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Abstract: A bifunctional squaramide-catalyzed Mi-
chael/Michael cascade reaction for the construction
of spirotetrahydrofuran bispirooxindoles was devel-
oped. The products were obtained in moderate to ex-
cellent yields with excellent diastereo- and enantio-
selectivities (up to >20:1 dr, >99% ee). This
straightforward process serves as a powerful method
for the enantioselective construction of potentially
bioactive bispirooxindoles in which two of the four

contiguous chiral centers are spiro all-carbon quater-
nary centers on a single tetrahydrofuran ring. Mean-
while, the synthetic practicality of this methodology
was illustrated by performing the reaction on
a gram-scale with the same efficiency and stereose-
lectivity.
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Introduction

Obtaining optically pure compounds with potential
biological activity is a major challenge in drug discov-
ery. To meet the ever increasing demand for privi-
leged scaffolds in medicinal chemistry and chemical
biology, organic chemists must attempt to synthesize
optically active complex compounds having significant
structural diversity from simple and readily available
materials in an efficient and operationally simple pro-
cedure.[1] The spirooxindoles with a spiro center at
the 3-position of the oxindole ring, often containing
multiple stereocenters, are considered as privileged
molecular structures associated with potent pharma-
ceutical properties.[2]

The pioneering researches by the groups of List,
MacMillan, and Jørgensen[3] on organocatalytic
domino/cascade reactions have opened a new range
of opportunities for the efficient asymmetric synthesis
of complex molecular structures bearing several con-
tiguous stereocenters in operationally simple proce-
dures.[4] In fact, organocatalytic cascade reactions
have already been employed in the enantioselective
synthesis of various spirooxindoles.[5] The leading con-
struction of bispirooxindoles in a cascade reaction
was reported by Tan, Barbas III and co-workers in
2011.[6] However, the asymmetric synthesis of bispiro-ACHTUNGTRENNUNGoxindoles is still recognized as a challenging task

since it is difficult to produce densely functionalized
carbocycles with multiple contiguous stereocenters
and at least two all-carbon quaternary centers.[7] In
this context, the development of more flexible syn-
thetic strategies for the stereoselective construction of
structurally diverse bispirooxindoles is still needed.
Herein, we attempted to develop an organocatalyzed
asymmetric cascade approach to constructing bispiro-ACHTUNGTRENNUNGoxindole frameworks.

On the other hand, 3-hydroxy-2-oxindoles, which
are easily derived from isatin by simple reduction,
have been used as nucleophiles in the asymmetric cat-
alytic synthesis of 3-substituted 3-hydroxyoxindoles.[8]

We envisioned that a kind of new cascade reagent 2
bearing an active nucleophilic carbon and an electro-
philic site may be derived from isatin in two simple
steps (Scheme 1a). The electron induction of the
oxygen atom connected to the 3-position of the oxin-
dole ring in compound 2 was expected to increase the
nucleophilicity of the oxindole C-3.

Appropriate reaction conditions were thus investi-
gated to avoid the competitive self-assembly of 3-sub-
stituted oxindole cascade reagents 2 in the presence
of NMM. The cascade reagents were successfully syn-
thesized afterwards. To evaluate the reactivity of
these newly designed 3-substituted oxindole cascade
reagents, we have designed a squaramide-catalyzed[9]

cascade Michael/Michael reaction using these donor-
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Michael acceptor reagents with 3-olefinic oxindoles to
construct the complex bispirooxindoles. It is notable
that a highly functionalized bispirooxindole-tetrahy-
drofuran scaffold with four contiguous stereogenic
centers, of which two are spiro all-carbon quaternary
centers on a single tetrahydrofuran ring, can be con-
structed in a simple operation under mild reaction
(Scheme 1b).

For this proposed reaction, however, two potential
challenges have to be addressed. One is the construc-
tion of highly sterically hindered and densely func-
tionalized tetrahydrofuran possessing six substituents
and bearing four contiguous stereogenic centers in-
cluding two spiro-stereocenters. The other is the con-
trol of diastereo- and enantioselectivity of this cas-
cade reaction in one operation.

Results and Discussion

To test the feasibility of this proposed reaction, we
chose the readily available isatin-derived enoate 1a
and the 3-substituted oxindole 2a as the model sub-
strates to carry out the screening of organocatalysts
for this cascade process (Table 1).

To our delight, in the presence of 5 mol% squar-ACHTUNGTRENNUNGamide I derived from quinine, the cascade Michael/
Michael addition was completed in toluene at room

Scheme 1. New cascade reagents – design and proposed
strategy towards bispirooxindoles. EWG= electron-with-
drawing group, PG=protecting group.

Table 1. Screening of organocatalysts and optimization of re-
action conditions for asymmetric synthesis of bispirooxin-
dole 3a.[a]

Entry Solvent Catalyst Yield[b][%] dr[c] ee[d] [%]

1 PhMe I 51 >20:1 90
2 PhMe II 48 >20:1 93
3 PhMe III 54 >20:1 93
4 PhMe IV 57 >20:1 94
5 PhMe V 49 >20:1 �94
6 PhMe VI 46 >20:1 �93
7 PhMe VII 61 >20:1 66
8 PhMe VIII 59 >20:1 89
9 PhMe IX 49 >20:1 36
10 CH2Cl2 IV 51 >20:1 87
11 CHCl3 IV 48 >20:1 85
12 xylene IV 46 >20:1 91
13 THF IV 66 >20:1 92
14 Et2O IV 63 >20:1 89
15 1,4-dioxane IV 43 >20:1 91
16 MeCN IV 26 >20:1 85
17[e] THF IV 62 >20:1 92
18[f] THF IV 68 >20:1 93
19[g] THF IV 57 >20:1 93
20[f,h] THF IV 72 >20:1 94
21[f,i] THF IV 75 >20:1 95

[a] Reaction conditions: 1a (0.17 mmol), 2a (0.15 mmol), cat-
alyst (5 mol%) in 0.75 mL solvent at room temperature
for 5 h.

[b] Isolated yield.
[c] Determined by 1H NMR.
[d] Determined by HPLC analysis.
[e] 10 mol% catalyst were used.
[f] 2.5 mol % catalyst was used.
[g] 1.0 mol% catalyst were used.
[h] The reaction was performed at 0 8C for 20 h.
[i] The reaction was performed at �10 8C for 30 h.
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temperature in 3 h, and afforded the desired product
3a in 51% yield (>20:1 dr, 90% ee) (Table 1, entry 1).
It should be noted that this reaction performed com-
pletely within 3 h and the by-products are also gener-
ated at the same time. Besides the main spot of the
product 3a, several fuzzy spots that may be other iso-
mers can be observed on TLC detection. We are as
yet not able to isolate and identify the by-products.
With the above result in hand, we evaluated a small
library of organocatalysts (Figure 1) for this cascade
reaction.

Encouraged by this promising result, we next exam-
ined a series of bifunctional H-bond squaramide cata-
lysts derived from different privileged chiral scaffolds
(Table 1, entries 2–8). The results demonstrate that
the chiral squaramide catalysts displayed different
catalytic efficiencies in this reaction, and squaramide
IV derived from hydroquinine was proved to be the
most efficient catalyst with respect to both the yield
(57%) and the stereoselectivity (>20:1 dr, 94% ee) of
the reaction (Table 1, entry 4). In addition, for com-
parison with the used squaramides, the corresponding

quinine-derived thiourea IX was also evaluated
(Table 1, entry 9). Unfortunately, no further improve-
ment was observed.

In order to improve the yield and stereoselectivity
of the reaction, further optimization was carried out
using squaramide IV as the catalyst. We investigated
the effect of solvent, catalyst loading and temperature
to define the optimal reaction conditions (Table 1, en-
tries 10–21). Subsequent investigations on solvent
effect showed that the reaction medium played an im-
portant role in this reaction (Table 1, entries 10–16),
and THF gave the best overall results (66% yield,
>20:1 dr, and 92% ee) (Table 1, entry 13). Subse-
quently, the catalyst loading of reaction was evaluated
(Table 1, entries 17–19). We found that a better result
was obtained when reducing the catalyst loading to
2.5 mol% (Table 1, entry 18). Additionally, it is neces-
sary to note that the temperature exerted a remark-
able effect on the reaction outcome. The yield and
enantioselectivity of the reaction were all improved
when lowering the temperature to 0 8C (Table 1,
entry 20). When the temperature was lowered to
�10 8C, we were glad to find that the result has been
slightly improved (Table 1, entry 21). Considering the
reaction time, we stopped lowering the temperature.

With the optimized reaction conditions in hand, we
then explored the generality of the reaction. The re-
sults are shown in Scheme 2. Initially, structural varia-
tions were made on the 3-olefinic oxindoles 1. A vari-
ety of 3-olefinic oxindoles bearing aromatic enones
were tested, and all these substrates could undergo
the cascade Michael/Michael reaction smoothly to
afford the desired spirooxindoles 3b–i. The presence
of either electron-withdrawing (3c and 3d) or elec-
tron-donating groups (3e–g) on the aromatic rings of
3-olefinic oxindoles is well tolerated, which indicates
that the electronic nature of the substituents on the
aromatic rings has little influence on this cascade re-
action. The position of the substituent on the aromat-
ic ring of aromatic enone also has little effect on the
stereoselectivity (3f and 3g). Additionally, a heterocy-
clic substrate was also amenable to this cascade reac-
tion and afforded the corresponding product 3i. We
have also examined a 3-olefinic oxindole bearing an
aliphatic enone. It reacted smoothly with 2a with
a high conversion rate, but the reaction did not afford
any separable compounds. The N-Boc (tert-butyloxy-
carbonyl)-3-olefinic oxindoles with electron-withdraw-
ing or electron-donating groups could give the corre-
sponding products (3j and 3k) smoothly. Furthermore,
we examined the effects of the N-protecting group of
the oxindole. When reacting with 2a, the N-unprotect-
ed, N-methyl and N-benzyl 3-olefinic oxindoles show
lower reactivity than that of N-Boc (tert-butyloxy car-
bonyl), and these substrates could give the corre-
sponding products (3l–n) with significantly improved
yields and enantioselectivities. Among them, the N-

Figure 1. Squaramide and thiourea organocatalysts.

Adv. Synth. Catal. 0000, 000, 0 – 0 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3

These are not the final page numbers! ��

FULL PAPERS asc.wiley-vch.de

http://asc.wiley-vch.de


benzyl 3-olefinic oxindole gave the best results (96%
yield, >20:1 dr and >99% ee). We observed that
there is only one desired product each of 3l–n and no
detectable by-products by TLC detection.

Then, various N-benzyl 3-olefinic oxindoles were
further tested, and all these substrates could undergo
the cascade Michael/Michael reaction smoothly to

afford the desired bispirooxindoles (3o–u). Similarly,
the presence of either electron-withdrawing (3o, 3p,
3q and 3u) or electron-donating groups (3r and 3s) on
the aromatic rings of the 3-olefinic oxindoles is well
tolerated, which indicates that the electronic nature
of the substituents on the aromatic rings has little in-
fluence on this cascade reaction. Moreover, we also

Scheme 2. Substrate scope; reaction conditions: 1 (0.17 mmol), 2 (0.15 mmol), and catalyst IV (2.5 mol%) in 0.75 mL THF
were stirred at �10 8C. The diastereoselectivities (dr) of the products were determined by 1H NMR. The ee values of the
products were determined by HPLC.
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tried to use chalcone as the substrate. Unfortunately,
no reaction was observed, this may be due to the rela-
tively low reactivity of chalcone.

However, the position of the substituent on the aro-
matic ring of the 3-olefinic oxindoles has an obvious
effect on the yield. The yields of the corresponding
products given by 4-substituted (3o) or 7-substituted
(3u) 3-olefinic oxindoles were relatively lower than
those from 5-substituted 3-olefinic oxindoles. It was
subsequently found that two other cascade reagents
with different N-protection groups (methyl or allyl)
also gave positive results in this cascade reaction (3v
and 3w). Finally, we also examined one 5-substituted
donor-Michael acceptor reagent for this cascade pro-
cess and the corresponding product 3x was also ob-
tained with excellent yield and stereoselectivity.

The absolute configuration of the product was elu-
cidated by single crystal X-ray diffraction analysis of
3d.[10] The absolute configuration of 3d was deter-
mined as (3S,3’S,4’S,5’S) (Figure 2), and the configura-
tions of the other products were assigned by analogy.

To illustrate the preparative utility of this asymmet-
ric cascade Michael/Michael reaction, a gram-scale re-
action was also conducted under the same conditions
(Scheme 3). Compared with 0.15 mmol scale, the bis-
pirooxindole 3n was obtained in slightly decreased
yield (92%) with the same excellent diastereoselectiv-
ity (>20:1 dr) and enantioselectivity (>99% ee).

The DBU-catalyzed reaction for the synthesis of
racemic product 3 with excellent diastereoselectivity
implies that the diastereoselectivity of this cascade re-
action is the typical result of a substrate-controlled re-
action. According to the absolute configuration of re-
action product 3a, we propose a tandem reaction
mechanism (Scheme 4). 3-Olefinic oxindole 1a is as-
sumed to be activated and oriented by the hydrogen
bonds of the squaramide, meanwhile the tertiary ni-
trogen of the hydroquinine provides suitable basicity
to enhance the nucleophilicity of 3-substituted oxin-

dole 2a. Initially, the anion of 2a attacks 1a from the
Si-face via transition state A, which undergoes the
first intramolecular Michael addition and gives inter-
mediate B. Then, a second intramolecular Michael ad-
dition caused by the generated 3-alkyl-indolin-2-one
anion attacking the enoate from the Re-face forms
the transition state C, which delivers the product 3a
and regenerates the bifunctional catalyst IV after
a protonation process.

Conclusions

In conclusion, we have synthesized a new type of cas-
cade reagent, and successfully applied it in the asym-
metric cascade Michael/Michael reaction as a donor-
Michael acceptor substrate for the construction of spi-
rotetrahydrofuran bispirooxindoles. The correspond-
ing products were obtained in moderate to excellent
yield (up to 96%) with excellent diastereo- and enan-
tioselectivities (up to >20:1 dr, 99% ee). This
straightforward cascade process, catalyzed by a bifunc-
tional chiral squaramide catalyst, serves as a powerful
method for the enantioselective construction of po-
tentially bioactive bispirooxindoles with four contigu-
ous sterocenters, of which two are spiro all-carbon
quaternary centers on a single tetrahydrofuran ring.
Meanwhile, this cascade sequence can be scaled up
with the same efficiency and stereoselectivity.

Experimental Section

General Procedure for the Synthesis of the
Racemates of 3

To a dried small bottle were added 2 (0.05 mmol), 1,8-diaza-
bicyclo[5.4.0]undec-7-ene (DBU) (0.8 mg, 0.005 mmol,

Figure 2. X-ray crystal structure of 3d.

Scheme 3. Gram-scale synthesis of 3n.
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0.1 equiv.) and THF (0.25 mL). The mixture was stirred at
room temperature for 15 min, and 1 (0.06 mmol) was then
added. After stirring at room temperature for 12 h, the reac-
tion mixture was concentrated and directly purified by silica
gel column chromatography to afford the racemates of 3.

General Procedure for Squaramide-Catalyzed
Enantioselective Cascade Michael/Michael Reaction

To a dried small bottle were added 2 (0.15 mmol) and cata-
lyst IV (2.0 mg, 0.00375 mmol, 2.5 mol%) in THF (0.75 mL).
The mixture was stirred at �10 8C for 15 min, and
1 (0.17 mmol) was then added. After stirring at �10 8C for
30–72 h, compound 2 was completely consumed as detected
by TLC analysis (petroleum ether/EtOAc 2:1). After that,
the reaction mixture was concentrated and directly purified
by silica gel column chromatography to afford the desired
product 3.
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