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ABSTRACT: An asymmetric synthesis of carbocyclic spiroindo-
line by sequential Michael reaction and [3 + 2]-cycloaddition is
described. This protocol demonstrates excellent enantio- and
diastereoselectivity with broad functional group tolerance. A
diverse range of spiroindolines were prepared by this approach,
and the products served as ideal substrates for C2 derivatization.

Spiroindoline scaffolds are widely present in bioactive
natural products and medicinally relevant synthetic

compounds.1 Their broad pharmacological indications in
conjunction with their structural complexity allow this family
of alkaloids to be under intense investigation.2 Among the
established catalytic enantioselective methods, reactions
employing 3-alkylidene oxindoles are probably the most
thoroughly studied. Taking advantage of the polarized α,β-
unsaturated system, two major variants of spiroindoline
syntheses, namely cycloaddition and annulation, have been
achieved in a stereoselective manner and enantiomerically pure
spirooxindoles were accessible by proper catalysis.3 The
carbonyl group of 3-alkylidene oxindole activates the C−C
double bond as an excellent Michael acceptor, but it limits the
further functionalization at this position (Scheme 1). From a

medicinal chemistry perspective, spiroinolines with a tunable
C2 position will provide valuable structure−activity relationship
(SAR) information to guide the design of related new chemical
entities; thus, a general strategy to access C2 prefunctionalized
spiroindoline is crucial for drug development.4

Compared to methods based on oxindole substrates,
stereoselective synthesis of carbocyclic spiroindoline directly
from indole has not been fully developed. Nucleophilic attack
to a pendant electrophile followed by dearomatization is a
major strategy to prepare such compounds. The nucleophilic
indole moiety is able to attack an η3 allylic metal electrophile5

or a Lewis acid activated π system to give the ring closure
products.6 As shown in Scheme 1, we envision that an
intramolecular cycloaddition reaction between indole and a
tethered nitrogen dipole will proceed via a highly organized
transition state to furnish a carbo spirocyclic adduct with a
quaternary chiral center. By this means, the problem of
synthesizing polysubstituted spiral indoline is solved by a
cycloaddition reaction with a densely functionalized substrate,
possessing a pendant dipole-dipolarophile at the flanking ends
of the molecule. The reasons for choosing a nitro group based
dipole are threefold. First, nitrile oxide and silyl nitronate7 have
been used in a cycloaddition with different alkynes or alkenes,
providing reliable methods for isoxazole and isoxazoline
preparation. Second, due to the rapid development of
organocatalysis since the early 2000s, it is convenient to
incorporate a nitro group by an enantioselective Michael
reaction.8 Last, the aminal functional group at the C2 position
of the indoline product can be easily modified by various
nucleophiles, which makes SAR evaluations of the pharmaco-
phore readily available. Herein we describe a general approach
for the synthesis of enantiomerically pure 3-spiroindolines by
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Scheme 1. Spiroindoline Synthesis from Oxindole and
Indole
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sequential Michael reaction and [3 + 2]-cycloaddition, which
serve as ideal substrates for C2 derivatization.
Our investigation commenced at the preparation of suitable

precursors for the proposed cyclization. As illustrated in
Scheme 1, the dipole and dipolarophile are separated by a
three-carbon linker, which can be quickly assembled by a
Michael reaction between indolyl propionaldehyde 1 and
nitroolefin 2. Small organic molecule catalyzed enantioselective
Michael reactions have been extensively studied, and many
highly effective catalysts have been identified to enable
stereoselective aldehyde addition to nitroolefin.9 Among these
catalysts, diphenylprolinol silyl ether A10 is a proven organo-
catalyst for Michael additions, and we anticipate that the indolyl
group in 1 will not significantly alter the aldehyde reactivity;
thus, we chose silyl ether A to catalyze the conjugate addition.
Indeed, indolyl propionaldehyde 1 easily added to nitroolefin 2
under the effect of silyl ether A to afford highly optically pure
Michael adducts with excellent diastereoselectivity. To mitigate
complications in the following [3 + 2]-cycloaddition, we
converted the aldehyde group to the corresponding acetal in
order to avoid potential epimerization at the α center.11 We
compared the diastereomeric ratios (dr) of 3a and the
immediate Michael adduct and confirmed that the acidic
acetalization conditions caused no diastereomeric erosion.
Under these established conditions, cyclization precursors
3a−3s were prepared in good yields and stereoselectivity
(Table 1). Generally speaking, substitutions on the indole

moiety or on the nitrostyrene are well tolerated. Michael
adducts with excellent enantiomeric excess (ee) and dr were
obtained in good yields (3a−3o and 3r−3s). However, a high
dr for aliphatic nitroalkenes was difficult to achieve in the
conjugate addition (3p and 3q).
With the cyclization precursors in hand, we turned our

attention to the [3 + 2]-cycloaddition and the optimization is
summarized in Table 2. Cyclization of 3a in the presence of

Ac2O, 4-dimethylaminopyridine (DMAP), and iPr2NEt pro-
ceeded quickly at room temperature to afford 4a in only low
yield, whereas the TMSCl/Et3N

12 combination was ineffective
for the cyclization and the starting material was recovered.
Other conditions such as PhNCO/Et3N

13 and Boc2O/
DMAP14 provided higher yields for the desired product,
however at a slower rate. Because the Boc2O/DMAP condition
gave a cleaner reaction, we further optimized other parameters
for this combination. Screening of solvents led to the
identification of MeCN as the optimal media in terms of dr
and yield, and a slightly elevated temperature (50 °C) made the
reaction reach completion within 2 h in 88% yield.
To evaluate the generality of the cyclization, precursors 3b−

3q were subjected to the optimized conditions (2.4 equiv of
Boc2O, 0.2 equiv of DMAP in MeCN, 50 °C) and results are
summarized in Figure 1. Reactions of indolyl propionaldehydes
bearing an electron-donating group such as 4-OMe, 4-OBn, 4-
Me, 5-Me, 6-Me (4c−4f and 4i) or an electron-withdrawing
group such as 5-Br, 6-F (4g−4h and 4j) on the indole moiety
all gave the desired indoline products in good yields and dr.
The relative stereochemistry of the product was established by
NOE experiment.15 Other functional groups, originating from
nitroalkene moieties, were also well tolerated (4k−4q), and the
tricyclic indolines were obtained in similar good yields and dr.
One exception was the substrate with an additional nitro group,
even in the absence of an α-proton, which was extensively
decomposed (4o) under current conditions. To our great
pleasure, when the cyclization condition was applied to 2-
methyl indolyl substrates, spiroindoline products were
produced in excellent yields and selectivity (4r and 4s).
To prove that our current methodology is offering a

straightforward pathway to C2 analogues of spiroindolines,

Table 1. Preparation of Cyclization Precursor

entry 3 R1, R2, R3 yielda ee (%) (dr)b

1 3a H, Me, Ph 73% 98 (10:1)
2 3b H, Bn, Ph 85% 92 (10:1)
3 3c 4-OBn, Bn, Ph 83% 99 (7:1)
4 3d 4-Me, Bn, Ph 73% 98 (10:1)
5 3e 5-Me, Bn, Ph 80% 91 (12:1)
6 3f 6-Me, Bn, Ph 81% 99 (9:1)
7 3g 6-F, Bn, Ph 85% 99 (7:1)
8 3h 5-Br, Bn, Ph 75% 96 (10:1)
9 3i 4-OMe, Me, Ph 92% 96 (19:1)
10 3j 5-Br, Me, Ph 83% 98 (9:1)
11 3k H, Me, 4-F-C6H4 85% 99 (16:1)
12 3l H, Me, 4-CF3-C6H4 82% 99 (17:1)
13 3m H, Me, 4-Br-C6H4 87% 99 (10:1)
14 3n H, Me, 4-OMe-C6H4 88% 99 (13:1)
15 3o H, Me, 4-NO2-C6H4 77% 99 (14:1)
16 3p H, Me, BnOC2H4 80% 99 (7:1)
17 3q H, Me, BnOC4H8 79% 99 (5:1)
18 3r 2-Me, Me, Ph 91% 99 (8:1)
19 3s 2-Me, Me, 4-F-C6H4 78% 99 (8:1)

aIsolated yield. bDetermined by crude NMR.

Table 2. Optimization of the Cycloaddition

entry conditionsa solvent drb yieldc

1 Ac2O/DMAP/iPr2NEt MeCN 10:1 41%
2 TMSCl/Et3N

d PhMe _ nr
3 PhNCO/Et3N

d PhMe 16:1 74%
4 Boc2O/DMAPe PhMe 10:1 71%
5 Boc2O/DMAPf DCM 11:1 81%
6 Boc2O/DMAPg THF 16:1 82%
7 Boc2O/DMAP DMF 11:1 81%
8 Boc2O/DMAPh MeCN 17:1 88%

aSee Supporting Information for details. bDetermined by crude NMR;
the dr of 3a is 10:1. cIsolated yield. d70 h. e30 h. f24 h. g44 h. h50 °C.
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we chose cycloadducts 4a and 4r for selective modifications
(Scheme 2). While direct NaBH4 reduction of 4a afforded C2
unsubstituted indoline 5 in 94% yield, Lewis acid assisted
substitution reaction at C2 was also possible: methyl and allyl
Grignard reagents were able to selectively add to the
spiroindoline in the presence of BF3·Et2O, and excellent yields
along with good diastereoselectivity were obtained in both
cases (6 and 7). We also extended the modification conditions
to C2 substituted cycloadduct 4r, and desired analogues were
obtained in good yields and dr. Notably, compound 6 is an
epimer of 9 with all other chiral centers in the same
configuration except for C2, and this stereochemical outcome
demonstrated the power and versatility of our methodology.
Furthermore, allylation of 4r gave indoline 8 bearing a tertiary
aminoalkyl center next to a full carbon quaternary center, which
was difficult to prepare by other methods.
In summary, we have developed a general approach to access

carbocyclic spiroindolines through sequential Michael addition,
dipolar cycloaddition reactions. This cascade demonstrates
excellent functional group tolerability and affords complex

structures in high stereochemical purity. The cycloadducts are
important intermediates for SAR studies, and complementary
stereochemistry at the C2 position is conveniently achieved by
nucleophilic addition. Evaluation of the antimalarial activity of
the cycloadducts and their derivatives will be reported in due
course.
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