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Ceaction mechanism using such catalysts.

Abstract: C—H functionalization represents one of the most rapidly advancing areas in organic synthesis and is regarded\
as one of the key concepts to minimize the ecological and economic footprint of organic synthesis. The ubiquity and low
reactivity of C—H bonds in organic molecules, however, poses several challenges, and often necessitates harsh reaction
conditions to achieve this goal, although it is highly desirable to achieve C—H functionalization reactions under mild
conditions. Recently, several reports uncovered a conceptually new approach towards C—H functionalization, where a
single transition-metal complex can be used as both the photosensitizer and catalyst to promote C—H bond
functionalization in the absence of an exogeneous photosensitizer. In this Minireview, we will provide an overview on
recent achievements in C—H functionalization reactions, with an emphasis on the photochemical modulation of the

/

1. Introduction

The selective functionalization of C—H bonds is an impor-
tant strategy to increase molecular complexity and to
introduce new functional groups onto molecular scaffolds—
ideally from starting materials that do not require elaborate
prefunctionalization."? As such, C—H functionalization
reactions have been recognized as one of the key ap-
proaches to reduce the environmental and economic impact
of chemical synthesis and has found applications in material
sciences,™'¥ biological chemistry, and drug discovery.!'>®
The assistance of directing groups has been identified as a
central strategy to direct a transition-metal catalyst into the
proximity of a specific C—H bond in a molecule to facilitate
selective cyclometalation and subsequent
functionalization."*>1*?2 One of the key challenges in the
functionalization of C—H bonds lies, however, in the intrinsic
low reactivity of C—H bonds, which often require forcing
reaction conditions, such as highly elevated reaction temper-
atures, which in turn may lead to reduced selectivity,
reduced functional group tolerance, or limited applicability
(Scheme 1a). There is, however, a high demand to achieve
C—H functionalization reactions with high regio- and chemo-
selectivity under mild reaction conditions—ideally at room
temperature. The development of strategies to achieve this
goal can be regarded as one of the key drivers to leverage
such reactions to the challenges of the 21st century and to
further reduce the environmental and economic impact of
chemical synthesis.!

In this context, recent developments have led to several
main approaches that are currently in the focus of synthetic
chemists to achieve this goal. One strategy envisages the
development of state-of-the-art catalysts and reactive re-
agents that can be used under ambient conditions
(Scheme 1b).2*>2*2] Further alternatives lie in the use of
catalysts based on earth-abundant metals®>? or the use of
electrochemical or photocatalytic methods that rely on the
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redox chemistry of substrates and/or catalysts.”>*>" These
strategies are not in the focus of this Minireview and the
reader is referred to recent review articles on these topics.

A conceptually distinct, recent approach builds on the
photochemical properties of metal complexes, which are
often intensely colored, absorb visible light, and can be used
as both the photosensitizer and catalyst without the need for
an exogeneous photosensitizer.”**** In the context of
C—H functionalization reactions, this approach involves a
single transition-metal catalyst that is capable of both
converting photonic energy into usable chemical energy and
enabling key elementary steps to allow the C—H functional-
ization of organic molecules.

The large diversity of metal complexes used for—or
occurring as intermediates in—C—H functionalization offers
a vast potential to facilitate different elementary steps in
C—H functionalization reactions (Scheme 1c). Photochemi-
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Scheme 1. C—H functionalization strategies and opportunities for light-
mediated C—H functionalization via cyclometalated intermediates.
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cal excitation allows the manipulation of a plethora of
divergent reaction pathways that can involve, for example,
ligand exchange, C—H metalation, electron or proton trans-
fer, catalyst release through reductive elimination, and many
others. Thus, the photoexcitation of a colored metal
complex or reaction intermediate can facilitate a range of
different key mechanistic events in C—H functionalization
reactions and will be discussed in this Minireview in the
order of the general, elementary steps of the C—H function-
alization reactions:

a) light-mediated C—H metalation

b) light-mediated C—C coupling

c) light-mediated ligand deprotonation

d) light-mediated reductive elimination

2. Light-Mediated C—H Metalation

C—H metalation constitutes one of the fundamental reaction
steps in directing-group-assisted C—H functionalization,
which was recently uncovered to be accessible under photo-
chemical conditions at room temperature. In this context,
Baslé and co-workers reported in 2019 on the application of
the bidentate carboxylate NHC ligand based Rh' catalyst 8,
that absorbs light in the blue light region for the photo-
chemical aromatic and aliphatic C—H borylation of 2-aryl(4-
methylpyridine) featuring a photochemical cyclometalation
step.'! Simple 2-phenylpyridine gave the desired ortho-
borylation product only in 50 % yield with modest regiose-
lectivity, which might be caused by competitive borylation
on the pyridine moiety."*” Under optimized conditions, the
authors examined various arylated pyridine- and isoquino-
line-based substrates, which proved compatible and afforded
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the C(sp’)-H or C(sp’)-H borylation products—or more
precisely the corresponding hydroxylated product after
oxidative workup—in good yield under mild photochemical
reaction conditions (Scheme 2).

In a series of control experiments, Baslé and co-workers
provided mechanistic insight into the reaction. First, differ-
ent radical inhibitors, including butylated hydroxytoluene
(BHT) and TEMPO, suppressed the reaction slightly, which
excludes the participation of a radical process. Furthermore,
a KIE value of 2.1 suggests that the C—H bond-breaking
process should be the rate-determining step. With regards to
the catalyst, stoichiometric experiments revealed the for-
mation of a cyclometalated Rh—H complex under photo-
chemical conditions, with no reaction occurring in the dark.
On the basis of these observations, the authors postulated
that the photosensitive NHC-Rh' catalyst undergoes a
metal-to-ligand charge transfer (MLCT) during photochem-
ical excitation, which then promotes oxidative addition into
the ortho-C—H bond. Further reaction with B,pin, leads to
the corresponding Rh™-boryl complex with HBpin as a by-
product, followed by reductive elimination to give the
desired ortho-borylated product. However, the mechanism
of the borylation step remains speculative.

The role of the photochemical excitation of the catalyst
in this borylation reaction thus lies within promoting the
C—H bond-activation step at room temperature and opening
up reaction pathways that are inaccessible in the dark or
under more forcing conditions (Scheme 2).

It is worth mentioning that shortly after this work, the
Tanaka group reported a detailed study on such photo-
chemical C-H borylation reactions using Rh™" catalysts with
and without external photosensitizers. This reaction, how-
ever, only proceeds in only moderate yield for a single
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Scheme 2. Photoinduced rhodium-catalyzed ortho-C—H borylation reac-
tions.

example in the absence of an external photosensitizer, and
an external iridium-based photocatalyst is needed to obtain
high yields. This reaction proceeds via the in situ formation
of a Rh' complex that undergoes cyclometalation. The

a) Thermal reaction by Ackermann et al.
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cyclometalated complex can then undergo photoexcitation
to access a triplet intermediate, which engages in single
electron transfer reactions.™

3. Light-Mediated C—C Coupling

In this section we discuss approaches in which a substrate
engages in the formation of a cyclometalated complex.
Photoexcitation of this complex is then key to access single
electron transfer reactions to enable the C—C coupling of
radical intermediates and the cyclometalated complex.
These reactions thus resemble classic thermal C—H function-
alization reactions; however, photochemistry is key to
unlocking the C—C coupling event.

3.1. Photoinduced C—H Alkylation Reactions

Another strategy involves the generation of radical inter-
mediates by single electron transfer reactions from the
photoexcited state of key intermediates in C—H functionali-
zation reactions, which then leads to the formation of new
C—C bonds through a radical mechanism. In 2019, the
Ackermann and Greaney groups independently identified a
novel photochemical strategy that allows the ruthenium-
catalyzed meta-C—H alkylation reaction of 2-aryl
pyridines.+!

Such aromatic meta-C—H functionalizations constitute a
key challenge in organic synthesis and was initially reported
in 2013 by Hofmann and Ackermann using a Ru" catalyst,
2-aryl pyridines as substrates, and secondary alkyl halides as
reaction partners under thermal conditions (Scheme 3a).l*!
However, such meta-C—H functionalization reactions usually

b) Photocatalytic reaction by Ackermann et al.
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Scheme 3. a) Thermal alkylation reactions. b, ¢) Photoinduced ruthenium-catalyzed meta-C—H alkylation reactions with alkyl halides.
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Scheme 4. Comparison of the proposed mechanisms for thermal and photocatalytic meta-C—H alkylation reactions.

require high reaction temperatures, which affects the func-
tional group tolerance and thus necessitates the develop-
ment of new synthetic methods with high selectivity under
mild reaction conditions.

In the recent reports by the Ackermann and Greaney
groups, the authors showed that such C—H functionalization
reactions can be performed under photochemical conditions
at room temperature (Scheme 3b,c). Similar to the conven-
tional thermal C—H functionalization reaction, both groups
showed that [RuCly(p-cymene)], initially forms an inter-
mediate ruthenacycle with 2-aryl pyridines. This cyclometa-
lated ruthenium complex absorbs in the visible-light region
and can undergo a photochemical C—H functionalization
reaction, as shown in control experiments with the isolated
ruthenacycle. A key difference to the previous report on
thermal meta-C—H functionalization lies within the reaction
scope: whereas only simple alkyl halides were reported in
the initial thermal study, the authors showed that a broad
range of different functional groups is tolerated under the
photochemical conditions. Specifically, a variety of tertiary
and secondary unactivated alkyl bromides and synthetically
meaningful o-bromo esters, including naturally occurring
compounds, were studied and found to be compatible and
provide the desired meta-C—H functionalized products in
good yields under mild conditions, and thus significantly
expands the substrate scope of such meta-C—H functionali-
zation reactions. An important difference lies within the
additive: carboxylic acids proved ideal under thermal
conditions and only low yields were observed with carbox-
ylic acids under photochemical conditions. A pivotal role is
thus associated with diphenyl phosphate, which needs to be
used as an additive to achieve high efficiency. A rationale as
to why the Ru catalyst is more active in the presence of

Angew. Chem. Int. Ed. 2022, 61, €202201743 (5 of 10)

phosphoric acid under photochemical conditions remains
elusive.

To gain insight into the photocatalytic meta-selective
C-H alkylation reaction, the Ackermann and Greaney
groups reported control experiments with both the cyclo-
metalated ruthenium complex 16 as well as [RuCly(p-
cymene)],. These experiments included on/off experiments,
cyclic voltammetry, fluorescence quenching, and trapping
experiments, which provide evidence of the viability of
single electron transfer reactions from the photoexcited state
of cyclometalated complex 16 and lead to the formation of
alkyl radical intermediates as one of the key reactive species.
In brief, the reaction only proceeds in the presence of light,
but the quantum yield of this transformation is low at 1.6 %.
Typical radical scavengers prevent or significantly suppress
the reaction. The isolated cyclometalated ruthenium com-
plex 16 possesses a weak absorption band in the relevant
blue region and an oxidation potential of 0.98 V in DCE (vs.
Ag/AgCl).

Based on the mechanistic findings, Scheme 4 shows the
proposed catalytic cycle, with the thermal catalytic cycle also
depicted. An initial reversible C—H ruthenation of 2-phenyl-
pyridine generates the cyclometalated ruthenium complex,
which can be assisted by the acid additive. In the thermal
cycle, this cyclometalation activates the aromatic ring
through the strong directing group effect of the Ru—C(sp?)
o-bond, which leads to an SgAr-type alkylation by secondary
alkyl halides at the para-position of the Ru—C(sp?) bond.
Under photochemical conditions, such cyclometalated com-
plexes can serve as single-electron donors upon photo-
excitation to achieve a single electron transfer process to the
alkyl halide, which gives the oxidized, cyclometalated Ru™
complex 25. In the next step, the generated alkyl radical

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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adds to the para-position relative to the Ru—C bond of the
aromatic ring. Subsequent intramolecular LMCT and re-
aromatization under basic conditions provides the cyclo-
metalated ruthenium complex 28. Final protodemetalation
releases the meta-C—H alkylation product and regenerates
the ruthenium catalyst 17.

A comparison of the thermal and photochemical meta-
C—H functionalizations thus shows a key mechanistic differ-
ence: Whereas the cyclometalated ruthenium complex 19
reacts as a nucleophile under thermal conditions, its oxidized
form 25 reacts as a radical acceptor under photochemical
conditions.

A distinct observation was made by Sagadevan and
Greaney when using primary alkyl halides. In this case, a
switch in selectivity was observed, with selective ortho-C—H
functionalization occurring under photochemical conditions
(Scheme 5)."! This ortho-selectivity is consistent with pre-
vious reports on ortho-alkylation, which can be reasoned by
the low steric demand of primary alkyl halides.*”! Highly
activated benzyl bromide smoothly reacts to afford the
double ortho-benzylated product of 2-phenylpyridine in
90 % yield under photochemical reaction conditions—the
corresponding thermal reaction has not been reported to
date. This ortho-C—H functionalization was recently studied
in more detail by the Ackermann group using benzyl
chlorides and allyl bromides.”*! Two key strategies were
pursued to achieve monoalkylation reactions: a) by blocking
the second site for C—H functionalization with a methyl
group or b) by the introduction of steric repulsion through
the use of a modified directing group. The versatility of this
photochemical C-H alkylation was further demonstrated
using water as a green reaction medium.

These findings show the unique potential of using a
single photosensitive ruthenium catalyst, which has been
demonstrated in site-selective C—H alkylation reactions.
This methodology avoids the disadvantages of conventional,
thermal C—H functionalization reactions.

7 7

N [Ru(p-cymene)Cl,], N
. o
S LN Rz,ﬁ,VX _ (Gmo%) N sy
R' U NaOAc, 1,4-dioxane R'-- [
z V RT, 24h Z BN

blue LEDs R?

29 30, X=Cl orBr 31, up to 89% yield

Pr.
N N

\j

OO

31d, 63%

n

31c, 75%

31a,R=H, 81%
31b, R =F, 83%

X
O/_/\N l _N QN
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31e, 67%

31f, 63% 319, 72%

Scheme 5. Photoinduced ruthenium-catalyzed ortho-C—H alkylation re-
actions with benzyl or allyl halides.
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3.2. Photoinduced ortho-C—H Arylation Reactions

The same research groups expanded this methodology
towards ortho-C—H arylation reactions with aryl halides.">"!
Such ruthenium-catalyzed ortho-C—H arylation was previ-
ously explored under thermal conditions involving a
ruthenium(II/IV) catalytic cycle with oxidative addition and
reductive elimination. However, applications are restricted
to high reaction temperatures of typically 100-140°C.P-!
Under simple irradiation with visible light, the reaction
temperature can be significantly lowered to room temper-
ature and highly efficient C—H arylation reactions can be
achieved. Both research groups identified carboxylates, such
as KOAc, as key additives to enable the ortho-C—H
arylation. A specific challenge with ortho-C—H arylation
reactions lies in achieving selective mono- vs. diarylation,
and the intrinsically higher susceptibility of the monoary-
lated product towards cyclometalation™! hampers the devel-
opment of a chemoselective transformation. Therefore,
diarylation reactions can be accessed, whereas monoaryla-
tion only occurs if one ortho-C—H bond is blocked by a
substituent (Scheme 6).

It is noteworthy that the photochemical method provides
a greater functional group tolerance compared to traditional
thermal conditions. In particular, sensitive functional groups
in the aryl iodide reaction partner, including hydroxy,
chloro, bromo, carbonyl, indole, and carbazole, are tolerated
under the mild reaction conditions and offer key synthetic
advantages. In addition, besides 2-aryl pyridines, the
Greaney group showed the directing groups could be
extended to quinoline and pyrazole heterocycles, whereas
the Ackermann group demonstrated the applicability of
triazoles, pyrimidines, imidates, pyrazoles, and ketimines as
compatible directing groups. Moreover, this photocatalytic
strategy shows excellent chemoselectivity in the arylation
reaction coupling partners bearing two different halogens or
pseudo-halogens. Ackermann and co-workers showed that
4-iodophenyl triflate and 1-iodo-3-bromobenzene undergo
selective coupling at the C—I bond, while the bromide or
triflate remain untouched. Under thermal conditions, the
lack of discrimination of the complementary aryl halides
leads to highly selective diarylated products (Scheme 6).5!

From a mechanistic perspective, this C—H arylation
proceeds through a distinct pathway, as previously discussed
for the meta-C—H functionalization reaction.*! A plausible
catalytic cycle is initiated by C—H ruthenation to generate a
mono-cyclometalated ruthenacycle. This ruthenacycle is
assumed to undergo a further ligand exchange through
photochemical dissociation of the p-cymene ligand and
assistance of the carboxylate additive to afford the bis-
cyclometalated ruthenacycle 38 (Scheme 7). A control
experiment by the Ackermann group with a cyclometalated
complex without a cymene ligand as catalyst shows that this
ortho-C—H arylation can indeed proceed through the base-
assisted formation of such bis-cyclometalated complexes and
that the cymene ligand is not required in this reaction. The
Greaney group performed a set of control experiments that
provide evidence for the participation of radical intermedi-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 6. Photoinduced ruthenium-catalyzed ortho-arylation reactions
with aryl halides. a) by Ackermann et al. and b) by Greaney et al.

ates and the photoinduced cleavage of the cymene ligand
under the reaction conditions.

Further mechanistic investigations were carried out by
(TD)-DFT calculations. These studies reveal that bis-cyclo-
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Scheme 7. (TD-)DFT calculated mechanism for the ruthenium-catalyzed
ortho-C—H arylation.

metalated complex 39 possesses an absorption maximum at
Amax =461 nm, which suggests that complex 39 may serve as
the photoactive species in the catalytic cycle. Under
irradiation with blue light, the singlet excited state of
iodoarene-coordinated ruthenacycle complex 40 undergoes
intersystem crossing (ISC) to give a long-lived, more-stable
triplet species 41 with an activation energy of 30.7 kcalmol .
An outer-sphere electron transfer (OSET) between triplet
species 41 and iodobenzene to account for the product
formation can be excluded because of the high energy
barrier of 31.8 kcalmol ™ according to Marcus theory and
Savéant’s model. Instead, a facile inner-sphere electron
transfer (ISET) from triplet state complex 41 via the low
transition state TS1 with a free energy of 4.0 kcalmol™!
generates a highly reactive phenyl radical 42 and ruthenium-
(IIT) complex 43. Recombination of 42 and 43 gives a stable
ruthenium(IV) intermediate 44 to complete the formal
oxidative addition step, which is facilitated by visible light.
Finally, reductive elimination delivers the ortho-arylated
product and regenerates the ruthenium catalyst (Scheme 7).

Thus, in this ortho-C—H arylation, the role of light is
twofold: a) it facilitates the release of the cymene ligand to
allow the formation of the bis-cyclometalated ruthenium
complex 38 and b)it facilitates the generation a triplet
excited state to enable a single-electron transfer and radical
generation.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



P Angewandte
GDvCh Minireviews Y e
4. Light-Mediated Ligand Deprotonation rs Ris
ﬁ\ R? R [RuCly(p-cymene)], (10 mol%) JCJ)\ ;‘;/\RQ
. . i o . S R4 (PhO);P(O)OH (20 mol%) , S
In addition to photoinduced metal-catalyzed site-selective H/\O . /QR 84005 (2 0qui) RUN T \)

C(sp*)—-H functionalization, the Koenigs group has recently
studied the application of this photochemical strategy
towards C(sp’)-H functionalization in Ru"-catalyzed C-
(sp®)—C(sp®) coupling reactions.” Importantly, control re-
actions under thermal conditions revealed that this trans-
formation only occurs under photochemical conditions,
which thus shows that novel and exclusive reaction modes in
C—H functionalization can be accessed under photochemical
conditions (Scheme 8).

In this study, the authors showed that, in the presence of
[Ru(cymene)CL,], as a catalyst, a chemoselective C(sp*)-H
functionalization occurred in the benzylic position of meth-
ylpyridyl-substituted amides 46 when using alkyl bromide 8
under photochemical conditions. Various tertiary and secon-
dary alkyl bromides were found to be compatible and
provide the corresponding benzylic C(sp®)-H alkylation
products in high yield. Such functionalized pyridine com-
pounds find important applications in medicinal chemistry
and organic synthesis.

For mechanistic insight, the authors conducted a series
of control experiments and combined these with theoretical
calculations. Radical trapping reactions with TEMPO and
1,1-diphenylethylene suggest that radical formation is in-
volved in this reaction, which is consistent with the reported
aromatic alkylation reactions described in Section 3. More-
over, an on/off experiment indicates that the reaction
proceeds only under constant irradiation with light, which
suggests that a radical chain process may not be involved.
The isolation of the cyclometalated ruthenium complex 49
was highly relevant for a mechanistic proposal. Complex 49
possesses a strong absorption band in the blue light region
and was identified as a suitable catalyst for this trans-
formation. Deuterium labeling experiments with D,O under
basic conditions suggest that irradiation with blue light
would facilitate deprotonation of the benzylic C(sp®)—H
bond of ruthenacycle 51, which is regarded as the key step in
this coupling reaction. As in the initial reports by the groups
of Ackermann and Greaney, diphenyl phosphate was found
to be a key additive to achieve high reaction efficiency. The
role of this acid, however, remains unclear.

To further support the reaction mechanism, detailed
computational studies were performed, with a focus on the
cyclometalated Ru" complex 49 as the catalytically active
species. In brief, these studies corroborate the experimental
studies and show that the photoexcitation of 49 leads to 50.
which undergoes intersystem crossing to give a triplet
complex 51 that can easily undergo a deprotonation reaction
under basic conditions with an energy barrier of
4.1 kcalmol™. A subsequent exothermic ligand exchange
with alkyl bromides followed by an intramolecular SET
process gives an alkyl radical intermediate that finally
undergoes radical-radical coupling (Scheme 8).

This work thus showcases that the photochemical
excitation of cyclometalated complexes can be used for the
deprotonation of C(sp’)—H bonds and thereby access novel
C-H functionalization pathways.
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Scheme 8. Photoinduced ruthenium-catalyzed C(sp®)—C(sp®) coupling
reaction.

5. Light-Mediated Reductive Elimination

The above-discussed applications build on the use of metal
complexes that act as catalysts for the C—H functionalization
reaction and as photosensitizers. One of the key drawbacks
of this approach lies in the low quantum yields and, thus, the
poor photochemical efficiency of these processes, as re-
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ported by the Ackermann group.[***”! The introduction of a
photosensitizer within the catalyst itself is, therefore, a
straightforward approach to cooperatively overcome such
limitations, as demonstrated, for example, in the develop-
ment of hydrogen production photocatalysts.’ Such a
system benefits from the simple photoexcitation of a redox-
active photosensitizer that can ease intramolecular redox
events, thereby accessing unconventional oxidation states of
transition-metal catalysts cooperatively.

In this context, the Chang group developed a bimodular
rhodium photocatalyst consisting of a Rh™ metal complex
for C—H activation and a light-harvesting group to allow
efficient access to photoexcited states (Scheme 9).% Based
on previous studies that indicated a facilitated reductive
elimination step from high oxidation states in the presence
of external oxidants,’”! Chang and co-workers envisioned a
modified rhodium catalyst linked to a photosensitizer with a
strong absorbance in the visible-light region. In this
fundamental study, Chang and co-workers accomplished
initial proof-of-concept applications with the C—H function-
alization of benzo[h]quinolone—more importantly, the
authors performed a detailed analysis of the fundamental
processes to validate this concept. Frontier molecular orbital
analysis showed that excitation of complex 63 results in a

Stoichiometric C-H functionalization

59 (2.0 equiv)

tBuOK (2.0 equiv)
CuOAc (1.0 equiv)
MeOH, 1 h
30°, hv(20 W) 60a, R = p-tolyl, 74% (CFL)
58 60b, R = Me, 75% (440 nm)

O3 4y it 0

62 (5.0 mol%) \

N H B. N M
Z O™ 'Me (Bu0), (2.0 equiv), BBUOK (10 mol%) Z ©
61 59b CuOAc (10 mol%) 60b, 81%
MeOH, 30 °C, 440 nm (20 W)
Proposed Mechanism
PC

65 (Rhl)
206

66 (Rh'")
93

Scheme 9. Photoinduced C—H alkylation or arylation reactions with a
bimodular rhodium catalyst.
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charge transfer between the rhodacycle and the light-
harvesting moiety which leads to an internal oxidation to
form a transient high-valent Rh' species. Computational
studies further substantiate the authors’ initial hypothesis of
facile reductive elimination from Rh' species (6.0 kcalmol
compared to that of 27.0 kcalmol™' in the Rh™/Rh' process;
Scheme 9).

This novel catalyst design thus represents a fundamental
example that opens up promising strategies in catalyst
design beyond C—H functionalization chemistry to facilitate
catalytic processes based on high oxidation-state intermedi-
ates with suitable, bimodular catalysts without the need for
harsh reaction conditions.

6. Summary

Over the past few years, several key conceptual break-
throughs in photochemical C—H functionalization under
ambient conditions have been achieved. In this Minireview,
we have discussed the use of a single catalyst for both
photosensitization and C—H functionalization without the
need for external photosensitizers. Depending on the
reaction conditions, essentially all the key reaction steps of
C—H functionalization reactions—ranging from C—H bond
activation or cyclometalation, single-electron transfer and
radical formation, ligand-exchange reactions, and ligand
backbone deprotonation—can now be facilitated by photo-
chemical excitation of archetypal C—H functionalization
catalysts to accelerate reductive elimination. Detailed mech-
anistic studies have revealed the role of visible light in
promoting these transformations. Therefore, this photo-
chemical strategy still holds vast potential to further explore
C—H functionalization reactions under mild reaction con-
ditions to provide new synthesis methods. More specifically,
this concept now allows the development of C—H function-
alizations that are challenging to control under thermal
conditions, expand the scope of compatible functional
groups, and may serve as an entry for the discovery of novel
chemical transformations. For the last case, a limited
number of initial reports that describe novel reactivity
patterns in C—H functionalization reactions under photo-
chemical conditions already foreshadow potential future
advances. Furthermore, the exceptionally mild reaction
conditions may prove beneficial to control enantioselective
C-H functionalization reactions, which are intrinsically
difficult to achieve under thermal conditions. Overall, the
advances discussed in this Minireview may serve as a
blueprint to provide many new opportunities for further
explorations and discoveries.
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