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functionalization of spiro dihydroquinazolinones
via dual photoredox/nickel catalysis†
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Xin-Hua Duan and Li-Na Guo *

Aromatization-driven deconstruction and functionalization of spiro dihydroquinazolinones via dual

photoredox/nickel catalysis is developed. The aromatization effect was introduced to synergistically drive

unstrained cyclic C–C bond cleavage, with the aim of overcoming the ring-size limitation of nitrogen-

centered radical induced deconstruction of carbocycles. Herein, we demonstrate the synergistic

photoredox/nickel catalyzed deconstructive cross-coupling of spiro dihydroquinazolinones with organic

halides. Remarkably, structurally diverse organic halides including aryl, alkenyl, alkynyl, and alkyl bromides

were compatible for the coupling. In addition, this protocol is also characterized by its mild and redox-

neutral conditions, excellent functional group compatibility, high atom economy, and easy scalability. A

telescoped procedure involving condensation and ring-opening/coupling was found to be accessible.

This work provides a complementary strategy to the existing radical-mediated C–C bond cleavage of

unstrained carbocycles.
In modern organic synthesis, the deconstruction and func-
tionalization of carbocycles has aroused great interest among
chemists, because it provides a straightforward approach to
difunctionalized chain compounds.1 In this eld, radical-
mediated cyclic C–C bond cleavage represents an attractive
strategy due to its mild conditions and versatile chemical
transformations.2 For example, the alkoxyl radical-mediated
ring-opening of cycloalkanols and their derivatives has been
extensively studied by Zhu, Knowles, Zuo and others, providing
efficient routes to functionalized chain ketones.3 At the same
time, Zard, Uemura, Zhou, Shi and others have developed
a series of iminyl radical-mediated ring-opening reactions that
provide a cyanide-free approach to functionalized alkyl nitriles.4

Our group has also devoted our efforts to various inexpensive
metal (Cu, Fe, and Ni) catalyzed radical-mediated C–C bond
cleavage reactions.5 There, the thermodynamic driving force of
C–C bond cleavage comesmainly from the formation of a strong
C]X bond and energetically stabilized carbon-centered radi-
cals, as well as the strain release of ring systems. Over the past
few years, Waser, Zheng and others have reported the nitrogen-
centered radical-induced ring-opening of aminocyclopropanes,
which can serve as a 1,3-synthon to participate in [3 + 2]
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annulation and 1,3-difunctionalization reactions (Scheme 1a).6

However, this strategy is limited to the strongly strained three
and four-membered ring systems. The deconstruction of
Scheme 1 Radical mediated cyclic C–C bond cleavage.
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unstrained aminocycloalkanes remains challenging, probably
due to the high reverse cyclization rate and the insufficient ring
strain.7 Therefore, the exploration of new strategies for
unstrained C–C bond cleavage is still important and desirable.

Aromatization is recognized as one of the most important
thermodynamic driving forces for many chemical trans-
formations.8 Especially in radical chemistry, the aromatization-
driven cleavage of chemical bonds is an important trans-
formation. In this eld, structurally diverse pre-aromatic (PA)
compounds such as 1,4-DHPs,9 benzothiazolines,10 dihy-
droquinazolinones,11 and others12 are widely used as hydrogen
atom transfer (HAT) reagents, functional group transfer
reagents and radical precursors. For example, Dong and co-
workers disclosed several unique deacylative C–C bond func-
tionalizations of chain ketones,13 in which the in situ formed
pre-aromatic intermediates underwent Ir(III)-catalyzed
aromatization-driven C–C bond cleavage to achieve the deace-
tylation process. Recently, Martin,14 Zhu15 and others16 reported
a series of photoredox-catalyzed radical alkylation reactions by
using 2,3-dihydroquinazolinones as efficient alkyl radical
precursors. However, large amounts of quinazolinones were
formed as by-products, which may be against the concept of
green synthesis. Despite these reports, the aromatization-driven
C–C bond cleavage of unstrained carbocycles remains unex-
plored. As mentioned above, the cyclic C–C bond cleavage
induced by nitrogen-centered radicals is usually limited to
Table 1 Optimization of the reaction conditionsa

Entry Variation from standard conditions

1 None
2 Ni(COD)2 instead of NiCl2$DME
3 NiCl2 instead of NiCl2$DME
4 L1 instead of L2
5 L3 instead of L2
6 L4 instead of L2
7 L5 instead of L2
8 DMSO as solvent
9 DMAc, NMP, and MeCN as solvent
10 4CzPN instead of 4CzIPN
11 Ir[dF(CF3)ppy]2(dtbpy)PF6 as PC
12 Na2CO3 as the base
13 2,4,6-Colidine as the base
14 1.5 equiv. of 1a was used
15 No pc, [Ni], L2, base or in darkness

a Reaction conditions: 1a (0.24 mmol, 1.2 equiv.), 2a (0.2 mmol, 1.0 equiv.)
(1.0 equiv.) in DMF (2.0 mL) with 10 W blue LEDs irradiation at room temp

8994 | Chem. Sci., 2024, 15, 8993–8999
strained rings. Therefore, we set out to embed this amino-
cycloalkane skeleton in a latent aromatic molecule, hoping that
the strong driving force of aromatization would facilitate the
cleavage of the less strained C–C bond (Scheme 1b). Here, we
demonstrate a dual photoredox- and nickel-catalyzed decon-
structive cross-coupling of spiro 2,3-dihydroquinazolin-4(1H)-
ones with organic halides via nitrogen-centered radical-
triggered b-scission (Scheme 1c). The noteworthy features of
this study include: (1) the mild and redox-neutral reaction
conditions, the practical scalability and the use of inexpensive,
commercially available 4CzIPN as the organic photocatalyst,
whichmake this protocol of great potential in organic synthesis;
(2) this method exhibits broad substrate scope (aryl, alkenyl,
alkynyl and alkyl bromides) and excellent functional group
compatibility; (3) most remarkably, the useful quinazolinone
fragments generated in situ were successfully retained in the
nal product, exhibiting excellent atom efficiency.17

To verify our hypothesis, spiro 2,3-dihydroquinazolin-4(1H)-
one 1a was rst prepared by condensation of 2-methyl cyclo-
pentanone with 2-aminobenzamide. Then, the reaction of 1a
with aryl bromide 2a was chosen as a model reaction to nd the
optimal conditions (Table 1). We were pleased to nd that the
reaction proceeded successfully in the presence of 4CzIPN
(1 mol%), NiCl2$DME (10 mol%), dtbpy (L2, 12 mol%), and
K2CO3 in DMF under 10 W blue LED irradiation, yielding the
desired ring-opening/coupling product 3a in 73% yield. The
Yield of 3a/b% Yield of 3a0/b%

73 9
18 12
45 18
55 13
72 10
61 17
37 11
81 <5
71/68/46 10
75c <5
66c <5
83c <5
80c <5
90c <5
Tracec Trace

, 4CzIPN (1.0 mol%), NiCl2$DME (10 mol%), dtbpy (12 mol%) and K2CO3
erature for 12 h under N2.

b Isolated yields. c DMSO was used as solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope of organic halidesa

a Reaction conditions: spiro dihydroquinazolinone 1a (0.3 mmol, 1.5
equiv.), aryl bromides 2 (0.2 mmol, 1.0 equiv.), 4CzIPN (1 mol%),
NiCl2$DME (10 mol%), L2 (12 mol%), K2CO3 (1.0 equiv.), and DMSO
(2.0 mL) with 10 W blue LEDs irradiation at room temperature for
12 h under N2. Isolated yields.

Table 3 Scope of dihydroquinazolinonea

a Reaction conditions: dihydroquinazolinone 1 (0.3 mmol, 1.5 equiv.),
aryl halides 2a (0.2 mmol, 1.0 equiv.), 4CzIPN (1 mol%), NiCl2$DME
(10 mol%), L2 (12 mol%), K2CO3 (1.0 equiv.), and DMSO (2.0 mL) with
10 W blue LEDs irradiation at room temperature for 12 h under N2.
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screening of nickel catalysts and ligands showed that the
combination of NiCl2$DME and L2 was the most efficient,
giving the best yield of 3a (entries 2–7). Solvent screening
showed that polar solvents were more suitable, giving 3a in
moderate to good yields and DMSO was the optimal solvent
(entries 8 and 9). Both Ir-based complex and organic photo-
catalysts were evaluated for this transformation, with 4CzIPN
still being the best (entries 10 and 11). Inorganic bases such as
Na2CO3 and organic bases such as 2,4,6-colidine both gave
a comparable yield of 3a (entries 12 and 13). Satisfactorily,
increasing the amount of 1a from 1.2 equiv. to 1.5 equiv. led to
an improved 90% yield of 3a (entry 14). Control experiments
showed that the photocatalyst, nickel catalyst, ligand, base and
visible-light irradiation were all essential for this trans-
formation (entry 15). Finally, it should be mentioned that
a certain amount of ring-opening/HAT product 3a’ was also
detected during the optimization.

With the optimized conditions established, the generality
and limitations of aryl bromides for this deconstructive aryla-
tion reaction were rst evaluated. As shown in Table 2,
a number of aryl bromides reacted efficiently with 1a under
standard conditions to afford the target products 3a–l in good to
excellent yields. The electronic and steric effects on the
aromatic moiety showed a signicant inuence on the reaction
efficiency. In general, aryl bromides with strong electron-
withdrawing groups on the para position of the aromatic ring
gave better yields (3a–h vs. 3i and 3j). Satisfactorily, a wide range
of functional groups including acetyl (3a and 3k),
© 2024 The Author(s). Published by the Royal Society of Chemistry
methylsulfonyl (3b), ester (3c), formyl (3d), cyano (3e), tri-
uoromethyl (3f), benzoyl (3g) and chloro (3h and 3l) groups
were well tolerated in this reaction. 5-Bromoindanone and 5-
bromophthalide also afforded the desired products 3m and 3n
in good yields. Heteroaromatic bromides, such as 3-bromo-
quinoline, 6-bromoquinoline and 4-bromopyridine, were also
amenable and afforded the target products 3o–q in moderate
yields. In addition to aryl bromides, vinyl bromide (3s) and
alkynyl bromide (3t) were also applicable to this protocol.
Remarkably, aryl bromides masked by natural products or
drugs also participated well in this coupling reaction, giving the
expected products (3v–z) in satisfactory yields. These results
highlighted the application potential of this protocol in the
diversication of natural products and pharmaceuticals.

Subsequently, the scope of spiro dihydroquinazolinones
derived from various cycloalkanones and 2-aminobenzamides
was investigated using aryl bromide 2a as a model coupling
partner. As shown in Table 3, various dihydroquinazolinones
derived from 2-substituted cyclopentanones were all efficiently
engaged in this C–C bond cleavage/coupling to afford the
products 5a–l in 55–91% yields. Substrates derived from nor-
camphors and loxoprofen also afforded the desired products
5e–g in good yields. Dihydroquinazolinones with a methyl
protecting group on the amide moiety showed better reaction
efficiency, giving the product 5h in 91% yield. Dihy-
droquinazolinones with different substituents on the aromatic
rings also reacted efficiently with 2a to afford the products 5i–l
in moderate yields. Meanwhile the substrate with a 5-Me group
on the aromatic ring gave the desired product 5j in only 20%
yield, due to low conversion. It was found that the existence of
a 2-substituent on the aliphatic ring is very crucial for the
success of this transformation, probably due to its stabilizing
Isolated yields.

Chem. Sci., 2024, 15, 8993–8999 | 8995
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Scheme 2 Application investigation.
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effect on the alkyl radical intermediates. Substrates derived
from simple cyclopentanone and 2,2-dimethylcyclopentanone
both failed to give the product. For the former, the rapid reverse
5-exo cyclization was probably the main reason. For the latter,
the steric hindrance of the tertiary radical generated in situ
made the coupling reaction more difficult. Notably, the
substrate derived from cyclobutanone was efficient, giving the
desired product 5m in 88% yield. For the six-membered ring
systems, the 2-phenoxy-substituted substrate was successfully
converted to the expected product 5n in 80% yield, while the 2-
methyl analogue was inactive.

It is known that the nucleophilicity and lifetime of alkyl
radicals can be inuenced by the electronegativity and the p-
bonding capability of the a-heteroatom.18 Therefore, we intend
to evaluate the inuence of the heteroatom on this C–C bond
cleavage/coupling reaction (Table 4). We introduced oxygen and
nitrogen atoms into aliphatic ring systems, respectively. Fortu-
nately, the substrate derived from dihydrofuran-3(2H)-one
successfully underwent this ring-opening/coupling reaction to
give the expected product 6a in 86% yield with excellent regio-
selectivity. The substrate generated from N-Cbz-pyrrolidin-3-
one also worked well with 2a to afford the product 6b in 74%
yield. In addition to the ve-membered system, the six-
membered analogues were also compatible for this trans-
formation (6c and 6d). Remarkably, the coupling partners can
be further extended to alkyl halides (6e–i). A variety of func-
tional groups such as cyano (6f), alkynyl (6g), alkenyl (6h), and
phthalimide (6i) were all tolerated in this transformation.

To demonstrate the applicability of this protocol, the gram-
scale synthesis of 3a and its derivatizations were carried out
(Scheme 2a). When the model reaction was scaled up to the
5.0 mmol scale, the reaction still proceeded smoothly to give 3a
in a slightly reduced but acceptable yield (1.2 g, 72% yield). The
Table 4 Scope of dihydroquinazolinonea

a Reaction conditions: dihydroquinazolinone 1 (0.3 mmol, 1.5 equiv.),
aryl halides 2 or 4 (0.2 mmol, 1.0 equiv.), 4CzIPN (1 mol%),
NiCl2$DME (10 mol%), L2 (12 mol%), K2CO3 (1.0 equiv.), and DMSO
(2.0 mL) with 10 W blue LEDs irradiation at room temperature for
12 h under N2. Isolated yields.

8996 | Chem. Sci., 2024, 15, 8993–8999
derivatization of 3a was then investigated. 3a can undergo
nucleophilic substitution with 2,4-dinitrouorobenzene to give
the N-aryl product 7a in 64% yield. It also reacted with Morita–
Baylis–Hillman ester to give the N-allylic product 8a in 88%
yield. In addition, quinazolin-4(3H)-one 3b underwent a HMDS-
mediated amination reaction with benzylamine to afford 4-
aminoquinazoline 9a in 84% yield. Finally, the treatment of 3a
with NaBH4 afforded the unexpected dearomatized product 10a
in 77% yield as the sole product. To further increase the
synthetic utility of this protocol, we telescoped the formation of
spiro dihydroquinazolinones and the ring-opening/coupling
reaction without purication (Scheme 2b). Satisfactorily,the 2-
Scheme 3 Mechanism studies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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methylcyclopentanone efficiently underwent this two-step
process and afforded 3a in 71% isolated yield.

To gain mechanistic insight into this reaction, some control
experiments were performed (Scheme 3). It was found that the
reaction of 1a and 2a was totally inhibited by the addition of 1.0
equiv. of TEMPO. In this case, the TEMPO adduct 11a was iso-
lated in 92% yield. The addition of 1.0 equiv. of BHT also
completely suppressed the reaction (Scheme 3a). These results
indicated that the reaction proceeded via a radical pathway.
When (1-cyclopropylvinyl)benzene was added to the reaction
system, in addition to 31% of product 3a, the three-component
product 12a was isolated in 20% yield, providing further
evidence for a radical pathway (Scheme 3b). Stern–Volmer
uorescence quenching experiments showed that the excited 4-
CzIPN* was effectively quenched by the dihydroquinazolinone
1a rather than the bromide 2a, suggesting that an excited state
charge transfer occurred between 4-CzIPN* and 1a (Scheme 3c).
Light on and off experiments showed that continuous irradia-
tion is essential for this transformation (Scheme 3d and see also
the ESI†). To elucidate the Ni catalytic cycle, an isolated Ni(II)
complex C1 was prepared in advance and then treated with 1a
under the standard conditions. As expected, the product 3f
could be obtained in 42% yield. Furthermore, the use of Ni(II)
complex C1 as a catalyst for the reaction of 1a and 2a also led to
the formation of 3a in 85% yield, along with 12% yield of 3f
(Scheme 3e). These results suggest that the Ar–Ni(II) complex is
a key intermediate in the Ni-catalytic cycle.

Based on the above experimental results and previous liter-
ature,19 a possible mechanism for this ring-opening/coupling is
proposed (Scheme 4). First, 4CzIPN is photoexcited to its excited
state 4CzIPN*, which is a sufficient SET oxidant. Then, single
electron oxidation of dihydroquinazolinone 1a by the photoex-
cited 4CzIPN* yields the aminyl radical cation I and the radical
anion [4CzIPN]c−. In the presence of a base, the radical cation
intermediate I undergoes aromatization driven b-scission to
give the alkyl radical II. Concurrently, the oxidative addition of
aryl bromide 2a to active Ni(0)Ln produces the Ni(II) species III.
Radical recombination of the Ni(II) species III with the alkyl
radical II yields the Ni(III) species IV, which undergoes reductive
elimination to give the target product 3a and the LnNi(I)Br
species V. Finally, the two catalytic cycles are completed
Scheme 4 Proposed Mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
simultaneously by a single electron transfer between the
[4CzIPN]c− radical anion and LnNi(I)Br V, regenerating both the
active Ni(0)Ln species and 4CzIPN.
Conclusions

In summary, we have developed a novel aromatization-driven
deconstructive cross-coupling of spiro dihydroquinazolinones
via dual photoredox/nickel catalysis. This is the rst example of
aromatization-driven nitrogen-centered radical-induced cyclic
C–C bond cleavage. In contrast to previous reports, this strategy
allows the aromatic fragments formed in situ via C–C bond
cleavage to be successfully retained in the product. Under the
synergistic photoredox/nickel catalysis, the deconstructive
coupling of spiro dihydroquinazolinones with various organic
halides, including aryl, alkenyl, alkynyl and alkyl bromides,
proceeded efficiently to afford a series of useful functionalized
quinazolinones in good yields with excellent functional group
tolerance. An in-depth mechanism study revealed that this
reaction proceeded via a radical-metal crossover pathway. This
work provides a complementary strategy for the radical-
mediated C–C bond cleavage of unstrained carbocycles.
Data availability

All experimental and characterization data including NMR
spectra are available in the ESI.†
Author contributions

H.-J. Miao performed all the experiments and prepared the
manuscript and ESI.† J.-H. Zhang, W. Li W. Yang and H. Xin
performed the preparation of raw materials. X.-H. Duan and L.-
N. Guo directed this project and revised the manuscript. All
authors have given approval to the nal version of the
manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Financial support from the National Natural Science Founda-
tion of China (No. 22171220, 21971201) and the Fundamental
Research Funds of the Central Universities (No. xtr072022003)
is greatly appreciated. We also thank Mr Zhang, Miss Feng and
Miss Bai at the Instrument Analysis Center of Xi'an Jiaotong
University for their assistance with NMR and HRMS analysis.
Notes and references

1 For selected reviews, see: (a) F. Song, T. Gou, B.-Q. Wang and
Z.-J. Shi, Chem. Soc. Rev., 2018, 47, 7078–7115; (b) Y. Xue and
G. Dong, Acc. Chem. Res., 2022, 55, 2341–2354; (c) F. Song,
B. Wang and Z.-J. Shi, Acc. Chem. Res., 2023, 56, 2867–2886.
Chem. Sci., 2024, 15, 8993–8999 | 8997

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01111b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

9/
06

/2
6 

16
:4

3:
56

. 
 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
2 For selected reviews, see: (a) X. Wu and C. Zhu, Chem.
Commun., 2019, 55, 9747–9756; (b) P. Sivaguru, Z. Wang,
G. Zanoni and X. Bi, Chem. Soc. Rev., 2019, 48, 2615–2656;
(c) E. Tsui, H. Wang and R. R. Knowles, Chem. Sci., 2020,
11, 11124–11141; (d) X.-Y. Yu, Q.-Q. Zhao, J. Chen,
W.-J. Xiao and J.-R. Chen, Acc. Chem. Res., 2020, 53, 1066–
1083; (e) S.-H. Shi, Y. Liang and N. Jiao, Chem. Rev., 2021,
121, 485–505; (f) X.-Y. Yu, J.-R. Chen and W.-J. Xiao, Chem.
Rev., 2021, 121, 506–561; (g) L. Chang, Q. An, L. Duan,
K. Feng and Z. Zuo, Chem. Rev., 2022, 122, 2429–2486.

3 For recent examples: (a) H. Zhao, X. Fan, J. Yu and C. Zhu, J.
Am. Chem. Soc., 2015, 137, 3490–3493; (b) H. G. Yayla,
H. Wang, K. T. Tarantino, H. S. Orbe and R. R. Knowles, J.
Am. Chem. Soc., 2016, 138, 10794–10797; (c) L. Huang, T. Ji
and M. Rueping, J. Am. Chem. Soc., 2020, 142, 3532–3539;
(d) S. Sakurai, A. Matsumoto, T. Kano and K. Maruoka, J.
Am. Chem. Soc., 2020, 142, 19017–19022; (e) Y. Chen, J. Du
and Z. Zuo, Chem, 2020, 6, 266–279; (f) L. Wen, J. Ding,
L. Duan, S. Wang, Q. An, H. Wang and Z. Zuo, Science,
2023, 382, 458–464.

4 For selected examples: (a) J. Boivin, E. Fouquet and
S. Z. Zard, J. Am. Chem. Soc., 1991, 113, 1057–1059; (b)
T. Nishimura, T. Yoshinaka, Y. Nishiguchi, Y. Maeda and
S. Uemura, Org. Lett., 2005, 7, 2425–2427; (c) L. Li,
H. Chen, M. Mei and L. Zhou, Chem. Commun., 2017, 53,
11544–11547; (d) B. Zhao and Z. Shi, Angew. Chem., Int. Ed.,
2017, 56, 12727–12731; (e) X.-Y. Yu, J.-R. Chen, P.-Z. Wang,
M.-N. Yang, D. Liang and W.-J. Xiao, Angew. Chem., Int. Ed.,
2018, 57, 738–743; (f) E. M. Dauncey, S. P. Morcillo,
J. J. Douglas, N. S. Sheikh and D. Leonori, Angew. Chem.,
Int. Ed., 2018, 57, 744–748; (g) J. Chen, Y.-J. Liang,
P.-Z. Wang, G.-Q. Li, B. Zhang, H. Qian, X.-D. Huan,
W. Guan, W.-J. Xiao and J.-R. Chen, J. Am. Chem. Soc.,
2021, 143, 13382–13392.

5 (a) S. Wang, L.-N. Guo, H. Wang and X.-H. Duan, Org. Lett.,
2015, 17, 4798–4801; (b) Y.-R. Gu, X.-H. Duan, L. Yang and
L.-N. Guo, Org. Lett., 2017, 19, 5908–5911; (c) J.-J. Zhang,
X.-H. Duan, Y. Wu, J.-C. Yang and L.-N. Guo, Chem. Sci.,
2019, 10, 161–166; (d) J.-C. Yang, L. Chen, F. Yang, P. Li
and L.-N. Guo, Org. Chem. Front., 2019, 6, 2792–2795; (e)
L. Chen, L.-N. Guo, S. Liu, L. Liu and X.-H. Duan, Chem.
Sci., 2021, 12, 1791–1795; (f) L. Liu, X.-H. Duan and
L.-N. Guo, Synthesis, 2021, 57, 4375–4388; (g) S. Liu, P. Ma,
L. Zhang, S. Shen, H.-J. Miao, L. Liu, K. N. Houk,
X.-H. Duan and L.-N. Guo, Chem. Sci., 2023, 14, 5220–5225;
(h) Q.-C. Shan, Y. Zhao, S.-T. Wang, H.-F. Liu, X.-H. Duan
and L.-N. Guo, ACS Catal., 2024, 14, 2144–2150.

6 (a) S. Maity, M. Zhu, R. S. Shinabery and N. Zheng, Angew.
Chem., Int. Ed., 2012, 51, 222–226; (b) S. A. Morris, J. Wang
and N. Zheng, Acc. Chem. Res., 2016, 49, 1957–1968; (c)
D. M. Arias-Rotondo and J. K. McCusker, Chem. Soc. Rev.,
2016, 45, 5803–5820; (d) Y. Cai, J. Wang, Y. Zhang, Z. Li,
D. Hu, N. Zheng and H. Chen, J. Am. Chem. Soc., 2017, 139,
12259–12266; (e) M.-M. Wang and J. Waser, Angew. Chem.,
Int. Ed., 2019, 58, 13880–13884; (f) M.-M. Wang,
8998 | Chem. Sci., 2024, 15, 8993–8999
T. V. T. Nguyen and J. Waser, Chem. Soc. Rev., 2022, 51,
7344–7357.

7 (a) J.-W. Zhang, Y.-R. Wang, J.-H. Pan, Y.-H. He, W. Yu and
B. Han, Angew. Chem., Int. Ed., 2020, 59, 3900–3904; (b)
C. Pratley, S. Fenner and J. A. Murphy, Chem. Rev., 2022,
122, 8181–8260.

8 A. Bhunia and A. Studer, Chem, 2021, 7, 2060–2100.
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