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ABSTRACT: A regiodivergent organocatalytic enantioselective
Michael addition/three-atom ring expansion sequence of electron-
withdrawing group activated cyclobutanones with 2-nitrovinylin-
doles was developed. A series of azepino[1,2-a]indoles were
obtained with exclusive regioselectivities and high diastereo- and
enantioselectivities (up to >20:1 dr, 96% ee) with the application
of the N1 nucleophilic site of the indole nucleus. Meanwhile,
various cyclohepta[b]indoles could be accessed with high
enantiopurity (up to 96% ee) through the Michael addition/
boron-trifluoride-etherate-promoted indole C3-attack ring expan-
sion process.

Chiral polycyclic indoles have found broad applications in
medicines, pesticides, and other functional molecules.1

Among them, azepino[1,2-a]indoles and cyclohepta[b]indoles,
containing two privileged structures, indole and a seven-
membered ring, widely exist in many indole alkaloids and
endow a broad spectrum of biological activities (Figure 1).2

Despite the fact that several typical catalytic enantioselective
approaches have been reported, including enantioselective
sequential reactions,3 (4 + 3) annulations,4 and the
intermolecular Rauhut−Currier reaction,5 all of these only
focus on constructing just one of the target products
(azepino[1,2-a]indoles and cyclohepta[b]indoles). The enan-

tioselective divergent synthesis of both azepino[1,2-a]indoles
and cyclohepta[b]indoles on the strength of the same strategy
remains unexplored and is highly desired.
Recently, our group demonstrated 2-nitrovinylindoles as a

three-atom 3C partner in copper-catalyzed asymmetric (3 + 3)
annulations with azomethine ylides, which constructed
tetrahydro-γ-carboline skeletons with high diastereo- and
enantioselectivities (Scheme 1a).6 2-Nitrovinylindoles were
also identified as a nitrogen−carbon−carbon (NCC) synthon
in the enantioselective (3 + 2) annulations for the synthesis of
chiral pyrrolo[1,2-a]indoles.7 Considering the high value of
azepino[1,2-a]indole and cyclohepta[b]indole in medicinal
chemistry and drug discovery, we would like to develop a
straightforward procedure for the divergent synthesis of
enantiomerically pure azepino[1,2-a]indoles and cyclohepta[b]
indoles by using the N1 or C3 nucleophilicity and C2′
electrophilicity of 2-nitrovinylindoles. The challenges inherent
in such a strategy mainly include (1) the discovery of a suitable
four-atom building block, (2) the regioselectivity of the N1
and C3 positions of the indole nucleus, and (3) the control of
diastereo- and enantioselectivity.
In this context, cyclobutanones attracted our attention

because this class of reactants could undergo ring expansion via
a carbon−carbon bond cleavage process.8,9 However, the

Received: April 23, 2020

Figure 1. Representative natural products and bioactive molecules
containing azepino[1,2-a]indoles and cyclohepta[b] indoles.

Letterpubs.acs.org/OrgLett

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.orglett.0c01406
Org. Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
E

X
E

T
E

R
 o

n 
M

ay
 4

, 2
02

0 
at

 1
3:

45
:1

0 
(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="Wu-Lin+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Tao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Ping+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.0c01406&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01406?fig=fig1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01406?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


enantioselective ring expansion of cyclobutanone derivatives
remains a challenging task in organic synthesis. Until recently,
Rodriguez, Coquerel, and coworkers reported an enantiose-
lective Michael addition/ring expansion cascade reaction of
amide activated cyclobutanones and ortho-amino nitrostyrenes
using bifunctional aminocatalysts,10 furnishing benzazocinone
products with high enantioselectivities and good to high
diastereoselectivities. Inspired by this elegant work, we
envisaged that chiral azepino[1,2-a]indoles and cyclohepta[b]-
indoles could be simultaneously formed via an enantioselective
Michael addition/ring expansion cascade reaction of cyclo-
butanones and 2-nitrovinylindoles (Scheme 1b). In this
process, two nucleophilic sites (N1 and C3 of indole) could
add to the carbonyl group after the Michael addition step,
which would deliver azepino[1,2-a]indoles and cyclohepta[b]-
indoles, respectively, via a spontaneous fragmentation. Herein
we report our results from this study.
To test this hypothesis, we began our study by evaluating the

reaction between 2-nitrovinylindoles 1a and 2-amide-sub-
stituted cyclobutanone 2a with Takemoto’s catalyst C111a

(Figure 2) in CH2Cl2 at ambient temperature (Table 1).
Pleasingly, the desired reaction proceeded smoothly, and
azepino[1,2-a]indole product 3a was isolated in 63% yield,
albeit with only 21% ee (entry 1). With this initial result in
hand, a series of chiral thiourea/squaramide aminocatalysts
were then screened (entries 2−9).11 To our delight, catalyst
C812 combining the 9-amino-quinine moiety with a N-
benzylsquaramide hydrogen-bond donor delivered the best
result (entry 8), and compound 3a was gained in excellent
yield (95%) with excellent diastereo- and enantioselectivity
(>20:1 dr, 96% ee). Next, the solvent effect in this reaction was
evaluated (see Table S1), and the chlorinated solvents
provided better results, with dichloromethane as the best
choice. When the catalyst loading was reduced to 5 mol %, the
reaction was incomplete, even after stirring for 4 days, and
product 3a was acquired in 63% yield with 94% ee (entry 10).
We note that the cyclohepta[b]indole product was not
detected in any case.

After optimization of the reaction conditions, the substrate
scope for this diastereo- and enantioselective cascade reaction
was delved. As listed in Scheme 2, a wide spectrum of
cyclobutanones 2a−j bearing different N-aryl secondary amide
activating groups all proceeded smoothly, delivering the
corresponding azepino[1,2-a]indole products 3a−j in high
yields (71−95%) along with high diastereo- and enantiose-
lectivities (>20:1 dr, 88−96% ee). Noticeably, a slightly
decreased enantioselectivity was observed when using the β-
ketoamides 3g−j with electron-donating and neutral aryl
groups. This phenomenon could be attributed to the relatively
low acidity of the secondary amide N−H proton,13 which
exhibited an adverse effect on the first Michael step.
Significantly, the carboxylic-ester-activated cyclobutanone was
also compatible under this transformation, affording product
3k in high yield (90%) with an excellent level of diastereo- and
enantioselectivity (>20:1 dr, 98% ee). It should be noted that
this type of cyclobutanone was not presented in the previous
report.10

Then, we probed the reaction scope concerning the variation
of substitutions of 2-nitrovinylindoles 1 (Scheme 3). The
substituent on the C3 position of the indole ring showed an
adverse effect on the diastereoselectivity control, and product
3l was attained in high yield (88%) with high enantioselectivity
(92/85% ee) and moderate diastereoselectivity (6:1 dr).
Methyl, methoxy, fluoro, chloro, and bromo substituents at
the C5 or C6 position of the indole ring of 2-nitrovinylindoles
2 were all compatible in this cascade reaction, furnishing
azepino[1,2-a]indoles 3m−s in good to high yields (61−90%)
with excellent diastereo- and enantioselectivities (93−96% ee,
>20:1 dr). In addition, the cascade reaction with 2-nitro-
vinylpyrrole still proceeded smoothly, providing pyrrolo[1,2-
a]azepine 3t in 46% yield as a single diastereomer but with
modest enantioselectivity (42% ee).
The absolute configuration of 3m was determined to be (9S,

10R) by single-crystal X-ray diffraction analysis. In accordance
with the stereochemical outcome and previous reports,10,14 a
plausible reaction pathway is depicted in Scheme 4. With the
dual activation of chiral bifunctional squaramide−tertiary
amine catalyst C8, the 2-carbamoyl cyclobutanones 2 are
enolized by the tertiary amine moiety. Meanwhile, the two
squaramide N−H bonds of catalyst activate the nitro group of
2-nitrovinylindole 1a through a hydrogen-bonding interaction.
The enolized cyclobutanones (Re-face) then add to the double
bond (Re-face) of 1a to favorably give intermediate A, which

Scheme 1. Synthesis of Polycyclic Indoles via the Catalytic
Enantioselective Reactions of 2-Nitrovinylindoles

Figure 2. Bifunctional catalysts investigated in this reaction.
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should be the crucial step for the enantioselectivity control.
The subsequent cyclization/fragmentation affords intermediate
C, and the protonation of amide enolate C would proceed
through thermodynamic control, furnishing products 3 with a
favorable cis configuration. Notably, this hypothesis for the
diastereoselectivity control is verified by the increased
diastereoselectivity after the cyclization/fragmentation/proto-
nation step of the Michael adduct (6:1 vs >20:1 dr; see
Scheme S1).
Subsequently, we would like to amplify the role of 2-

nitrovinylindoles 1 as 3C building blocks in the Michael
addition/ring expansion cascade process with the aim of
constructing cyclohepta[b]indoles. Interestingly, the cascade
process could be interrupted after the Michael addition step
when the reaction temperature was lowered to −40 °C, and
various additives were tested to promote the cyclization.

Unfortunately, azepino[1,2-a]indole product 3a, instead of
cyclohepta[b]indole product 4a, was observed in all cases. (See
Scheme S1.) To solve this problem, N-methyl-substituted 2-
nitrovinylindole 5a was used in the reaction. The strong Lewis
acid BF3·Et2O was directly added to the reaction mixture to
promote the cyclization/fragmentation process after the
Michael addition was completed (Scheme 5), and the two
diastereoisomers cis-6a and trans-6a of cyclohepta[b]indole
product were, respectively, obtained with high enantioselectiv-
ities (93% ee and 91% ee). Additionally, various substituent
groups on cyclobutanones and N-substituted 2-nitrovinylin-
doles were well-tolerated in the reaction under the optimal
conditions, and the corresponding cyclohepta[b]indole prod-
ucts 6b−g were provided in good yields with high
enantioselectivities (91−96% ee), albeit with modest diaster-
eoselectivities. Furthermore, cyclohepta[b] pyrrole derivative
6h was afforded in good yield with good enantioselectivities
(82% ee and 85% ee) by using N-methyl 2-nitrovinylpyrrole. It
should be noted that two diastereoisomers of cyclohepta[b]-

Table 1. Organocatalysts Screeninga

entry catalyst yield (%)b ee (%)c time (h)

1 C1 63 −21 12
2 C2 93 −58 12
3 C3 48 −82 36
4 C4 24 31 36
5 C5 66 83 36
6 C6 74 67 12
7 C7 54 83 36
8 C8 95 96 12
9 C9 95 77 12
10d C8 63 94 4 d

aUnless others stated, reactions were carried out with 1a (0.20 mmol), 2a (0.22 mmol), and 10 mol % of catalyst in 2.0 mL of CH2Cl2 at room
temperature. bIsolated yield after column chromatography. cDetermined by chiral HPLC analysis; >20:1 dr was determined by 1H NMR of the
crude product. dCarried out with 5 mol % of C8.

Scheme 2. Substrate Scope of Cyclobutanones 2 Scheme 3. Substrate Scope of 2-Nitrovinylindoles 1
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indoles in all cases could be easily separated by column
chromatography.
For the purpose of confirming the stereochemical

determined step in this reaction, both diastereoisomers of
Michael adduct intermediate 7a were isolated and used for the
next cyclization (Scheme 6), and the mixture of products cis-6a
and trans-6a was generated with similar diastereoselectivities
(2.3:1 dr vs 1.8:1 dr) as 7a or epi-7a. Therefore, by analogy to
the previous case (Scheme 4), the origin of the diaster-
eoselectivity should be derived from the protonation step of
the corresponding amide enolate, and the enantioselectivity
was determined by the Michael addition step. The absolute

configuration of trans-6g was assigned as (6R, 7R) by single-
crystal X-ray diffraction analysis, and the absolute configuration
of cis-6 was reasoned to be (6R, 7S).
To further evaluate the synthetic utility of the current

methodology (Scheme 7), the gram-scale synthesis of
azepino[1,2-a]indole product 3a was achieved while maintain-
ing the efficiency and the stereochemical outcome (90% yield,
>20:1 dr, 95% ee). Furthermore, several synthetic trans-
formations were explored. The nitro group of 3a could be
reduced in the presence of sodium borohydride/nickel(II)
chloride hexahydrate without the loss of stereochemical
integrity. The structurally novel tetracyclic indole compound
9 with 99% ee value could be facilely accessed via the
reduction/intramolecular aminolysis of product cis-6d. Mean-
while, the reduction/intramolecular aminolysis of product 3k
afforded 2-indolyl azepine derivative 10 with excellent
enantioselectivity (97% ee). We note that this class of 2-aryl

Scheme 4. Proposed Reaction Pathway for the Cascade
Reaction

Scheme 5. Enantioselective Synthesis of Cyclohepta[b]indoles via the One-Pot Sequence of N-Substituted 2-Nitrovinylindoles
5 and Cyclobutanones 2

Scheme 6. Result of Cyclization/Fragmentation of Michael
Adduct Intermediate
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azepine compound exhibits critical biological activities in
medicinal chemistry, such as neurokinin-1 receptor antago-
nistic activity and monoamine reuptake inhibitory activity.15

In summary, we have demonstrated a regiodivergent
enantioselective sequential Michael addition/three-atom ring
expansion reaction of cyclobutanone derivatives with 2-
nitrovinylindoles by controlling the regioselectivity of the N1
and C3 sites of the indole nucleus in the presence of chiral
bifunctional aminocatalysts. This protocol provides straightfor-
ward access to various enantiomerically pure azepino[1,2-
a]indoles and cyclohepta[b]indoles with high efficiency. The
salient features of the reaction include mild reaction
conditions, broad substrate scopes, easy scalability, and
versatile transformations of the products.
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