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ABSTRACT

The efficient assembly of hydroindane derivatives incorporating a spirooxindole motif was realized via a new three-component domino reaction
of (E)-4-(1-methyl-2-oxoindolin-3-ylidene)-3-oxobutanoates and two molecules of r,�-unsaturated aldehydes under quadruple iminium-enamine-
iminium-enamine catalysis. The complex products bearing six contiguous stereogenic centers were obtained in excellent stereoselectivities
(96->99% ee, >99% de).

The economic and effective concerns in organic synthesis
provoke increasing attention because of the current emphasis
on the development of green and sustainable chemistry.1 The
catalytic domino or cascade reactions would satisfy most of
the criteria for such purposes, and consequently, many efforts
have been devoted to this area.2 Over the past years, fruitful
results on asymmetric domino reactions have been presented
by the catalysis of environmentally benign small organic

molecules.3 Among them, the elegant combination of enam-
ine and iminium activation modes for carbonyl compounds
by amine catalysts provides a very attractive strategy for the
design of asymmetric domino sequences, from which a
diversity of multifunctional products, including variously
structured carbocycles and heterocycles, have been gener-
ated.4 Currently, the expansions to exemplify the power of
domino aminocatalysis are actively continuing.5 Neverthe-
less, the examples involving multiple catalytic modes, which
can allow rapid constructions of high levels of molecular
complexity and stereoselectivity, are still limited.6

Recently, we have developed a highly stereoselective
domino Michael-Wittig reaction of (3-carboxy-2-oxopro-
pylidene)triphenylphosphoranes and R,�-unsaturated alde-
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hydes to access chiral cyclohex-2-en-1-ones by using imi-
nium catalysis as the key stereocontrolling step.7 On the other
hand, we and Melchiorre et al. independently reported an
efficient three-component cascade reaction of aliphatic al-
dehydes, 3-olefinic oxindoles, and R,�-unsaturated aldehydes
to deliver spirooxindoles incorporating a six-membered cyclic
moiety by triple enamine-iminium-enamine catalysis.8,9

Based on these achievements, we were intrigued in the design
of a novel type of multifunctional synthons 2, 3-oxo-4-(2-
oxoindolin-3-ylidene)butanoates, which possess multiple
reactive sites and might successively perform as nucleo-
philes and electrophiles in a proper cascade process. We
envisaged that a three-component domino reaction of 2
and two molucules of R,�-unsaturated aldehydes might
be feasible by a quadruple iminium-enamine-iminium-
enamine catalysis of chiral secondary amine, such as
readily available R,R-diphenylprolinol O-TMS ether 1,10

as oultined in Scheme 1. Thus, densely substituted
hydroindane frameworks 3 incorporating an interesting
spirooxindole motif would be constructed with high
synthetic economy and effectiveness.11

Inspired by these considerations, we initially investigated
the domino reaction of multifunctional substrate 2a and
excess crotonaldehyde (4 equiv) by the catalysis of 1a (20
mol %) and benzoic acid (BA) in toluene at ambient
temperature.12 To our gratification, 2a was consumed
smoothly, and the desired fused carbocycle 3a, bearing six
contiguous stereocenters, was isolated in 28% yield with
excellent stereoselectivity (Table 1, entry 1, >99% ee, >99%

de), while a few unidentified byproducts were also observed.
Subsequently, some solvents were screened (entries 2-5),
and a slightly better yield was obtained in 1,2-dichloroethane
(DCE, entry 5). Similar data were afforded when benzoic
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Scheme 1. Proposed Quadruple Aminocatalytic Domino
Sequences to Fused Carbocycles

Table 1. Screening Studies of Domino Reaction of
Multifunctional 2 and Excess Crotonaldehydea

entry solvent enal (equiv) additive time (h) yieldb (%) eec (%)

1 toluene 4 BA 4 28 >99
2 PhCF3 4 BA 5 34 >99
3 THF 4 BA 24 <10
4 DCM 4 BA 24 <10
5 DCE 4 BA 14 43 >99
6 DCE 4 OFBA 14 34 >99
7 DCE 4 AcOH 22 44 >99
8 DCE 2.1 + 1 BA 24 55 >99
9d DCE 2.1 + 1 BA 30 60 >99
10d,e DCE 2.1 + 1 BA 70 66 >99
11d,e,f DCE 2.1 + 1 BA 36 66 >99

a Unless otherwise noted, reactions were performed with 0.1 mmol of
2a, excess crotonaldehyde, 20 mol % of 1, and acid in 1.0 mL of solvent
at rt. b Yield of isolated 3. c Based on chiral HPLC analysis; >99% de. d In
2.0 mL of solvent. e 2b was used; yield for 3b. f At 35 °C.
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acid was replaced by o-fluorobenzoic acid (OFBA, entry 6)
or acetic acid (entry 7). We found that the yield could be
improved by adding crotonaldehyde in two potions and
diluting the reaction solution (entries 8 and 9). Moreover,
cleaner reaction was attained when 2b with a tert-butyl ester
group was applied (entry 10), even at higher reaction
temperature (entry 11).

Consequently, the substrate scope and limitations were
explored under the optimized reaction conditions. The results
were summarized in Table 2. For multifunctional substrate

2b, a number of R,�-unsaturated aldehydes with a �-aryl
group, either bearing electron-withdrawing or electron-
donating substitutions, could be efficiently utilized. The
expected spirocyclic compounds 3c-g were obtained in good
to high yields and excellent stereoselectivities (entries 2-6).
The results were also remarkable for an enal with a heteroaryl
substitution (entry 7), and the structure of product 3h was
unambiguously determined by X-ray crystallographic analy-
sis (Figure 1). Interestingly, the regioselective Michael
addition could be realized when 2,4-hexadienal was em-

ployed. Product 3i possessing more functionalities was
isolated in outstanding stereoselectivity, albeit in low yield
(entry 8). The introduction of electron-donating substituent
to oxindole moiety provided slightly better outcomes in the
domino reaction (entries 9 and 10).13 On the other hand, we
hope to introduce more substitution diversity into the cyclic
products. After the domino Michael-Michael reaction of 2
and 1 equiv of a �-aryl-substituted enal was complete, from
which intermediate B, depicted in Scheme 1, would be
generated, excess crotonaldehyde was added to continue the
cascade Michael-aldol sequences. Such a tandem one-pot,
three-component reaction was successful, and better results
were obtained when substrate 2a was applied. The fused
carbocycles 3l-p were directly isolated in excellent stereo-
selectivities, while the yields were fair due to more possible
reaction pathways (entries 11-15).

It was pleasing that the in situ generated intermediate B
could be also applied in a highly diastereoselective Michael
addition-Henry reaction with nitroolefins.8a As illustrated

(12) For the synthesis of multifunctional substrates 2, see the Supporting
Information.

(13) Substrates 2 with electron-withdrawing groups on the oxindole motif
are unstable, and destruction occurs even at room temperature.

Scheme 2. Synthetic Expansion of the Domino
Michael-Michael Intermediate

Table 2. Substrate Scope and Limitationsa

entry 2 R2 R3 time (h) yieldb (%) eec (%)

1 2b Me Me 36 3b, 66 >99
2 2b Ph Ph 24 3c, 73 >99
3 2b p-FPh p-FPh 24 3d, 91 >99
4 2b m-ClPh m-ClPh 21 3e, 81 >99
5 2b o-BrPh o-BrPh 20 3f, 84 >99
6 2b p-MeOPh p-MeOPh 19 3g, 78 >99
7 2b 2-thienyl 2-thienyl 40 3h, 93 >99d

8 2b 1-propenyl 1-propenyl 41 3i, 30 >99
9 2c Me Me 48 3j, 69 >99
10 2d Ph Ph 11 3k, 97 >99
11e 2a Ph Me 31 3l, 40 >99
12e 2a o-ClPh Me 68 3m, 47 96
13e 2a p-MeOPh Me 70 3n, 45 >99
14e 2a 2-thienyl Me 68 3o, 32 >99
15e 2a Ph 1-propenyl 72 3p, 30 >99

a Unless otherwise noted, reactions were performed with 0.1 mmol of
2, 2.2-3.1 mmol of enal, 20 mol % of 1, and benzoic acid in 2.0 mL DCE
at 35 °C. See the Supporting Information for details. b Yield of isolated 3.
c Based on chiral HPLC analysis; >99% de. d The absolute configuration
of 3h was determined by X-ray crystallographic analysis (Figure 1). The
other products were assigned by analogy. e After the consumption of 2a
with a �-aryl-substituted enal (1.1 equiv, at rt, for 2 h), another enal (1.5
equiv) was added at 35 °C.

Figure 1. X-ray structure of enantiopure 3h.
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in Scheme 2, the one-pot, three-component tandem reaction
of substrate 2a, cinnamaldehyde, and �-nitrostyrene smoothly
afforded the fused and spiro carbocycle 4 with eight
contiguous chiral centers in an enantiopure form.

In conclusion, we have designed a new type of multifunc-
tional synthons, (E)-4-(1-methyl-2-oxoindolin-3-ylidene)-3-
oxobutanoates 2. They have been successfully applied in a
three-component, domino Michael-Michael-Michael-aldol
process with two molecules of R,�-unsaturated aldehydes
under quadruple iminium-enamine-iminium-enamine ca-
talysis. A spectrum of enantiomeric hydroindane derivatives,
bearing six contiguous stereocenters and a spirooxindole
motif, were delivered in a highly economic and effective
manner. Moreover, their one-pot, three-component tandem
reaction with R,�-unsaturated aldehydes and nitroolefins was
accessible, and a complex polycyclic framework with up to

eight contiguous chiral centers has been assembled with
remarkable efficacy. Currently, more synthetic applications
and transformations are underway in our laboratory.
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