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ABSTRACT: An asymmetric formal [3 + 2]-cycloaddition between meso-
aziridines and C3-alkylindoles mediated by an in situ generated magnesium
catalyst was developed for asymmetric construction of pyrroloindolines. A
variety of pyrroloindolines could be obtained by employing commercial
available ligands with the assistance of an easily prepared achiral ligand.

Using catalytic asymmetric reactions to construct key
frameworks of natural products is a highly attractive

research area. Pyrroloindolines bearing a C3 quaternary
stereocenter are an important indole-derived heterocyclic motif
of several important subclasses of alkaloids which exhibit
promising biological properties.1 Consequently, several catalytic
enantioselective approaches have been developed for the
formation of this hexahydropyrrolo[2,3-b]indole skeleton.2 In
this context, the catalytic asymmetric addition−cyclization
reactions employing tryptamine as key precursor have proven
to be successful strategies in the one-step construction of
optically active pyrroloindoline structures.3 The wide applica-
tions of carbon- or heteroatom-based electrophiles in this
transformation provide a powerful platform for construction of
pyrroloindolines bearing different types of C3 quaternary
stereocenters which could be extended to enantioselective
synthesis of natural products.
Despite the great success achieved in catalytic asymmetric

synthesis of hexahydropyrrolo[2,3-b]indole core structures
employing tryptamine derivatives as key precursors, the direct
application of indole or C3-substituted indole in enantioselective
formation of this key framework is relatively undeveloped. To
date, there are only limited successful strategies that could realize
this direct route. In 2010, Reisman and co-workers established a
Binol·SnCl4 catalyzed formal [3 + 2]-cycloaddition reaction of
simple C3-substituted indoles and 2-amidoacrylate which could
concisely furnish enantioenriched pyrroloindolines in one
synthetic operation (Scheme 1, eq 1).4 More recently, an
interesting Rh(II)-catalyzed [3 + 2]-annulation between 4-aryl-
1-sulfonyl-1,2,3-triazoles and C3-substituted indoles was de-
scribed by Davies and co-workers to give didehydropyrroloindo-
lines with excellent enantioselectivities (Scheme 1, eq 2).5 Given
these two well-established methods and based on our continuous
interest in asymmetric Friedel−Crafts alkylations of indoles,6 we
report herein a direct and efficient method to synthesize
pyrroloindolines by enantioselective desymmetrization of
aziridines with C3-substituted indoles (Scheme 1, eq 3).

It could be predicted that catalytic enantioselective ring-
opening reaction of meso-azairidines with C3-substituted indoles
would provide straightforward access to pyrroloindolines.
Although some racemic ring-opening reactions of this version
have been reported to be promoted by Lewis acids,7 catalytic
asymmetric approaches have never been realized, which might be
because there is still no effective catalyst to realize this
transformation with good control of the enantiomeric discrim-
ination during the C−C bond formation. Based on our recent
work on magnesium-mediated enantioselective ring-opening
reactions of aziridines and simple indoles,8,9 we decided to

Received: September 9, 2014
Published: December 31, 2014

Scheme 1. Direct Enantioselective Construction of
Pyrroloindolines
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applied this effective catalytic system to realize the present
enantioselective [3 + 2]-annulation between meso-azairidines
and C3-substituted indoles.
Our preliminary study of this formal [3 + 2]-cycloaddition

focused on investigating the influence of the protecting group of
aziridines. After a series of screenings, N-(2-picolinoyl)aziridine
2a was identified as a potential substrate in the current ring-
opening reaction,10 and the reaction could afford the desired
pyrroloindoline 3a using Bu2Mg as the catalyst. On the basis of
the IR studies of the carbonyl group of different aziridines, it is
known that the reactivity of aziridines is not dependent on the
Lewis basicity of the protecting groups but relies on coordination
ability of the substrates (Table 1). Next, we turned to the

selection process of chiral ligands, and we found the optical active
cyclization adduct 3a could be generated when some
commercially available chiral amino alcohols as ligand of
Bu2Mg were employed.11 Fortunately, when some commercially
available chiral amino alcohols, such as quinine L4 or quinidine
L5 ,were introduced into our model reaction, the desired
pyrroloindoline 3a could be obtained with relative good
enantioselectivies. After identification of promising chiral ligands
that are easy to access, we focused our attention on improving the
enantioselectivity of this present formal [3 + 2]-cycloaddition by
employing different types of achiral coligands.12 As illustrated in
Table 2, after a careful screening process, we found that addition
of N,O-bidentate ligands such as A4 and A7 could elevate the ee
value of the reaction significantly (Table 2, entries 2−10). The
enantioselectivity could be slightly enhanced to 94% ee when p-
xylene was used as the solvent (Table 2, entry 11).13

With the above optimal conditions established for the
construction of pyrroloindoline 3a, we next explored the scope
of this enantioselective [3 + 2]-annulation with respect to
different C3-alkylindoles (Table 3). The reactions could furnish

desired cyclization adducts in moderate yields and high levels of
diastereoselectivities and enantioselectivities when substituents
with different electronic nature were located at the C4-, C5-, or
C6-position of the C3-methylindoles 3a−g (Table 3). However,
the C7-substituted indole proved to be inefficient in this
tansformation resulting in lower chemical yield (3h). Further-
more, different C3-alkyl substituted indoles were tested in the
transformation, and some functional groups such as silyl ether
and azide equipped in the C3-aliphatic chain were also tolerable
in the reaction (3k,l).
Then, the same set of reaction conditions was applied to

explore the scope of various aziridines with C3-alkylindoles.
These results are summarized in Table 4. Reactions of other six-
memberedmeso-aziridines afforded the cyclization products with
excellent enantioselectivities under the standard reaction
conditions (3m,n). With regard to seven-membered aziridine,
the transformation needs higher catalyst loading to generate
product 3o. Unfortunately, the corresponding five-membered
aziridines failed to react with C3-methylindole. On the other
hand, aziridines containing acyclic aryl and aliphatic substituents
were proven to be good substrates with respect to the chemical
yields and enantioselectivities (3p, 3q). Moreover, to our delight,
the relative enantiomers of these polycyclic products could also
be obtained by employing quinidine as a chiral ligand with the
assistance of achiral coligand A7 (3a′,m′−q′). Futhermore, two

Table 1. Preliminary Screening of the Protecting Groups and
IR Study of the Carbonyl Groupa

aReactions were performed with 0.20 mmol of 2a and 0.40 mmol of
1a in toluene (0.5 mL) in the presence of Bu2Mg (40 mol %) at 60 °C
overnight.

Table 2. Screening of the Achiral Additives for the [3 + 2]-
Cycloadditiona

entry A yieldb (%) drc eed (%)

1 67 9:1 79
2 A1 65 11:1 87
3 A2 21 9:1 68
4 A3 62 9:1 84
5 A4 57 13:1 91
6 A5 62 13:1 87
7 A6 45 10:1 81
8 A7 69 12:1 93
9 A8 70 12:1 86
10 A9 64 9:1 89
11e A7 70 12:1 94

aReactions were performed with 0.20 mmol of 2a and 0.40 mmol of
1a in toluene (0.5 mL) in the presence of L4 (20 mol %), A (20 mol
%), and Bu2Mg (20 mol %) at 60 °C for 36 h. bIsolated yield.
cDiastereomeric ratios were determined by 1H NMR (300 MHz).
dEnantiomeric excesses were determined by chiral stationary-phase
HPLC. eThe reaction was carried out in p-xylene.
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representative aziridines were also tested in cross reactions with
bulkier C3-substituted indoles and the cyclization adducts could
be obtained in relatively lower yields with excellent enantiose-
lectivities (3r,s).
A reasonable mechanism was proposed on the basis of a series

of control experiments.14 As summarized in Scheme 2, the
precatalyst A could be generated after a deprotonation process of
quinine L4 and Bu2Mg. Then C3-methylindole was activated by
the precatalyst and finished the formal cyclization process after
the aziridine coordinates to the magnesium center (B, C). A
protonation exchange with an incoming C3-methylindole
released the product 3a and reformed the activation process. In
this process, it is speculated that the achiral ligand A7’s same
coordination ability with aziridines would lead itself coordinated
to the metal center during the reaction process that could result
in generation of a more beneficial chiral environment.
In summary, we have developed a successful strategy for

catalytic enantioselective synthesis of pyrroloindolines with high
diatereoselectivity and enantioselectivity mediated by a
magnesium catalyst employing commercially available ligands
with the assistance of an achiral coligand. Study of the
mechanism of the magnesium-mediated enantioselective [3 +
2]-cycloaddition and the synthetic methodology are underway in
our laboratory.
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Table 3. Substrate Scope of the [3 + 2]-Cycloaddition with
Respect to C3-Alkylindolesa

aReactions were performed with 0.20 mmol of aziridine and 0.40
mmol of indoles in p-xylene (0.5 mL) in the presence of L4 (20 mol
%), A7 (20 mol %), and Bu2Mg (20 mol %) at 60 °C. bSum yield of
the both diastereoisomers due to difficult separation. cDiastereomeric
ratios were determined by 1H NMR (300 MHz). dEnantiomeric
excesses were analyzed by chiral stationary-phase HPLC.

Table 4. Substrate Scope of the [3 + 2]-Annulationa

aThese reactions were using quinidine (L5, 20 mol %) as chiral ligand
to generate the relative enantiomers. bThe reactions were performed
under 50 mol % catalyst.

Scheme 2. Hypothesized Mechanism
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