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ted Barton decarboxylation
reaction and one-pot wavelength-selective
transformations†

Hiroki Yamamoto,‡ Kohei Yamaoka,‡ Ann Shinohara, Kouhei Shibata,
Ken-ichi Takao * and Akihiro Ogura *

In organic chemistry, selecting mild conditions for transformations and saving energy are increasingly

important for achieving sustainable development goals. Herein, we describe a red-light-mediated Barton

decarboxylation using readily available red-light-emitting diodes as the energy source and zinc

tetraphenylporphyrin as the catalyst, avoiding explosive or hazardous reagents or external heating.

Mechanistic studies suggest that the reaction probably proceeds via Dexter energy transfer between the

activated catalyst and the Barton ester. Furthermore, a one-pot wavelength-selective reaction within the

visible light range is developed in combination with a blue-light-mediated photoredox reaction,

demonstrating the compatibility of two photochemical transformations based on mechanistic

differences. This one-pot process expands the limits of the decarboxylative Giese reaction beyond

polarity matching.
Introduction

Visible-light-mediated organic transformations have pro-
gressed enormously in the past decade. In particular, photo-
redox chemistry has attracted widespread attention and various
reactions have been developed.1–9 Photoredox chemistry
depends on the electrochemical potential of the catalyst acti-
vated by light energy. Blue light or white light containing short
wavelengths has generally been used for activation because the
high energy of blue light (450 nm: 266 kJ mol−1) can easily meet
the electron potential required for reactions to occur. However,
blue light-emitting diode (LED) light sources need higher elec-
tric voltages compared with those with longer wavelengths, and
there are also concerns about adverse health effects, for
example, on circadian rhythms10 and the retina.11 Furthermore,
the low penetration rate of short wavelength-light can cause
problems, especially in scaling up reactions.

In this context, red light has started to gather attention from
organic chemists as a source of energy for organic reactions
because of its safety. In addition to widely used singlet oxygen
generation,12–16 red-light-mediated organic transformation
involving the photoredox mechanism or intramolecular charge
transfer have been reported.17–33 Very recently, we reported the
red-light-mediated Barton–McCombie reaction.34 In the
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presence of chlorophyll a as the catalyst35 and tris(trimethylsilyl)
silane or a Hantzsch ester as the hydrogen source, the methyl
xanthate moiety was removed under red-light irradiation. The
reaction mechanism was probably via the formation of
a complex between the substrate and the photocatalyst, fol-
lowed by charge transfer.36 The new conditions were safer and
milder than the original conditions.37

Based on this previous work, we wondered whether
wavelength-selective activation of a molecule could be achieved
through sequential, preferably one-pot, visible-light irradiation.
The narrow emission wavelength band of LEDs would be
benecial for activating the catalyst selectively, and thus we
expected new chemical selectivity would be possible. Although
this type of reaction selectivity has been achieved in polymer
synthesis,38–41 its use in ne organic synthesis has been rare.
Despite the recent achievement of one-pot white/blue sequen-
tial transformation,42 sequential chemical transformation by
a specic wavelength of visible light in a one-pot reaction has
not been reported. With numerous examples of blue-light-
mediated redox reactions,1–9 we considered that to achieve
selectivity, namely, that the red-light-mediated reaction should
not affect the redox-active moiety, a red-light-triggered reaction
not involving a redox mechanism would be preferable. Thus,
energy transfer catalysis would be an attractive choice.43,44

Among the candidate reactions for exploring this idea, we
decided to focus on the decarboxylative functionalization reac-
tion under red-light irradiation because its blue light-mediated
counterpart has been investigated extensively with many
examples of redox reactions.1–9 Herein, we describe a red-light-
mediated Barton decarboxylation reaction via an energy
Chem. Sci., 2023, 14, 11243–11250 | 11243
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transfer mechanism and one-pot wavelength-selective decar-
boxylative functionalization reactions.
Results and discussion
Red-light-mediated decarboxylative reactions

First, we established the simple red-light-mediated Barton
decarboxylation reaction.45,46 Although high-energy UV light
directly excites the substrate, the red-light-mediated reaction
has not been reported. Thus, model compound 1a was irradi-
ated with 4 W red LEDs in the presence of photocatalysts and
a hydrogen source (see Table S1† for summary of optimization).
The optimized conditions used 4 equiv of t-dodecanethiol as the
hydrogen source, 0.1 mol% zinc tetraphenylporphyrin
(ZnTPP)47,48 as the catalyst, 0.2 M acetonitrile and 15 min of red-
light irradiation to provide decarboxylated product 2a. These
conditions do not require an explosive azo reagent, a toxic
organotin reagent, or energy-consuming heat or UV sources.49,50

Use of t-dodecanethiol is preferable, because unlike low
molecular weight thiols, t-dodecanethiol is regarded as a low-
odour reagent. Also, reaction time was much shorter than the
direct excitation in the original study.45,46 Shorter irradiation
times (15 min) and lower voltages than the conventional blue-
light-mediated reaction (several hours to days) also save energy.

Having optimized the reaction conditions, we investigated
the substrate scope. Various Barton esters were irradiated with
red LEDs in the presence of ZnTPP (Table 1). A range of hydroxy
protecting groups were tolerated (2b to 2g), including a UV-
labile o-nitrobenzyl group (2h).51,52 Terminal olen (2i) and
phenylpropiolate (2j) moieties were also compatible, and
products via tertiary (2l) or benzyl radicals (2m) were obtained
in moderate yields. Notably redox-active phthalimide esters53–55

were stable under the conditions (2n to 2p). A wide variety of
biology-related carboxylic acids were also smoothly converted to
the corresponding decarboxylated products with an occasional
slight modication (2q to 2u). Barton ester derivatives from
biotin and amino acids were unstable to silica gel purication,56

but the one-pot conversion from the carboxylic acid afforded
decarboxybiotin and amines (2v to 2y). In contrast, substrates
that generated certain benzyl or phenyl radicals gave unsatis-
factory results (1z to 1ac); the high electronic stability of benzyl
radicals with an electron-donating group lead to low hydrogen
atom transfer reactivity against thiol, which resulted in side
reactions, such as homodimerization or ketone formation.57 For
benzoate, hydrogenation with thiol occurred before decarbox-
ylation at ambient temperature.58

We then investigated decarboxylative functionalization
reactions.59 Model Barton ester 3 was irradiated with red LEDs
in the presence of ZnTPP and various reagents (Table 2, see
Tables S2 to S10† for optimization). Halogenation (4a–4c),60

oxygenation (4d),61 nitrogenation (4e62 and 4f63,64), suldation
(4g),65,66 selenidation (4h),65,66 and borylation (4i)67,68 all worked
well, and afforded the corresponding functionalized products
in good yields. However, decarboxylative uorination69 was not
possible due to the incompatibility of Barton esters with uo-
rine sources.
11244 | Chem. Sci., 2023, 14, 11243–11250
Another important reaction using a decarboxylated radical
intermediate is the Giese reaction, which is a radical-mediated
conjugate addition.70–72 The decarboxylative Giese reaction has
been a focus of research64,73–77 because it enables convenient
chemical bond recombination beyond the classical synthon
approach. Thus, Barton ester 5 was treated with various unsat-
urated carbonyl compounds (6) in the presence of ZnTPP and
red-light irradiation (Table 3, see Table S11† for optimization).
Acrylates (entries 1 and 2), vinyl ketone (entry 3), and acryloni-
trile (entry 4) all afforded corresponding conjugate addition
products 7 in moderate to good yields, with pyridyl sulde 8 as
a minor product. The highest yield was obtained with a simple
acrylic acid as the radical acceptor (entry 5), whereas the redox-
active phthalimidyl ester only gave a small amount of 8 (entry 6).
Substitution generally decreased the yield.70 Methyl methacry-
late afforded the Giese product in low yield (entry 7), and crot-
onate did not provide 7 (entry 8). Extra addition of various Lewis
acids78 did not improve the yields. Whereas fumarate and
maleate with a lower LUMO afforded 7 in moderate yield
(entries 9 and 10), cyclic ketones gave 8 as the major product
(entries 11 and 12).
One-pot wavelength-selective transformations

Having established red-light-mediated transformations, we
moved on to wavelength-selective sequential transformations
(Scheme 1a). First, we performed a parallel reaction, in which
one molecule with two photoactivated functional groups was
transformed sequentially in a wavelength-selective one-pot
reaction. To differentiate the two photoreactive functional
groups, 1o was selected as the substrate, which carries a red-
light-reactive Barton ester moiety and a blue-light-reactive
phthalimidyl ester moiety. Treatment with t-butyl mercaptan
and ZnTPP under red-light irradiation afforded 2o as the
intermediary product, as in Table 1. Subsequently, 1-benzyl-1,4-
dihydronicotinamide (BNAH) and a ruthenium complex were
added to the reaction mixture and it was irradiated by blue
light.79 Photoredox decarboxylation proceeded smoothly to
provide 9 in good overall yield. Similarly, red-light-mediated
decarboxylative suldation provided intermediate 10, which
upon blue-light-mediated decarboxylation afforded 11 in good
overall yield. Importantly, the presence of ZnTPP did not affect
the reactivity of the ruthenium catalyst, and the bisulde was
not observed. Next, 1o was subjected to red-light-mediated
Giese reaction with methyl acrylate to afford intermediary
product 12 (Scheme 1b). One-pot photoredox decarboxylation
with blue light gave expected product 13 in 72% yield.
Furthermore, blue-light-mediated decarboxylative suldation80

or another Giese reaction81 of 12 proceeded to give 14 and 15,
respectively, thus achieving chemoselective functionalization
based on one-pot wavelength-selective photoactivation (more
examples in Scheme S1†). To prove the wavelength dependence
of these transformations, 1o was converted to 13 with different
combinations of light wavelengths (Scheme 1c). Optimized red-
blue irradiation afforded 13 in 72% yield (entry 1). However,
red–red (entry 2) or blue–blue irradiation (entry 3) decreased the
yield greatly and increased the amount of byproducts, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Substrate scope of red-light-mediated Barton decarboxylation

a 60 min with 0.5 mol% ZnTPP. b 16 h. c 0.05 M in CH2Cl2.
d 30 min in benzene. e 15 min in DMF. f One pot from corresponding carboxylic acid.

g 15 min in DMF.
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View Article Online
may be explained by insufficient activation or uncontrolled
attack by the catalyst, respectively, indicating that activation of
photocatalyst with appropriate wavelength is necessary for
optimum performance.

In addition to the parallel reactions, a sequential series
reaction was investigated (Table 4a). We dene the series reac-
tion as a one-pot reaction82 in which the photoactivated func-
tional group is converted into another photoactivated
© 2023 The Author(s). Published by the Royal Society of Chemistry
functional group, which is then subjected to another photore-
action. Because 5 could be converted to carboxylic acid 7e by our
red-light-mediated Giese reaction with acrylic acid (Table 3),
optimization of the subsequent decarboxylation was rst per-
formed based on the conditions developed by MacMillan
group83 and Nicewicz group84 (see Table S12† for detail). A
biphasic system with the addition of tetrabutylammonium
iodide as a phase transfer catalyst greatly improved the yield of
Chem. Sci., 2023, 14, 11243–11250 | 11245
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Table 2 Red-light-mediated Barton decarboxylative functionalization

Entry R Product Conditions Yield

1 Cl 4a Cl3CCCl3 73%
2 Br 4b CBrCl3, toluene 55%
3 I 4c CH2I2, toluene 70%
4 OH 4d O2, t-BuSH, EtOH then P(OMe)3 75%

5 4e Ph3CSNO, CH2Cl2/toluene 61%

6 4f DEAD, TTMSS, toluene 57%

7 SPh 4g PhSSPh, DMSO 84%
8 SePh 4h PhSeSePh, CH2Cl2 91%
9 Bpin 4i B2cat2, DMF then pinacol, Et3N 67%

Table 3 Substrate scope of red-light-mediated Barton decarbox-
ylative Giese reaction

Entry Reagent R1 R2 R3

Yield

7 8

1 6a CO2Me H H 67 20

2 6b CO2t-Bu H H 50 22

3 6c COCH3 H H 65 21

4 6d CN H H 55 17

5 6e CO2H H H 78 18

6 6f CO2NPhth H H ND 13

7 6g CO2Me H Me 35 37

8 6h CO2Me Me H ND 65

9 6i CO2Me CO2Me H 50a 17

10 6j CO2Me CO2Me H 30a 66

11 6k H ND 54

12 6l H ND 68

a d.r. = 5 : 1.

Scheme 1 Parallel wavelength-selective sequential one-pot trans-
formations. (a) One-pot decarboxylation–decarboxylation using red
and blue light, respectively. (b) One-pot decarboxylative Giese reac-
tion-decarboxylation using red and blue light, respectively. (c) Control
experiments using red light only or blue light only.

11246 | Chem. Sci., 2023, 14, 11243–11250
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View Article Online
this single reaction, and gave 16a in 95% yield. When the two
reactions were performed as a one-pot reaction, desired product
16a was obtained in satisfactory overall yield of 67% (see Table
S13† for optimization).

The Giese reaction and decarboxylative oxygenation were
chosen for a further example of a series reaction. First, the
decarboxylative oxygenation was optimized independently (see
Table S14† for optimization). Thus, 7e was subjected to condi-
tions established by MacMillan group,85 and reductive treat-
ment afforded alcohol 17a. The reaction likely involved the
decarboxylative formation of the thioester,85 followed by addi-
tional reduction (detailed proposed mechanism in Scheme
S2†).86 The addition of phosphine increased the yield, which
suggested that phosphine-mediated heterolytic cleavage of the
hydroperoxide moiety converted the peroxide to the corre-
sponding aldehyde by expelling pyridine thiol (see Scheme S3†).
This reaction can be conducted as a wavelength-selective one-
pot reaction with the red-light-mediated Barton decarbox-
ylative Giese reaction without major modication (Table 4b).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Series wavelength-selective sequential one-pot trans-
formations. (a) One-pot decarboxylative Giese reaction-decarboxyl-
ation using red and blue light, respectively. (b) One-pot
decarboxylative Giese reaction-decarboxylative hydroxylation using
red and blue light, respectively, followed by reduction

a GC yield.

Fig. 1 Mechanistic experiments. (a) Control experiments with different
irradiation times and reagents. Red filled rectangles show red-light
irradiation, and white parts indicate stirring with light
shielding. aWithout ZnTPP. bWithout t-DodSH. (b) Photoluminescence
spectra of quenching experiment of ZnTPP with Barton ester 1a. The
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Under the conditions to give 16a and 17a described above,
the substrate scope for this one-pot wavelength-selective
transformation was studied (Table 4). For the Giese reaction/
decarboxylation reaction, a wide variety of Barton esters that
give secondary or tertiary radicals afforded the corresponding
thioethers generally in medium to good yields (Table 4a, 16a–
16k). However, in some cases, the complexation of the reaction
system (16g) or insufficient substrate solubility (16k) led to
unsatisfactory results. Substrates without a-carbon substitution
(16l) or with high steric congestion (16m) did not afford the
desired products because of an unproductive Giese reaction.
The Giese reaction/decarboxylative oxygenation also proceeded,
affording the corresponding alcohols in satisfactory yields
(Table 4b, 17a–17j). It should be emphasized that the products
obtained by these one-pot sequences are hard to construct via
normal Giese reactions using vinyl suldes or enol equivalents
because they are polarity mismatched. This one-pot procedure
enables polarity switching,87 broadening the utility of the Giese
reaction.
inset gives the Stern–Volmer plot of the corrected quenching. (c)
Photoluminescence spectra of quenching experiments of ZnTPP with
t-DodSH. The inset gives the Stern–Volmer plot of the corrected
quenching. (d) Absorbance spectrum of Barton ester 1a and ZnTPP. (e)
Energy diagram of ZnTPP and Barton ester 19.
Mechanistic analysis

We performed several experiments to elucidate the mechanism
of the red-light-mediated reaction. First, the reaction with 1a
© 2023 The Author(s). Published by the Royal Society of Chemistry
was run for only 1 min and immediately quenched, which gave
20% of 2a (entry 1, Fig. 1a). Irradiating the reaction ask for
1 min, and then stirring for another 14 min increased the yield
to 37% (entry 2). This observation shows that the reaction
involved a chain mechanism, which proceeded autonomously
aer initiation. However, comparison with entry 3 (irradiation
time: 15 min) suggests that the chain length was not long
enough for the reaction to be completed. The irradiation,
catalyst, and thiol were all essential for the reaction because the
removal of any of these factors resulted in a total loss of yield
(entries 4–6).

Stern–Volmer quenching experiments were performed for
ZnTPP in the presence of 1a (Fig. 1b) or t-dodecanethiol
(Fig. 1c). Although t-dodecanethiol was not involved in uo-
rescence quenching of ZnTPP, 1a showed efficient quenching.
Photon ow was calculated according to the procedure for the
red-light range,88 and the quantum yield was calculated to be 62,
Chem. Sci., 2023, 14, 11243–11250 | 11247
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which strongly supports the chain mechanism. The chain
length was estimated to be 63 (see ESI† for details).89

The following ve mechanisms for radical generation could
be proposed: (i) a redox pathway, where photoactivated ZnTPP
in the S1 or T1 state reduces the Barton ester; (ii) triplet–triplet
annihilation of ZnTPP to form S2 state species, which reduce or
sensitize the Barton ester; (iii) Förster energy transfer, where S1
state ZnTPP passes energy to the Barton ester and activates it to
the S1 state; or (iv) Dexter energy transfer, where T1 state ZnTPP
exchanges electrons with the Barton ester to generate the T1

state; (v) excitation of complex between Barton ester and ZnTPP
followed by charge transfer.

First, a single-electron transfer pathway was considered. The
reduction potential of 1a was measured as −1.76 V vs. saturated
calomel electrode (SCE) in acetonitrile by differential pulse
voltammetry. The redox potentials of singlet activated state and
triplet state ZnTPP are −1.36 and −0.88 V (vs. SCE),90,91

respectively, according to the Rehm–Weller equation. These
data suggest that a simple photoredox pathway is not feasible.

Castellano and coworkers recently showed that triplet–triplet
annihilation of ZnTPP produces the high-energy S2 state of
ZnTPP, which triggers polymerization.91 In their experiment,
ZnTPP was excited to the S1 state, and S2 Soret-band uores-
cence generated through triplet–triplet annihilation was
quenched by an acrylate, whereas the S1 Q-band emission
remained intact. However, in our system, the Q-band emission
was quenched by the Barton ester, which suggests that
a completely different mechanism occurred. Furthermore,
redox-active esters remained intact in the red-light-mediated
reaction (e.g., 2n, 2o, 2p in Table 1); these functional groups
are expected to be more easily reduced by a photoredox catalyst
(E1/2 = −1.20 V vs. SCE for phthalimidyl92 and E1/2 = −0.79 V vs.
SCE for tetrachlorophthalimidyl93) than the Barton ester. The
chemoselective reaction of the Barton ester moiety suggests that
there is a different pathway from the redox mechanism. In
addition, ZnTPP remained intact in the reaction mixture (see
ESI†), which suggests that an irreversible redox pathway is
unlikely. Thus, although we cannot completely rule out
a limited occurrence of the triplet–triplet annihilation pathway,
there was sufficient evidence to suggest another mechanism
occurred.

Förster energy transfer is not feasible due to absence of large
absorption peak in the red or near-infrared region (Fig. 1d).
Thus, we focused on Dexter energy transfer.94–97 In this mech-
anism, electron exchange occurs between an excited sensitizer
and the substrate. This type of reaction is known to be solvent-
independent, which we observed during our optimization
(Table S1†). For this reaction to occur, the T1 energy of the
sensitizer (152 kJ mol−1 for ZnTPP)90 should be larger than that
of the acceptor. We performed a DFT calculation94 for model
Barton ester 19, and the T1 state was above the S0 state by
142 kJ mol−1, which was ideal for the Dexter energy transfer
mechanism to happen (Fig. 1e). Although a red-light-triggered
energy transfer mechanism has been proposed between pheo-
phorbide a and dithiocarbonate, the thermodynamic validity
has not been discussed.39 Usually, Dexter energy transfer occurs
from triplet state, and the singlet excited state is not involved.
11248 | Chem. Sci., 2023, 14, 11243–11250
This should result in no change in uorescence, whereas we
observed quenching of uorescence by the Barton ester
(Fig. 1b). This phenomenon can be interpreted as an external
heavy-atom effect98 from the sulfur atom of the Barton ester that
facilitates intersystem crossing to the T1 state, which appears as
formal quenching of Soret-band uorescence. This mechanism
is supported by the partial formation of a complex between
ZnTPP and Barton ester 19 because a slight change in the
absorption spectrum (460–500 nm, >720 nm) is observed when
ZnTPP and 19 coexist (Fig. 1d). On the other hand, direct exci-
tation of this complex, the h possibility, is unlikely: we per-
formed calculation on complex between ZnTPP and 19, which
revealed that HOMO–LUMO energy gap was 260 kJ mol−1, cor-
responding to 459 nm of light, which cannot be covered by red-
light range.
Conclusions

We have developed a red-light-mediated Barton decarboxylation
reaction via Dexter energy transfer. The reaction was charac-
terized by remarkably mild conditions, absence of hazardous
materials, and low energy consumption. A number of related
decarboxylative conversions, including new carbon–carbon
bond formation, were also achieved in good yield. Furthermore,
one-pot wavelength-selective transformation within the visible
light region was achieved by using blue and red light, which
contributed to polarity switching and broadens the scope of the
Giese reaction. Further research on red light as a reaction
energy source is currently underway in our laboratory.
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J. Llaveria, K. J. Gillen, H. Zipse, S. Lakhdar and
D. Leonori, Science, 2022, 377, 1323.

51 U. Zehavi, B. Amit and A. Patchornik, J. Org. Chem., 1972, 37,
2281.

52 U. Zehavi and A. Patchornik, J. Org. Chem., 1972, 37, 2285.
53 K. Okada, K. Okamoto and M. Oda, J. Am. Chem. Soc., 1988,

110, 8736.
54 K. Okada, K. Okamoto, N. Morita, K. Okubo and M. Oda, J.

Am. Chem. Soc., 1991, 113, 9401.
55 T. Qin, J. Cornella, C. Li, L. R. Malins, J. T. Edwards,

S. Kawamura, B. D. Maxwell, M. D. Eastgate and
P. S. Baran, Science, 2016, 352, 801.

56 C. Commandeur, C. Chalumeau, J. Dessolin and
M. Laguerre, Eur. J. Org. Chem., 2007, 3045.
Chem. Sci., 2023, 14, 11243–11250 | 11249

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc03643j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 7
:1

6:
10

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
57 E. J. Ko, G. P. Savage, C. M.Williams and J. Tsanaktsidis, Org.
Lett., 2011, 13, 1944.

58 D. H. R. Barton, B. Lacher and S. Z. Zard, Tetrahedron, 1987,
43, 4321.

59 Z. Zeng, A. Feceu, N. Sivendran and L. J. Gooßen, Adv. Synth.
Catal., 2021, 363, 2678.

60 D. H. R. Barton, D. Crich and W. B. Motherwell, Tetrahedron
Lett., 1983, 24, 4979.

61 D. H. R. Barton, D. Crich andW. B. Motherwell, J. Chem. Soc.,
Chem. Commun., 1984, 242.

62 P. Girard, N. Guillot, W. B. Motherwell, R. S. Hay-Motherwell
and P. Potier, Tetrahedron, 1999, 55, 3573.

63 L. Chen, C. S. Chao, Y. Pan, S. Dong, Y. C. Teo, J. Wang and
C.-H. Tan, Org. Biomol. Chem., 2013, 11, 5922.

64 Y. Miyake, K. Nakajima and Y. Nishibayashi, Chem.
Commun., 2013, 49, 7854.

65 D. H. R. Barton, D. Bridon and S. Z. Zard, Tetrahedron Lett.,
1984, 25, 5777.

66 D. H. R. Barton, D. Bridon and S. Z. Zard, Heterocycles, 1987,
25, 449.

67 C. Li, J. Wang, L. M. Barton, S. Yu, M. Tian, D. S. Peters,
M. Kumar, A. W. Yu, K. A. Johnson, A. K. Chatterjee,
M. Yan and P. S. Baran, Science, 2017, 356, eaam7355.

68 A. Fawcett, J. Pradeilles, Y. Wang, T. Mutsuga, E. L. Myers
and V. K. Aggarwal, Science, 2017, 357, 283.

69 S. Ventre, F. R. Petronijevic and D. W. C. MacMillan, J. Am.
Chem. Soc., 2015, 137, 5654.

70 B. Giese and J. Meister, Chem. Ber., 1977, 110, 2588.
71 B. Giese and J. Meister, Angew Chem. Int. Ed. Engl., 1977, 16,

178.
72 G. S. C. Srikanth and S. L. Castle, Tetrahedron, 2005, 61,

10377.
73 Y. Yoshimi, S. Washida, Y. Okita, K. Nishikawa, K. Maeda,

S. Hayashi and T. Morita, Tetrahedron Lett., 2013, 54, 4324.
74 L. Chu, C. Ohta, Z. Zuo and D. W. C. MacMillan, J. Am. Chem.

Soc., 2014, 136, 10886.
75 T. Chinzei, K. Miyazawa, Y. Yasu, T. Koike and M. Akita, RSC

Adv., 2015, 5, 21297.
76 T. Patra, P. Bellotti, F. Strieth-Kalthoff and F. Glorius, Angew.

Chem., Int. Ed., 2020, 59, 3172.
11250 | Chem. Sci., 2023, 14, 11243–11250
77 A. L. Gant Kanegusuku and J. L. Roizen, Angew. Chem., Int.
Ed., 2021, 60, 21116.

78 M. P. Sibi and J. Ji, J. Am. Chem. Soc., 1996, 118, 3063.
79 K. Okada, K. Okubo, N. Morita andM. Oda, Tetrahedron Lett.,

1992, 33, 7377.
80 Z. Xiao, L. Wang, J. Wei, C. Ran, S. H. Liang, J. Shang,

G.-Y. Chen and C. Zheng, Chem. Commun., 2020, 56, 4164.
81 J. Schwarz and B. König, Green Chem., 2016, 18, 4743.
82 Z. Wu, M. Wu, K. Zhu, J. Wu and Y. Lu, Chem, 2023, 9, 978.
83 Z. Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle and

D. W. C. MacMillan, Science, 2014, 345, 437.
84 J. D. Griffin, M. A. Zeller and D. A. Nicewicz, J. Am. Chem.

Soc., 2015, 137, 11340.
85 T. M. Faraggi, W. Li and D. W. C. MacMillan, Isr. J. Chem.,

2020, 60, 410.
86 B. Kang and S. H. Hong, Chem. Sci., 2017, 8, 6613.
87 S. Paul, D. Filippini andM. Silvi, J. Am. Chem. Soc., 2023, 145,

2773.
88 H.-J. Adick, R. Schmidt and H.-D. Brauer, J. Photochem.

Photobiol., A, 1989, 49, 311.
89 M. A. Cismesia and T. P. Yoon, Chem. Sci., 2015, 6, 5426.
90 M. Otake, M. Itou, Y. Araki, O. Ito and H. Kido, Inorg. Chem.,

2005, 44, 8581.
91 N. Awwad, A. T. Bui, E. O. Danilov and F. N. Castellano,

Chem, 2020, 6, 3071.
92 K. N. Tripathi, M. Belal and R. P. Singh, J. Org. Chem., 2020,

85, 1193.
93 Y. Zhang and D. Zhang, Org. Biomol. Chem., 2020, 18, 4479.
94 F. Strieth-Kalthoff, M. J. James, M. Teders, L. Pitzer and

F. Glorius, Chem. Soc. Rev., 2018, 47, 7190.
95 Q.-Q. Zhou, Y.-Q. Zou, L.-Q. Lu and W.-J. Xiao, Angew. Chem.,

Int. Ed., 2019, 58, 1586.
96 N. Corrigan, J. Xu, C. Boyer and X. Allonas, ChemPhotoChem,

2019, 3, 1193.
97 J. Christmann, A. Ibrahim, V. Charlot, C. Croutxé-Barghorn,
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