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ABSTRACT: The direct regio- and enantioselective C6 function-
alization of 2,3-disubstituted indoles with azadienes has been
developed using chiral phosphoric acid as catalyst, providing a
convenient approach to synthesize the optically active heterotriaryl-
methanes with excellent yields, broad substrate scope, and up to
98% ee. Mechanistic studies revealed that N-alkylation of 2,3-
disubstituted indoles with azadienes would be reversible, and enantioselective C6 functionalization could be enabled.

Indoles belong to a class of nitrogen-containing hetero-
aromatics and have been recognized as privileged structure

scaffolds due to their prevalence in natural products as well as
pharmaceutical molecules.1 Therefore, the synthesis of
functionalized indoles has attracted considerable attention
and various protocols have been developed.2,3 Among them,
the asymmetric functionalization of indoles is one of the most
straightforward and efficient approaches for the preparation of
chiral indole derivatives, and has achieved great progress.3 Due
to the inherent activity of the pyrrole ring, the asymmetric
functionalization reactions usually occur at the N1, C2, and C3
positions of indoles (Scheme 1).3 As opposed to the well-

developed N1, C2, and C3 functionalization of indoles, the
enantioselective C−H functionalization at the low active C4−
C7 positions of the fused benzene ring has been less studied
(Scheme 1), and the majority of them were realized by
introducing guiding groups.3 Notably, the direct enantiose-
lective C6 functionalization of indoles could be regarded as a
more challenging task (Scheme 1).3 There are few examples of
direct racemic C6 functionalization of indoles. In 2014, You
and co-workers described scandium triflate-catalyzed direct C6
functionalization of 2,3-disubstituted indoles with aziridines.4a

Subsequently, Brønsted acid-catalyzed and gallium triflate-
catalyzed direct C6 functionalization of indoles were
reported.4b−e To the best of our knowledge, only one direct
asymmetric C6 functionalization of 2,3-disubstituted indole
was disclosed. In 2019, Zhang and co-workers illustrated chiral
phosphonic acid-catalyzed C6 functionalization of 2,3-disub-

stituted indoles with isatin-derived N-Boc ketimines.5 Hence, it
is highly desirable to explore the direct asymmetric C6
functionalization of indoles.
Aurone-derived azadienes are important highly active

electrophilic intermediates in organic synthesis due to the
driving force of rearomatization, and have received tremendous
attention. In recent years, numerous catalytic asymmetric
reactions of aurone-derived azadienes for the construction of
chiral benzofuran derived compounds have been successfully
developed.6,7 As our contiguous exploration of the application
of azadienes, we concentrated on organocatalytic asymmetric
reactions of azadienes.7f−i Previously, we successfully realized
chiral phosphoric acid-catalyzed C3-functionalization of
indoles with azadienes (Scheme 2a).7i In order to diversify
the direct enantioselective C6 functionalization of indoles, we
envisioned the combination of 2,3-disubstituted indoles and
aurone-derived azadienes in the presence of chiral phosphoric
acid to facilitate enantioselective C6 functionalization of
indoles. The key for this functionalization reaction is the
control of regioselectivity including N1 and C6 selectivity. Due
to the high reactivity of azadienes, the N-alkylation products
would undergo retro-aza-Michael addition. Thus, N-alkylation
of 2,3-disubstituted indoles with azadienes would be reversible
and the challenging enantioselective C6 functionalization could
be enabled (Scheme 2b). Herein, we reported the direct regio-
and enantioselective C6 functionalization of 2,3-disubstituted
indoles with azadienes, providing a facile access to optically
active heterotriarylmethanes, which are essential motifs in
natural products and biologically active molecules.8
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Scheme 1. Enantioselective Functionalization of Indoles

Letterpubs.acs.org/OrgLett

© 2021 American Chemical Society
2393

https://doi.org/10.1021/acs.orglett.0c04002
Org. Lett. 2021, 23, 2393−2398

D
ow

nl
oa

de
d 

vi
a 

D
A

L
IA

N
 I

N
ST

 O
F 

C
H

E
M

IC
A

L
 P

H
Y

SI
C

S 
on

 A
pr

il 
20

, 2
02

1 
at

 0
7:

31
:5

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Jun+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Ya+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li-Xia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guo-Fang+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong-Gui+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.0c04002&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=agr1&ref=pdf
https://pubs.acs.org/toc/orlef7/23/7?ref=pdf
https://pubs.acs.org/toc/orlef7/23/7?ref=pdf
https://pubs.acs.org/toc/orlef7/23/7?ref=pdf
https://pubs.acs.org/toc/orlef7/23/7?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.orglett.0c04002?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


To test our hypothesis, we initially explored enantioselective
functionalization of 2,3-dimethylindole 2a with azadiene 1a in
the presence of chiral phosphoric acid (R)-1 with dichloro-
methane at 30 °C. Pleasingly, the transformation conducted
smoothly in 6 h. The desired C6 functionalized product 3aa
was obtained in 33% yield and 18% ee; simultaneously, N-
alkylation product 4aa could also be achieved in 15% yield
(Scheme 3). It was worth to note that N-alkylation product

4aa was not very stable and could undergo retro-aza-Michael
addition to give the starting materials, which was in accordance
with our prediction. The structure of product 4aa was
determined by derivatization (for details, see Supporting
Information).
Considering that N-alkylation of 2,3-dimethylindole 2a with

azadiene 1a could be reversible, the reaction time was
prolonged to 24 h to improve the reactivity of C6
functionalization. As expected, the yield of C6 functionalized
product 3aa was improved slightly and the yield of N-
alkylation product 4aa decreased to 3% (Table 1, entry 1).
Subsequently, a series of chiral phosphoric acids were
evaluated extensively. When fluoro-substituted chiral phos-
phoric acid (R)-4 was used as catalyst, the yield was improved
obviously, and no N-alkylation product 4aa was observed
(entry 4). Encouraged by this result, we screened fluoro-
substituted chiral phosphoric acids. H8-BINOL-derived
fluorinated chiral phosphoric acid (R)-5 was the most
favorable catalyst in view of yield and enantioselectivity
(entry 5). Various solvents were examined, and it was found
that the solvent played a crucial role on the reactivity and
enantioselectivity. No desired product was observed with
tetrahydrofuran as solvent, and the yield dropped in toluene
(entries 8−9). Mesitylene proved to be the most suitable
solvent, providing C6 functionalized product 3aa in 82% yield
and 88% ee (entry 10). To further improve the reactivity of C6

functionalization, the effect of reaction temperature was tested.
When the reaction temperature was increased to 40 °C, the
desired C6 functionalized adduct was furnished in excellent
yield and enantioselectivity (entries 11−13). Finally, the
reaction concentration was also investigated. Increasing the
concentration could cause the slight decrease in enantiose-
lectivity (entry 14). On the basis of screening conditions
described above, the use of fluorinated chiral phosphoric acid
(R)-5 as catalyst in mesitylene at 40 °C was determined to be
the optimal reaction conditions.
With the optimized reaction conditions, the substrate scope

of azadienes was examined (Scheme 4). In general, an array of
aurone-derived azadienes performed the direct enantioselective
C6 functionalization of indoles smoothly. The tolerance of
different protective groups on nitrogen was investigated and
the transformation was successful for sulfonylimines 1a−1c
with moderate to high enantioselectivities. For azadienes with
methyl substituent at the 5- or 6-position of benzofuryl ring,
the target products 3da and 3ea were obtained in 91% and
87% ee, respectively. The steric properties of the substituents
on the aromatic ring had slight influence on yields and
enantioselectivities. For the substrate containing trifluorometh-
yl substituent at the para position, the corresponding C6
functionalization product 3ma resulted in 66% ee. The
moderate enantioselectivity might be ascribed to the electronic
effects. The absolute configuration of product (+)-3na, which
was recrystallized from chloroform and n-hexane, was
unambiguously assigned as S by X-ray crystallographic
analysis.9

Scheme 2. Enantioselective Functionalization of Indoles
with Azadienes

Scheme 3. Initial Exploration

Table 1. Optimization of the Reaction Conditions

entrya solvent CPA T (°C)
3aa/4aa yield

(%)b 3aa ee (%)c

1 DCM (R)-1 30 36/3 18
2 DCM (S)-2 30 37/2 3
3 DCM (R)-3 30 44/− 3
4 DCM (R)-4 30 63/− 24
5 DCM (R)-5 30 80/− 40
6 DCM (R)-6 30 61/− 38
7 DCM (R)-7 30 88/− 24
8 THF (R)-5 30 trace/− −
9 Toluene (R)-5 30 49/− 71
10 Mesitylene (R)-5 30 82/− 88
11 Mesitylene (R)-5 0 61/− 78
12 Mesitylene (R)-5 40 >95/− 90
13 Mesitylene (R)-5 50 >95/− 90
14d Mesitylene (R)-5 40 >95/− 86
15e Mesitylene (R)-5 40 98/− 90

aConditions: 1a (0.10 mmol), 2a (0.12 mmol), CPA (10 mol %),
solvent (4.0 mL), 24 h. bDetermined by NMR using 1,3,5-
trimethoxybenzene as internal standard. cDetermined by HPLC.
dMesitylene (2.0 mL). e11 h, isolated yield.
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Next, we evaluated the substrate scope of 2,3-disubstituted
indoles. As depicted in Scheme 5, a plethora of 2,3-

disubstituted indoles were suitable reaction partners, giving
the desired products in moderate to good enantioselectivities.
3-Benzyl-substituted indole 2d was prior to 3-alkyl-substituted
indoles 2b−2c in view of enantioselectivity for this conversion.
For 2,3-disubstituted indoles with electron-donating groups on
the 5-position, moderate enantioselectivities were achieved.
The C6 functionalization of 2,3-dimethyl-5-fluoroindole 2g
with azadiene conducted well, providing the product 3ag in
98% yield and 93% ee. Notably, the ring-fused indoles 2h−2j
could also exhibit pleasing results. For instance, seven fused
ring indole 2j underwent the reaction successfully with
excellent enantioselectivity.
To demonstrate synthetic potential of this chiral phosphoric

acid-catalyzed direct C6 functionalization of 2,3-disubstituted
indoles, a gram-scale reaction of azadiene 1a (1.125 g) with
2,3-dimethylindole 2a was performed. Satisfyingly, the trans-
formation conducted well under the standard conditions to
afford the corresponding product 3aa in 99% yield and 89% ee
without loss of yield and enantioselectivity (Scheme 6a). Next,

the utility of this strategy has been demonstrated in synthetic
transformation reaction. The treatment of 3aa with iodo-
methane afforded methylated product 6aa in moderate 76%
yield and without the loss of enantioselectivity (Scheme 6b).
In order to gain the insight of the reaction mechanism,

several control experiments were carried out (Scheme 7).
When N-methyl protected 2,3-dimethylindole 2k was used to
react with azadiene 1a under the standard conditions, C6
functionalized product 3ak could be achieved in only 40%
yield and 67% ee (Scheme 7a). This result indicated that the
hydrogen-bonding interaction between the free N−H moiety
of indole and the phosphoryl oxygen atom of chiral phosphoric
acid catalyst played a vital role in the control of
enantioselectivity. Subjection of N-alkylation product 4aa to
the standard conditions, C6 functionalized product 3aa was
obtained in 84% yield and 88% ee (Scheme 7b), demonstrating
that the N-alkylation could be reversible and enantioselective
C6 functionalization could be facilitated. To further identify
that N-alkylation products could undertake retro-aza-Michael
addition, we conducted the reaction of azadiene 1a with 2,3-
dimethyl-6-chloroindole 2l under the standard conditions. In
this case, N-alkylation product 4al was delivered in 38% yield
(Scheme 7c). The structure of 4al was determined by X-ray via
derivatization (for details, see Supporting Information). Then,
the crossover experiment of N-alkylation product 4al and 2,3-
dimethylindole 2a was performed under the standard
conditions. This reaction resulted in C6 functionalized product
3aa in 54% yield with 75% ee and N-alkylation product 4al in
38% recovery (Scheme 7d).

Scheme 4. Substrate Scope of Azadienesa

aConditions: azadienes 1 (0.10 mmol), 2,3-dimethylindole 2a (0.12
mmol), CPA (R)-5 (10 mol %), mesitylene (4.0 mL), 40 °C. b50 °C.

Scheme 5. Substrate Scope of 2,3-Disubstituted Indolesa

aConditions: azadiene 1a (0.10 mmol), indoles 2 (0.12 mmol), CPA
(R)-5 (10 mol %), mesitylene (4.0 mL), 40 °C. b50 °C.

Scheme 6. Gram Scale Experiment and Synthetic
Transformation
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On the basis of the above experimental results, we proposed
a plausible stereocontrol model for the enantioselective C6
functionalization of indoles with azadienes using chiral
phosphoric acid (R)-5 as catalyst (Figure 1). The chiral

phosphoric acid served as bifunctional organocatalyst. The
hydroxyl group of chiral phosphoric acid had hydrogen-
bonding interaction with the ketimine moiety of substrate
azadiene, simultaneously, the phosphoryl oxygen atom of chiral
phosphoric acid activated indole. The si-face of azadiene was
shielded by the 3,4,5-trifluoro-phenyl groups at the 3,3′-
positions of the catalyst. Therefore, the reaction was more
likely to take place at the re-face of azadiene, giving S-
configured heterotriarylmethane product.
In summary, we successfully developed a challenging direct

enantioselective C6-functionalization of 2,3-disubstituted
indoles, in contrast to the well-established N1, C2, and C3
functionalization of indoles. An efficient chiral phosphoric
acid-catalyzed direct C6-functionalization of 2,3-disubstituted
indoles with aurone-derived azadienes provided a range of
chiral heterotriarylmethanes in high yields with excellent
enantioselectivities and regioselectivities. Mechanistic studies
suggested that N-alkylation of 2,3-disubstituted indoles with
azadienes would be reversible and enantioselective C6
functionalization could be enabled. Further studies on the

exploration of this strategy to develop enantioselective C6-
functionalization of indoles are in progress in our laboratory.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002.

General information, optimization results, general
procedures, characterization data, and spectra, X-ray
data (PDF)

Accession Codes

CCDC 2023468 and 2032848 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

Guo-Fang Jiang − Advanced Catalytic Engineer Research
Center of Ministry of Education, College of Chemistry and
Chemical Engineering, Hunan University, Changsha 410082,
PR China; Email: gfjiang@hnu.edu.cn

Yong-Gui Zhou − State Key Laboratory of Catalysis, Dalian
Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian, Liaoning 116023, PR China; orcid.org/0000-
0002-3321-5521; Email: ygzhou@dicp.ac.cn

Authors

Wen-Jun Huang − Advanced Catalytic Engineer Research
Center of Ministry of Education, College of Chemistry and
Chemical Engineering, Hunan University, Changsha 410082,
PR China; State Key Laboratory of Catalysis, Dalian
Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian, Liaoning 116023, PR China; orcid.org/0000-
0001-8120-6286

Ya-Ya Ma − Advanced Catalytic Engineer Research Center of
Ministry of Education, College of Chemistry and Chemical
Engineering, Hunan University, Changsha 410082, PR
China

Li-Xia Liu − State Key Laboratory of Catalysis, Dalian
Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian, Liaoning 116023, PR China

Bo Wu − State Key Laboratory of Catalysis, Dalian Institute of
Chemical Physics, Chinese Academy of Sciences, Dalian,
Liaoning 116023, PR China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c04002

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support from National Natural Science Foundation
of China (21901239, 51578224).

■ REFERENCES
(1) (a) Gul, W.; Hamann, M. T. Indole Alkaloid Marine Natural
Products: An Established Source of Cancer Drug Leads with
Considerable Promise for the Control of Parasitic, Neurological and

Scheme 7. Control Experiments

Figure 1. Proposed stereocontrol model.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.0c04002
Org. Lett. 2021, 23, 2393−2398

2396

https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c04002/suppl_file/ol0c04002_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2023468&id=doi:10.1021/acs.orglett.0c04002
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2032848&id=doi:10.1021/acs.orglett.0c04002
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guo-Fang+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:gfjiang@hnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong-Gui+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3321-5521
http://orcid.org/0000-0002-3321-5521
mailto:ygzhou@dicp.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Jun+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8120-6286
http://orcid.org/0000-0001-8120-6286
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Ya+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li-Xia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?ref=pdf
https://doi.org/10.1016/j.lfs.2005.09.007
https://doi.org/10.1016/j.lfs.2005.09.007
https://doi.org/10.1016/j.lfs.2005.09.007
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04002?fig=fig1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.0c04002?rel=cite-as&ref=PDF&jav=VoR


Other Diseases. Life Sci. 2005, 78, 442−453. (b) Kochanowska-
Karamyan, A. J.; Hamann, M. T. Marine Indole Alkaloids: Potential
New Drug Leads for the Control of Depression and Anxiety. Chem.
Rev. 2010, 110, 4489−4497. (c) Taber, D. F.; Tirunahari, P. K. Indole
Synthesis: a Review and Proposed Classification. Tetrahedron 2011,
67, 7195−210. (d) Ishikura, M.; Abe, T.; Choshi, T.; Hibino, S.
Simple Indole Alkaloids and Those with a Non-Rearranged
Monoterpenoid Unit. Nat. Prod. Rep. 2013, 30, 694−752. (e) Taylor,
R. D.; MacCoss, M.; Lawson, A. D. G. Rings in Drugs. J. Med. Chem.
2014, 57, 5845−5859. (f) Zhang, M.-Z.; Chen, Q.; Yang, G.-F. A
Review on Recent Developments of Indole-Containing Antiviral
Agents. Eur. J. Med. Chem. 2015, 89, 421−441.
(2) (a) Van Order, R. B.; Lindwall, H. G. Indole. Chem. Rev. 1942,
30, 69−96. (b) Humphrey, G. R.; Kuethe, J. T. Practical
Methodologies for the Synthesis of Indoles. Chem. Rev. 2006, 106,
2875−2911. (c) Taber, D. F.; Tirunahari, P. K. Indole Synthesis: a
Review and Proposed Classification. Tetrahedron 2011, 67, 7195−
7210.
(3) Reviews on indole functionalization, see: (a) Cacchi, S.; Fabrizi,
G. Synthesis and Functionalization of Indoles Through Palladium-
catalyzed Reactions. Chem. Rev. 2005, 105, 2873−2920. (b) Bandini,
M.; Eichholzer, A. Catalytic Functionalization of Indoles in a New
Dimension. Angew. Chem., Int. Ed. 2009, 48, 9608−9644. (c) Bartoli,
G.; Bencivenni, G.; Dalpozzo, R. Organocatalytic Strategies for the
Asymmetric Functionalization of Indoles. Chem. Soc. Rev. 2010, 39,
4449−4465. (d) Sandtorv, A. H. Transition Metal-Catalyzed C-H
Activation of Indoles. Adv. Synth. Catal. 2015, 357, 2403−2435.
(e) Leitch, J. A.; Bhonoah, Y.; Frost, C. G. Beyond C2 and C3:
Transition-Metal-Catalyzed C-H Functionalization of Indole. ACS
Catal. 2017, 7, 5618−5627. (f) Yang, Y.; Shi, Z. Regioselective Direct
Arylation of Indoles on the Benzenoid Moiety. Chem. Commun. 2018,
54, 1676−1685.
(4) (a) Liu, H.; Zheng, C.; You, S.-L. Catalytic C6 Functionali-
zation of 2,3-Disubstituted Indoles by Scandium Triflate. J. Org.
Chem. 2014, 79, 1047−1054. (b) Zhou, L.-J.; Zhang, Y.-C.; Zhao, J.-
J.; Shi, F.; Tu, S.-J. Organocatalytic Arylation of 3-Indolylmethanols
via Chemo- and Regiospecific C6-Functionalization of Indoles. J. Org.
Chem. 2014, 79, 10390−10398. (c) Wu, Q.; Li, G.-L.; Yang, S.; Shi,
X.-Q.; Huang, T.-A.; Du, X.-H.; Chen, Y. A Chemo- and
Regioselective C6-Functionalization of 2,3-Disubstituted Indoles:
Highly Efficient Synthesis of Diarylindol-6-ylmethanes. Org. Biomol.
Chem. 2019, 17, 3462−3470. (d) Ling, Y.; An, D.; Zhou, Y.; Rao, W.
Ga(OTf)3-Catalyzed Temperature-Controlled Regioselective Friedel-
Crafts Alkylation of Trifluoromethylated 3-Indolylmethanols with 2-
Substituted Indoles: Divergent Synthesis of Trifluorometh-ylated
Unsymmetrical 3,3′-and 3,6’-Bis(indolyl)methanes. Org. Lett. 2019,
21, 3396−3401. (e) Yan, J.; Zhang, Z.; Chen, M.; Lin, Z.; Sun, J. A
Study of the Reactivity of (Aza-)Quinone Methides in Selective C6-
Alkylations of Indoles. ChemCatChem 2020, 12, 5053−5057.
(5) Zhou, J.; Zhu, G.-D.; Wang, L.; Tan, F.-X.; Jiang, W.; Ma, Z.-G.;
Kang, J.-C.; Hou, S.-H.; Zhang, S.-Y. Remote C6-Enantio-selective C-
H Functionalization of 2,3-Disubstituted Indoles through the Dual H-
Bonds and π-π Interaction Strategy Enabled by CPAs. Org. Lett. 2019,
21, 8662−8666.
(6) Deng, Q.; Meng, X. Recent Advances in the Cycloaddition
Reactions of 2-Benzylidene-1-benzofuran-3-ones, and Their Sulfur,
Nitrogen and Methylene Analogues. Chem. - Asian J. 2020, 15, 2838−
2853.
(7) (a) Rong, Z.-Q.; Wang, M.; Chow, C. H. E.; Zhao, Y. A Catalyst
Enabled Diastereodivergent Aza-Diels-Alder Reaction: Complemen-
tarity of N-Heterocyclic Carbenes and Chiral Amines. Chem. - Eur. J.
2016, 22, 9483−9487. (b) Ni, H.; Tang, X.; Zheng, W.; Yao, W.;
Ullah, N.; Lu, Y. Phosphine-catalyzed Enantioselective Formal [4 + 4]
Annulation of α,β-Unsaturated Imines and Allene Ketones:
Construction of Eight-Membered Rings. Angew. Chem., Int. Ed.
2017, 56, 14222−14226. (c) Rong, Z.-Q.; Yang, L.-C.; Liu, S.; Yu, Z.;
Wang, Y.-N.; Tan, Z. Y.; Huang, R.-Z.; Lan, Y.; Zhao, Y. Nine-
Membered Benzofuran-Fused Heterocycles: Enantioselective Syn-
thesis by Pd-Catalysis and Rearrangement via Transannular Bond

Formation. J. Am. Chem. Soc. 2017, 139, 15304−15307. (d) Wang, Y.-
N.; Yang, L.-C.; Rong, Z.-Q.; Liu, T.-L.; Liu, R.; Zhao, Y. Pd-
Catalyzed Enantioselective [6 + 4] Cycloaddition of Vinyl Oxetanes
with Azadienes to Access Ten Membered Heterocycles. Angew. Chem.,
Int. Ed. 2018, 57, 1596−1600. (e) Gao, Z.-H.; Chen, K.-Q.; Zhang,
Y.; Kong, L.-M.; Li, Y.; Ye, S. Enantioselective N-Heterocyclic
Carbene Catalyzed Synthesis of Spirocyclic Oxindole-benzofuroaze-
pinones. J. Org. Chem. 2018, 83, 15225−15235. (f) Gu, Z.; Wu, B.;
Jiang, G.-F.; Zhou, Y.-G. Synthesis of Benzofuran-Fused 1,4-
Dihydropyridines via Bifunctional Squaramidecatalyzed Formal [4 +
2] Cycloaddition of Azadienes with Malononitrile. Chin. J. Chem.
2018, 36, 1130−1134. (g) Gu, Z.; Zhou, J.; Jiang, G.-F.; Zhou, Y.-G.
Synthesis of Chiral γ-Aminophosphonates through Organocatalytic
Hydrophosphonylation of Azadienes with Phosphites. Org. Chem.
Front. 2018, 5, 1148−1151. (h) Gu, Z.; Xie, J.-J.; Jiang, G.-F.; Zhou,
Y.-G. Catalytic Asymmetric Conjugate Addition of Tritylthiol to
Azadienes with a Bifunctional Organocatalyst. Asian J. Org. Chem.
2018, 7, 1561−1564. (i) Xie, H.-P.; Wu, B.; Wang, X.-W.; Zhou, Y.-G.
Chiral Brønsted Acid-Catalyzed Conjugate Addition of Indoles to
Azadienes: Enantio-selective Synthesis of Hetero-Triarylmethanes.
Chin. J. Catal. 2019, 40, 1566−1575. (j) Chen, K.-Q.; Gao, Z.-H.; Ye,
S. Bifunctional N-Heterocyclic Carbene Catalyzed [3 + 4] Annulation
of Enals with Azadienes: Enantioselective Synthesis of Benzofur-
oazepinones. Org. Chem. Front. 2019, 6, 405−409. (k) Wang, C.-S.;
Li, T.-Z.; Cheng, Y.-C.; Zhou, J.; Mei, G.-J.; Shi, F. Catalytic
Asymmetric [4 + 1] Cyclization of Benzofuran-Derived Azadienes
with 3-Chlorooxindoles. J. Org. Chem. 2019, 84, 3214−3222. (l) Lin,
W.; Zhang, C.; Xu, W.; Cheng, Y.; Li, P.; Li, W. Organocatalytic
Asymmetric Michael Addition of Rhodanines to Azadienes for
Assembling of Sulfur-containing Tetrasubstituted Carbon Stereo-
centers. Adv. Synth. Catal. 2019, 361, 476−480. (m) Lin, W.; Lin, X.;
Cheng, Y.; Chang, X.; Zhou, S.; Li, P.; Li, W. Organocatalytic
Enantioselective Direct Vinylogous Michael Addition of γ-Substituted
Deconjugate Butenolides to Azadienes. Org. Chem. Front. 2019, 6,
2452−2456. (n) Li, X.; Yan, J.; Qin, J.; Lin, S.; Chen, W.; Zhan, R.;
Huang, H. Enantioselective Synthesis of Benzofuran-Fused N-
Heterocycles via Chiral Squaramide Catalyzed [4 + 2] Cyclization
of Azadienes with Azlactones. J. Org. Chem. 2019, 84, 8035−8045.
(o) Fan, T.; Zhang, Z.-J.; Zhang, Y.-C.; Song, J. Construction of All-
Carbon Quaternary Stereocenters via Sequential Photoactivation/
Isothiourea Catalysis. Org. Lett. 2019, 21, 7897−7901. (p) Trost, B.
M.; Zuo, Z. Highly Regio-, Diastereo-, and Enantio-selective Synthesis
of Tetrahydroazepines and Benzo[b]-oxepines via Palladium-Cata-
lyzed [4 + 3] Cycloaddition Reactions. Angew. Chem., Int. Ed. 2020,
59, 1243−1247. (q) Zhou, J.; Li, T.-Z.; Sun, Y.-W.; Du, B.-X.; Tan,
W.; Shi, F. Chiral Brønsted Acid-Catalyzed Asymmetric 1,4-Addition
of Benzofuran-Derived Azadienes with 3-Substituted Indoles.
ChemCatChem 2020, 12, 4862−4870. (r) Frankowski, S.; Skrzynśka,
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