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zed redox diversified entry to
axially chiral styrenes via asymmetric olefination
with alkynes†

Ziwei Lin,a Yuqing Jiang,b Fen Wang,*a Genping Huang, *b Jessica Lic

and Xingwei Li *ad

Axially chiral olefins represent an underexplored class of atropoisomers given their conformational flexibility

and relatively low configurational stability. Atroposelective access to axially chiral olefins via de novo

formation of a chiral axis is challenging. Reported herein is palladium-catalyzed redox-diversified

olefination of aryl halides with two classes of bifunctional alkynes based on rational design of catalytic

systems. The reductive Heck reaction (hydroarylation) of 1,6-diynes afforded axially chiral dienes using

potassium formate as the reductant. In the case of 1-alkynylcyclobutanol substrates, ring strain-driven

C–C coupling-olefination gave axially chiral, tetrasubstituted enones as the product. In both coupling

systems, the reactions proceeded effectively with high regioselectivity, Z/E selectivity, and excellent

enantioselectivity.
Introduction

Axially chiral platforms are ubiquitous in bioactive molecules,
chiral ligands, natural products, and functional materials.1 Ever
since the discovery of axial chirality, signicant efforts have
been dedicated to the exploration of axially chiral biaryls.2 On
the other hand, axially chiral olens represent a more chal-
lenging synthetic target, given their conformational exibility
and relatively low congurational stability, especially in acyclic
setting.3 Three distinct synthetic strategies have been adopted
(Scheme 1a), namely, functionalization of the C^C bond of
a sterically hindered alkyne that forges a C]C bond,4,5 func-
tionalization of an olenic or aryl C–H bond,6 and de novo
construction of a chiral axis through metal-catalyzed cross-
coupling7–11 (Scheme 1a). The former two strategies take
advantage of the size-increasing effect of substrates bearing
a preinstalled chiral axis, while the de novo coupling strategy is
drastically more challenging by connecting two bulky frag-
ments. With the increasing importance of axially chiral
styrenes, it is of great necessity to develop novel atroposelective
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synthetic methods by developing new de novo coupling
strategies.

As a pivotal functional group in organic compounds, the
triple bond in alkynes undergoes numerous functionalization
to deliver olens. Consequently, atroposelective functionaliza-
tion of alkynes bearing a sterically hindered aryl group becomes
a well-explored under organocatalysis4 or metal catalysis.5

However, this reaction mode of dynamic kinetic asymmetric
transformation (DYKAT) is limited to employment of sterically
hindered but reactive alkynes (Scheme 1b), and the introduc-
tion of a sterically hindered aryl group to the starting alkynes
may pose signicant synthetic challenges. Compared to bulky
alkynes, very limited studies utilized simple alkynes through de
novo construction of a chiral axis (Scheme 1b).12–16

In the past decades, reductive coupling of electrophiles has
been established as an attractive synthetic strategy owing to the
availability of electrophiles.17–20 This strategy not only avoids the
employment of sensitive organometallic species but also offers
orthogonality to the classical cross-coupling. To this end,
asymmetric functionalization of p-bonds has been realized by
reductive Heck reactions that deliver point-chiral products
(Scheme 1c).21 However, the reductive Heck reaction of alkynes
predominantly delivered achiral olens.22 In 2023, the Zhu
group reported the only example of Ni-catalyzed reductive
hydroarylation of sterically hindered alkynes (Scheme 1b).23

Compared with the powerful roles of Ni and Co catalysts in
reductive couplings, Pd-catalyzed versions are less common.
This is likely ascribed to the low rate of reductive elimination at
the palladium center.24 To address the challenge of reductive
Heck reactions, we devised palladium-catalyzed atroposelective
hydroarylation of 1,6-diynes (Scheme 1c) through de novo C–C
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Atroposelective synthesis of axially chiral olefins.

Table 1 Optimization studies on atroposelective synthesis of axially chiral dienesa,b

Entry Variations from standard conditions Yieldb (%) ee (%) rr (%)

1 None 75 95 9/1
2 60 °C instead of 50 °C 65 96 6/1
3 Pd2dba3 as a catalyst 45 93 2/1
4 EtOH as a solvent 50 90 4/1
5 HFIP or TFE as a solvent n.r — —
6 iPrOH as a solvent 32 85 5/1
7 No 15-crown-5 additive 63 95 4/1
8 Mn as reductant 52 91 2/1
9 HCOONa as reductant 60 92 6/1
10 5 mol% Pd(OAc)2 68 96 9/1

a Standard reaction conditions: 1a (0.12 mmol), 2a (0.10 mmol), Pd(OAc)2 (8 mol%), L10 (10 mol%) in MeOH (2 mL) at 50 °C for 24 h, the ee was
determined by HPLC using a chiral stationary phase. The rr was determined by 1H NMR analysis of the crude reactionmixture. b Isolated yield of the
desired isomer.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2025, 16, 14252–14261 | 14253
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formation enabled by a bulky chiral ligand, while such 1,6-
diynes were previously extensively investigated in catalytic
atroposelective [2 + 2 + 2] annulation.25 Meanwhile, the palla-
dium(II) aryl intermediate can be also trapped by an alkyl
species derived from strain-driven ring expansion of alkynylcy-
clobutanol to give axially chiral,26 exo-cyclic enones (Scheme
1d). By employing rationally designed alkynes, we now report
Pd-catalyzed redox-diversied asymmetric olenation of aryl
halides, streamlining the assembly of axially chiral styrenes
with excellent regio- and enantioselectivity.
Results and discussion

With this reaction design in mind, we initiated our studies with
the optimization of the reductive olenation reaction between
1-naphthyl bromide 1a and diyne 2a using palladium acetate as
a catalyst (Table 1). It was found that essentially no reaction
occurred when a chiral P–P or P–N bidentate ligand was used
(L1–L5), likely due to coordinative saturation (see Scheme 7).
Switching to a phosphoramidite ligand led to observation of the
desired axially chiral diene 3 in low yield (L6 and L7) when
HCOOK was used as a reductant in MeOH. Inspired by the
performance of this monodentate ligand, we moved to P-chiral
Scheme 2 Scope of aryl bromides in reductive olefination.a,b aConditio
(8mol%), L10 (10mol%), HCOOK (3.0 equiv.), 15-crown-5 (1.0 equiv.) in M
determined by HPLC using a chiral stationary phase. The ratio of rr was de
was used.

14254 | Chem. Sci., 2025, 16, 14252–14261
dihydrobenzooxaphosphole monodentate ligand27 L8, and both
efficiency and enantioselectivity were signicantly improved.
Variation of the aryl group in this class of ligand returned L10 as
the optimal one, where product 3 was isolated in good yield and
excellent enantioselectivity, together with a small of amount of
its regioisomer (rr = 9 : 1). Further optimization revealed that
50 °C is the optimal temperature (entry 2). The 15-crown-5
additive improved both the regioselectivity and the conversion
(entry 7). In contrast to the effective HCOOK reductant, lower
efficiency and regioselectivity was observed when HCOONa or
Mn was used as a reductant (entries 8 and 9). Lowering the
catalyst loading to 5 mol% resulted in a slightly lower yield of 3
(entry 10).

We next went on to explore the scope of this coupling system
(Scheme 2). The scope of the 1-naphthyl bromide was examined
using 1,6-dyne 2a as the coupling partner. Our studies revealed
the compatibility of a series of primary and secondary alkyl
esters (4–14, 87–96% ee). The absolute conguration of 5 has
been established by X-ray crystallography (CCDC 2416759). As
expected, a series of benzyl ester was also compatible (10–13).
Extension of the ester group to those derived from a natural
product (21–25) further veried the generality of this protocol,
and the product was isolated in excellent enantio- or
ns: aryl bromide 1 (0.12 mmol), 1,6-diyne 2a (0.10 mmol), Pd(OAc)2
eOH (2mL), 50 °C, 24 h, isolated yield of the desired isomer. The eewas
termined by 1H NMR analysis of the crude reaction mixture. bDCOONa

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diastereoselectivity. Removal of the 7-substituent in the naph-
thalene ring led to lower enantioselectivity (15–18, 79–84% ee),
suggesting that the steric effect of a 7-substituent facilitated the
chiral induction because introduction of a 7-methyl group
restored the excellent enantioselectivity (19 and 20). To our
delight, the employment of DCOONa as a reductant afforded
the deuterated product with >99% deuterium incorporation at
the olenic position (10-d, 20-d, 21-d). Among all the reactions,
the regioselectivity varied within 6–20 : 1 rr. We also applied
simple 1-naphthyl bromide as a substrate, but observed no
reaction. The inactivity is caused by lack of directing and/or
EWG nature of the ester group.

Aer the exploration of the scope of naphthyl bromide, we
then proceeded with investigation of the scope of the 1,6-diyne
(Scheme 3). The reaction went equally well for a series of diaryl-
substituted diynes bearing alkyl, halogen, and EWG at different
positions of the benzene ring (26–35, 93–97% ee). A thienyl-
functionalized symmetric diyne was also applicable (31). The
sulfonamide linker in the alkyne was then investigated, and the
presence of different aryl groups in this moiety was well toler-
ated (36–42), including a few functionalized sulfonamide
linkers (41 and 42). Extension of the linker to an oxygen atom,
however, met with failure and essentially no reaction occurred.
To better explore the scope of the alkyne, we extended the
alkyne to 1-alkynylcyclobutanol, another class of bifunctional
alkyne (Scheme 4). To our delight, the desired redox-neural
Scheme 3 Scope of diynes in atroposelective C–C Coupling.a,b aCond
Pd(OAc)2 (8 mol%), L10 (10 mol%), HCOOK (3.0 equiv.), and 15-crown-5
determined by HPLC using a chiral stationary phase. The rr was determin
(0.10 mmol), (h3-allyl)(h5-Cp)Pd (8 mol%), L10 (10 mol%), HCOOK (2.0 e

© 2025 The Author(s). Published by the Royal Society of Chemistry
difunctionalization of the alkyne proceeded efficiently using
the same ligand withmesitylene as a solvent and with Cs2CO3 as
a base, affording an axially chiral enone 44 (92% ee) as the only
regioisomer. The scope of this coupling system was then briey
explored. As given in Scheme 4, a similar scope of the ester
group has been established, and the coupled product was iso-
lated in consistently high enantioselectivity (44–56, 86–92% ee).
In line with the scope of the aryl halide in our reductive ole-
nation, the inclusion of a natural product was also tolerated (57
and 58). The coupling of 1-naphthyl bromide with or without
a 7-substituent proceeded essentially equally well (59–63, 90–
97% ee), which stays contrast to the reliance of a 7-substituent
in the above reductive olenation system (Scheme 2). The
absolute conguration of product 59 was conrmed by X-ray
crystallography (CCDC 2416758). Variations of the substituent
in the benzene ring of the 1-alkynylcyclobutanol also veried
the compatibility of diverse electron-donating, -withdrawing,
and halogen groups (64–75, 86–93% ee).

The synthetic utility of representative products is showcased
in Scheme 5. Scale-up synthesis (1 mmol scale) of both products
3 and 44 was accomplished with no compromise of the reaction
efficiency or enantioselectivity (Scheme 5A). The ester group in
product 3 provides a useful synthetic handle (Scheme 5B),
which allows efficient transformations to other functional
groups in 76–78 (acid, alcohol, and aldehyde), and the aldehyde
78 was further converted to an olen and a secondary alcohol
itions: 1-naphthyl bromide 1a (0.12 mmol), 1,6-diyne 2 (0.10 mmol),
(1.0 equiv.) in MeOH (2 mL) at 50 °C for 24 h, isolated yield. The ee was
ed by 1H NMR analysis of the crude reaction mixture. b1a (0.12 mmol), 2
quiv.), and 15-crown-5 (1.0 equiv.) in MeOH (2 mL) at 50 °C for 24 h.

Chem. Sci., 2025, 16, 14252–14261 | 14255
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Scheme 4 Scope of atroposelective redox-neutral olefination using 1-alkynylcyclobutanols.a aReaction conditions: 1 (0.15 mmol), alkynylcy-
clobutanol 43 (0.10mmol), Pd(MeCN)2Cl2 (5 mol%), L10 (8 mol%) and Cs2CO3 (1.0 equiv.) in mesitylene (2 mL) at 50 °C for 24 h under N2; isolated
yield. The ee was determined by HPLC using a chiral stationary phase.
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with excellent enantio- or diastereoselectivity (79 and 80).
Meanwhile, acid was also converted to amine 81. Aldehyde 78
was also converted to an alkyne and then to a triazole (82 and
83). The ketone carbonyl group in product 44 was converted to
an oxime (84) and a vinyl triate (85), and the latter was readily
engaged in Pd-catalyzed phosphination reaction to give 86 as
a potentially useful axial chirality-based ligand. Saponication
of 29 provided a chiral carboxylic acid 87, which functioned as
a chiral additive in Ru-catalyzed asymmetric C–H activation,
affording product 91 in moderate enantioselectivity. Analo-
gously, acid 76 was demonstrated as a chiral additive in Ir(III)
catalyzed C–H activation, and the annulation product 93 was
obtained in high enantioselectivity. Amine 81 can be easily
converted to bifunctional thiourea 88, which has been proved to
be an excellent organic catalyst for enantioselective a-amination
of b-ketoester 97 with azodicarboxylate 98. The employment
of ligand 86 in Pd-catalyzed allylic substitution afforded 96 in
81% ee.

A series of experiments have been conducted to explore the
mechanism of these two coupling systems (Scheme 6). Kinetic
isotope effect of the reductive olenation reaction using a diyne
has been measured from parallel reactions using HCOONa and
DCOONa (Scheme 6A). The rather large value of KIE = 3.5
suggests that the C–H bond formation is likely involved in the
14256 | Chem. Sci., 2025, 16, 14252–14261
rate-limiting step. Further control studies using deuterated
solvent and/or deuterated formate salt veried that the olenic
hydrogen in the product originates exclusively from the formate
(Scheme 6B). Non-linear effect studies revealed that the catalyst
functions as a monomeric form with 1 : 1 ratio to the chiral
ligand in both coupling systems (Scheme 6C). Furthermore, the
ee of the product in each system stayed constant in all concen-
trations examined, suggesting that the palladium species devoid
of the chiral ligand is essentially inactive (Scheme 6D). To further
explore the coupling of 1-alkynylcyclobutanol, we conducted the
linear correlation studies using a series of electronically different
1-alkynylcyclobutanol (Scheme 6E). The large slope of r = −0.9
suggests buildup of positive change in the transition state, and
this observation may offer mechanistic details of the alkyne
insertion event (vide infra).

The mechanism of the reductive coupling of diyne 2a is
proposed in Scheme 7 (le). Oxidative addition of aryl bromide
gives a Pd(II) aryl species. The resulting Pd–aryl bond is
proposed to undergo selective migratory insertion into the
alkyne to give an alkenyl intermediate. Subsequently, the
bromide ligand likely undergoes reversible dissociation in
MeOH to give coordinatively unsaturated, less hindered
cationic intermediate to allow for Pd–alkenyl migratory inser-
tion. In fact, signicant inhibition was observed when TBAB was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Downstream synthetic and catalytic applications (see ESI† for details).
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introduced to the reaction conditions, suggesting the partici-
pation of a cationic palladium intermediate (see ESI†). Aer the
2nd migratory insertion, ligand exchange with a formate is fol-
lowed by b-H elimination to give a palladium hydride. The
coupled product 3 is released upon rate-limiting C–H reductive
elimination. In the case of the redox-neutral coupling of an 1-
alkynylcyclobutanol, the mechanism involves a common Pd(II)
aryl intermediate (Scheme 7, right). Substitution by an
incoming alkoxide ligand likely triggers b-carbon elimination
driven by the ring strain. The resulting Pd(II) alkyl–aryl species
preferentially undergoes migratory insertion of the aryl group
based on the electronic effect of the triple bond. The attack of
© 2025 The Author(s). Published by the Royal Society of Chemistry
aryl group at the more electrophilic b-position of the alkyne is
electronically favorable because of buildup of positive charge at
this position. In contrast, the migratory insertion of the alkyl
group to the alpha position of the alkyne is electronically dis-
favored. Indeed, this propensity also aligns well with our
Hammett studies. Aer this enantio-determining migratory
insertion, the palladium alkyl species then undergoes C–C
reductive elimination to furnish the nal product 60.

Density functional theory (DFT) calculations were further
performed to explore the coupling of 1-alkynylcyclobutanol to
gain insight into the enantioselective control of this reaction
(Fig. 1). Starting from a key palladium(II) alkyl–aryl
Chem. Sci., 2025, 16, 14252–14261 | 14257
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Scheme 6 Mechanistic studies.

Scheme 7 Proposed mechanism.

Fig. 1 DFT studies of the key migratory insertion step. Bond distances and energies are given in Å and kcal mol−1, respectively.

14258 | Chem. Sci., 2025, 16, 14252–14261 © 2025 The Author(s). Published by the Royal Society of Chemistry
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intermediate, two possible modes of the migratory insertion,
namely insertion of the C–C triple bond into the Pd–C(alkyl)
versus the Pd–C(aryl) bond, were both evaluated. In line with
our experimental rationalization, the insertion into the Pd–
C(aryl) bond occurs with a lower energy barrier regardless of
the orientation of the naphthyl group (see the ESI† for details).
The transition state TS1 was calculated to be lower in energy
than TS10 by 2.0 kcal mol−1, which is in accordance with the
experimentally observed enantioselectivity. Scrutiny of the
optimized geometries reveals that the enantioselectivity is
predominantly attributed to non-covalent interactions. In TS1,
the p–p and lone pair–p interactions were observed between
the ligand and the aryl group, whereas only C–H–p interac-
tions were present in TS10, thereby making TS1 lower in energy
than TS10.
Conclusions

In summary, we have realized palladium-catalyzed redox-
diversied olenation of aryl halides with two classes of
bifunctional alkynes. The coupling of 1,6-diynes occurred under
reductive conditions using formate salt as the reductant,
affording axially chiral dienes as the product. In the case of 1-
alkynylcyclobutanol substrates, the alkyne undergoes ring
expansion-driven C–C coupling to give axially chiral enones as
the product. In both coupling systems, the reactions proceeded
effectively with high regioselectivity, Z/E selectivity, and excel-
lent enantioselectivity. Mechanistic studies of the reaction of 1-
alkynylcyclobutanol revealed mechanistic details, and the
migratory insertion of the aryl group has been established as
the enantiodetermining step. Given limited exploration of
axially chiral olens and the rarity of reports on small alkynes
toward construction of axially chiral olens, this protocol may
nd applications in development of new atroposelective cata-
lytic systems.
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C. Rodŕıguez-Franco, R. Fernández, V. Hornillos and
J. M. Lassaletta, Chem. Soc. Rev., 2021, 50, 2968–2983; (g)
X. Bao, J. Rodriguez and D. Bonne, Angew. Chem., Int. Ed.,
2020, 59, 12623–12634; (h) B. Zilate, A. Castrogiovanni and
C. Sparr, ACS Catal., 2018, 8, 2981–2988; (i) Y.-B. Wang and
B. Tan, Acc. Chem. Res., 2018, 51, 534–547; (j) J. Wencel-
Delord, A. Panossian, F. R. Leroux and F. Colobert, Chem.
Soc. Rev., 2015, 44, 3418–3430; (k) G. Bringmann,
T. Gulder, T. A. M. Gulder and M. Breuning, Chem. Rev.,
2011, 111, 563–639; (l) G. Bringmann, T. Gulder,
T. A. M. Gulder and M. Breuning, Chem. Soc. Rev., 2009,
38, 3193; (m) G. Bringmann, A. J. Price-Mortimer,
P. A. Keller, M. J. Gresser, J. Garner and M. Breuning,
Angew. Chem., Int. Ed., 2005, 44, 5384–5427.

3 For selected examples, see: (a) Y. Mu, F. W. W. Hartrampf,
E. C. Yu, K. E. Lounsbury, R. R. Schrock, F. Romiti and
Chem. Sci., 2025, 16, 14252–14261 | 14259

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04080a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
0:

33
:3

2 
PM

. 
 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
A. H. Hoveyda, Nat. Chem., 2022, 14, 640–649For selected
reviews, see: (b) J.-Y. Zou, W.-Y. Xu, J. Wang, Q. Liu and
Y. He, Synthesis, 2024, 56, 1862–1872; (c) P.-F. Qian,
T. Zhou and B.-F. Shi, Chem. Commun., 2023, 59, 12669–
12684; (d) W. Qin, Y. Liu and H. Yan, Acc. Chem. Res., 2022,
55, 2780–2795; (e) S. Wu, S.-H. Xiang, J. K. Cheng and
B. Tan, Tetrahedron Chem, 2022, 1, 100009; (f) H.-H. Zhang
and F. Shi, Acc. Chem. Res., 2022, 55, 2562–2580; (g) J. Feng
and Z. Gu, SynOpen, 2021, 5, 68–85; (h) Z.-X. Zhang,
T.-Y. Zhai and L.-W. Ye, Chem Catal., 2021, 1, 1378–1412;
(i) E. Negishi, Z. Huang, G. Wang, S. Mohan, C. Wang and
H. Hattori, Acc. Chem. Res., 2008, 41, 1474–1485; (j)
B. Flynn and W. W. Ogilvie, Chem. Rev., 2007, 107, 4698–
4745.

4 (a) C. Zhang, S. Ye and J. Wu, Org. Lett., 2024, 26, 3321–3325;
(b) P.-F. Lian, Y. Wang, Z.-H. Li, S.-Y. Zhang, A. Duan and
H.-Y. Bai, Org. Lett., 2024, 26, 3498–3502; (c) B. Cai, Y. Cui,
J. Zhou, Y. Wang, L. Yang, B. Tan and J. Wang, Angew.
Chem., Int. Ed., 2023, 62, e202215820; (d)
A. G. Woldegiorgis, H. Gu and X. Lin, Org. Lett., 2023, 25,
2068–2072; (e) D. Xu, Y. Chang, Y. Liu, W. Qin and H. Yan,
ACS Catal., 2023, 13, 2957–2967; (f) J.-L. Yan, R. Maiti,
S.-C. Ren, W. Tian, T. Li, J. Xu, B. Mondal, Z. Jin and
Y. R. Chi, Nat. Commun., 2022, 13, 84; (g) Y. Tan, S. Jia,
F. Hu, Y. Liu, L. Peng, D. Li and H. Yan, J. Am. Chem. Soc.,
2018, 140, 7056–7060; (h) S. Jia, Z. Chen, N. Zhang, Y. Tan,
Y. Liu, J. Deng and H. Yan, J. Am. Chem. Soc., 2018, 140,
16893–16898.

5 (a) Y. Zhao, L. Huo, X. Zhao and L. Chu, ACS Catal., 2025, 15,
63–71; (b) X. Tang, Y. Tang, J. Peng, H. Du, L. Huang, J. Gao,
S. Liu, D. Wang, W. Wang, L. Gao, Y. Lan and Z. Song, J. Am.
Chem. Soc., 2024, 146, 26639–26648; (c) G. Wang, N. Zhang,
B.-X. Yan, Z.-W. Zhang, S.-W. Li, G. Luo and Z.-S. Ye, ACS
Catal., 2024, 14, 4053–4065; (d) Q. Wu, Q. Zhang, S. Yin,
A. Lin, S. Gao and H. Yao, Angew. Chem., Int. Ed., 2023, 62,
e202305518; (e) L. Zhan, C. Lu, J. Feng and R. Liu, Angew.
Chem., Int. Ed., 2023, 62, e202312930; (f) L. Fu, X. Chen,
W. Fan, P. Chen and G. Liu, J. Am. Chem. Soc., 2023, 145,
13476–13483; (g) Q.-Z. Li, Z.-H. Li, J.-C. Kang, T.-M. Ding
and S.-Y. Zhang, Chem Catal., 2022, 2, 3185–3195; (h) D. Ji,
J. Jing, Y. Wang, Z. Qi, F. Wang, X. Zhang, Y. Wang and
X. Li, Chem, 2022, 8, 3346–3362; (i) R. Mi, H. Chen,
X. Zhou, N. Li, D. Ji, F. Wang, Y. Lan and X. Li, Angew.
Chem., Int. Ed., 2022, 61, e202111860; (j) S.-C. Zheng,
S. Wu, Q. Zhou, L. W. Chung, L. Ye and B. Tan, Nat.
Commun., 2017, 8, 15238.

6 (a) C. Shen, Y. Zhu, W. Shen, S. Jin, G. Zhong, S. Luo, L. Xu,
L. Zhong and J. Zhang, Org. Chem. Front., 2022, 9, 2109–2115;
(b) D.-T. Dai, M.-W. Yang, Z.-Y. Chen, Z.-L. Wang and
Y.-H. Xu, Org. Lett., 2022, 24, 1979–1984; (c) M. Liu, J. Sun,
T. G. Erbay, H. Ni, R. Mart́ın-Montero, P. Liu and
K. M. Engle, Angew. Chem., Int. Ed., 2022, 61, e202203624;
(d) C. Yang, T.-R. Wu, Y. Li, B.-B. Wu, R.-X. Jin, D.-D. Hu,
Y.-B. Li, K.-J. Bian and X.-S. Wang, Chem. Sci., 2021, 12,
3726–3732; (e) L. Jin, P. Zhang, Y. Li, X. Yu and B.-F. Shi, J.
Am. Chem. Soc., 2021, 143, 12335–12344; (f) C. Yang, F. Li,
T.-R. Wu, R. Cui, B.-B. Wu, R.-X. Jin, Y. Li and X.-S. Wang,
14260 | Chem. Sci., 2025, 16, 14252–14261
Org. Lett., 2021, 23, 8132–8137; (g) L. Jin, Q.-J. Yao,
P.-P. Xie, Y. Li, B.-B. Zhan, Y.-Q. Han, X. Hong and
B.-F. Shi, Chem, 2020, 6, 497–511; (h) M. I. Lapuh, S. Mazeh
and T. Besset, ACS Catal., 2020, 10, 12898–12919; (i)
U. Dhawa, C. Tian, T. Wdowik, J. C. A. Oliveira, J. Hao and
L. Ackermann, Angew. Chem., Int. Ed., 2020, 59, 13451–
13457; (j) H. Song, Y. Li, Q. Yao, L. Jin, L. Liu, Y. Liu and
B. Shi, Angew. Chem., Int. Ed., 2020, 59, 6576–6580; (k)
G. Liao, T. Zhang, Z. Lin and B. Shi, Angew. Chem., Int. Ed.,
2020, 59, 19773–19786; (l) J. Zhang, Q. Xu, J. Wu, J. Fan
and M. Xie, Org. Lett., 2019, 21, 6361–6365; (m) Q.-Y. Sun,
W.-Y. Ma, K.-F. Yang, J. Cao, Z.-J. Zheng, Z. Xu, Y.-M. Cui
and L.-W. Xu, Chem. Commun., 2018, 54, 10706–10709.

7 S. Qiu, Y. Chen, X. Peng, S. He, J. K. Cheng, Y. Wang,
S. Xiang, J. Song, P. Yu, J. Zhang and B. Tan, Angew. Chem.,
Int. Ed., 2022, 61, e202211211.

8 Y. Yang, H. Liu, X. Liu, T. Liu, Y. Zhu, A. Zhang, T. Wang,
Y. Hua, M. Wang, G. Mao and L. Liu, Chin. J. Org. Chem.,
2019, 39, 1655.

9 P. Kumar, R. P. Shirke, S. Yadav and S. S. V. Ramasastry, Org.
Lett., 2021, 23, 4909–4914.

10 J. Feng, B. Li, Y. He and Z. Gu, Angew. Chem., Int. Ed., 2016,
55, 2186–2190.

11 C. Pan, Z. Zhu, M. Zhang and Z. Gu, Angew. Chem., Int. Ed.,
2017, 56, 4777–4781.

12 C. Weng, L. Liu, M. Sun, X. Lu, X. Hong, L. Ye and B. Zhou,
Angew. Chem., Int. Ed., 2024, e202418254.

13 X. Ma, M. Tan, L. Li, Z. Zhong, P. Li, J. Liang and Q. Song,
Nat. Chem., 2024, 16, 42–53.

14 W. Li, S. Chen, J. Xie, Z. Fan, K. Yang and Q. Song, Nat.
Synth., 2023, 2, 140–151.

15 P. Hu, L. Hu, X. Li, M. Pan, G. Lu and X. Li, Angew. Chem., Int.
Ed., 2024, 63, e202312923.

16 X. Li, L. Zhao, Z. Qi and X. Li, Org. Lett., 2021, 23, 5901–5905.
17 J. Liu, Y. Ye, J. L. Sessler and H. Gong, Acc. Chem. Res., 2020,

53, 1833–1845.
18 D. J. Weix, Acc. Chem. Res., 2015, 48, 1767–1775.
19 C. E. I. Knappke, S. Grupe, D. Gärtner, M. Corpet, C. Gosmini
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