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The catalytic atroposelective synthesis of axially chiral isochromenone-indoles has been established by the strategy of designing
homophthalic anhydride-based indole derivatives as a new type of indole-based platform molecules for dynamic kinetic re-
solution. By this strategy, a wide range of axially chiral isochromenone-indoles were synthesized in high yields with excellent
enantioselectivities (up to 98% yield, 97% ee) via the catalytic asymmetric sulfonylation reaction of homophthalic anhydride-
based indole derivatives with aryl sulfonyl chlorides under the catalysis of chiral quaternary ammonium salt as a phase-transfer
catalyst.
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1 Introduction

Axially chiral indole-based scaffolds belong to an important
class of atropisomeric heterocycles [1], which are widely
found in natural products [2], bioactive molecules [3], chiral
catalysts and ligands [3a,4]. Therefore, catalytic atropose-
lective construction of axially chiral indole-based frame-
works has recently become an emerging research area [5],
which has attracted intensive attention from the chemistry
community (Scheme 1). As summarized in Scheme 1a,
synthetic chemists have developed various strategies by
asymmetric organocatalysis or metal catalysis toward the
catalytic atroposelective synthesis of axially chiral (hetero)
aryl indoles. As a result, a wide range of axially chiral
(hetero)aryl indoles such as N-arylindoles [4a,6], 3-ar-

ylindoles [3a,7,8], 2-arylindoles [9], 3,3′-bisindoles [10],
2,3′-bisindoles [11] and N-pyrrolylindoles [3c] have been
synthesized with high atroposelectivity.
However, in stark contrast, axially chiral nonaryl indoles, a

class of more challenging atropisomeric heterocycles, have
scarcely been investigated (Scheme 1b). Up to date, only two
types of axially chiral nonaryl indoles have been synthesized
in an atroposelective manner. One type is 3-alkenylindoles,
which were synthesized by our group using the strategy of
organocatalytic asymmetric cyclization or addition reaction
of 3-alkynyl-2-indolylmethanols with nucleophiles [3b,12];
another type is 3-quinonylindoles, which were devised by
Tan’s group [13] using the strategy of organocatalytic
asymmetric addition/oxidation reaction of indoles with qui-
nones. Despite the progress, catalytic atroposelective
synthesis of axially chiral nonaryl indoles is rather under-
developed. Therefore, the existing challenges in this research
area mainly include: (1) designing new class of axially chiral
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nonaryl indole scaffolds with configurational stability;
(2) devising powerful strategies for catalytic atroposelective
synthesis of axially chiral nonaryl indoles.
To confront these challenges, based on our long-lasting

efforts in chiral indole chemistry [14], we designed iso-
chromenone-indoles as a new class of axially chiral nonaryl
indoles and devised a powerful synthetic strategy (Scheme
2). As illustrated in Scheme 2a, the design of this new class
of axially chiral nonaryl indoles is based on the consideration
that isochromenone scaffold is a six-membered nonaromatic
heterocyclic ring, which should have a higher rotational
barrier than five-membered ring, thus benefiting the con-
figurational stability of the axially chiral scaffold. In addi-
tion, the two bulky ortho-substituents around the axis would
incur the rotational restriction of the axis, therefore in-
creasing the configurational stability. As shown in Scheme
2b, the concept of our synthetic strategy is designing
homophthalic anhydride-based indole derivatives as a new
class of indole-based platform molecules for dynamic kinetic
resolution (DKR). Specifically, in the structure of this class
of platform molecules, the moiety of the carbonyl group and
its α-hydrogen of homophthalic anhydrides can transform
into the corresponding enolate form in the presence of a base
[15], which serves as a reactive site for DKR. Moreover, the
diphenylmethyl group of the indole ring can act as a bulky
group to generate steric congestion around the axis.
In 2017, Smith and co-workers [16] reported an elegant

approach to the enantioselective synthesis of atropisomeric
binaphthols via a two-step reaction, which involved a
counterion-directed O-alkylation of racemic 1-aryl-2-tetra-
lones with benzyl iodide as an alkylation reagent in the
presence of a chiral quinidine-derived ammonium salt under
basic conditions and a subsequent oxidation (Scheme 2c).
Based on this work, we conceived a strategy for atropose-

lective synthesis of axially chiral isochromenone-indoles
(Scheme 2d). In detail, in the presence of a base and chiral
quaternary ammonium salt as a phase-transfer catalyst
(PTC), racemic homophthalic anhydride-based indole deri-
vatives readily transform into axially chiral enolates, which
would generate an ion pair with chiral ammonium. This class
of axially chiral enolates then act as O-nucleophiles to react
with a bulky electrophile (E), wherein a DKR process would
occur due to the interconversion between the enolates and
1,3-diones via reversible protonation and deprotonation,
leading to the generation of axially chiral isochromenone-
indoles in an atroposelective manner. Therefore, the sig-
nificance of this work lies in that it will not only offer a new
member for the family of challenging axially chiral nonaryl
indoles but also provide a new class of platform molecules
for atroposelective synthesis of axially chiral indoles and
establish the catalytic atroposelective synthesis of axially
chiral isochromenone-indoles.

2 Experimental

General procedure for the synthesis of products 3: Homo-
phthalic anhydride-based indole derivatives (0.1 mmol), aryl
sufonyl chlorides (0.15 mmol), catalyst 4o (0.005 mmol) and
KHCO3 (0.15 mmol) were added to a reaction tube. Then,

Scheme 1 Current status of catalytic atroposelective synthesis of axially
chiral indoles and the existing challenges (color online).

Scheme 2 Design of isochromenone-indoles as a new class of axially
chiral nonaryl indoles and our synthetic strategy (color online).
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mesitylene (4 mL) was added to the reaction mixture, which
was stirred at 15 °C for 12 h. After the completion of the
reaction which was indicated by thin layer chromatography
(TLC), the reaction mixture was directly purified through
flash column chromatography to afford pure products 3.

3 Results and discussion

3.1 Condition optimizations

Based on this design, we carried out the DKR reaction of
homophthalic anhydride-based indole derivative 1a by using
1-naphthalene sulfonyl chloride 2a as a bulky electrophile
using chiral phase-transfer catalyst 4a at 15 °C in toluene in
the presence of KHCO3 as a base (Table 1, entry 1). As
expected, this sulfonylation reaction between 1a and 2a
smoothly occurred to afford the desired axially chiral iso-
chromenone-indole 3aa in a good yield of 86% albeit with a
low enantioselectivity of 12% ee. Nevertheless, this pre-
liminary result demonstrated the feasibility of our design.
To improve the atroposelectivity, a series of chiral phase-

transfer catalysts 4b–4n, derived from various cinchona al-
kaloids, were evaluated for this reaction (Table 1, entries 2–
14). It was discovered that N-benzyl cinchonidine-derived
chiral PTC 4n bearing an O-benzyl group was the best cat-
alyst to promote the DKR reaction, which delivered product
3aa in the highest enantioselectivity of 78% ee (entry 14).
Then, under the catalysis of chiral PTC 4n, the reaction
conditions were further optimized by changing bases, sol-
vents, temperature, concentration and catalyst loading (Table
S1, Supporting Information online). In brief, a series of in-
organic bases were evaluated (entries 15–17), which re-
vealed that KHCO3 was still the best inorganic base with
regard to the enantioselectivity and the yield (entry 14 vs.
entries 15–17). The evaluation of representative solvents
showed that these solvents were much inferior to toluene in
controlling the enantioselectivity of product 3aa (entries 18–
21 vs. entry 14). The subsequent changing of toluene to
mesitylene resulted in an increased yield of 94% with an
enhanced enantioselectivity of 84% ee (entry 22). To further
improve the enantioselectivity, the structure of chiral PTC 4n
was modified by changing the N-benzyl group to 2,3,4-tri-
fluorobenzyl group, and this chiral PTC 4o displayed higher
catalytic activity than 4n in facilitating the reaction to give
product 3aa in a better enantioselectivity of 90% ee (entry 23
vs. entry 22). In addition, lowering the reaction concentration
from 0.1 to 0.025 M led to a slight increase of the en-
antioselectivity (entry 24). Finally, when the catalyst loading
was reduced from 20 mol% to 5 mol%, axially chiral iso-
chromenone-indole 3aa could still be generated in an ex-
cellent enantioselectivity of 92% ee with a high yield of 80%
(entry 25). So, these conditions were chosen as the optimal
conditions for this DKR reaction.

Table 1 Screening of catalysts and optimization of reaction conditions a)

Entry Cat. Solvent Base Yield (%) b) ee (%) c)

1 4a toluene KHCO3 86 12

2 4b toluene KHCO3 79 <5

3 4c toluene KHCO3 71 −11

4 4d toluene KHCO3 54 −20

5 4e toluene KHCO3 74 −6

6 4f toluene KHCO3 72 −28

7 4g toluene KHCO3 91 −48

8 4h toluene KHCO3 77 −38

9 4i toluene KHCO3 9 −62

10 4j toluene KHCO3 90 −76

11 4k toluene KHCO3 56 48

12 4l toluene KHCO3 80 30

13 4m toluene KHCO3 77 43

14 4n toluene KHCO3 89 78

15 4n toluene Cs2CO3 73 20

16 4n toluene K2CO3 85 76

17 4n toluene KOH 80 78

18 4n MeCN KHCO3 55 <5

19 4n acetone KHCO3 82 12

20 4n AcOEt KHCO3 79 10

21 4n THF KHCO3 40 66

22 4n mesitylene KHCO3 94 84

23 4o mesitylene KHCO3 94 90

24 d) 4o mesitylene KHCO3 80 92

25 d), e) 4o mesitylene KHCO3 80 92

a) Unless otherwise indicated, the reaction was carried out on a 0.1 mmol
scale in the presence of 20 mol% 4 with a base (1.5 equiv.) in a solvent (0.1
M) at 15 °C for 12 h; b) isolated yield; c) the ee value was determined by
high performance liquid chromatography (HPLC); d) the reaction con-
centration was 0.025 M; e) catalyzed by 5 mol% 4o.
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3.2 Investigation on the substrate scope

After establishing the optimal reaction conditions, the sub-
strate scope of homophthalic anhydride-based indole deri-
vatives 1 was studied by the sulfonylation reaction with 1-
naphthalene sulfonyl chloride 2a. As illustrated in Table 2, a
series of substrates 1b–1g bearing electronically different
para-, meta- or ortho-substituted phenyl groups (Ar) could
successfully undergo the catalytic asymmetric sulfonylation
reaction, delivering axially chiral isochromenone-indoles
3ba–3ga in high yields (73%–95%) with excellent en-
antioselectivities (92%–97% ee). In addition, a variety of
homophthalic anhydride-based indole derivatives 1h–1n
bearing either electron-donating or electron-withdrawing R
groups at C4–C7 positions of the indole ring could serve as
suitable substrates to give the corresponding products 3ha–
3na in moderate to good yields (66%–95%) with high en-
antioselectivities (90%–96% ee). In addition, substrate 1o
bearing a free NH group on the indole ring could be utilized
in this reaction to give product 3oa in a good yield of 80%
with an excellent enantioselectivity of 92% ee. Moreover,
this protocol was also applicable to substrates 1p–1x bearing
various R2 substituents at different positions (C5′–C8′) of the
isochromenone moiety, affording axially chiral iso-
chromenone-indoles 3pa–3xa in generally good yields
(73%–98%) with high enantioselectivities (92%–96% ee).
Notably, substrate 1s bearing a diphenylphosphine oxide
functionality at the C6′ position could serve as an effective
substrate for this reaction, generating product 3sa in a good
yield of 89% with an excellent enantioselectivity of 92% ee.
Then, the substrate scope with respect to aryl sulfonyl

chlorides 2 was explored. As illustrated in Table 3, both 1-
naphthalene sulfonyl chloride 2a and 2-naphthalene sulfonyl
chloride 2b could serve as effective substrates for this sul-
fonylation reaction, which generated axially chiral iso-
chromenone-indoles 3aa–3ab in good yields with high
enantioselectivities. Moreover, a series of phenyl sulfonyl
chlorides 2c–2g bearing electronically different substituents
at either ortho-, meta- or para-position of the phenyl ring
could successfully participate in this reaction, offering axi-
ally chiral isochromenone-indoles 3ac–3ag in overall high
yields (90%–94%) with good enantioselectivities (85%–94%
ee).

3.3 Investigation on the configurational stability

To get some information on this new class of axially chiral
scaffolds, we investigated the configurational stability and
the rotational barrier of isochromenone-indole 3aa. As
showed in Scheme 3, compound 3aawith 92% ee was stirred
in isopropanol at 110 °C for 9 h, but no erosion of the en-
antioselectivity was observed for the recovered 3aa. This
result demonstrated that this class of axially chiral iso-

chromenone-indole scaffolds have a high configurational
stability. In addition, the rotational barrier of compound 3aa
was theoretically calculated as 39.67 kcal mol−1, which is
much higher than the energy barrier (24 kcal mol−1) required
for isolating the two atropisomers of axially chiral com-
pounds [17]. So, the high rotational barrier of compound 3aa
is in accordance with the experimentally observed config-
urational stability of this compound. In addition, the absolute
configuration of axially chiral product 3aa (>99% ee after
recrystallization) was determined to be (Sa) by single-crystal
X-ray diffraction analysis [18]. Thus, the absolute config-
urations of other axially chiral isochromenone-indole 3 were
assigned to be (Sa) by analogy with 3aa.

3.4 Investigation on the reaction mechanism

Based on the experimental results, we suggested a possible
reaction pathway for the DKR process leading to the gen-
eration of axially chiral product (Sa)-3aa (Scheme 4). In the
presence of KHCO3 as a base and chiral quaternary ammo-
nium salt 4o as a chiral PTC, racemic homophthalic anhy-
dride-based indole 1a with central chirality was easily
transform into a pair of axially chiral enolates A and B,
which generated the corresponding ion pairs with chiral
ammonium, respectively. Notably, there was an inter-
conversion between axially chiral enolates A–B and racemic
homophthalic anhydride-based indole 1a via reversible
protonation and deprotonation. In principle, axially chiral
enolates A and B can act as O-nucleophiles to undergo sul-
fonylation reaction with 1-naphthalene sulfonyl chloride 2a
to generate the two atropisomers of isochromenone-indole
3aa. However, because axially chiral enolate A react with 2a
much faster than axially chiral enolate B, enolate B con-
tinuously transformed into enolate A via the interconversion
with racemic substrate 1a, therefore realizing the DKR
process and leading to the generation of (Sa)-3aa as a major
atropisomer.

3.5 Lager-scale synthesis and investigation on the
utility

In order to demonstrate the utility of this catalytic asym-
metric sulfonylation reaction in synthesizing axially chiral
indole derivatives, a one-mmol-scale reaction of 1l with 2a
was carried out, which smoothly gave rise to axially chiral
isochromenone-indole 3la in a good yield of 67% with a high
enantioselectivity of 90% ee (Scheme 5a). In addition, a
preliminary synthetic transformation of product 3la was
performed by Suzuki coupling reaction with arylboronic
acid, which afforded axially chiral indole derivative 5 in a
moderate yield with retained enantioselectivity (Scheme 5b).
Moreover, to find the possible bioactivities of this new

class of axially chiral isochromenone-indoles, we performed
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Table 2 Substrate scope of homophthalic anhydride-based indole derivatives 1 a)

a) Reaction conditions: 1a (0.1 mmol), 2 (0.15 mmol), 4o (5 mol%), KHCO3 (1.5 equiv.), mesitylene (4 mL), 15 °C for 12 h. Isolated yields were provided,
and ee values were determined by HPLC.

1933Hang et al. Sci China Chem October (2022) Vol.65 No.10



the investigation on the antitumor activity of some selected
axially chiral products 3 by evaluating their cytotoxicity
against the PC-3 cancer cell line (see Table S2 for details).
As shown in Figure 1, several axially chiral isochromenone-
indoles 3 exhibited some extent of cytotoxicity against PC-3
cancer cells, with half maximal inhibitory concentration
(IC50) values ranging from 47.59 to 161.3 μg mL−1. So, these
results indicated that this class of axially chiral indole deri-
vatives have potential antitumor activities, which might find
their future applications in medicinal chemistry.

3.6 Investigation on the alkylation reaction of homo-
phthalic anhydride-based indole derivatives1

To examine the possibility of atroposelective synthesis of
axially chiral isochromenone-indoles by alkylation reaction
instead of sulfonylation reaction, we carried out the in-
vestigation on the catalytic asymmetric alkylation reaction of
homophthalic anhydride-based indole derivatives 1.
Initially, we carried out the alkylation reaction of homo-

phthalic anhydride-based indole derivative 1a with benzyl
bromide 6a as an alkylation reagent under the optimal re-
action conditions for the sulfonylation reaction (Scheme 6).
Unfortunately, this alkylation reaction between 1a and 6a
could not occur under such conditions. Then, a variety of
reaction parameters such as solvents, inorganic bases, chiral
phase-transfer catalysts 4a–4z, temperature, molar ratio and
concentration were carefully modulated (see Table S4 for
details). Nevertheless, in most cases, the enantioselectivity of
this alkylation reaction could be hardly controlled. After
evaluating these conditions, the alkylation product 7aa could
be obtained in a moderate yield of 57% but with an extremely
low enantioselectivity of 9% ee (Scheme 6).
Then, to further investigate the possibility conditions for

controlling the enantioselectivity of this alkylation reaction,
we modified the structure of alkylation reagents 6 in the
alkylation reaction with homophthalic anhydride-based

Scheme 3 Investigation on the configurational stability of 3aa and its
absolute configuration (color online).

Table 3 Substrate scope of aryl sulfonyl chlorides 2a)

a) Reaction conditions: 1a (0.1 mmol), 2 (0.15 mmol), 4o (5 mol%),
KHCO3 (1.5 equiv.), mesitylene (4 mL), 15 °C for 12 h. Isolated yields
were provided, and ee values were determined by HPLC.

Scheme 4 Suggested reaction pathway for the DKR process (color on-
line).

Scheme 5 One-mmol-scale reaction and synthetic transformation (color
online).
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indole derivative 1a. However, in these cases, none of other
alkylation reagents 6 displayed higher reactivity and better
enantio-control than benzyl bromide 6a as an alkylation re-
agent (see Table S5 for details). These results implied that the
synthesis of axially chiral isochromenone-indoles 7 in an
enantioselective manner via the catalytic asymmetric alky-
lation reaction with benzyl halides 6 as alkylation reagents
was very difficult.
At last, we conceived whether the enantioselective synth-

esis of axially chiral isochromenone-indoles could be
achieved by other catalytic asymmetric alkylation reactions
instead of using benzyl halides 6 as alkylation reagents.
Based on this consideration, we decided to use Morita-
Baylis-Hillman (MBH) carbonates as alkylation reagents
because MBH carbonates belong to a class of highly reactive
electrophiles under the catalysis of chiral Lewis bases, which
have been widely applied in catalytic asymmetric alkylation
reactions. Therefore, we carried out the alkylation reaction
between homophthalic anhydride-based indole derivative 1a
and MBH carbonate 8a under the catalysis of chiral Lewis
base 9a at 30 °C in tetrahydrofuran (THF) in the presence of

Cs2CO3 as a base (Scheme 7). As expected, this alkylation
reaction occurred to afford the desired axially chiral iso-
chromenone-indole 10aa although the yield and the en-
antioselectivity were low (39% yield, 18% ee). To improve
the yield and the enantioselectivity, we carefully optimized
the reaction conditions by evaluating the solvents, chiral
Lewis bases 9a–9m, inorganic bases, molar ratio and reac-
tion concentration (Table S6). Finally, the optimal conditions
for this alkylation reaction were obtained (Scheme 7), which
could deliver axially chiral isochromenone-indole 10aa in a
moderate yield of 69% with a good enantioselectivity of 76%
ee.
Based on the optimal reaction conditions, this catalytic

asymmetric alkylation reaction was further explored in a few
examples by using MBH carbonate 8a as the alkylation re-
agent. As illustrated in Scheme 8, several substrates 1
bearing different phenyl groups (Ar) successfully underwent
the catalytic asymmetric alkylation reaction with 8a, deli-
vering axially chiral isochromenone-indoles 10 in moderate

Figure 1 Investigation on the antitumor activity of axially chiral iso-
chromenone-indoles (color online).

Scheme 6 Catalysts and model reaction employed for conditions opti-
mization using benzyl bromide 6a as an alkylation reagent (color online).

Scheme 7 Catalysts and model reaction employed for conditions opti-
mization using MBH carbonate 8a as an alkylation reagent (color online).

Scheme 8 Synthesis of axially chiral isochromenone-indoles 10 by the
alkylation reaction with MBH carbonate 8a (color online).
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yields (42%–69%) with good enantioselectivities (75%–77%
ee).

4 Conclusions

In summary, we have designed isochromenone-indoles as a
new class of axially chiral nonaryl indoles and established
the catalytic atroposelective synthesis of axially chiral iso-
chromenone-indoles by the strategy of designing homo-
phthalic anhydride-based indole derivatives as a new type of
indole-based platform molecules for dynamic kinetic re-
solution. By this strategy, a wide range of axially chiral
isochromenone-indoles were synthesized in high yields with
excellent enantioselectivities (up to 98% yield, 97% ee) via
the catalytic asymmetric sulfonylation reaction of homo-
phthalic anhydride-based indole derivatives with aryl sulfo-
nyl chlorides under the catalysis of chiral quaternary
ammonium salt as a phase-transfer catalyst. This approach
has not only offered a new member for the family of chal-
lenging axially chiral nonaryl indoles with configurational
stability, but also provided a powerful strategy for catalytic
atroposelective synthesis of axially chiral nonaryl indoles.

Acknowledgements This work was supported by the National Science
Foundation of China (22125104, 21831007, 22101103) and the Natural
Science Foundation of Jiangsu Province (BK20201018). We are grateful to
Prof. Shu Zhang and Prof. Yinchun Jiao for their kind help in biological
evaluation and theoretical calculation on the rotational barrier.

Conflict of interest The authors declare no conflict of interest.

Supporting information The supporting information is available online at
http://chem.scichina.com and http://link.springer.com/journal/11426. The
supporting materials are published as submitted, without typesetting or
editing. The responsibility for scientific accuracy and content remains en-
tirely with the authors.

1 (a) Bonne D, Rodriguez J. Chem Commun, 2017, 53: 12385–12393;
(b) Bonne D, Rodriguez J. Eur J Org Chem, 2018, 2018(20-21): 2417–
2431; (c) Wang YB, Tan B. Acc Chem Res, 2018, 51: 534–547; (d)
Zhang S, Liao G, Shi B. Chin J Org Chem, 2019, 39: 1522–1528; (e)
Liao G, Zhou T, Yao QJ, Shi BF. Chem Commun, 2019, 55: 8514–
8523; (f) Da BC, Xiang SH, Li S, Tan B. Chin J Chem, 2021, 39:
1787–1796; (g) Carmona JA, Rodríguez-Franco C, Fernández R,
Hornillos V, Lassaletta JM. Chem Soc Rev, 2021, 50: 2968–2983; (h)
Cheng JK, Xiang SH, Li S, Ye L, Tan B. Chem Rev, 2021, 121: 4805–
4902; (i) Liu CX, Zhang WW, Yin SY, Gu Q, You SL. J Am Chem
Soc, 2021, 143: 14025–14040; (j) He XL, Wang C, Wen YW, Wang Z,
Qian S. ChemCatChem, 2021, 13: 3547–3564; (k) Wu YJ, Liao G, Shi
BF. Green Synthesis Catal, 2022, 3: 117–136; (l) Rodríguez-Sala-
manca P, Fernández R, Hornillos V, Lassaletta JM. Chem Eur J, 2022,
28: e202104442

2 (a) Norton RS, Wells RJ. J Am Chem Soc, 1982, 104: 3628–3635; (b)
Ito C, Thoyama Y, Omura M, Kajiura I, Furukawa H. Chem Pharm
Bull, 1993, 41: 2096–2100; (c) Zhang Q, Mándi A, Li S, Chen Y,
Zhang W, Tian X, Zhang H, Li H, Zhang W, Zhang S, Ju J, Kurtán T,
Zhang C. Eur J Org Chem, 2012, 2012(27): 5256–5262

3 (a) Jiang F, Chen KW, Wu P, Zhang YC, Jiao Y, Shi F. Angew Chem

Int Ed, 2019, 58: 15104–15110; (b) Wang CS, Li TZ, Liu SJ, Zhang
YC, Deng S, Jiao Y, Shi F. Chin J Chem, 2020, 38: 543–552; (c) Chen
KW, Chen ZH, Yang S, Wu SF, Zhang YC, Shi F. Angew Chem Int
Ed, 2022, 61: e202116829

4 (a) Xia W, An QJ, Xiang SH, Li S, Wang YB, Tan B. Angew Chem Int
Ed, 2020, 59: 6775–6779; (b) Baumann T, Brückner R. Angew Chem
Int Ed, 2019, 58: 4714–4719; (c) He T, Peng L, Li S, Hu F, Xie C,
Huang S, Jia S, Qin W, Yan H. Org Lett, 2020, 22: 6966–6971; (d) Ma
C, Sheng FT, Wang HQ, Deng S, Zhang YC, Jiao Y, Tan W, Shi F. J
Am Chem Soc, 2020, 142: 15686–15696; (e) Liu SJ, Chen ZH, Chen
JY, Ni SF, Zhang YC, Shi F. Angew Chem Int Ed, 2022, 61:
e202112226

5 Li TZ, Liu SJ, Tan W, Shi F. Chem Eur J, 2020, 26: 15779–15792
6 (a) Ototake N, Morimoto Y, Mokuya A, Fukaya H, Shida Y, Kitagawa

O. Chem Eur J, 2010, 16: 6752–6755; (b) Wang L, Zhong J, Lin X.
Angew Chem Int Ed, 2019, 58: 15824–15828; (c) Zhang J, Xu Q, Wu
J, Fan J, Xie M. Org Lett, 2019, 21: 6361–6365; (d) Sun L, Chen H,
Liu B, Chang J, Kong L, Wang F, Lan Y, Li X. Angew Chem Int Ed,
2021, 60: 8391–8395; (e) Kim A, Kim A, Park S, Kim S, Jo H, Ok
KM, Lee SK, Song J, Kwon Y. Angew Chem Int Ed, 2021, 60: 12279–
12283; (f) Ren Q, Cao T, He C, Yang M, Liu H, Wang L. ACS Catal,
2021, 11: 6135–6140; (g) Wang F, Jing J, Zhao Y, Zhu X, Zhang XP,
Zhao L, Hu P, Deng WQ, Li X. Angew Chem Int Ed, 2021, 60: 16628–
16633; (h) Mi R, Chen H, Zhou X, Li N, Ji D, Wang F, Lan Y, Li X.
Angew Chem Int Ed, 2022, 61: e202111860; (i) Wang ZS, Zhu LJ, Li
CT, Liu BY, Hong X, Ye LW. Angew Chem Int Ed, 2022, 61:
e202201436

7 (a) Zhang HH, Wang CS, Li C, Mei GJ, Li Y, Shi F. Angew Chem Int
Ed, 2017, 56: 116–121; (b) Qi LW, Mao JH, Zhang J, Tan B. Nat
Chem, 2018, 10: 58–64; (c) Lu DL, Chen YH, Xiang SH, Yu P, Tan B,
Li S. Org Lett, 2019, 21: 6000–6004; (d) Bisag GD, Pecorari D,
Mazzanti A, Bernardi L, Fochi M, Bencivenni G, Bertuzzi G, Corti V.
Chem Eur J, 2019, 25: 15694–15701; (e) Ding WY, Yu P, An QJ, Bay
KL, Xiang SH, Li S, Chen Y, Houk KN, Tan B. Chem, 2020, 6: 2046–
2059; (f) Mao JH, Wang YB, Yang L, Xiang SH, Wu QH, Cui Y, Lu
Q, Lv J, Li S, Tan B. Nat Chem, 2021, 13: 982–991; (g) Xu WL, Zhao
WM, Zhang RX, Chen J, Zhou L. Chem Sci, 2021, 12: 14920–14926;
(h) Yang H, Sun HR, He RQ, Yu L, Hu W, Chen J, Yang S, Zhang GG,
Zhou L. Nat Commun, 2022, 13: 632; (i) Wu P, Yu L, Gao CH, Cheng
Q, Deng S, Jiao Y, Tan W, Shi F. Fund Res, 2022, doi: doi: doi:
10.1016/j.fmre.2022.01.002

8 For metal-catalysis: (a) He C, Hou M, Zhu Z, Gu Z. ACS Catal, 2017,
7: 5316–5320; (b) He XL, Zhao HR, Song X, Jiang B, Du W, Chen
YC. ACS Catal, 2019, 9: 4374–4381; (c) Xi CC, Zhao XJ, Tian JM,
Chen ZM, Zhang K, Zhang FM, Tu YQ, Dong JW. Org Lett, 2020, 22:
4995–5000; (d) Shaaban S, Li H, Otte F, Strohmann C, Antonchick
AP, Waldmann H. Org Lett, 2020, 22: 9199–9202; (e) Li X, Zhao L,
Qi Z, Li X. Org Lett, 2021, 23: 5901–5905; (f) Wang CS, Wei L, Fu C,
Wang XH, Wang CJ. Org Lett, 2021, 23: 7401–7406

9 (a) Hu YL, Wang Z, Yang H, Chen J, Wu ZB, Lei Y, Zhou L. Chem
Sci, 2019, 10: 6777–6784; (b) Peng L, Li K, Xie C, Li S, Xu D, Qin
W, Yan H. Angew Chem Int Ed, 2019, 58: 17199–17204; (c) He YP,
Wu H, Wang Q, Zhu J. Angew Chem Int Ed, 2020, 59: 2105–2109; (d)
Xu D, Huang S, Hu F, Peng L, Jia S, Mao H, Gong X, Li F, Qin W,
Yan H. CCS Chem, 2022, 4: 2686–2697; (e) Zou Y, Wang P, Kong L,
Li X. Org Lett, 2022, 24: 3189–3193

10 (a) Ma C, Jiang F, Sheng FT, Jiao Y, Mei GJ, Shi F. Angew Chem Int
Ed, 2019, 58: 3014–3020; (b) Sheng FT, Li ZM, Zhang YZ, Sun LX,
Zhang YC, Tan W, Shi F. Chin J Chem, 2020, 38: 583–589; (c) Sheng
FT, Yang S, Wu SF, Zhang YC, Shi F. Chin J Chem, 2022, 40: 2151–
2160

11 Tian M, Bai D, Zheng G, Chang J, Li X. J Am Chem Soc, 2019, 141:
9527–9532

12 Wang JY, Sun M, Yu XY, Zhang YC, Tan W, Shi F. Chin J Chem,
2021, 39: 2163–2171

13 (a) Zhu S, Chen YH, Wang YB, Yu P, Li SY, Xiang SH, Wang JQ,
Xiao J, Tan B. Nat Commun, 2019, 10: 4268; (b) Chen YH, Li HH,

1936 Hang et al. Sci China Chem October (2022) Vol.65 No.10

http://chem.scichina.com
http://springerlink.bibliotecabuap.elogim.com/journal/11426
https://doi.org/10.1039/C7CC06863H
https://doi.org/10.1002/ejoc.201800078
https://doi.org/10.1021/acs.accounts.7b00602
https://doi.org/10.6023/cjoc201904030
https://doi.org/10.1039/C9CC03967H
https://doi.org/10.1002/cjoc.202000751
https://doi.org/10.1039/D0CS00870B
https://doi.org/10.1021/acs.chemrev.0c01306
https://doi.org/10.1021/jacs.1c07635
https://doi.org/10.1021/jacs.1c07635
https://doi.org/10.1002/cctc.202100539
https://doi.org/10.1016/j.gresc.2021.12.005
https://doi.org/10.1002/chem.202104442
https://doi.org/10.1021/ja00377a014
https://doi.org/10.1248/cpb.41.2096
https://doi.org/10.1248/cpb.41.2096
https://doi.org/10.1002/ejoc.201200599
https://doi.org/10.1002/anie.201908279
https://doi.org/10.1002/anie.201908279
https://doi.org/10.1002/cjoc.202000131
https://doi.org/10.1002/anie.202116829
https://doi.org/10.1002/anie.202116829
https://doi.org/10.1002/anie.202000585
https://doi.org/10.1002/anie.202000585
https://doi.org/10.1002/anie.201806294
https://doi.org/10.1002/anie.201806294
https://doi.org/10.1021/acs.orglett.0c02519
https://doi.org/10.1021/jacs.0c00208
https://doi.org/10.1021/jacs.0c00208
https://doi.org/10.1002/anie.202112226
https://doi.org/10.1002/chem.202001397
https://doi.org/10.1002/chem.201000243
https://doi.org/10.1002/anie.201909855
https://doi.org/10.1021/acs.orglett.9b02243
https://doi.org/10.1002/anie.202012932
https://doi.org/10.1002/anie.202100363
https://doi.org/10.1021/acscatal.1c01232
https://doi.org/10.1002/anie.202105093
https://doi.org/10.1002/anie.202111860
https://doi.org/10.1002/anie.202201436
https://doi.org/10.1002/anie.201608150
https://doi.org/10.1002/anie.201608150
https://doi.org/10.1038/nchem.2866
https://doi.org/10.1038/nchem.2866
https://doi.org/10.1021/acs.orglett.9b02143
https://doi.org/10.1002/chem.201904213
https://doi.org/10.1016/j.chempr.2020.06.001
https://doi.org/10.1038/s41557-021-00750-x
https://doi.org/10.1039/D1SC05161J
https://doi.org/10.1038/s41467-022-28211-0
https://doi.org/10.1016/j.fmre.2022.01.002
http://doi.org/doi: doi: 10.1016/j.fmre.2022.01.002
http://doi.org/doi: doi: 10.1016/j.fmre.2022.01.002
https://doi.org/10.1021/acscatal.7b01855
https://doi.org/10.1021/acscatal.9b00767
https://doi.org/10.1021/acs.orglett.0c01558
https://doi.org/10.1021/acs.orglett.0c03355
https://doi.org/10.1021/acs.orglett.1c02012
https://doi.org/10.1021/acs.orglett.1c02574
https://doi.org/10.1039/C9SC00810A
https://doi.org/10.1039/C9SC00810A
https://doi.org/10.1002/anie.201908961
https://doi.org/10.1002/anie.201914049
https://doi.org/10.31635/ccschem.021.202101154
https://doi.org/10.1021/acs.orglett.2c00968
https://doi.org/10.1002/anie.201811177
https://doi.org/10.1002/anie.201811177
https://doi.org/10.1002/cjoc.202000022
https://doi.org/10.1002/cjoc.202200327
https://doi.org/10.1021/jacs.9b04711
https://doi.org/10.1002/cjoc.202100214
https://doi.org/10.1038/s41467-019-12269-4


Zhang X, Xiang SH, Li S, Tan B. Angew Chem Int Ed, 2020, 59:
11374–11378

14 (a) Zhang YC, Jiang F, Shi F. Acc Chem Res, 2020, 53: 425–446; (b)
Hang QQ, Liu SJ, Yu L, Sun TT, Zhang YC, Mei GJ, Shi F. Chin J
Chem, 2020, 38: 1612–1618; (c) Li TZ, Liu SJ, Sun YW, Deng S, Tan
W, Jiao Y, Zhang YC, Shi F. Angew Chem Int Ed, 2021, 60: 2355–
2363; (d) Wang JY, Zhang S, Yu XY, Wang YH, Wan HL, Zhang S,
Tan W, Shi F. Tetrahedron Chem, 2022, 1: 100007

15 (a) Manoni F, Connon SJ. Angew Chem Int Ed, 2014, 53: 2628–2632;
(b) Wu JL, Du BX, Zhang YC, He YY, Wang JY, Wu P, Shi F. Adv
Synth Catal, 2016, 358: 2777–2790; (c) Jarvis CL, Hirschi JS, Vetti-
catt MJ, Seidel D. Angew Chem Int Ed, 2017, 56: 2670–2674

16 Jolliffe JD, Armstrong RJ, Smith MD. Nat Chem, 2017, 9: 558–562
17 Kumarasamy E, Raghunathan R, Sibi MP, Sivaguru J. Chem Rev,

2015, 115: 11239–11300
18 CCDC 2173719 (3aa) contains the Supporting Information

1937Hang et al. Sci China Chem October (2022) Vol.65 No.10

https://doi.org/10.1002/anie.202004671
https://doi.org/10.1021/acs.accounts.9b00549
https://doi.org/10.1002/cjoc.202000104
https://doi.org/10.1002/cjoc.202000104
https://doi.org/10.1002/anie.202011267
https://doi.org/10.1016/j.tchem.2022.100007
https://doi.org/10.1002/anie.201309297
https://doi.org/10.1002/adsc.201600271
https://doi.org/10.1002/adsc.201600271
https://doi.org/10.1002/anie.201612148
https://doi.org/10.1038/nchem.2710
https://doi.org/10.1021/acs.chemrev.5b00136

	Design and catalytic atroposelective synthesis of axially chiral isochromenone-indoles 
	1 ���Introduction
	2 ���Experimental
	3 ���Results and discussion
	3.1 ���Condition optimizations
	3.2 ���Investigation on the substrate scope
	3.3 ���Investigation on the configurational stability
	3.4 ���Investigation on the reaction mechanism
	3.5 ���Lager-scale synthesis and investigation on the�utility
	3.6 ���Investigation on the alkylation reaction of homophthalic anhydride-based indole derivatives1

	4 ���Conclusions


