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tions of flavin photocatalysis:
a review

Vishal Srivastava, a Pravin K. Singh,a Arjita Srivastava a and Praveen P. Singh *b

Encouraging developments in the field of photocatalysis in last decades, biomolecules namely flavins have

been observed to act as a catalyst in several photoredox-catalysed synthetic methodologies. Due to its

excellent redox window and good chemical stability, this promising photoactive biological molecule has

emerged as a powerful and attractive metal-free organophotocatalyst. This review highlights the design,

properties, biosynthesis and application of flavin photoredox catalysts and is expected to contribute to

a great extent towards the advancement and development of synthetic methodologies.
1. Introduction

In recent years, both academia and industry1–10 have attracted
extensive interest in the context of green and sustainable
chemistry due to the development of clean, economical and
efficient chemical processes. Over the last decade, visible light
photocatalysis has evolved into a widely used method in organic
syntheses as it is the most sustainable reaction inducer and has
been increasingly used as a powerful strategy to promote
numerous synthetic transformations in organic chemistry11 as it
is a safe, renewable, and inexpensive source of chemical energy.
Solar energy (visible light) has great prospects in developing
sustainable and eco-friendly protocols and can be used in
organic synthesis12 because it is clean, easy to handle and an
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unlimited energy source. The conversion of solar energy into
chemical energy for chemical transformations,13,14 has fasci-
nated some researchers, who have incorporated an excellent
tactic for the implementation of photoredox catalysts to
commence single electron transfer (SET) processes.15,16 In
organic synthesis, the visible light photoredox catalysis has
received considerable attention owing to the ready availability,
non-toxicity and ease-of-handling.17 In the last few decades,
several metal-free organic dyes, such as eosin Y, rose bengal,
Nile red, uorescein, rhodamine B and perylene, have been
applied as inexpensive and environmentally benign preferable
alternatives to Ru(II) and Ir(II) complexes in visible-light
promoted organic transformations involving SET.18,19 These
organic dyes can serve as a superior alternative to transition
metal photoredox catalysts, and have great potential for appli-
cation in visible-light mediated organic synthesis.20 In spite of
these facts, the general synthetic utility of organic dyes is still
rather limited due to relatively few catalyst options.
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Fig. 1 Naturally occurring flavins.
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The application of inexpensive organic dyes has received
increasing attention since some chromophores allow access to
unique chemical reactivity.21 Their use has been restrained22

due to far more limited availability of their spectroscopic,
kinetic, and electrochemical data in comparison to the
transition-metal catalysts and for most organic dyes the reactive
triplet state is not characterized by charge separation.23

Furthermore, not all of these dyes can engage in both oxidative
and reductive quenching, as well as due to its poor recyclability
these organic dyes have limited widespread application.

Flavin catalysis is recognized as an attractive approach for
designing green and sustainable transformations. Recently, one
of the most widespread examples of dye-based photoredox
catalysts is vitamin B2, riboavin (RF)24 and its derivatives,
which have received remarkable attention as unique redox
organocatalysts that promote numerous catalytic oxidations.25,26

Flavin derivatives (FLs), serving as the building blocks of redox-
active coenzymes, are the reaction sites of numerous thermal
and photoinduced processes and are tolerant to the variation of
redox potentials.27–29 Riboavin and its derivatives exhibit some
advantages: among others, they can have maximum absorption
in the blue region of the visible light spectrum with high molar
absorption coefficients. These photocatalysts are easily acces-
sible, providing a versatile and green method for numerous
organic chemical reactions.30 (�)-Riboavin (vitamin B2) is
a highly versatile organocatalyst for a variety of trans-
formations31 due to its inherent energy transfer (ET) and single
electron transfer (SET) modes that can be activated upon irra-
diation.32 Therefore, it is highly desirable to design new organic
photocatalysts with broad redox capabilities. Thus, in modern
organic synthesis, avins exhibit a superior performance in
comparison to other photocatalysts due to their better photo-
stability, which will ultimately bring about the future develop-
ment trend of organic photocatalysts.

Recently, avin and its derivatives have been found to be
ingenious photocatalysts for various reactions (Fig. 1) and
emerged as outstanding organic photoredox catalysts for
diverse synthetic organic transformations. As this is a robust
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emerging eld, a summary of avins for organic transformation
is highly appreciable. In continuation of our study on photo-
catalysed organic syntheses,33 in this study, the recent trends in
using avins as a visible light photocatalyst in organic synthesis
are reviewed.
2. Biosynthesis of riboflavin

The biosynthesis of riboavin was investigated by Bachner
et al.34 in 2000. One riboavin molecule requires one molecule
of GTP and two molecules of ribulose 5-phosphate as substrates
(Scheme 1). Most commercial riboavin is currently produced
or was produced earlier via microbial synthesis using specially
selected strains of bacteria and fungi.
3. Flavin-related compounds in
photocatalysis

Besides avin related compounds48 that have also been applied
in photoredox catalysis, some of them are naturally occurring,
while few compounds are semi-synthetic (Fig. 2).
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Scheme 1 Biosynthesis of riboflavin.34

Fig. 2 Structure of flavin-related compounds.48
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4. Photochemistry of flavin

Three redox states: oxidized, one-electron reduced (as semi-
quinone) or reduced by two electrons, exhibited by avins, and
each of these redox states has three different protonation states
(Scheme 2). Substitution, noncovalent interactions such as
hydrogen bonds, and nature of the surrounding protein affect
the redox properties, absorption and reactivity of avins. From
electrochemical studies, in water and in protic organic solvents,
avins are reduced reversibly by a two-electron process; the
Scheme 2 Different redox and protonation states of flavins (10-
substituted isoalloxazines).35–48

© 2021 The Author(s). Published by the Royal Society of Chemistry
reduction potential of RF is about �0.507 V (vs. ferrocene/
ferrocenium (Fc/Fc+)) in water. Two consecutive one-electron
reductions are observed in aprotic media. The reduction
potentials of riboavin tetraacetate (RFTA), �1.18 V and
�1.87 V (vs. Fc/Fc+), measured in acetonitrile.35–48

In avin photocatalysis, its photocatalytic cycle starts with
the irradiation of the oxidized form of avin (Flox) with blue
light exciting it into the singlet state (1Fl*), followed by an
intersystem crossing (ISC) to the triplet state (3Fl*) rapidly. In
catalysis, the triplet state is the active species and key inter-
mediate, which can then be reduced by an appropriate substrate
to the radical anion (Flc�), which is subsequently protonated
and further reduced to the avohydro-quinone anion (HFlred

�).
The different redox and protonation states of avin and their

derivative compounds affect the photo absorption properties in
context of uorescence intensity and excited-state lifetimes,
which have been found lower for alloxazines than those for
avins (Table 1 for comparison).49

The general mechanistic pathway for avin photocatalysis
has been depicted in Scheme 3.50

5. Synthetic applications of flavin

Flavin photocatalysis is an ingenious and green protocol for
numerous organic transformations. Since riboavin has
emerged as a stable photocatalyst, as a result of which in recent
years several new reactions have been reported indicating the
scope and applicability of avin, including cyclization, decar-
boxylative cyanation, aerobic oxidation, nitration, E / Z
isomerization, chemoselective synthesis and oxyamination.

5.1. Cyclization of thiobenzanilides

Schmidt et al.51 reported an efficient photochemical approach
for the cyclisation of thiobenzanilides. They performed visible
light irradiated synthesis of benzothiazoles from thio-
benzanilides using riboavin as a photocatalyst and potassium
peroxydisulfate as a sacricial oxidizing agent up to 97% yield
(Scheme 4).

A plausible mechanism is shown in Scheme 5. Upon the
photogeneration of singlet and/or triplet excited states of RFTA,
thiobenzanilides can act as a quencher by an electron-transfer
reaction, giving rise to the corresponding thiobenzanilide
radical cation (1c+) along with the radical anion RFTAc�.
Notably, the riboavin moiety can also act as a base (pKa of
[RFTA-H]c ¼ 8.3), assisting the deprotonation of 1c+. The
deprotonation of the thiobenzanilide radical cation 1c+ gives the
sulfur radical, which undergoes cyclization and further rear-
omatization by any oxidant species affording 2-substituted
benzothiazoles 2. Peroxydisulfate is necessary to close the
catalytic cycle and return RFTA to its ground state.

5.2. Direct cyclization

The photocatalytic synthesis of benzo-3,4-coumarins 4 directly
from biaryl carboxylic acids 3 without the need for substrate
prefunctionalization was investigated by Gilmour et al.52

(Scheme 6). This disconnection relies on the oxidation
RSC Adv., 2021, 11, 14251–14259 | 14253
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Table 1 Spectral and electrochemical characteristics of the selected flavin derivatives in acetonitrile49

Compound l1
a (nm) l2

a (nm) lF
b (nm) FF

c sF
d E0e (V)

Riboavin tetraacetate 440 343 505 0.37 6.8 ns �1.18 (�1.87)
Lumiavin 443 342 533 0.16 7.7 ns �0.761
5-Deazariboavin 399 329 457 0.11 4.03 ns —
Lumichrome 380 334 437 0.028 0.64 ns �1.3
5EtFl+ClO4

� 557 414 661 — 590 ps 0.306 (�0.389)f

5EtFlOH 348 — 496 0.0003 500 fs —

a l1 and l2 are the positions of the two lowest energy bands in the absorption spectra. b Maximum of the uorescence emission spectrum.
c Fluorescence quantum yield. d Fluorescence lifetime. e Reversible redox potentials (Fl / Fl� and Fl� / Fl� in the brackets) measured by CV
using SCE as standard electrode. f Value for 3,10-dimethyl-5-ethyl avinium (R ¼ Me).

Scheme 3 General mechanisms of flavin catalysis.50

Scheme 4 Visible light-mediated cyclisation of thiobenzanilides.51

Scheme 5 A plausible mechanism for the cyclisation of thio-
benzanilides via visible light photocatalysis.51

Scheme 6 Direct, photocatalytic synthesis of benzocoumarins via
(�)-riboflavin-mediated electron transfer.52

14254 | RSC Adv., 2021, 11, 14251–14259
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competence of photoactivated (�)-riboavin to generate the
heterocyclic core via photoinduced single electron transfer.

They proposed that singlet state electron transfer from
benzoic acid to excited state (�)-riboavin [E(3RF*/RFc�) ¼
1.46 V vs. SCE] is operational (Scheme 7).53 The catalytic cycle is
likely initiated by the protonation of (�)-riboavin (RF) with the
strong absorption of the protonated avin (Scheme 7, RFH+)
occurring at lmax ¼ 402 nm. Subsequent single electron transfer
from the carboxylate anion (3a) to RFH+ yields the protonated
avin radical (RFHc) and the carboxy radical (3b), which can
undergo rapid cyclization to intermediate 3c. Final oxidation
and rearomatization of 3c with RFHc in a hydrogen atom
transfer or SET/deprotonation reaction releases the desired
product. The reduced (�)-riboavin (RFH2) can, in turn, be
reoxidized by molecular oxygen as well as the oxidation of
Scheme 7 A plausible mechanism for the direct, photocatalytic
synthesis of benzocoumarins.53

© 2021 The Author(s). Published by the Royal Society of Chemistry
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intermediate 3c and RFHc by molecular oxygen cannot be
ignored.
Scheme 9 Plausible mechanism of the decarboxylative cyanation of
aliphatic carboxylic acids.54
5.3. Decarboxylative cyanation of aliphatic carboxylic acids

Gomez et al.54 reported the decarboxylative cyanation of
aliphatic carboxylic acids at room temperature. Riboavin tet-
raacetate promotes the visible light-irradiated oxidation of
carboxylic acids. Aer decarboxylation, the generated radicals
are trapped by TsCN, yielding the desired nitriles without any
further additive, in a redox-neutral process (Scheme 8). This
protocol can be adapted to ow conditions.

Mechanistically, they anticipated that, upon irradiation with
visible light (lmax z 450 nm) and aer rapid intersystem
crossing, the long-lived triplet-excited state of avin would be
oxidant enough (Ered ¼ +1.50 V vs. SCE) to undergo the single-
electron oxidation of aliphatic carboxylates [Ered from +1.0 V
to +1.50 V vs. SCE]. Importantly, the avin moiety can also act as
a base, favoring the deprotonation of carboxylic acid prior to its
single electron oxidation, or in a proton-coupled electron
transfer (PCET). Aer the rapid decarboxylation of the aliphatic
acyloxyl radical, the generated radical is intercepted by Ts-CN,
affording the desired nitrile and p-toluenesulfonyl radical
(Tsc). The latter radical could be reduced by the hydroavin
radical, regenerating the photocatalyst and producing TsH aer
protonation, in a redox-neutral process. Alternatively, the p-
toluenesulfonyl radical could abstract a hydrogen atom (HAT)
from FHc to turn over the photocatalyst (Scheme 9).
5.4. Aerobic oxidation of benzylic C–H bonds

Pasau and co-workers55 reported a continuous mesouidic
process for benzylic C–H oxidation withmoderate to good yields
using a avin photocatalyst upon visible-light irradiation and
an iron additive [Fe(ClO4)2] via the incorporation of singlet
oxygen (1O2) for the direct formation of oxidized C]O or CH–

OH compounds (Scheme 10).
A plausible mechanism is shown in Scheme 11. Upon irra-

diation, photocatalyst (RFT), is excited to its triplet state (RFT*)
and can undergo consecutive electron reduction and proton-
ation, leading concomitantly to the formation of RFTH2 and the
radical (Rc, 8a). At this stage, the 1O2 singlet will react with the
radical species to generate the peroxo-radical (ROOc, 8b) inter-
mediate, affording the ketone or alcohol precursor of the
desired products. 1O2 will then oxidize the intermediate RFTH2

in order to regenerate the catalyst and form the H2O2 side
product. Finally, hydrogen peroxide is reduced to O2 and H2O in
the presence of an iron additive.
Scheme 8 Decarboxylative cyanation of aliphatic carboxylic acids.54

© 2021 The Author(s). Published by the Royal Society of Chemistry
5.5. Nitration of protected anilines

König et al.56 investigated the nitration of protected anilines
with riboavin tetraacetate (RFTA) upon visible light irradia-
tion. In this protocol, sodium nitrite serves as the NO2 source in
the visible-light driven room temperature reaction. Numerous
nitro anilines are obtained in moderate to good yields without
the addition of acid or stoichiometric oxidation agents. The
catalytic cycle is closed by aerial oxygen as the terminal oxidant
(Scheme 12).

Aer excitation, photocatalyst (RFTA) oxidizes the aniline
derivative 10.57,58 The acidity of radical cations increases
compared to the neutral compound, so the consecutive forma-
tion of the stabilized radical 10a via the loss of a proton can
occur.59,60 The radical species nitrogen dioxide is formed via
different pathways and is able to react with 10a.61,62 Aer rear-
omatization, the desired para- and ortho-regioisomeric substi-
tution products 11 are obtained (Scheme 13).
5.6. E / Z isomerization of polarized alkenes (olens)

Metternich et al.63,64 reported the rst highly Z-selective isom-
erization 13 of polarized alkenes 12, catalysed by riboavin
under visible light irradiation. This study was inspired by the
susceptibility of crystalline (�)-riboavin in the eyes of verte-
brates to invert the intrinsic directionality of retinal isomeri-
zation. They demonstrated broad substrate scope (up to 99 : 1
Z : E) along with the evidence of mechanistic dichotomy via
both singlet and triplet energy transfer mechanisms (Scheme
14). The simple E / Z isomerization of activated dienes, based
Scheme 10 Aerobic oxidation of benzylic C–H bonds.55

RSC Adv., 2021, 11, 14251–14259 | 14255
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Scheme 11 Plausible mechanism of the aerobic oxidation of benzylic
C–H bonds.55

Scheme 12 Nitration of protected anilines.56

Scheme 13 Plausible mechanism of nitration of protected anilines.56

Scheme 14 Photocatalytic isomerization of polarized alkenes.63,64

14256 | RSC Adv., 2021, 11, 14251–14259
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on the b-ionyl motif intrinsic to retinal, is also reported by
Gilmour et al.65 by using inexpensive (�)-riboavin (vitamin B2)
under irradiation at 402 nm.

5.7. Chemoselective synthesis of unsymmetrical disuldes

Iida et al.66 have developed the chemoselective synthesis of
unsymmetrical disuldes using the oxidative heterocoupling
reaction of two different thiols. The riboavin-based catalyst
successfully promoted the formation of the phototropin-like
avin–thiol adduct under visible light irradiation, the mild
reactivity of adduct, played a crucial role in the chemoselective
cross-coupling. This green oxidative transformation is driven by
visible light due to the photo and redox-organocatalysis of
avin, and molecular oxygen under mild metal-free conditions
(Scheme 15).

6. Cooperative catalysis

Cooperative catalysis is applicable when two catalysts and
two catalytic cycles work in concert to generate a single new
bond in organic transformations. Being a stable photo-
catalyst, avin is also applied as a cooperative catalyst in
combination with other organocatalyst and avin–amine
hybrid to carry out aerobic oxidations as well as oxyamination
reactions.

6.1. Aerobic oxidation of unactivated benzylic substrates

Cibulka et al.67 reported a system with ethylene-bridged
avinium salt (combining avin photocatalysis and orga-
nocatalysis 18b), which catalyzes the aerobic oxidation of
toluenes and benzyl alcohols 19 with high oxidation
potential (Eox > +2.5 V vs. SCE) to give the corresponding
benzoic acids 20 under visible light irradiation (Scheme 17).
This is caused by the high oxidizing power of excited 17b
(E(2b*) ¼ +2.67 V vs. SCE) involved in photooxidation and by
the accompanying dark organocatalytic oxygenation
provided by the in situ formed avin hydroperoxide 18b–
OOH (Scheme 16).68–76

6.2. Peptide bridged avin–amine hybrid

Imada et al.77 reported a peptide-bridged avin–amine hybrid
that can catalyze the a-oxyamination of aldehydes 21 with
Scheme 15 Flavin–thiol adduct-mediated heterocoupling reaction.66

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Aerobic oxidation of unactivated benzylic substrates.67

Scheme 18 Efficient use of photons in photoredox/enamine dual
catalysis with a peptide-bridged flavin–amine hybrid.77

Scheme 17 Activation modes of flavin “co-factors” for oxidations in
natural and artificial systems.68–76
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TEMPO 22 under weak blue light irradiation to achieve an
extremely high quantum yield of reaction (F ¼ 0.80). The avin
ring system and a secondary amine have been integrated
through a short peptide linker with the aim of using photons as
efficiently as possible in the photoredox/enamine dual catalysis
(Scheme 18).
© 2021 The Author(s). Published by the Royal Society of Chemistry
7. Conclusions

Flavins and their derivatives can serve as a green and versatile
catalyst to carry out several organic transformations. In the last
few years, few avin catalysed chemical reactions were reported
that clearly indicate that properties and possible synthetic
applications of avins and their derivatives are still in their
preliminary stage, which needs to be further explored to realize
its full potential. The photostability of the avin catalyst must
be enhanced. For the application of the oxidised form of the
avin catalyst with higher substrate concentration and
substrate binding sites, the ISC rate to triplet state aer exci-
tation must be enhanced and further exploration is needed to
use the reduced form of avin in organic transformations. In
summary, avins and their derivatives have been used as
simple, economical and metal-free photocatalysts for organic
transformation recently, with a view of exploring new routes for
the development of a novel visible light-induced organic
synthesis and it will explore a new era for the biomaterial-based
photoredox synthesis.

Conflicts of interest

There are no conicts to declare.

References

1 X. Feng, T. Yang, X. He, B. Yu and C. W. Hu, Appl. Organomet.
Chem., 2018, 32, e4314.

2 G.-P. Yang, D. Dilixiati, T. Yang, D. Liu, B. Yu and C. W. Hu,
Appl. Organomet. Chem., 2018, 32, e4450.

3 G. P. Yang, X. He, B. Yu and C. W. Hu, Appl. Organomet.
Chem., 2018, 32, e4532.

4 G. P. Yang, S. X. Shang, B. Yu and C. W. Hu, Inorg. Chem.
Front., 2018, 5, 2472.

5 C. Jing, X. Chen, K. Sun, Y. Yang, T. Chen, Y. Liu, L. Qu,
Y. Zhao and B. Yu, Org. Lett., 2019, 21, 486.

6 G. P. Yang, X. Wu, B. Yu and C.W. Hu, ACS Sustainable Chem.
Eng., 2019, 7, 3727.

7 L. Y. Xie, Y. Duan, L. H. Lu, Y. J. Li, S. Peng, C. Wu, K. J. Liu,
Z. Wang and W. M. He, ACS Sustainable Chem. Eng., 2017, 5,
10407.

8 L. Y. Xie, Y. J. Li, J. Qu, Y. Duan, J. Hu, K. J. Liu, Z. Cao and
W. M. He, Green Chem., 2017, 19, 5642.

9 L. Y. Xie, S. Peng, J. X. Tan, R. X. Sun, X. Yu, N. N. Dai,
Z. L. Tang, X. Xu and W. M. He, ACS Sustainable Chem.
Eng., 2018, 6, 16976.

10 L. Y. Xie, S. Peng, F. Liu, Y. F. Liu, M. Sun, Z. Tang, S. Jiang,
Z. Cao and W.-M. He, ACS Sustainable Chem. Eng., 2019, 7,
7193.

11 (a) J. W. Tucker and C. J. R. Stephenson, J. Org. Chem., 2012,
77(4), 1617; (b) D. R. Heitz, K. Rizwan and G. A. Molander, J.
Org. Chem., 2016, 81(16), 7308; (c) F. X. Felpin and
S. Sengupta, Chem. Soc. Rev., 2019, 48, 1150; (d) H. Chen,
L. Guo and S. Yu, Org. Lett., 2018, 20(19), 6255.

12 X. Sala, I. Romero, M. Rodriguez, L. Escriche and A. Llobet,
Angew. Chem., Int. Ed., 2009, 48(16), 2842.
RSC Adv., 2021, 11, 14251–14259 | 14257

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00925g


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 3
:5

7:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
13 D. Mandler and I. Willner, J. Am. Chem. Soc., 1984, 106(18),
5352.

14 O. Ishitani, S. Yanagida, S. Takamuku and C. Pac, J. Org.
Chem., 1987, 52(13), 2790.

15 A. Inagakia and M. Akita, Coord. Chem. Rev., 2010, 254, 1220.
16 C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Chem. Rev.,

2013, 113(7), 5322.
17 (a) D. A. Nicewicz and T. M. Nguyen, ACS Catal., 2014, 4(1),

355; (b) J. Xie, H. Jina, P. Xu and C. Zhu, Tetrahedron Lett.,
2014, 55(1), 218; (c) X. Lang, X. Chen and J. Zhao, Chem.
Soc. Rev., 2014, 43(1), 473; (d) J. Hu, J. Wang, T. H. Nguyen
and N. Zheng, Beilstein J. Org. Chem., 2013, 9, 1977; (e)
D. Rovelli, M. Fagnoni and A. Albini, Chem. Soc. Rev., 2013,
42(1), 97; (f) T. P. Yoon, M. A. Ischay and J. J. Du, Nat.
Chem., 2010, 2(7), 527.

18 X. J. Yang, B. Chen, L. Q. Zheng, L. Z. Wu and C. H. Tung,
Green Chem., 2014, 16, 1082.

19 D. T. Yang, Q. Y. Meng, J. J. Zhong, M. Xiang, Q. Liu and
L. Z. Wu, Eur. J. Org. Chem., 2013, 7528.

20 (a) Y. Q. Zou, J. R. Chen, X. P. Liu, L. Q. Lu, R. L. Davis,
K. A. Jørgense and W. J. Xiao, Angew. Chem., Int. Ed., 2012,
51, 784; (b) D. P. Hari and B. König, Org. Lett., 2011,
13(15), 3852; (c) M. Neumann, S. Füldner, B. König and
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56 S. J. S. Düsel and B. König, J. Org. Chem., 2018, 83(5), 2802–
2807.

57 G. J. Choi and R. R. Knowles, J. Am. Chem. Soc., 2015, 137,
9226.

58 D. C. Miller, G. J. Choi, H. S. Orbe and R. R. Knowles, J. Am.
Chem. Soc., 2015, 137, 13492.

59 F. G. Bordwell and J. P. Cheng, J. Am. Chem. Soc., 1989, 111,
1792.

60 J. W. Beatty and C. R. J. Stephenson, Acc. Chem. Res., 2015,
48, 1474.

61 P. S. Rao and E. Hayon, J. Phys. Chem., 1975, 79, 397.
62 P. M. Wood, Biochem. J., 1988, 253, 287.
63 J. B. Metternich, D. G. Artiukhin, M. C. Holland,

M. V. B. Kühne, J. Neugebauer and R. Gilmour, J. Org.
Chem., 2017, 82(19), 9955–9977.

64 J. B. Metternich and R. Gilmour, J. Am. Chem. Soc., 2015,
137(35), 11254–11257.

65 K. Livingstone, M. Tenberge, F. Pape, C. G. Daniliuc,
C. Jamieson and R. Gilmour, Org. Lett., 2019, 21(23), 9677–
9680.
© 2021 The Author(s). Published by the Royal Society of Chemistry
66 M. Oka, D. Katsube, T. Tsuji and H. Iida, Org. Lett., 2020,
22(23), 9244–9248.

67 J. Zelenka, E. Svobodová, J. Tarábek, I. Hoskovcová,
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