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CONSPECTUS: The development of efficient catalytic systems for
direct aromatic C−H bond functionalization is a long-desired goal of
chemists, because these protocols provide environmental friendly
and waste-reducing alternatives to classical methodologies for C−C and
C−heteroatom bond formation. A key challenge for these trans-
formations is the reoxidation of the in situ generated metal hydride or
low-valent metal complexes of the primary catalytic bond forming cycle.
To complete the catalytic cycle and to regenerate the C−H activation
catalyst, (super)stoichiometric amounts of Cu(II) or Ag(I) salts have
often been applied. Recently, “greener” approaches have been devel-
oped by applying molecular oxygen in combination with Cu(II) salts,
internal oxidants that are cleaved during the reaction, or solvents or
additives enabling the metal hydride reoxidation. All these approaches
improved the environmental friendliness but have not overcome the obstacles associated with the overall limited functional group
and substrate tolerance. Hence, catalytic processes that do not feature the unfavorable aspects described above and provide
products in a streamlined as well as economically and ecologically advantageous manner would be desirable.
In this context, we decided to examine visible light photoredox catalysis as a new alternative to conventionally applied regeneration/
oxidation procedures. This Account summarizes our recent advances in this expanding area and will highlight the new concept of
merging distinct redox catalytic processes for C−H functionalizations through the application of visible light photoredox catalysis.
Photoredox catalysis can be considered as catalytic electron-donating or -accepting processes, making use of visible-light absorbing
homogeneous and heterogeneous metal-based catalysts, as well as organic dye sensitizers or polymers. As a consequence, photoredox
catalysis is, in principle, an ideal tool for the recycling of any given metal catalyst via a coupled electron transfer (ET) process.
Here we describe our first successful endeavors to address the above challenges by combining visible light photoredox catalysis with
different ruthenium, rhodium, or palladium catalyzed C−H activations. Since only small amounts of the oxidant are generated and are
immediately consumed in these transformations, side reactions of substrates or products can be avoided. Thus, usually oxidant-
sensible substrates can be used, which makes these methods highly suitable for complex molecular structure syntheses. Moreover,
mechanistic studies shed light on new reaction pathways, intermediates, and in situ generated species. The successful development of
our dual catalysis concept, consisting of combined visible light photoredox catalysis and metal catalyzed C−H functionalization,
provides many new opportunities for further explorations in the field of C−H functionalization.

1. INTRODUCTION

The C−H olefination reaction, the Fujiwara−Moritani reaction,
was discovered in the late 1960s when catalytic amounts of
Pd(II) salts in combination with stoichiometric amounts of
Cu(II) salts promoted the addition of arenes to acrylates
(Scheme 1).1,2

Cu(II) salts were needed in the reaction because the resulting
zerovalent Pd-metal complexes had to be reoxidized by electron
transfer (ET) to complete a full catalytic cycle (Scheme 2, type I).
Not only Pd-catalyzed C−H functionalization reactions require
regeneration of the active species,3−6 but related catalytic reac-
tions using rhodium7−9 or ruthenium10,11 complexes constitute
further examples that require Cu(II) or Ag(I) salts for the same
reason. Systems involving peroxides, peroxyesters, polyoxome-
tallates, and benzoquinone as oxidants have also been developed
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Scheme 1. First Report on Pd-Catalyzed Olefination
Reactions by Fujiwara and Moritani

Article

pubs.acs.org/accounts

© 2016 American Chemical Society 1969 DOI: 10.1021/acs.accounts.6b00275
Acc. Chem. Res. 2016, 49, 1969−1979

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

http://pubs.acs.org/page/achre4/photoredox-catalysis.html
pubs.acs.org/accounts
http://dx.doi.org/10.1021/acs.accounts.6b00275
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


and successfully applied as alternatives to Cu(II) and Ag(I) salts
in olefination reactions.12,13

Since the pioneering work of Fujiwara and Moritani, not only
have improvements in the reaction scope and directing groups
been reported,14 but also greener approaches using molecular

oxygen together with lower amounts of external oxidants have
been described.15−17 Quite recently, internal oxidants (Scheme 2,
type II) have been applied to reoxidize the metal-hydride species
by internal N−O bond cleavage of the directing groups (e.g.,
cleavage of N−OMe bonds in Weinreb amides).18,19 Addition-
ally, efforts have been directed toward re-evaluating the concept
of directing groups, and use of substrates without such moieties
have been evaluated.20 Moreover, halogenated solvents and addi-
tives proved to be effective oxidants for rhodium-catalyzed C−H
functionalization reactions (Scheme 2, type III). By cleavage of
the C−Hal bond and subsequent protonation of the aromatic
solvent or additive, reoxidation of the catalyst could be
achieved.21,22

Although many years of research have passed since its first
discovery, detailed mechanistic understanding of the C−H
activation process has not been fully achieved and is therefore
still a topic of current research.23−32 Combining the mechanistic
aspects known to date, the following general mechanism can be
proposed (Scheme 3): after insertion of the catalyst MX2 (A)
into the aromatic C−H bond, which often requires a directing
group on the substrate, a metal−aryl complex B is formed. Coor-
dination of an olefin and subsequent insertion into the M−aryl
bond yields the metal complex C from which, after β-hydride
elimination, a metal hydride or, depending on the reaction con-
ditions, a zerovalent metal complex D is obtained. In order to
recycle the metal catalyst, (super)stoichiometric amounts of
Cu(II) or Ag(I) salts are necessary for the reoxidation to the
active catalyst A.
Although photoredox catalysis has been intensively employed

for electron transfer reactions,33−43 limited examples are known
in which the photoredox process was used to alter the nature of a
catalyst oxidation state. Recent examples include palladium-,44,45

gold-,46−51 and nickel-catalyzed52−56 reactions.
Based on our initial results in the area of photoredox-catalyzed

SET processes,57,58 we became interested in developing pro-
tocols based on the combination of photoredox catalysis with
metal-catalyzed C−H functionalizations. Driven by the observa-
tion that most C−H olefination reactions need stoichiometric
amounts of oxidants for catalyst regeneration, we decided to
examine such transformations from a photochemical point of
view. The oxidants undergo a redox process with the low-valent
metal complex D that is formed in situ after reductive elimina-
tion of the product (Scheme 4). The oxidant thereby transfers
electrons onto this intermediary species while being reduced
itself. Because this reaction essentially represents an electron

Scheme 2. Overview of Oxidant-Dependent C−H Olefination Reactions

Scheme 3. General Mechanism for Metal-Catalyzed C−H
Functionalization Reactions

Scheme 4. General mechanism for Metal-Catalyzed C−H
Functionalization Reactions Using Combined Photoredox
Catalysis
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transfer in the same manner in which photoredox catalysts
undergo electron transfer to acceptor and donor molecules, sub-
stitution of stoichiometric amounts of external oxidants with a
catalytic electron transfer reagent, such as a photoredox catalyst
or photosensitizer (PS), seemed plausible.

2. COMBINED METAL AND PHOTOREDOX CATALYSIS

2.1. Merging Rhodium and Photoredox Catalysis in C−H
Functionalizations

The need for catalytic transformations and our endeavor to
identify more elegant and effective reagents and catalysts led us
to review well-established oxidant-dependent C−H olefination
reactions. A rhodium-catalyzed C−H functionalization that pro-
vides ortho-olefinated Weinreb amides, which are versatile build-
ing blocks in organic synthesis, was taken as a model reaction.59

Indeed, the application of catalytic amounts of a photoredox
catalyst provided very good yields in the rhodium-catalyzed
olefination, showcasing the successful replacement strategy
for the stoichiometric oxidant. Moreover, the results were
comparable to those attained in previous reports (Scheme 5).60

In the course of the reaction, the oxygen-atom of the Weinreb
carbonyl serves as a directing group for the ligand-poor five-
membered rhodacycle that is obtained after the first aryl C−H
activation. According to the generally reported metal-catalyzed
reaction mechanism (Scheme 3), a rhodium hydrideD is formed
that in the absence of an external oxidant represents the ter-
mination of this reaction. Superstoichiometric amounts of, for
example, Cu(II) salts have been reported to oxidize the resulting
hydride and enable the restart of the catalytic cycle. Given the fact
that photoredox catalysts have been previously reported as being
electron acceptors for a variety of different purposes, a visible-
light driven catalytic process was thought to be a good alterna-
tive to commonly used Cu(II) salts. Application of 1 mol %
of [Ru(bpy)3](PF6)2 was sufficient for a high yielding catalyst
regeneration, and the previously used reaction temperature could
be lowered from 120 to 80 °C, without loss of reactivity.
In general, it was possible not only to transform a broad range

of frequently used Weinreb amides bearing many functional
groups for subsequent transformations but also to extend the
scope of the reaction to functionalized secondary and primary
amides and to obtain products in good to very good yields (Table 1).
Moreover, not only acrylates were tolerated in the olefination
reaction, but additionally vinyl silanes and sulfones could be suc-
cessfully applied.
The feasibility of secondary amides let us conclude that

the amide nitrogen works as a directing group for the ortho-
olefination. Furthermore, the successful use of various dialky-
lamides demonstrated that the N−OMe group was not acting as
an internal oxidant as previously reported (Scheme 2, type II).19

Scheme 5. Rh-Catalyzed Olefination in the Presence of
Photoredox Catalysis

Table 1. Scope of the Rh- and PR-Catalyzed Olefination Reaction
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In addition, the use of halogenated arenes as oxidants was ruled
out since no cleavage of C−Cl bonds (Scheme 2, type III) could
be detected when deuterated chlorobenzene was applied in the
reaction. In order to evaluate the potential involvement of singlet
oxygen species in the reaction mechanism, further control
reactions were performed in deuterated solvent since it is known
that the solubility and reactivity of singlet oxygen varies with
such a switch in the solvent. Comparable yields obtained in the
nondeuterated/deuterated chlorobenzene as solvent led to
the conclusion that singlet oxygen species are not involved in
the reaction pathway.61−63

However, the recycling of the photocatalyst in the presence of
air is achieved via a redox process in which superoxide anions
are formed. Superoxides, as well as decomposition products,
including hydroxyl radicals, belong to the class of highly reactive
oxygen species (ROS), which in turn could be responsible for the
regeneration of the rhodium catalyst. Therefore, control experi-
ments using 1 equiv of potassium superoxide (KO2) as a super-
oxide source and 1 equiv of 18-crown-6 were performed under
the exclusion of air and oxygen.64 Again the product was formed
in 36% yield, demonstrating that superoxide allows the reoxida-
tion of the intermediary rhodium species to close the catalytic
cycle. However, the handling of KO2, an explosive material, at

elevated temperatures is rather uncomfortable. Thus, the newly
developed photoredox catalysis protocol enables the in situ pre-
paration of the reactive oxidant under mild and safe conditions.
Finally, we also conducted experiments with stoichiometric

amounts of the photocatalyst under the exclusion of air and
oxygen. Interestingly, in this case we obtained the desired prod-
uct, indicating that a direct electron transfer from the photo-
catalyst allows the recycling of the active rhodium catalyst as well.
Based on these observations, the following mechanism was

proposed (Scheme 6): initial C−H activation of the Weinreb
amide leads to the five-membered rhodacycle A, in which the
carbonyl oxygen of the Weinreb amide coordinates to the
Rh(III) center to stabilize the ligand-poor metal complex.
Coordination of the acrylate (complex B) and subsequent

insertion into the Caryl−Rh bond forms intermediate C from
which β-hydride elimination occurs to liberate the corresponding
olefinated product and Rh−H species D. Instead of the Cu(II)
oxidant, the photoredox-based process allows the recycling of
the initial Rh(III) complex through direct electron transfer from
either (i) the visible-light excited Ru(II)* or (ii) the superoxide
anion or derived reactive oxygen species, which are formed in the
regeneration of the Ru(II) photocatalyst.
Following our work on heterogeneous photoredox cataly-

sis,57,65 we then applied various heterogeneous electron-transfer
photosensitizers using the reaction conditions developed.
Among the evaluated heterogeneous semiconductors, tungsten
trioxide proved to be the best choice, delivering the desired
product with a comparable yield of 84% (Scheme 7).66 Thus,
by using a stoichiometric amount of a photoredox catalyst, the
regeneration of the active species was established. Additionally,
application of a heterogeneous photosensitizer allowed the reox-
idation of the metal catalyst without formation of inorganic
waste. This concept allowed the recycling of tungsten trioxide
with reapplication in subsequent cycles.
Having gained insights into the combined photoredox/rhodium

catalysis, we were interested to test whether a cyclization with
alkynes would also be feasible (Schemes 8 and 9). In principle,
the low-valent Rh(I) species should be reoxidized in the same
manner as previously shown for the Rh-hydride intermediate.
To test our hypothesis, we chose the cyclization of anilides with
alkynes as a proof-of-concept reaction. The transformation was
previously reported by Fagnou and co-workers using a combined
Rh- and Cu-based system and is of interest since the resulting
indole structures play an important role in pharmaceutical
chemistry.67,68 We were pleased to see that also in this case the
stoichiometric amounts of copper oxidants can be replaced

Scheme 6. Proposed Mechanism of Rh-Catalyzed Olefination
in the Presence of Photoredox Catalysis

Scheme 7. Application of Semiconductors for the Rh-Catalyzed Olefination Reaction

Scheme 8. Rh-Catalyzed Cyclization in the Presence of Photoredox Catalysis
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by catalytic amounts of a photoredox catalyst (1 mol %).69

A subsequent mechanistic investigation led us to propose that
the Rh(I) species C, delivered by reductive elimination of inter-
mediate B, is reoxidized to Rh(III) with simultaneous reduction
of the excited Ru(II)* photocatalyst (Scheme 9).
Further mechanistic studies including KIE experiments

showed that the photoredox process proceeds independently
from the C−H activation step (KIE = 4.5). This also confirmed
our hypothesis that photoredox catalysis does not generally
change the nature of C−H functionalizations and serves only as
substitution for the oxidant.
The functional group tolerance is surprisingly broad, and sub-

strates bearing halides, CF3-groups, as well as esters, could be
applied effectively. Furthermore, nonsymmetric alkynes could
be applied. We were also able to extend the dual catalysis
methodology to pyrrole derivatives as demonstrated in Table 2.

2.2. Combined Palladium and Photoredox Catalysis

Having proven for the first time that photoredox catalysis is a
suitable alternative for stoichiometric Cu(II) or Ag(I) additives,
we went on to study more frequently used and widely applied
catalytic systems. Our attention was drawn to oxidative Pd(II)
chemistry, which is one of the most intensively investigated areas
of C−H functionalization.3−6 As illustrated in the Introduction,
these methodologies also have the disadvantage that external
oxidants are required in large amounts. Hence, the newly
established photoredox-based catalysis concept should allow for
the successful extension to Pd(II)/Cu(II) olefination reactions
(Scheme 10).

In the presence of catalytic amounts of the [Ir(ppy)2(bpy)]-
(PF6) photocatalyst, high yields were obtained under the dual
catalytic system. Again the yields were comparable to the Cu(II)
based system,70,71 and control reactions revealed the crucial
influence of the oxygen species that are also generated in the
rhodium-photoredox system.72 Therefore, we tested KO2 in the
cyclization reaction and found that it acts as an oxidant. Thus,
the superoxide anion can be added in the form of potassium salt
or formed in situ by photoredox catalysis.
Based on these results, a more complex reaction mecha-

nism was proposed that included two different, simultaneously
operating, reoxidation modes (Scheme 11): activation of both
olefinic (intermediate A) and aromatic (intermediate B) C−H
bonds by a Pd(II) catalyst leads to Pd(II) hydride B, which
delivers the corresponding indole product and simultaneously

Scheme 9. Combined Rhodium- and Photoredox-Catalyzed
Cyclization Reaction of Acetanilide and Diphenylacetylene

Table 2. Scope of the Combined Rhodium- and Photoredox-Catalyzed Cyclization Reaction of Anilides and Alkynes

Scheme 10. Photoredox Catalysis in Palladium-Catalyzed
Cyclization Reaction
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forms Pd(II)-hydride C. Reductive elimination of acetic acid
now releases a Pd(0)-complex (D), which by means of photo-
redox catalysis can be reoxidized to the active Pd(II) catalyst.
As illustrated in the case of Rh, reduction of molecular oxygen
produces superoxide anions that allow the completion of
the photoredox cycle by means of Ir(II) to Ir(III) oxidation.
In agreement with the previous mechanism, superoxide anions
are capable of reoxidation of the Pd(0) species D to Pd(II).

As illustrated for the rhodium photoredox catalytic system,
we also aimed for the realization of a heterogeneous recycling
protocol for this methodology (Scheme 12). In this case, bismuth
vanadate proved to be superior over other heterogeneous semi-
conductors delivering the cyclized indole in very good yield
(81%).66

In this case, catalytic amounts of bismuth vanadate could
be applied. The scope of the reaction was broad and different
substituents on the aromatic and ester moieties were generally
well accepted (see Table 3). Interestingly, the reaction showed
acceptance of photoredox-active groups, such as benzylic or
chlorinated carbon atoms. Moreover, nonprotected indoles were
obtained as synthetically valuable products.
The results demonstrate that not only in rhodium- but also in

palladium-catalyzed C−H functionalizations, the reoxidation
of the transition metal can be achieved by a homogeneous or
heterogeneous visible light photoredox catalysis process. While
potassium superoxide can act as oxidant, the yields are inferior,
and decomposition products are observed. In contrast, in the
photoredox process only small amounts of reactive oxygen
species are formed, and under these milder reaction conditions,
better yields are observed.
2.3. Merging Ruthenium and Visible Light Photoredox
Catalysis in ortho-C−H Olefinations

Finally, our attention focused on another commonly applied
catalytic system for C−H functionalization. Based on Acker-
mann’s work73 with pyridines as directing groups in the ortho-
olefination of phenyl ethers, we started our investigations for a
photoredox-based reoxidation protocol. Similar to the previous
cases, comparable yields were obtained when catalytic amounts
(3mol %) of [Ir(ppy)2(bpy)]PF6 were applied as the photoredox
catalyst to the reaction (Scheme 13).74

Scheme 11. Plausible Mechanism for the Combined Pd- and
Photoredox-Catalyzed Olefination Reaction

Scheme 12. Pd-Semiconductor-Catalyzed Olefination
Reaction

Table 3. Scope of the Palladium- and Visible-Light-Photoredox-Catalyzed Cyclization Reaction

Scheme 13. Combined Ruthenium- and Photoredox-
Catalyzed Olefination Reaction of Phenol Ethers
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In general, similar trends were observed. Mechanistically, a
Ru(II)-dimer is activated by addition of a silver salt, delivering
the corresponding monomer A that can undergo C−H activation
by chelating to the pyridyl directing group (B) (Scheme 14).

Subsequent insertion of an acrylic ester leads to the formation of
species C from which β-hydride elimination can occur. In the
absence of acid, the Ru(II)-hydride D obtained forms a Ru(0)
intermediate E that needs an external oxidant in order to re-enter

the catalytic cycle. As demonstrated in the Pd catalysis, the
photoexcited Ir(III)* catalyst, as well as the superoxide radicals
formed in situ, allows the reoxidation to Ru(II) A.
However, we observed the formation of not only the desired

olefinated product but also the corresponding hydrogenated
aliphatic ester. After careful studies, we found that acidic additives
with carefully chosen pKa values allow the selective formation
of the olefinated product. In line with previous reports,75−77

we conclude that the well-described Ru(0)-hydrogen species
(D′) can be formed when Ru(II)-hydride complexes (inter-
mediate D) are treated with moderately acidic additives, such
as acetic acid. Because acids preferably shift this equilibrium
toward the Ru-hydrogen complex (D′), the reported hydro-
genation of unsaturated esters by Ru(II)-hydride complexes is
efficiently suppressed.78 The Ru-hydrogen complexes (D′) are
then transformed into the corresponding Ru(0)-complex E by
releasing molecular hydrogen.79 Subsequently the photoredox-
catalyzed regeneration can take place. This hypothesis was
confirmed by varying the ruthenium and photoredox catalyst
ratio. When more photoredox catalyst was applied in the reac-
tion, increasing the depletion of Ru−H D, lower amounts of
hydrogenated product were observed. In contrast, when more
ruthenium catalyst was provided for the C−H activation, the
amount of Ru-hydride D increased and more of the hydro-
genated product was obtained.
In order to get insights into the kinetics of the described

transformation, each reoxidation process, namely, the electron
transfer from the photoredox catalyst and the superoxide anion,
as well as the initial catalytic process, were analyzed individually
(Figure 1). The following plot illustrates that the processes
with either KO2 (2 equiv) or photoredox catalyst (200 mol %)
under an argon atmosphere proceeded much slower compared

Scheme 14. Proposed Mechanism for the Ruthenium- and
Photoredox-Catalyzed Olefination Reaction

Figure 1. Kinetic plot for oxidant dependent, combined ruthenium- and photoredox-catalyzed olefination reaction of phenol ethers: (■) 3 mol %
[Ir(ppy)2(bpy)]PF6 was applied as oxidant under aerobic conditions; (▲) 2 equiv of KO2 was applied as oxidant under inert conditions; (○) 200 mol %
[Ir(ppy)2(bpy)]PF6 was applied as oxidant under inert conditions.
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with the standard reaction conditions (3 mol % photoredox
catalyst under air) and led to lower yields after 24 h, indicating
that under catalytic conditions a dramatic increase in reactivity
is achieved.
As described above, the same transformation was also achieved

when the homogeneous photoredox catalyst was replaced
with bismuth vanadate as heterogeneous semiconductor photo-
sensitizer without loss of selectivity and reactivity (Scheme 15).66

Application of the developed dual catalysis methodology
demonstrated a good variety of substitution patterns and gen-
erally good to very good yields were obtained (Table 4). Again,
addition of acetic acid improved the selectivity in favor of
the olefinated products by shifting the equilibrium toward the
Ru-hydrogen complex.

3. CONCLUSION AND PERSPECTIVE
During the past few years we, and others, were able to dem-
onstrate that visible light photoredox catalysis can be a valuable
tool for single electron transfer reactions, as well as for the
generation of reactive oxygen species including superoxide
anions. The latter observations led us to question whether a
photoredox-catalyzed process could be applied to substitute
(super)stoichiometric amounts of external oxidants in transi-
tion metal catalyzed C−H functionalizations. As shown in this

Account, our initial work focused on the three most representative
metals (Rh, Pd, Ru) for C−H olefination reactions. These
transformations were previously achieved if large amounts of
Cu(II) salts were applied. However, we successfully demon-
strated that either visible light homogeneous photoredox
catalysts or heterogeneous semiconductor-based catalysts are
perfectly suitable substitutes. Mechanistic studies revealed that
the photoredox process is independent from the C−H activation
reaction. Moreover, we were able to show that the photoredox
catalysts generate and carefully release superoxide radicals that
can independently work as oxidants as demonstrated by the
use of potassium superoxide. While more detailed mechanistic
studies need to be undertaken, the successful development of
our dual catalysis concept, consisting of combined visible light
photoredox catalysis and metal catalyzed C−H functionalization,
provides many new opportunities for further explorations.
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