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d asymmetric photoenolization/
Mannich reaction of (2-alkylphenyl) ketones†

Liangkun Yang, Wang-Yuren Li, Liuzhen Hou, Tangyu Zhan, Weidi Cao,*
Xiaohua Liu and Xiaoming Feng *

A diastereo- and enantioselective photoenolization/Mannich (PEM) reaction of ortho-alkyl aromatic

ketones with benzosulfonimides was established by utilizing a chiral N,N0-dioxide/Ni(OTf)2 complex as

the Lewis acid catalyst. It afforded a series of benzosulfonamides and the corresponding ring-closure

products, and a reversal of diastereoselectivity was observed through epimerization of the

benzosulfonamide products under continuous irradiation. On the basis of the control experiments, the

role of the additive LiNTf2 in achieving high stereoselectivity was elucidated. This PEM reaction was

proposed to undergo a direct nucleophilic addition mechanism rather than a hetero-Diels–Alder/ring-

opening sequence. A possible transition state model with a photoenolization process was proposed to

explain the origin of the high level of stereoinduction.
Introduction

Photoinduced catalysis contributes in a signicant way to the
existing repertoire of carbon–carbon and carbon-hetero bond-
forming reactions,1 allowing exceptional molecular trans-
formations complementary to thermal catalytic reactions.2

Aromatic aldehydes and ketones represent an important subset
of carbonyl compounds, which can undergo unique reaction
pathways upon irradiation with UV light.3 As a kind of classic
Norrish type II process, the photoenolization of 2-alkylphenyl
containing carbonyls has been thoroughly studied since 1961.4

Therein, the photogenerated enols possess fascinating reactiv-
ities and have been regarded as versatile intermediates in
diverse reactions.5 Nevertheless, the enantioselective versions
were relatively limited. Early attempts focused on the asym-
metric photoenolization/Diels–Alder (PEDA) reactions; Bach6

and Nicolaou7 obtained considerable results with the use of
a stoichiometric catalyst. Later, Melchiorre creatively realized
the enantioselective PEDA reaction with maleimides by using
a cinchona-thiourea catalyst,8 and Gao's group took the PEDA
reaction as a key step catalyzed by Ti–TADDOL complexes in
asymmetric synthesis of natural products.9 In addition to
dienophiles, other reaction partners to trap the ephemeral
photoenols enantioselectively have been exploited, such as in
the Michael reaction10 and aldol11 and allylic alkylation-type
nology, Ministry of Education, College of

0064, China. E-mail: wdcao@scu.edu.cn;

ESI) available: 1H, 13C{1H} and 19F{1H}
ay crystallographic data for C1, E1 and
2. For ESI and crystallographic data in
doi.org/10.1039/d2sc02721f

82
reactions.12 By contrast, the catalytic asymmetric
photoenolization/Mannich reaction (PEM) seemed to encounter
challenges such as: (1) the irrepressible background reaction
and (2) the potential epimerization of the product due to its
further photoenolization. Melchiorre rst disclosed the enan-
tioselective PEM reaction with N-protected benzaldimines
promoted by a chiral (DHQ)2PHAL catalyst, affording the
desired chiral amines with moderate enantioselectivity and low
diastereoselectivity (Scheme 1a).13 Recently, He's group realized
Scheme 1 The catalytic asymmetric PEM reactions of 2-alkylphenyl
ketones.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the reaction conditionsa

Entry Metal salt Ligand Yieldb (%) drc eed (%)

1 — — 67 56 : 44 —
2 Sc(OTf)3 L3-PiAd 67 54 : 46 0
3 Mg(OTf)2 L3-PiAd 76 64 : 36 4/9
4 Zn(OTf)2 L3-PiAd 67 53 : 47 5/5
5 Ni(OTf)2 L3-PiAd 68 58 : 42 57/52
6e Ni(OTf)2 L3-PiAd 94 74 : 26 89/85
7e Ni(OTf)2 L3-PiMe2Br 91 72 : 28 92/84
8e,f Ni(OTf)2 L3-PiMe2Br 89 85 : 15 93/76
9e,g Ni(OTf)2 L3-PiMe2Br 90 91 : 9 93/64
10e,h Ni(OTf)2 L3-PiMe2Br 96 92 : 8 93/65
11e,h,i Ni(OTf)2 L3-PiMe2Br 92 58 : 42 91/71
12e,h,j Ni(OTf)2 L3-PiMe2Br 87 90 : 10 91/52

a Unless otherwise noted, all reactions were carried out with Ni(OTf)2/
ligand (1 : 1, 10 mol%), A1 (0.10 mmol), and B1 (0.15 mmol) in
CH2Cl2 (1.5 mL) at room temperature under a N2 atmosphere and
irradiation (20 W UV LED, lmax ¼ 365 nm) for 2.5 h. b Isolated yield.
c The dr value was determined by 1H NMR analysis. d Determined by
UPC2 on a chiral stationary phase. e With LiNTf2 (30 mol%). f Under
irradiation with a 5 W UV LED for 5 h. g Under irradiation with a 2 W
UV LED for 8 h. h In CH2Cl2 (2.5 mL) and B1 (0.2 mmol) were used.
i Under irradiation with a 2 W UV LED (lmax ¼ 385 nm) for 8 h.
j Under irradiation with a 2 W blue LED (lmax ¼ 400 nm) for 16 h.
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an organocatalytic enantioselective aldol reaction of photoenol
with isatin, but isatin-derived ketimine transformed into the
spirocyclic oxindole in an uncontrolled manner (Scheme 1a).11b

Upon our long-term research, chiral N,N0-dioxide/metal
complexes were demonstrated to exhibit excellent ability of
chiral induction and delivery in asymmetric catalysis, including
light-triggered reactions.14 We conceived that this kind of
powerful Lewis acid catalyst could activate imines to trap the
photoenol intermediate and suppress the background reaction.
Herein, we disclosed the rst NiII-mediated highly diastereo-
and enantioselective PEM reaction of acyclic and cyclic 2-
alkylphenyl ketones with N-sulfonyl ketimines, delivering
various optically active a-amino acetate derivatives under mild
conditions. The adducts could further undergo ring-closure to
produce the tetrahydroisoquinoline derivatives under acidic
conditions in one pot. The epimers could be obtained with high
enantioselectivity under continuous stronger irradiation
(Scheme 1b).

Results and discussion

In our initial investigation, the N-sulfonyl cyclic ketimine A1
and 2-benzylbenzophenone B1 were applied as the model
substrates to optimize the reaction conditions. The desired
PEM reaction product C1 was formed in a yield of 67% with
56 : 44 dr under 20 W UV LED irradiation in CH2Cl2, revealing
the completion of a severe background reaction (Table 1, entry
1). To our delight, upon screening of metal salts (Table 1, entries
2–5) coordinated with chiral N,N0-dioxide L3-PiAd, we found that
Ni(OTf)2 could provide promising enantioselectivity (68% yield,
58 : 42 dr, 57%/52% ee; entry 5). Other metal ions, such as ScIII,
MgII, and ZnII yielded the product with no more than 5% ee. To
improve the yield and stereoselectivity, additives and ligands
were screened (see the ESI† for details). It was found that LiNTf2
played a crucial role in promoting diastereo- and enantiose-
lectivity, and C1 could be isolated in 94% yield with 74 : 26 dr
and 89%/85% ee by increasing its dosage to 30 mol% (Table 1,
entry 6), which may benet from exchanging the counterion
with Ni(OTf)2.15 Switching the ligand from L3-PiAd to L3-
PiMe2Br, the ee value of the major diastereomer was slightly
improved to 92% (Table 1, entry 7). Considering that the
occurrence of epimerization of the product C1 through the
second photoenolization may provide the variation of diaster-
eoselectivity, the intensity of the light source was reduced
(entries 8 and 9). To our delight, a remarkable increase in dia-
stereoselectivity was realized under 2 W UV LED irradiation
albeit prolonged reaction time was necessary (8 h), and C1 was
obtained in 90% yield, 91 : 9 dr and 93% ee (Table 1, entry 9).
Increasing the amount of B1 and lowering the reaction
concentration enhanced the yield to 96% with maintained
stereoselectivity (entry 10). The exploration of wavelength
showed that the reactivity reduced with the increase in the
wavelength. Under the irradiation with a 385 nm UV LED, low
diastereoselectivity (58 : 42) was obtained (entry 11). The PEM
reaction could occur even with visible light (400 nm), but lower
yield and stereoselectivity were obtained (entry 12). Other
reaction parameters, including solvent, temperature and so on
© 2022 The Author(s). Published by the Royal Society of Chemistry
were also examined, but no better result was obtained (see the
ESI† for details). The absolute conguration of C1 was deter-
mined to be (1S,2R) based on X-ray single crystal analysis.16a

With the optimized reaction conditions in hand, the
substrate scope with respect to A was then evaluated (Table 2).
Variations of the ester substituent of N-sulfonyl cyclic ketimines
showed no obvious inuence on the reactivities and stereo-
selectivities (Table 2, entries 1–4, 96–99% yields, 87 : 13–94 : 6
dr and 86–95% ee). Regardless of the position and electronic
properties of the substituents on the phenyl ring, a wide range
of substituted cyclic ketimines were converted into the corre-
sponding products C5–C13 with good to excellent yields (Table
2, entries 5–13, 80–93%). In general, the imines bearing
electron-donating groups, such as A5 (5-tBu), A6 (5-OMe), A9
(5,6-dimethoxy), and A10 (6-Me), exhibited relatively low reac-
tivity and required prolonged reaction time (8–56 h) with
consistently good diastereo- and enantioselectivities (Table 2,
entries 5–6, 9–10; 84 : 16–90 : 10 dr and 91–94% ee). When
electron-decient imines were used, the corresponding prod-
ucts (C7, C8 and C10–C13) were obtained with decreased dia-
stereo- and enantioselectivities, which may be attributed to the
strong background reaction (Table 2, entries 7–8, 11–13,
Chem. Sci., 2022, 13, 8576–8582 | 8577
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Table 2 Substrate scope of N-sulfonyl cyclic ketimines

Entrya R1/R2
t
(h) Yieldb (%) drc eed (%)

1 Et/H 8 C1, 96 92 : 8 93
2 Me/H 8 C2, 98 87 : 13 86
3 iPr/H 8 C3, 99 94 : 6 95
4 Bn/H 8 C4, 99 88 : 12 88
5 Et/5-tBu 8 C5, 93 90 : 10 91
6 Et/5-OMe 32 C6, 80 84 : 16 93
7 Et/5-OCF3 8 C7, 87 80 : 20 75
8 Et/5-F 8 C8, 87 85 : 15 87
9 Et/5,6-(OMe)2 56 C9, 93 85 : 15 94
10 Et/6-Me 20 C10, 91 90 : 10 94
11 Et/7-F 8 C11, 91 85 : 15 85
12 Et/7-Cl 8 C12, 87 90 : 10 86
13 Et/7-CF3 8 C13, 92 81 : 19 67

14 72 C14, 77 87 : 13 80

a Unless otherwise noted, all reactions were carried out with L3-PiMe2Br/
Ni(OTf)2 (1 : 1, 10 mol%), A (0.10 mmol), B1 (0.20 mmol) and LiNTf2
(30 mol%) in CH2Cl2 (2.5 mL) at room temperature under a N2
atmosphere and 2 W LED (lmax ¼ 365 nm) for a certain time.
b Isolated yield of C. c Determined by 1H NMR analysis. d Determined
by UPC2 on a chiral stationary phase.

Table 3 Substrate scope of 2-benzylbenzophenone derivativesa

a Unless otherwise noted, all reactions were carried out with L3-PiMe2Br/
Ni(OTf)2 (1 : 1, 10 mol%), A1 (0.10 mmol), B (0.20 mmol) and LiNTf2
(30 mol%) in CH2Cl2 (2.5 mL) at room temperature under a N2
atmosphere and 2 W LED (lmax ¼ 365 nm) for a certain time. The
isolated yield of C is provided. The dr value was determined by 1H
NMR analysis and the ee value was determined by UPC2 on a chiral
stationary phase or chiral HPLC analysis.
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80 : 20–90 : 10 dr and 67–87% ee). Imine with fused naphthyl
could also be transformed into the desired product C14 but in
77% yield, 87 : 13 dr and 80% ee (Table 2, entry 14).

Next, the scope of 2-benzylbenzophenone derivatives was
examined (Table 3). The 2-benzophenones B with electron-
donating groups (2-Me, 4-OMe) on the Ar unit afforded the
desired adducts (C15–C16) in lower yields (78–81%) and enan-
tioselectivities (84 : 16–90 : 10 dr and 63–78% ee) than those
containing electron-decient aryl subunits (C17–C20, 85–99%
yields, 74 : 26–89 : 11 dr and 92–95% ee). Nevertheless, the
enantioselectivity dropped dramatically in the case of 4-CN and
2-thienyl substituted substrates (B21 and B22), probably due to
the interferential coordination between the CN group or thienyl
of ketone substrates with a central metal ion. Moreover,
electron-withdrawing and electron-donating substituents (R)
were well tolerated. 5-Methyl substituted substrate B23 gave
relatively lower enantioselectivity than others, perhaps on
account of the higher reactivity of photoenols that led to
a strong background reaction. The steric hindrance of the R0

side-group has a pronounced effect on this transformation. The
substrate bearing the ortho-uorophenyl group was an excep-
tion to give the desired product (C28) smoothly (82% yield) with
poor stereoselectivity (41 : 59 dr, 65%/55% ee). A broad array of
benzophenones with electron-withdrawing and electron-
donating substituents at the meta- and para-positions could
8578 | Chem. Sci., 2022, 13, 8576–8582
be transformed to the corresponding products in good yields
with moderate dr and high ee (C29–C39). To our delight, 3-furyl
and 3-thienyl substituted substrates were also suitable under
this catalytic system (C40–C41). However, low diaster-
eoselectivity with maintained enantioselectivity was obtained
when (2-ethylphenyl)(phenyl)methanone participated in (Me,
C42), implying the high importance of an aryl substituent at the
terminal of the photoenol intermediate to diastereocontrol.
Furthermore, an obvious decrease in yield and the ee value of
the desired Mannich product (C43) was obtained along with the
formation of a retro-aza-vinylogous Michael product (18% yield)
if phenyl(o-tolyl)methanone was employed in the reaction (see
the ESI† for details).

Subsequently, we turned our attention to the scope of aryl/
alkyl-type of ketones (Table 4). Under the modied reaction
conditions (see the ESI† for details), photoexcitation of ortho-
methyl acetophenone B44 produced the photoenol followed by
the Mannich reaction to provide the addition product smoothly,
which was unstable and intended to undergo ring-closure for
the construction of a tetracyclic skeleton (D1, 60% yield and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Substrate scope of aryl/alkyl-type of ketonesa

a Unless otherwise noted, all reactions were carried out with L3-PiAd/
Ni(OTf)2 (1 : 1, 10 mol%), A (0.10 mmol) and B (0.20 mmol) in CH3CN
(1.0 mL) at room temperature under a N2 atmosphere and 20 W LED
(lmax ¼ 365 nm) for a certain time, and then TsOH$H2O was added
and stirred at room temperature for another 1 h under air. The
isolated yield of D or C is provided. The dr value was determined by
1H NMR analysis and the ee value was determined by UPC2 on
a chiral stationary phase or chiral HPLC analysis. b Without further
transformation in the presence of TsOH$H2O.

Scheme 2 Gram-scale synthesis and further transformations.

Scheme 3 Control experiments and the proposed reaction process of
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90% ee) by dealing with TsOH$H2O. This nding almost
excluded the generally supposed cycloaddition pathway.13 As
such, ortho-methyl propiophenone (B45) provided the tetrahy-
droisoquinoline derivative D2 in 56% yield with 90% ee. It was
worth noting that the Z : E ratio of D2 increased to 94 : 6 with
the extension of time, which indicated that the b-H elimination
step is reversible (see the ESI† for details). 2-Ethyl acetophenone
B46 and 2-benzyl acetophenone B47 were also effective to
generate the desired cyclization products D3 and D4 in good
yields with excellent enantioselectivities (72–86% yields and 90–
92% ee), but the diastereoselectivities (54 : 46–67 : 33 dr) were
poor even though the intensity of the light source was lowered.
Benzannulated carbocyclic ketones, such as 1-indanone and 1-
© 2022 The Author(s). Published by the Royal Society of Chemistry
tetralone, were acceptable substrates as well to form the pho-
toenols and incorporated into N-sulfonyl cyclic ketimine to
provide C44 and C45 smoothly (47–71% yields, 58 : 42–57 : 43
dr and 34–75% ee), but no ring-closure products were observed
with TsOH$H2O.

To show the synthetic potential of the current protocol, the
gram-scale synthesis of C1 was conducted under slightly
modied optimal conditions. Considering the difference in
reaction vessels, four 3.75 W LEDs (lmax ¼ 365 nm) were used
(see the ESI† for details). As shown in Scheme 2a, N-sulfonyl
cyclic ketimine A1 reacted with 2-benzylbenzophenone B1
smoothly, providing C1 (2.5 mmol scale, 1.23 g; 5 mmol scale,
2.36 g) with maintained yield, and diastereo- and enantiose-
lectivity. Treatment of C1 with Pd/C and H2 afforded the
reduction alcohol E1 in nearly equivalent yield, 87 : 13 dr and
92%/82% ee (Scheme 2b), and the absolute conguration of the
major enantiomer was determined to be (S,R,R) by X-ray crys-
tallographic analysis.16b The intramolecular Mitsunobu reaction
of E1 proceeded well under the conventional reaction condi-
tions,17 and afforded the tetrahydroisoquinoline derivatives F1
and F10 with maintained enantioselectivities. The absolute
conguration of F10 was determined to be (S,R,R) by X-ray
crystallographic analysis.16c

In order to gain insight into the mechanism of the PEM
reaction, some control experiments were carried out. In the
illumination experiments of the product (Table 5), C1 could be
recovered with basically maintained stereoselectivity under the
standard conditions for 10 h (Table 5, entry 1). On changing the
wavelength to 385 nm, the diastereoselectivity dropped sharply
due to the fast epimerization (Table 5, entry 2), which explained
the low diastereoselectivity of the PEM reaction under a 385 nm
UV LED (Table 1, entry 11). In the absence of the L3-PiMe2Br/
Ni(OTf)2 complex, the stereoselectivity of C1 was nearly
unchanged (Table 5, entry 3). However, the diastereoselectivity
the asymmetric PEM reaction.

Chem. Sci., 2022, 13, 8576–8582 | 8579
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Table 5 The illumination experiment of C1a

Entry Variation from the standard conditions Yieldb (%) drc eed (%)

1 — 89 91 : 9 96/87
2 2 W, 385 nm 74 37 : 63 95/93
3 No L3-PiMe2Br/Ni(OTf)2 83 92 : 8 96/82
4 No LiNTf2 92 79 : 21 96/91
5 20 W, no LiNTf2, 20 h 51 10 : 90 76/95
6 20 W, no catalyst, 20 h 52 11 : 89 78/95

a Unless otherwise noted, all reactions were carried out with L3-PiMe2Br/Ni(OTf)2 (1 : 1, 10 mol%), C1 (0.10 mmol) and LiNTf2 (30 mol%) in CH2Cl2
(2.5 mL) at room temperature under a N2 atmosphere and 2W LED (lmax¼ 365 nm) for 10 h. b Isolated yield of C. c Determined by 1H NMR analysis.
d Determined by UPC2 on a chiral stationary phase.
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sharply decreased without LiNTf2 (Table 5, entry 4). These
results suggested that the additive LiNTf2 may not only provide
counterions for the chiral catalyst, but also coordinate with the
carbonyl group of C1 to impede the epimerization. Interest-
ingly, by increasing the illumination intensity to 20 W and
extending the illumination time to 20 h without LiNTf2, the
diastereoselectivity could be reversed through the second pho-
toenolization of C1 albeit with partial decomposition (Table 5,
entry 5), and the simple illumination with none of the catalysts
gave a similar result (Table 5, entry 6), which provided a possi-
bility for diastereodivergent synthesis.18 Additionally, no reac-
tion occurred when replacing the benzoyl group with a nitrile
group or hydrogen atom, but a self-coupling product of the
imine was observed. It excluded the direct intermolecular
hydrogen atom transfer process of excited imine19 with 2-benzyl
benzophenone (Scheme 3a).

Based on the experimental results, the absolute congura-
tion of the product C1 and our previous studies,20 a plausible
transition state model was proposed (Scheme 3b). Under UV
irradiation, the biradical Int-2 was obtained through 1,5-
hydrogen atom transfer (HAT) of the triplet excited 2-benzyl-
benzophenone Int-1. Rotation of this biradical species and
subsequent intersystem crossing (ISC) led to the reactive
intermediate E-photoenol. According to the above experimental
results, we conjectured that a p–p interaction between the aryl
group at the benzyl position of the photoenol and the aryl group
of N-sulfonyl cyclic ketimine exists. Meanwhile, the N,N0-
dioxide/NiII complex activated the imine A1 in a bidentate
coordination manner and the Si face of imine was shielded by
the amide unit of the ligand. Thus, the Re–Re nucleophilic
addition generated the Mannich product (S,R)-C1.
Conclusions

In summary, we have developed the rst Lewis acid-catalyzed
asymmetric PEM reaction. The combination of a chiral N,N0-
dioxide/NiII complex catalyst and LiNTf2 could effectively
8580 | Chem. Sci., 2022, 13, 8576–8582
suppress the background reaction and the epimerization of the
products, offering a broad array of optically active a-amino acid
ester derivatives with excellent stereoselectivities, and a reversal
of diastereoselectivity was also achieved. The tetracyclic ring-
closure products could be further yielded in one pot. In addi-
tion, the results of control experiments ruled out the general
hetero-Diels–Alder/ring-opening sequence and the intermolec-
ular direct HAT process. A plausible transition state model
involving photo-mediated enol was also proposed to explain the
origin of stereoselective control.
Data availability

Further details of experimental procedure, 1H, 13C{1H} and 19F
{1H} NMR, HPLC spectra, CD spectra and X-ray crystallographic
data are available in the ESI.†
Author contributions

L. K. Y. performed the experiments. W.-Y. L. repeated the
data. L. Z. H. and T. Y. Z. participated in the synthesis of
substrates and ligands. X. M. F., X. H. L. andW. D. C. supervised
the project. X. H. L., W. D. C. and L. K. Y. co-wrote the
manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We appreciate the National Natural Science Foundation of
China (No. 22071160 and 22188101) and the Science & Tech-
nology Department of Sichuan Province (No. 2021YJ0562) for
nancial support. We are grateful to Dr Yuqiao Zhou from the
College of Chemistry, Sichuan University for the X-ray single
crystal diffraction analysis.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc02721f


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
9:

49
:3

9 
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
Notes and references

1 For leading reviews, see: (a) J. M. R. Narayanam and
C. R. J. Stephenson, Chem. Soc. Rev., 2011, 40, 102–113; (b)
J. Xuan and W.-J. Xiao, Angew. Chem., Int. Ed., 2012, 51,
6828–6838; (c) C. K. Prier, D. A. Rankic and
D. W. C. MacMillan, Chem. Rev., 2013, 113, 5322–5363; (d)
Y. Xi, H. Yi and A. Lei, Org. Biomol. Chem., 2013, 11, 2387–
2403; (e) J. Xuan, L.-Q. Lu, J.-R. Chen and W.-J. Xiao, Eur. J.
Org. Chem., 2013, 6755–6770; (f) D. A. Nicewicz and
T. M. Nguyen, ACS Catal., 2014, 4, 355–360; (g)
D. M. Schultz and T. P. Yoon, Science, 2014, 343, 1239176;
(h) R. A. Angnes, Z. Li, C. R. D. Correia and
G. B. Hammond, Org. Biomol. Chem., 2015, 13, 9152–9167;
(i) R. Brimioulle, D. Lenhart, M. M. Maturi and T. Bach,
Angew. Chem., Int. Ed., 2015, 54, 3872–3890; (j) J.-R. Chen,
X.-Q. Hu, L.-Q. Lu and W.-J. Xiao, Chem. Soc. Rev., 2016, 45,
2044–2056; (k) J.-R. Chen, X.-Q. Hu, L.-Q. Lu and
W.-J. Xiao, Acc. Chem. Res., 2016, 49, 1911–1923; (l)
D. Ravelli, S. Protti and M. Fagnoni, Chem. Rev., 2016, 116,
9850–9913; (m) J. Twilton, C. Le, P. Zhang, M. H. Shaw,
R. W. Evans and D. W. C. MacMillan, Nat. Rev. Chem.,
2017, 1, 52; (n) D. Wang, L. Zhang and S. Luo, Acta Chim.
Sin., 2017, 75, 22–33; (o) M. Silvi and P. Melchiorre, Nature,
2018, 554, 41–49; (p) B.-G. Cai, J. Xuan and W.-J. Xiao, Sci.
Bull., 2019, 64, 337–350; (q) Q.-Q. Zhou, Y.-Q. Zou, L.-Q. Lu
and W.-J. Xiao, Angew. Chem., Int. Ed., 2019, 58, 1586–1604;
(r) W.-M. Cheng and R. Shang, ACS Catal., 2020, 10, 9170–
9196; (s) H. Cao, X. Tang, H. Tang, Y. Yuan and J. Wu,
Chem Catalysis, 2021, 1, 523–598; (t) T. Yasukawa and
S. Kobayashi, ACS Cent. Sci., 2021, 7, 1099–1101; (u)
X.-Y. Yu, J.-R. Chen and W.-J. Xiao, Chem. Rev., 2021, 121,
506–561; (v) L. Capaldo, D. Ravelli and M. Fagnoni, Chem.
Rev., 2022, 122, 1875–1924; (w) A. Y. Chan, I. B. Perry,
N. B. Bissonnette, B. F. Buksh, G. A. Edwards, L. I. Frye,
O. L. Garry, M. N. Lavagnino, B. X. Li, Y. Liang, E. Mao,
A. Millet, J. V. Oakley, N. L. Reed, H. A. Sakai, C. P. Seath
and D. W. C. MacMillan, Chem. Rev., 2022, 122, 1485–1542;
(x) M. J. Genzink, J. B. Kidd, W. B. Swords and T. P. Yoon,
Chem. Rev., 2022, 122, 1654–1716; (y) J. Großkopf, T. Kratz,
T. Rigotti and T. Bach, Chem. Rev., 2022, 122, 1626–1653;
(z) N. Holmberg-Douglas and D. A. Nicewicz, Chem. Rev.,
2022, 122, 1925–2016; (aa) P. Melchiorre, Chem. Rev., 2022,
122, 1483–1484.

2 For the reviews, see: (a) T. Bach and J. P. Hehn, Angew. Chem.,
Int. Ed., 2011, 50, 1000–1045; (b) S. Gao and Y. Qiu, Sci.
China: Chem., 2016, 59, 1093–1108; (c) M. D. Kärkäs,
J. A. Porco and C. R. J. Stephenson, Chem. Rev., 2016, 116,
9683–9747; (d) T. P. Nicholls, D. Leonori and
A. C. Bissember, Nat. Prod. Rep., 2016, 33, 1248–1254; (e)
M. K. Bogdos, E. Pinard and J. A. Murphy, Beilstein J. Org.
Chem., 2018, 14, 2035–2064; (f) B. Yang and S. Gao, Chem.
Soc. Rev., 2018, 47, 7926–7953; (g) Y. Wei, Q.-Q. Zhou,
F. Tan, L.-Q. Lu and W.-J. Xiao, Synthesis, 2019, 51, 3021–
3054; (h) C. M. Holden and P. Melchiorre, in
Photochemistry, The Royal Society of Chemistry, 2020, vol.
© 2022 The Author(s). Published by the Royal Society of Chemistry
47, pp. 344–378; (i) J. B. Mateus-Ruiz and A. Cordero-
Vargas, Synthesis, 2020, 52, 3111–3128.

3 For selected reviews and examples of photoreactivity of
aromatic aldehydes and ketones, see: (a) R. G. W. Norrish
and C. H. Bamford, Nature, 1937, 140, 195–196; (b)
N. C. Yang and D.-D. H. Yang, J. Am. Chem. Soc., 1958, 80,
2913–2914; (c) A. Dalal, R. Khanna, D. Kumar, P. Jindal,
A. Chaudhary and R. C. Kamboj, Curr. Org. Chem., 2015,
19, 2156–2195; (d) C. Chen, Org. Biomol. Chem., 2016, 14,
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