is common in some fields to
only use the term “photosensitizer” when energy-transfer
processes occur,' but the IUPAC definition is more general®
and using the term “photosensitizer” for photoredox reagents is
commonplace. There are many classes of compounds that
function as photosensitizers,® which span the traditional
subfields of organic, inorganic, and organometallic chemistry.
While early work was dominated by metal polypyridyl
compounds,* many types of organometallic compounds have
gained prominence,® with earth-abundant metal complexes®’
and metal-free organic photosensitizers®*® becoming increas-
ingly important in photocatalysis applications as a greater focus
on sustainability emerges.

When a photosensitizer is used in a catalytic photoredox
reaction, after absorption of light there are several mechanistic
pathways possible, and fully understanding the mechanisms of
such reactions, which typically involve short-lived radical
intermediates, is a complex endeavor.’*** Nevertheless, there
are three key parameters that are important to determining the

University of Houston, Department of Chemistry, 3585 Cullen Blvd., Room 112,
Houston, TX 77204-5003, USA. E-mail: tteets@uh.edu
T These authors contributed equally.

© 2024 The Author(s). Published by the Royal Society of Chemistry

the choice of the photosensitizer for a particular application:
light absorption, excited-state redox potentials, and excited-
state lifetime. These are summarized in Fig. 1, and they repre-
sent the thematic organization of this perspective article.

The first characteristic is the light absorption of the photo-
sensitizer, which can be very simply evaluated by recording the
photosensitizer's UV-vis absorption spectrum. A major thrust in
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Fig.1 Summary of the three aspects of photosensitizer performance
that serve as the basis of this perspective article.
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photocatalysis research is to excite the photocatalyst deeper in
the visible or near-infrared region, i.e., to longer wavelengths,
which can be accomplished by a combination of new photo-
sensitizer candidates with altered absorption profiles or reac-
tion engineering. The absorption can be specified at a given
wavelength by determining the molar absorption coefficient (&)
via Beer's Law. In the context of solar harvesting for photovol-
taics or solar fuel applications, a global quantification of light
absorption in terms of its overlap with the solar spectrum is
critical and factors directly into the quantum efficiency/yield.™*
In the field of organic photoredox catalysis a global or quanti-
tative assessment of light absorption is not usually considered,
but it is still important to have insight into the photosensitizer's
absorption profile to ensure that an appropriate excitation
source is used. Moreover, it is ideal that the photosensitizer is
excitable in a distinct region of the spectrum from where the
substrate(s) or co-catalysts absorb, both to ensure that all
photons are collected by the photosensitizer and to prevent
deleterious side reactions that may occur when a substrate is
directly excited. Control of photosensitizer light absorption also
enables photocatalysis via red or near-infrared excitation, an
emerging trend which has the conceptual appeal of mimicking
natural photosynthesis when two photons are used'>'® and
offers two practical advantages. First, in many cases the
photosensitizer's molar absorption coefficient in lower in the
red region, particularly when a spin-forbidden transition is
used, which is an important consideration in large-scale reactor
design that allows a greater penetration depth of light. In
addition, there is reduced energy loss when the low-energy
excited state can be accessed directly, rather than being gener-
ated via higher-energy excitation followed by internal conver-
sion and/or intersystem crossing pathways."”

Although there are many photochemical transformations
that involve excited-state energy transfer elementary steps, in
which case the excited-state energies and spin multiplicities of
the photosensitizer and substrate are the most important
considerations,'® a large portion of photochemistry involves
excited-state electron transfer steps. In such cases, the photo-
sensitizer either functions as a photoreductant, transferring an
electron following excitation, or a photooxidant, accepting an
electron while in its excited state. In either case, the excited-
state redox potentials of the photosensitizer matter consider-
ably. There must be sufficient thermodynamic driving force for
the photoinduced electron transfer step to occur at all, and even
if the electron transfer is favorable increasing the driving force
can improve kinetics, as per the Marcus relationship.™ As such,
perturbing excited-state redox potentials to more extreme
values can promote transformations on redox-inert substrates
such as ketones, imines, and unactivated aryl halides.

Finally, the third major theme of this perspective centers on
the importance of the photosensitizer's excited-state lifetime in
photocatalytic  applications. Since photocatalyzed trans-
formations inevitably involve a bimolecular reaction in the
excited state, the lifetime of this state must be long enough to
permit diffusion of the reaction partner and the electron-transfer
(or energy-transfer) step to occur. While at a practical level
increasing the excited-state lifetime past a certain point does not
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continually improve performance, photosensitizers with short
excited-state lifetimes do require higher reaction concentrations
and, because of the lower quantum yields for their excited-state
bimolecular transformations, often involve longer reaction
times and lower photon efficiency. Excited-state lifetime is
a particular challenge in several emerging classes of earth-
abundant metal photosensitizers and photosensitizers with
low-energy excited states capable of efficient solar harvesting.

Additionally, it is worth noting that other factors such as
chemical stability, photostability, quantum yield, and cage
escape should also be considered, although those factors won't
be discussed in detail in this paper. Chemical stability and
photostability are important for ensuring the longevity of
a photosensitizer in a catalytic reaction and allowing low catalyst
loadings to be used. Relatedly, as many applications of photo-
sensitizers involve redox chemistry, the different redox states that
are involved must also be reasonably stable, to ensure that they
live long enough for diffusional reactivity and ensure that the
catalytic cycle can be efficiently closed. The quantum yields of
energy-transfer or electron-transfer elementary steps are related
to the rate of a photocatalytic reaction and dictate the photon flux
that is needed to maintain a suitable turnover frequency. Another
important consideration, which directly relates to quantum yield,
is that after the electron transfer between the photosensitizer and
the substrate occurs, the radical ions initially form an ion
pair.>**' Dissociation of this ion pair, i.e. cage escape, needs to
occur before the oxidized or reduced species can diffuse and react
further. Thus, even in situations where the quenching event is
very efficient, many such events can be nonproductive if cage
escape is not also considered.

This perspective article summarizes recent developments in
all three of the above-mentioned themes, including our own work
in these areas. We have chosen the three major themes
(absorption profile, lifetime, and excited-state redox chemistry)
because they are readily optimized by synthetic modification and
capture the emphases of our own work in this area, but the other
factors mentioned in the previous paragraph are also critically
important. This article is not designed to be comprehensive and
does not include a large catalogue of numeric metrical parame-
ters, but rather focuses on fundamental chemistry strategies for
addressing and improving all three of the major characteristics
listed in Fig. 1. We also note that scaling relationships result in
inherent trade-offs between these three criteria, so we will point
out situations where optimization of one of them may be detri-
mental to one or both of the others. Work from the past five years
is most strongly emphasized, although some of the discussed
approaches have origins that predate that time period. For more
comprehensive review articles that cover classes of photosensi-
tizers and their properties,>>**** or applications in photoredox
catalysis,*® we refer the readers to other recent reviews.

Improved light absorption

Ligand modification of heteroleptic bis-chelate Cu(i)
chromophores

In this section, we focus on strategies to use longer-wavelength
light to excite molecular photosensitizers, which involve both

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecular design strategies to access photosensitizers with
extended visible absorption and/or new mechanistic and
methodological approaches that enable lower-energy photons
to be used. There are several motivations to use longer-
wavelength light in photocatalytic transformations, which
include improved solar harvesting in the context of solar energy
reducing or eliminating wasteful energy-loss
processes that often occur following excitation to higher-
energy states, and an increased penetration depth of red to
near-infrared light. As demonstrated in this section, there are
a few distinct approaches that permit longer-wavelength exci-
tation of photosensitizers in the context of photocatalysis.
Copper(i) photosensitizers have become increasingly well-
studied, given the low cost and high abundance of copper
relative to precious metals, and the advantages offered by the
d'° configuration of copper(1). Homoleptic copper bis-diimine
complexes are effective in many applications,*® and cationic
heteroleptic complexes with mixed diimine/diphosphine coor-
dination can offer the advantage of substantially longer
lifetimes.>>* However, neither of these well-known classes of
copper(1) charge-transfer chromophores have particularly
intense long-wavelength absorption, the former mainly
absorbing in the blue and green regions, and the latter in the UV
and deep blue. There have been some recent advances in the
design of copper(1) complexes with longer-wavelength absorp-
tion, including a series of carbene-supported compounds with
tunable charge-transfer absorption throughout the visible
region.* In some of our group's most recent work, we have
introduced four heteroleptic bis-chelate copper(i) chromo-
phores (1-4) as illustrated in Fig. 2. These chromophores
consist of the neutral diimine ligands 1,10-phenanthroline
(phen) and 2,2"-biquinoline (biq), combined with anionic B-
diketiminate (NacNac®) ligands.** DFT calculations reveal that
the HOMO is delocalized between Cu and the NacNac® ligand,
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Fig. 2 Summary of heteroleptic Cu(NAN)(NacNac®) complexes and
their frontier orbital energy levels. Frontier orbital energies were
determined by DFT.
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in line with our previous studies on iridium(m) complexes
containing NacNac® ligands.*>* Conversely, the lowest unoc-
cupied molecular orbital (LUMO) is predominantly localized on
the diimine ligand. This arrangement provides two potential
sites for controlling the HOMO-LUMO gap and the corre-
sponding charge-transfer absorption band through ligand
modification. The electronic effects of the B-diketiminate
ligands on the energy levels of the frontier orbitals were inves-
tigated in complexes 1-3. The results demonstrate that more
electron-rich NacNac® ligands (NacNac® > NacNac™® > Nac-
Nac®) lead to the destabilization of the HOMO. As shown in
Fig. 2, the HOMO energies significantly increase from —5.62 eV
(complex 1) to —4.32 eV (complex 3), whereas the LUMO ener-
gies show minimal dependence on the substituents of the
NacNac ligand. On the other hand, altering the diimine ligand
(complexes 2 and 4) impacts the LUMO energies of these cop-
per(1) complexes. The LUMO energy decreases by 0.45 eV with
only a slight change in the HOMO energy (Fig. 2) when phen
(complex 2) is replaced with biq (complex 4). As a result, all four
complexes (1-4) display low-energy charge transfer bands in the
visible to near-infrared (NIR) regions. The combination of the
electron-rich NacNac® ligand and m-extended biq ligand
(complex 4) exhibits the longest peak wavelength for the charge-
transfer band (796 nm), surpassing the wavelengths observed in
complexes 3 (696 nm), 2 (634 nm), and 1 (489 nm). From time-
dependent density-functional theory (TD-DFT), these low-
energy transitions can be assigned as a mixture of metal-to-
ligand charge transfer (MLCT) and ligand-to-ligand charge
transfer (LLCT). Unfortunately, complexes 1-4 do not exhibit
emission in solution, and our attempts in photocatalysis have
been unsuccessful, suggesting a short excited-state lifetime for
these compounds. Ongoing work addresses these limitations of
this promising class of chromophores, to allow us to leverage
their intense, long-wavelength visible absorption in photo-
catalysis applications.

HOMO inversion

Recently, there has been growing interest in improving the light
absorption of iron(u) polypyridine complexes via the “HOMO
inversion” strategy. Traditionally, the HOMO of iron(u) poly-
pyridine complexes mainly consists of metal t,; orbitals, with
alarge energy gap separating them from the lower-energy ligand
7 orbitals (Fig. 3a). By destabilizing the ligand 7 orbitals, the
interaction between the t,, orbital and ligand 7 orbitals can be
increased, leading to a dramatic destabilization of the HOMO.
Further destabilization of the ligand m orbital would cause
a complete inversion of the HOMO, making it ligand-centered
instead of metal-centered (HOMO inversion). The concept of
HOMO inversion has been outlined in a few different studies
over the past decade or s0,**¢ and a computational study was
recently done by Mukherjee and co-workers (Fig. 3b).*” This
study focused on the effect of the substitution on the 2,2;6",2'
"terpyridine (tpy) ligand of [Fe(tpy),]”* complexes. It was
observed that the substitution of a donor group with more ©
conjugation on the tpy ligand would significantly destabilize the
ligand orbitals. As a result, strong mixing between filled metal

Chem. Sci, 2024, 15, 77-94 | 79
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Fig. 3 (a) Simplified HOMO energy levels depicting the "HOMO
inversion” strategy. (b) Summary of representative bis(tridentate) iron(i)
complexes, demonstrating the correlation between the substitution of
the strong donor group with enhanced conjugation and the resultant
absorption wavelength. *The A,,x values in the table are the calculated
values for complexes 5-10.

tyg orbitals and filled ligand orbitals was noted through the
decrease of electron density on Fe (from 81% for 5 to approxi-
mately 50% for 6-8). Due to the strong mixing between the t,,
orbitals and the ligand 7 orbitals, the HOMO was significantly
destabilized, and the calculated absorption spectra were
dramatically red shifted in complex 6. Further destabilization of
m-donor ligand orbitals through the extension of m-conjugation
of the donor group reduced the electron density on the Fe and
the HOMO became ligand-centered (complexes 9 and 10) with
further improvement in light absorption. Very recently, Marri
and co-workers provided experimental evidence supporting the
concept of HOMO inversion in their study on pyridyl N-
heterocyclic (NHC) iron(u) complexes (11-14), specifically
investigating the impact of extending the m conjugation of
thiophenes (Fig. 3b).*® In the same vein as the terpyridine
analogues (5-10), extending the rt-conjugation of the thiophene
substituents resulted in a red shift of the absorption spectrum.
Another recent representative example of HOMO inversion is
found in iron complexes with benzannulated amido pincer-like
ligands developed by Braun and co-workers.** These complexes
exhibit strong absorption in the visible light region tailing out
to 850 nm. Additionally, the same group also developed an
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alternative strategy to HOMO inversion by keeping the ligand
orbital unchanged and stabilizing the metal d orbitals by
changing the metal (Co, Ni, Zn, and Ga).*® Although the elec-
tronic structure of complexes was changed by altering the metal
center, with negligible contribution of the metal observed in the
HOMO for these complexes, similar panchromatic absorption
was observed.

Spin-forbidden S, — T, excitation

While the modification of ligands to engineer the HOMO-
LUMO gap has been an effective approach, these strategies
could have some drawbacks, as many of the compounds
described above have short excited-state lifetime and/or insuf-
ficient reducing or oxidizing power in the excited state, limiting
their applicability. An alternative approach to extend the
wavelength of light absorption is to target the direct singlet to
triplet excitation, which not only allows longer-wavelength
excitation but also avoids the energy loss that occurs during
intersystem crossing (Fig. 4). Fundamentally, the transition
from the singlet ground state to the triplet excited state is rare
because it is a spin-forbidden process. However, photosensi-
tizers based on heavy transition metals with a large spin-orbit
coupling constant can be directly excited to the triplet state. The
advantage of this approach in improved long-wavelength light
absorption was clearly shown in recent studies by the Rovis
group. In these studies, a series of osmium(i) complexes with
variable polypyridyl analogues were synthesized.'** Most
complexes exhibit direct triplet absorption in the deep red or
NIR region (600-800 nm). Through these studies, the photo-
physical properties of osmium complexes could be enhanced by
using strong o-donor ligands through the destabilization of the
HOMO. For instance, ligands based on methylbenzimidazole or
methylbenzothiazole units could induce longer triplet

No ISC

. Substrate
hv| Spin-allowed

allo Spin-forbidden
excitation

hv  excitation

Product

S So

Fig. 4 Photocatalysis via conventional S to S; absorption and spin-

forbidden Sy to T; absorption (ISC = intersystem crossing and IC =
internal conversion).

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc04580c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 24 2023. Downloaded on 23.03.26 23:22:33.

(cc)

Perspective

absorption wavelengths (complexes 15-18) compared to
[Os(tpy)2](PFe)> or [Os(bpy)s](PFe), (Fig. 5, bpy = 2,2"-bipyr-
idine)."*"*> Additionally, to improve the molar absorption
coefficient, the use of extended ligand conjugation was
considered as a potential approach.* In addition to osmium-
based complexes, the Rovis group recently developed a series
of Ir(m) photocatalysts that could undergo spin-forbidden
excitation.* This suggests a broad range of applications for
this approach in various heavy metal complexes.

The Rovis group also reported the pioneering work on pho-
tocatalytic applications of osmium(u) polypyridyl complexes
akin to those in Fig. 5. They used near-infrared (NIR) or deep red
irradiation for a wide range of transformations such as photo-
redox, photopolymerization, and metallaphotoredox."”** After
the work of Rovis's group, several red-light-induced photore-
actions based on osmium complexes have been developed. For
instance, Ogbu and co-workers utilized [Os(bptpy),](PFs).
(bptpy = 4'-(4-bromophenyl)-2,2":6',2"-terpyridine) as a photo-
catalyst and 1-hydroxy-1,2-benziodoxol-3(1H)-one as an oxidant
for the decarboxylation of oxamic acid under NIR light

Aaps = 660 nm

.OS\
) Q

/N | S

S

16

Aabs = 724 nm
2+

<M

18
Aabs = 778 nm

Aabs = 759 nm

Fig. 5 The improvement of light absorption via introducing a strong
a-donor ligand into osmium(i) complexes.
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irradiation.*® Very recently, Cabanero and co-workers described
a NIR light-controlled Ru-catalyzed olefin metathesis reaction
using [Os(phen);](PFs), as a photocatalyst to activate the Ru co-
catalyst.*” Regarding biological applications, osmium(u)
complexes were successfully applied for the activation of aryl
azides under red light irradiation, enabling targeted labelling
applications.*® All of these studies demonstrated the superiority
of osmium complexes under red or NIR irradiation compared to
common photocatalysts, which require higher-energy light
sources, due to the better penetration of red to NIR light in
various materials and tissues.

Multiphoton catalysis

To increase the wavelength of light used to trigger photoreac-
tions, the concept of multiphoton catalysis has emerged,
wherein multiple low-energy photons are combined to access
a higher-energy level. Three main approaches that have been
used in multiphoton catalysis are displayed in Fig. 6, including
two-photon absorption (TPA), triplet-triplet annihilation (TTA)
upconversion, and dual photoredox catalysis. We also note that
multiphoton approaches can be used to generate exceptionally
strong excited-state redox reagents, as described in the later
section on excited-state redox potentials.

In two-photon absorption, a photosensitizer simultaneously
absorbs two photons to access a higher excited state (Fig. 6a).
Through this mechanism, the photocatalyst can use photons
with half of the energy required for one-photon absorption. The
main limitation of TPA is the requirement of high-intensity
light sources due to their weak absorption. To quantify TPA,
researchers commonly refer to the TPA cross section, usually
reported in Goppert-Mayer (GM) units (1 GM = 107°° em® s per
photons per molecule).* To enhance the TPA cross section,
symmetry plays an important role. In short, symmetry-based
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Fig. 6 Summary of strategies for achieving longer wavelengths in the
activation of photoreactions through multiphoton absorption. (a)
Two-photon absorption. (b) Dual photoredox catalysis. (c) Triplet—
triplet annihilation upconversion. (PS = photosensitizer, Sen = sensi-
tizer, An = annihilator, ISC = intersystem crossing, and IC = internal
conversion, and PS1 and PS2 can be the same or different
photosensitizers).
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selection rules for two-photon absorbers dictate that centro-
symmetric molecules will have higher TPA cross sections, all
else being equal.* In addition to symmetry, two common
approaches are widely employed to further improve the TPA
cross section: (i) extension of m-conjugation and (ii) substitu-
tion of electron-donating groups. An early example of
enhancing TPA through the extension of m-conjugation was
observed in Ir complexes, where the cross section significantly
increases from 17 GM in [Ir(ppy).(acac)] (ppyH = 2-phenyl-
pyridine and acac = acetylacetonate) to 44 GM in Ir(4-pe-2-
ppy)z(acac) (4-pe-2-ppyH = 4-phenylethynyl-2-phenylpyridine).*
Recently, a series of tungsten(0) aryl isocyanides were described
by Fajardo and co-workers (Fig. 7).* In this work, the TPA cross
section of tungsten complexes was strongly responsive to the
structure of the aryl isocyanide ligand. Increasing conjugation
in oligoaryl isocyanides in general increases the TPA cross
section (24-27, bottom part of Fig. 7), and the values are further
modulated by electron-donating and electron-withdrawing
groups on the periphery (19-23, top part of Fig. 7). Impor-
tantly, these complexes are active in photoredox trans-
formations when excited with femtosecond-pulsed 810 nm
irradiation, with TPA populating the redox-active MLCT state.
Similar concepts were applied in a series of ruthenium
complexes studied by Han and co-workers, where they
enhanced the cross section by increasing the number of highly
conjugated ligands.”® These ruthenium(n) complexes also
promote a variety of photoredox reactions, including hydro-
dehalogenation, redox neutral cyanation reactions of tetrahy-
droisoquinoline, and metallaphotoredox reaction. TPA can also
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Fig. 7 The improvement of the TTA cross section of tungsten
complexes via modifications to aryl isocyanide ligands.

82 | Chem. Sci, 2024, 15, 77-94

View Article Online

Perspective

be attained through consecutive absorption of two photons. In
2019, Wenger's group introduced a novel approach to achieve
TPA by involving triplet excited states as intermediates.> While
their work utilized high-energy blue light in contrast to the red
or NIR light employed in previous studies, the use of a cheap
continuous wave laser, rather than the expensive pulsed
femtosecond/picosecond lasers required for simultaneous two-
photon absorption, has made this approach more accessible for
laboratory applications.

The second approach to access the long-wavelength activa-
tion of a photoreaction is triplet-triplet annihilation upcon-
version (TTA-UC). The photophysical principle of the TTA-UC
process is the formation of one high-energy photon (shorter
wavelength) from the two low-energy photons (longer wave-
length) via a bimolecular process involving a sensitizer (Sen)
and annihilator (An) (Fig. 6b). To achieve efficient TTA-UC, the
energy mismatch between the triplet state of the sensitizer and
annihilator is a crucial requirement. In 2020, Huang and co-
workers have shown that the triplet state energy of the annihi-
lator perylene could decrease through increasing the m-conju-
gation, thereby influencing the reactivity of the catalytic
system.>® To control the output light color, Ravetz and collab-
orators combined different sensitizers and annihilators to
achieve orange and blue output light from red or NIR input light
(Fig. 8a and b).>* They applied these upconversion schemes to
a variety of catalytic reactions, where the excited annihilator
('[An]* in Fig. 6) either transfers energy to a conventional

(a) NIR to upconversion
BuO
OBu
N= OBu —
= N=
\_N
BuO > N
N

JuR
R

Fig. 8 The control of output light via changing the sensitizers and
annihilators. (a) NIR to orange upconversion. (b) NIR to blue upcon-
version. (c) NIR to violet upconversion.
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photocatalyst or directly participates in electron transfer with
one of the substrates. To further increase the annihilator's
output light energy, Haruki and co-workers have substituted
anthracene with diisopropylsilyl groups at the 9,10-positions
(Fig. 8c).”® As a result, the annihilator gave rise to violet fluo-
rescence (415 nm) when combined with an appropriate sensi-
tizer under NIR irradiation. Very recently, Glaser and Wenger
combined the two strategies of TTA-UC and spin-forbidden
transitions, using [Os(bpy);](PFs), as a sensitizer and 9,10-
dicyanoanthracene (DCA) as an annihilator to trigger a range of
transformations.*® Besides precious transition metals such as
Os, Pt, and Pd, there has been significant interest in exploring
alternative complexes based on earth-abundant metals such as
Mo, Zr, and Cr for TTA-UC applications.*”">*

The final approach to multiphoton catalysis described in this
section is the emerging concept of dual photoredox catalysis,
where two different photocatalysts are independently excited
(Fig. 6¢). This approach was recently reported by Glaser and co-
workers, using [Cu(dap),]Cl (dap = 2,9-dianisyl-1,10-
phenanthroline) and DCA as photosensitizers with red light
irradiation (A = 632 nm).** They proposed two mechanisms,
a photoinduced electron transfer (PET) mechanism (Fig. 9a)
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Fig. 9 Dual photoredox catalysis driven by red light (632 nm). (a) PET
mechanism. (b) TTET mechanism. (c) Dual photoredox catalysis.
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and a triplet-triplet energy transfer (TTET) mechanism (Fig. 9b),
for these transformations. Through this strategy, they have
successfully photocatalyzed several reaction types such as
dehalogenation, detosylation, cross-coupling reactions, and C-
O bond cleavage reactions, which typically wouldn't operate
under red light irradiation (Fig. 9c).

Excited-state redox potentials
Definitions and terms

To accomplish challenging redox transformations photochem-
ically, it is necessary to have photosensitizers that are strong
reductants or oxidants in their excited state. We point readers to
a recent review article from our group that gives many specific
examples of strategies to access strong excited-state reductants
or oxidants, i.e. those we termed as having “extreme” redox
potentials.®® Given the overlap with our recent review, this
section will be intentionally brief, designed to provide a broad
overview of the topic and emphasize our own contributions in
this area.

To quantify how strong a photoreductant or photooxidant is,
there are two relevant excited-state redox potentials to consider.
The estimation of these potentials comes from modified Lat-
imer diagrams® that include the excited-state energy and the
ground-state redox potentials. The excited-state energy (E, o)
can be determined in a variety of ways from photoluminescence
measurements, and the ground-state potentials (E™¢ or E°¥)
come usually from cyclic voltammetry (CV) or differential pulse
voltammetry (DPV) measurements. Eqn (1) and (2) can thus be
used to estimate the excited-state potentials, where *E® is the
potential for transferring an electron from the excited state and
*E™4 is the potential for accepting an electron. These equations
should also each include an electrostatic work term (w) to be
rigorously correct, which in some situations plays an important
role,*** although the work term is often left out when esti-
mating excited-state redox potentials for the purposes of pho-
toredox applications. A more negative *E°* defines a stronger
photoreductant, and a more positive *£™9 defines a strong