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Abstract: A new method for the construction of five-mem-
bered spirocyclic oxindoles is based on a Michael–Mannich
cascade reaction of a ketimine intermediated catalyzed by
a bifunctional quinine-derived squaramide. The desired prod-
ucts were obtained in excellent yields (up to 94 %) and
stereoselectivities (up to > 20:1 d.r., > 99 % ee). A scaled-up
variant also proceeded smoothly showing that the one-pot
reaction might find application in the synthesis of bioactive-
compound libraries.

The spirocyclic oxindole architecture is prevalent in both
natural products and synthetic bioactive molecules
(Figure 1).[1] In particular, enantiopure five-membered spiro-
cyclic oxindoles have attracted tremendous attention owing to
their diverse bioactivities and structural complexity. The key
challenge for the construction of such structures lies in the
formation of multiple stereocenters, particularly for those
containing two adjacent quaternary centers. Therefore, new
strategies for the synthesis of such spirocyclic oxindoles[2] with
high levels of efficiency and selectivity from readily available
starting materials are always in great demand.

In the past few years, elegant advances have been made in
the development of enantioselective syntheses of five-mem-
bered spirocyclic oxindoles.[3] In 2007, Trost[4] and co-workers
disclosed a palladium-catalyzed [3++2] cycloaddition for the
assembly of such compounds. Aside from transition-metal
catalysis, organocatalytic cascade reactions provide an alter-
native powerful strategy for the preparation of spirocyclic
oxindoles. After [3++2] cycloadditions catalyzed by chiral
tertiary phosphines[5] or amines[6] had been reported, hydro-
gen bond donor catalyzed cascade reactions,[7] Michael–
Michael reactions promoted by primary[8] or secondary
amines,[9] NHC-catalyzed processes,[10] as well as alkylations
mediated by phase transfer catalysts (PTCs)[11] were devel-
oped. More recently, synergistic catalysis[12] and C¢H bond
oxygenation[13] were also applied to the asymmetric construc-
tion of five-membered spirocyclic oxindoles.

Inspired by our ongoing interest in the development of
reactions towards spirocyclic oxindoles[14] and previous work

on nitrosoarenes,[15] we hypothesized that the addition of
b-dicarbonyl compounds to nitrosoarenes followed by
a Michael–Mannich sequence in the presence of a bifunctional
catalyst would be an appropriate strategy to prepare enan-
tioenriched spirocyclic oxindoles (Scheme 1d). As an inter-
esting electrophile, nitrosobenzene can react with ketones/
aldehydes to form either the a-aminooxylation[16] or the
a-oxyamination products[17] (Scheme 1a). However, very few
methods for the addition of b-dicarbonyl compounds[18] to
nitrosoarenes to generate a-imino-b-dicarbonyl compounds
have been reported thus far, and they all suffer from low
yields (Scheme 1 b). These products are very useful synthons
that bear multiple nucleophilic and electrophilic sites. To the
best of our knowledge, the application of these novel
ketimines in asymmetric synthesis has not been reported
thus far.

At the outset of this study, a method for the preparation of
a-imino-b-dicarbonyl compounds was developed. We were
pleased to find that such a compound could be isolated in
nearly quantitative yield when acetylacetone (1a) and nitro-
sobenzene (2a) were coupled in the presence of 2 mol % of
quinine-derived squaramide A. In other words, the addition
promoted by the bifunctional catalyst was highly selective for
N-addition, and any O-addition products were not observed.
Meanwhile, the bifunctional catalyst exhibited good activity
in this Michael addition. Therefore, we attempted to prepare
various spirocyclic oxindoles through a one-pot process using
only one catalyst.

Considering that both nitrosoarenes and methyleneindo-
linones are electrophilic, we initially investigated the one-pot

Figure 1. Bioactive five-membered spirocyclic oxindoles.
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process through the stepwise addition of one electrophile for
each stage of the process. First, acetylacetone (1 a) and
nitrosobenzene (2a) were allowed to react in the presence of
2 mol% of quinine-derived squaramide A in CHCl3 at room
temperature for two hours. After the nitrosobenzene had
been consumed, methyleneindolinone 3 a was added directly,
and the reaction mixture was stirred for another 48 hours. To
our delight, the desired five-membered spirocyclic oxindole
4a was formed in 80 % yield with > 20:1 diastereoselectivity
and 96 % ee (Table 1, entry 1). Thereafter, the catalyst loading
and different solvents were examined, showing that 2 mol%
of A and CHCl3 were optimal. The addition of 4 è molecular
sieves[18a] was beneficial for the dehydration of the adducts
and the enantioselectivity of the following cyclization
(entry 2).

With the optimized conditions in hand, the substrate
scope was studied. As shown in Scheme 2, b-dicarbonyl
compounds bearing different carbon chains were tested under
the optimized conditions. Several derivatives were obtained
in moderate to excellent yields (4a–4e, 31–94 %) with
excellent diastereoselectivities (> 20:1 d.r. in all cases) and
enantioselectivities (95–99 % ee). Notably, the reaction of 3,5-
heptanedione with nitrosobenzene proceeded well, but the
following Michael addition did not take place to furnish the
desired product 4 f. Moreover, both electron-withdrawing and
electron-donating groups on the aryl ring of the methyle-
neindolinone were well-tolerated, and the corresponding
products were obtained in moderate to good yields (4g–4 i,
76–87%) and excellent diastereoselectivities (> 20:1 d.r.) and
enantioselectivities (up to> 99% ee). With substitution at the
4-position of methyleneindolinone, the desired products were
formed in excellent enantioselectivity (98% ee), albeit in
lower yield (4j, 68%) and diastereoselectivity (4:1 d.r.).

Furthermore, we evaluated
methyleneindolinones with
various electron-withdrawing
groups (R4) at the methylene
position under the standard
reaction conditions. These
reactions delivered the desired
products in moderate to excel-
lent yields (4k–4n) with excel-
lent stereoselectivities (> 20:1
d.r., 96–98 % ee). The intro-
duction of benzoyl (4o) or
diacetyl groups (4p)[19] was
detrimental for both the reac-
tivity and selectivity. The abso-
lute configuration of product
4e was assigned by X-ray
diffraction.[19] Finally, the in-
fluence of the electronic char-
acter of the nitrosoarene was
examined. Both methoxy- and
bromo-substituted nitrosoben-
zene afforded the desired
products (4q and 4r) in good
yields (63 and 85%) and ste-
reoselectivities (> 20:1 d.r.,
97% ee).

Scheme 1. Highly selective N-addition and Michael–Mannich/aldol sequences towards spirocyclic oxin-
doles. EWG =electron-withdrawing group, PG =protecting group.

Table 1: Optimization of the Michael–Mannich reaction for the synthesis
of five-membered spirocyclic oxindoles.

Entry[a] Catalyst [mol%] Solvent Yield[b] [%] ee[c] [%]

1 2 CHCl3 80 96
2[d] 2 CHCl3 94 98
3 1 CHCl3 33 95
4 4 CHCl3 80 96
5 2 CCl4 77 97
6 2 CH2Cl2 85 95
7 2 THF 82 96
8 2 toluene 76 95

[a] Unless otherwise noted, all reactions were performed with 1a
(0.22 mmol, 1.1 equiv), 2a (0.2 mmol, 1.0 equiv), 3a (0.3 mmol,
1.5 equiv), and catalyst A (0.004 mmol, 2 mol%) in 0.2 mL of the
indicated solvent. The diastereomeric ratios were determined by
1H NMR spectroscopy of the crude reaction mixtures (>20:1 d.r. in all
cases). [b] Yield of isolated product. [c] Determined by HPLC analysis on
a chiral stationary phase. [d] 4 ç molecular sieves (M.S.; 50 mg) were
added. Boc = tert-butyloxycarbonyl.
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To illustrate the preparative utility of this asymmetric one-
pot reaction, a gram-scale reaction was conducted under the
standard conditions (Scheme 3). The five-membered spirocy-
clic oxindole 4a was obtained in good yield (76%) with
excellent diastereoselectivity (> 20:1 d.r.) and slightly
decreased enantioselectivity (96% ee). The reaction was

also run in toluene, which would be more
convenient in potential industrial applica-
tions, where it also proceeded smoothly,
giving the desired product 4a in 70 % yield
with excellent diastereoselectivity (> 20:1
d.r.) and enantioselectivity (95% ee).

To investigate the stereochemical out-
come of this one-pot reaction, specific
control experiments were designed and
performed (Scheme 4). First, unprotected
or benzyl-protected methyleneindolinones
did not afford the desired products.
Second, benzyloxycarbonyl-protected
methyleneindolinone furnished the
desired product with decreased enantiose-
lectivity (91% ee). These results demon-
strate that the Boc group, which is a hydro-
gen-bond acceptor and electron-deficient,
is essential for activating the methylenein-
dolinones. Also, the steric hindrance of the
Boc moiety is beneficial to the enantiose-
lectivity of the reaction. A proposed mech-
anism is depicted in Scheme 4. Enolization
of acetylacetone promoted by the tertiary
amine group of the bifunctional catalyst is
followed by N-selective addition to nitro-
sobenzene under basic conditions. The
resulting ketimine is then transformed
into the corresponding enoate, and the
methyleneindolinone is activated by the
same catalyst.[20] Subsequent intermolecu-
lar Michael addition and the final irrever-
sible cyclization proceed smoothly to
afford the enantioenriched product.

In conclusion, a highly efficient
method for the preparation of a-imino-b-
dicarbonyl compounds under mild condi-
tions has been developed. The resulting
ketimines with multiple active sites pro-
vide simple and efficient access to five-
membered spirocyclic oxindoles bearing
three contiguous stereocenters and two

adjacent quaternary centers from readily available substrates
in excellent yields (up to 94%) and stereoselectivities (up to
> 20:1 d.r.,> 99% ee). The one-pot reaction was easily scaled
up and performed in the presence of only 2 mol% of
a bifunctional quinine-derived squaramide catalyst. Further
explorations of new transformations based on multi-active

synthons are ongoing in our laboratory and will be
reported in due course.

Experimental Section
General procedure: A solution of the quinine-derived
squaramide (2.5 mg, 0.004 mmol, 2 mol%), 1a (23 mL,
0.22 mmol, 1.1 equiv), 4 è molecular sieves (50 mg), and
2a (21.4 mg, 0.20 mmol, 1.0 equiv) in CHCl3 (0.2 mL) was
vigorously stirred at room temperature (25 88C) for 2 h.
Then, 3a (96 mg, 0.3 mmol, 1.5 equiv) was added to the

Scheme 2. Scope of the one-pot reaction.

Scheme 3. Gram-scale one-pot reaction.

Angewandte
Chemie

13255Angew. Chem. Int. Ed. 2015, 54, 13253 –13257 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


yellow solution. The mixture was stirred at room temperature for
48 h. Upon complete consumption of the intermediate, the mixture
was directly subjected to flash column chromatography on silica gel
(petroleum ether/ethyl acetate/dichloromethane = 7:1:1) to afford the
desired product.
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