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Abstract This account describes the strategies for the synthesis of
functionalized spirooxindole polycycles, including enantiomerically en-
riched forms, that we have developed and reported. The syntheses of
these complex molecules were accomplished in a few steps starting
from relatively simple oxindole derivatives and other reactants. Organo-
catalytic reactions involved in kinetic resolution or in dynamic kinetic
transformation led to the formation of products with high diastereo-
and/or enantioselectivities. Cyclic 1,3-diones, such as 1,3-cyclohexane-
dione, were used as reactants to provide two reaction sites for the con-
struction of polycyclic ring systems. To tune the reaction conditions, 2-
methyl-1,3-cyclohexanedione was employed. The developed methods
enabled the synthesis of complex functionalized spirooxindole polycy-
cles bearing up to seven stereogenic centers, and will be useful for the
synthesis of potentially bioactive molecules.
1 Introduction
2 Formal (4+1) Cycloaddition and Enantioselective Michael/Henry

Cascade Reactions
3 Dynamic Stereoselective Aldol/Oxacyclization Cascade Reactions
4 Dynamic Kinetic Asymmetric Transformation: Diastereo- and En-

antioconvergent Michael/Henry Reactions
5 Dimerization Reactions
6 Conclusion

Key words asymmetric catalysis, annulation, cycloadditions, enanti-
oselectivity, Michael addition, organocatalysis

1 Introduction

Spirooxindole derivatives and polycyclic ring systems,

such as spirodecanes, all-carbon tricycles, and pyran poly-

cycles, are found in many bioactive natural products.1–4

Scheme 1  Syntheses of spirooxindole tricarbocycles
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Consequently, we have developed strategies for the synthe-

sis of spirooxindole polycycles.2–5 Here we describe our pre-

viously reported strategies for concise syntheses of complex

functionalized spirooxindole polycyclic derivatives, includ-

ing enantiomerically enriched derivatives.2–5

In one strategy for the synthesis of spiro polycyclic sys-

tems, cyclic 1,3-dione derivatives, such as 1,3-cyclohexane-

dione, were used as reactants.2–4 These reactions are de-

scribed in Sections 2–4. One or two bonds can be formed at

the C(2)-position of cyclic 1,3-dione derivatives and the ke-

tone carbonyl groups of these derivatives can also serve as

reaction sites. Depending on the reactions on the cyclic 1,3-

dione, chiral centers can be generated. In our second strate-

gy, 2-methyl-1,3-cyclohexanedione was used as a molecule

to tune the reaction conditions for the formation of polycy-

clic products:5 this is described in Section 5.

2 Formal (4+1) Cycloaddition and Enanti-
oselective Michael–Henry Cascade Reactions

Spirooxindole polycycles containing a spiro[4,5]decane

ring systems were synthesized in two steps (Scheme 1).2

The first step was a formal (4+1) cycloaddition reaction

(Scheme 1a), and the second step was a Michael-Henry cas-

cade reaction (Scheme 1b). Enone derivatives 1 were used

as C4 reactants, and cyclic 1,3-diones 2 were used as C1 re-

actants to form the spiro[4,5]decane systems. Thus, deriva-

tives 1 served as formal double Michael acceptors, and the

cyclic 1,3-diones 2 served as nucleophiles to afford spiro

compounds 3 in the first step (Scheme 1a). In the second

step, the -position of the amide carbonyl group of the ox-

indole derivatives 3 serves as a nucleophile, and one of the

ketone carbonyl groups of the cyclic 1,3-dione moiety

serves as an electrophile (Scheme 1b).

In the first step, product 3 was obtained as the major di-

astereomer from the reaction of 1 with 2 in the presence of

triflic acid as a catalyst (Scheme 1a). Although product 3

contains three stereogenic centers, only two diastereomers

were obtained. For the second step, catalytic, highly diaste-

reo- and enantioselective Michael–Henry cascade reactions

of 3 with nitroalkenes, with quinine (0.05 equiv) as a cata-

lyst, were achieved through kinetic resolution to afford

spirooxindole polycycles 4 (Scheme 1b). The kinetic resolu-

tion was also optimized for the formation of highly enantio-

merically enriched products 3. The enantiomer of 3a that

was recovered after the formation of 4a was transformed

into ent-4 in the presence of quinidine (Scheme 1c).

Notably, products 4 have seven stereogenic centers, in-

cluding two all-carbon quaternary centers and one tetra-

substituted carbon center. Our strategy therefore enables

the diastereo- and enantioselective formation of highly

complex spiro polycyclic molecules in two steps.
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3 Dynamic Stereoselective Aldol-Oxacycliza-
tion Cascade Reactions

Enantiomerically enriched spiro[4,5]decane derivatives

3, obtained through the kinetic resolution described above,

were used in reactions with arylglyoxals to afford spiroo-

xindole pyran polycycles (Scheme 2a).3 In these reactions,

spiro compound 3 was isomerized to diastereomer 5 during

the reaction in the presence of DBU (0.2 equiv), and isomers

5 reacted with the arylglyoxals to form product 6. Product

formation from 3 without isomerization did not occur. The

isomerization of 3 resulted in the formation of only diaste-

reomer 5; no other diastereomers were detected. Subse-

quently, product 5 reacted with an arylglyoxal, leading to

the construction of a new ring, and resulting in the forma-

tion of products 6 through a stereoselective aldol-oxacy-

clization cascade reaction. The use of enantiomerically en-

riched 3 resulted in the formation of enantiomerically en-

riched product 6 as single diastereomer. Products 6 have six

stereogenic centers, including two all-carbon quaternary

centers and one tetrasubstituted carbon center.

Whereas products 4 obtained from 3 through the Mi-

chael–Henry cascade reaction described in Section 2 had a

trans–cis relationship for the formed 5–6–6 ring system,

products 6 obtained from 5 had a cis–cis relationship for the

5–6–6 ring system. During the formation of 4 from 3, two

C–C bonds are formed in the cascade reaction, and a cyclo-

hexane ring is constructed. For the formation of 6 from 5,

C–C and C–O bonds are formed, and a pyran ring is pro-

duced. The differences in the stereochemistries of the ring

systems may originate from the differences in C–C and C–O

bond lengths. The dynamic reaction system involved in the

isomerization allows bond formation at a specific face of a

specific ketone carbonyl group in the annulation step.

Compound 6a, one of the spirooxindole pyran polycy-

cles obtained from the aldol-oxacyclization reactions, was

used for further transformations to afford various spiroo-

xindole polycycles 7a–d (Scheme 2b).

4 Dynamic Kinetic Asymmetric Transforma-
tion: Diastereo- and Enantioconvergent 
Michael-Henry Reactions

Asymmetric constructions of spirooxindoles polycycles

bearing furan-fused rings were achieved through Michael–

Henry reactions of oxindole-functionalized dihydrobenzo-

furanones with nitrostyrenes, catalyzed by a quinine-de-

rived tertiary-amine-containing catalyst (Scheme 3).4

Reactions of oxindole-derived enones 8 with 1,3-cyclo-

hexanediones 2 by sequential treatment with DBU and tri-

flic acid in one pot afforded dihydrobenzofuranones 9

(Scheme 3a). The DBU-catalyzed Michael addition was fol-

lowed by an acid-catalyzed furan-ring formation from the

1,4-diketone moiety. Products 9, which have central and

axial chiralities, were obtained as racemic mixtures of dias-

tereomers.

When dihydrobenzofuranones 9 were treated with ni-

troalkanes in the presence of a chinchona alkaloid-derived

catalyst (0.1 equiv), products 10 were obtained through a

Michael–Henry cascade reactions (Scheme 3b). During the

reaction, the diastereomers of 9 were isomerized and con-

verted into products 10 as single diastereomers with high

enantioselectivities. These reactions are dynamic kinetic

asymmetric transformations.

5 Dimerization Reactions

Cyclic 1,3-dione derivatives were used to tune the reac-

tion conditions to alter the products. When compounds 1

were treated with triflic acid in the presence of 2-methyl-

1,3-cyclohexanedione (2b), the spirooxindole octahydro-

pentalene derivatives 11 were obtained (Scheme 4a).5

These products were formed by dimerization of 1. It should

be noted that when 1a alone was treated with triflic acid,

Scheme 2  Synthesis of spirooxindole pyran polycycles
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the intramolecular oxa-Michael reaction product 12 was

formed (Scheme 4b).5,6 Treatment of 12 with dione 2b in

the presence of triflic acid did not alter 12, and no forma-

tion of 11 was detected (Scheme 4b).5 As described in Sec-

tion 2, when compounds 1 were treated with triflic acid in

the presence of 1,3-cyclohexanedione (2a), products 3 were

formed (Scheme 1a).2 Thus, addition of 2b to the reaction of

1a in the presence of triflic acid completely altered the re-

action pathway. Compound 2b tuned the reaction condi-

tions in these reactions, probably through its buffering

function in nonaqueous solutions.5

6 Conclusion

We have summarized our previously reported strategies

for the synthesis of complex, functionalized spirooxindole

polycycles. Our methods provide spirooxindole polycycles

bearing up to seven stereogenic centers as single diastereo-

mers in highly enantiomerically enriched forms through ki-

netic resolutions or dynamic kinetic asymmetric transfor-

mations. Cyclic 1,3-dione derivatives serve as reactants to

be incorporated into the products or can function as buffer-

ing molecules to tune the reaction conditions to alter the

products that are formed. We are continuing to develop

strategies to expand the range of the molecules that can be

synthesized to contribute to the chemistry of molecular

synthesis as well as to drug discovery efforts and biomedi-

cal research.
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