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ABSTRACT

An asymmetric organo- and gold-catalyzed one-pot sequential Mannich/hydroamination reaction has been developed. Using this protocol,
spiro[pyrrolidin-3,20-oxindole] derivatives were synthesized in good yields (up to 91%) and excellent enantioselectivities (up to 97% ee).

The spiro[pyrrolidin-3,20-oxindoles] are privileged struc-
tural motifs found in many biologically active natural and

unnatural compounds (Figure 1).1 For example, the spiro-
indolones including NITD609 have emerged as a novel
class of antimalarial drug candidates.1a Spirooxindolederiv-
atives have also shown antitumor,1d anti-inflammatory,1g

and antitubercular1f activities. However, synthesis of spiro-
[pyrrolidin-3,20-oxindoles], for a long time, has primarily
been limited to traditional cycloaddition syntheticmethods,
which produce racemic diastereomeric mixtures.1b�g To
date, only a few asymmetric synthetic methods have been
reported, such as those applying transition-metal catalysts,
organocatalysts, and N-heterocyclic carbene catalysts.2
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Owing to its importance for the discovery of new bioactive
compounds, development of new efficient methods for
asymmetric synthesis of spiro[pyrrolidin-3,20-oxindole] de-
rivatives is of high demand.

To achieve high efficiency in the synthesis of complex
compounds, multistep sequential reactions are often em-
ployed. Inspired by recent combined uses of organo- and
gold catalysts in one-pot sequential reactions,3wedesigned
a new organo- and gold-catalyzed cascade protocol for the
condensation of oxindole imine derivatives 1 and pro-
gargylated malononitrile 2a (Figure 2).4 As a result,
combination of Mannich reaction and hydroamination
would produce various enantiopure spiro[pyrrolidin-3,20-
oxindole] derivatives.

Initially, a variety of organocatalysts (Figure 3) were
evaluated for the first Mannich reaction step, and the
results are summarized in Table 1. It was found that the
reaction was completed smoothly in toluene at room
temperature with the bifunctional thiourea catalyst 3a in
high yields but in racemic form (entry 1).5 The enantio-
meric excesses (ees) of the products were greatly improved
at lower temperatures (entries 2 and 3). Change of the
solvent did not affect the ee significantly (entry 4).Cinchona

Figure 2. Designed new approach to spiro[pyrrolidin-3,20-
oxindole] derivatives.

Figure 3. Screened catalysts for the Mannich reaction.

Table 1. Optimization of the Organocatalysts for the
Enantioselective Addition of 2a to 1aa

entry catalyst solvent temp (�C) time (h) yieldb (%) eec (%)

1 3a toluene rt 5 min >99 0

2 3a toluene �40 1 >99 �6

3 3a toluene �70 12 98 �42

4 3a CH2Cl2 �70 12 54 �2

5 3b toluene �70 12 >99 �19

6 3c toluene �70 12 75 �10

7 3d toluene �70 12 36 �24

8 3e toluene �70 12 >99 14

9 3f toluene �70 12 75 35

10 3g toluene �70 12 90 44

11 3h toluene �70 24 90 75

12 3i toluene �70 12 85 83

13 3j toluene �70 18 90 95

14 3k toluene �70 12 95 �51

15d 3j toluene �70 24 89 95

aUnless otherwise noted, reactions were performed with 1a

(0.1 mmol) and 2a (1.2 equiv) in the presence of 10 mol %of catalyst 3
in 2 mL of solvent. b Isolated yields. cDetermined by chiral HPLC anal-
ysis. dCatalyst loading (5 mol %).

Figure 1. Examples of bioactive spiro[pyrrolidin-3,20-oxindole]
derivatives.
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alkaloid catalyst 3b and Takemoto catalyst 3c,d6 were also
tested; however, poor enantioselectivities were obtained
(entries 5�7). Other Cinchona alkaloids such as quinidine
(3e) and quinidine derivatives (3f�j) were also investi-
gated.7 Catalysts 3e�g gave products in good yields,
though no improvement was achieved for the enantio-
selectivities (entries 8�10). Benzyl-substituted catalysts 3h
and 3i gave 75% and 83% ee, respectively (entries 11
and 12). To our delight, the bulky 9-anthracenmethoxy-
substituted catalyst 3j gave excellent enantioselectivity
(95% ee) (entry 13).8 Thiourea phenol catalyst 3k was also

examined, but the ee was relatively low (�51% ee)
(entry 14).9 Lower catalyst loading (5 mol %) did not
affect the yield or ee of product (entry 15).
Wenext examined the transformation of product 4a into

final spiro product 5a using various metal salt catalysts,
such asAuCl3,AuBr3, PPh3AuCl, PPh3AuNTf2,Cu(OTf)2,
and soon.10The respective yields and selectivities (endo/exo)

Scheme 1. Substrate Scope of One-Pot Sequential Reaction
between 1 and 2aa

aReactions condtions: 1 (1.2 equiv) and 2 (0.1 mmol) in toluene
(2 mL), method A or method B. The exo/endo ratio of all products is
>20:1. The isolated yields were given after column chromatography.
The ee’s were determined by chiral HPLC analysis. The absolute
configuration was determined by X-ray analysis of product 5g (see the
Supporting Information), and the others were assigned accordingly.

Table 2. Optimization for the One-Pot Synthesis of
Spirooxindole 5aa

entry additive

temp

(�C)
time

(h)

yieldb

(%)

exo/endo

(5a/5a0)c
eed

(%)

1 none rt 24 NR

2 PhCO2H (10%) rt 24 tracec

3 PhCO2H (20%) 60 12 22 3:1 95

4 p-TsOH (10%) rt 24 32 3.5:1 95

5 DPP (10%) rt 24 tracec

6 BF3 3OEt2 (10%) rt 24 36 >20:1 95

7 BF3 3OEt2 (20%) rt 8 53 >20:1 95

8 BF3 3OEt2 (40%) rt 8 46 >20:1 95

9e BF3 3OEt2 (20%) rt 8 64 >20:1 95

10 BF3 3OEt2 (20%) 60 1 50 1:3.5 95

aUnless otherwise noted, reactions were performed with 1a

(0.1 mmol) and 2a (1.2 equiv) in the presence of 10 mol % of catalyst
3 in 2 mL of toluene. b Isolated yields. cDetermined by 1H NMR with
crude products. dDetermined by chiralHPLCanalysis formajor isomer.
e 1a (1.2 equiv) and 2a (0.1 mmol) was carried out under standard
conditions. DPP = diphenyl phosphate.
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are summarized and discussed in detail in Table S1 of
the Supporting Information. Fortunately, XPhosAuNTf2
(XPhos=2-(dicyclohexylphosphino)-20,40,60-triisopropyl-
biphenyl, NTf2 = bis(trifluoromethylsulfonyl)imide) pro-
duced 5a in good yield (82%) with excellent selectivity
(exo/endo> 20:1).11

We further investigatedwhether the spirooxindole prod-
uct could be obtained by a one-pot sequential manner
with combined use of organo- and gold catalysts. The
results are summarized in Table 2. The initial reac-
tion conditions did not give the derised product without
any additives (entry 1). The literature mentioned that
the activity of Au(I) catalyst could be inhibited by the
bifunctional organocatalysts.3b�e Therefore, a variety of
Brønsted acids were considered to be applied as the
additives, including PhCO2H, p-TsOH, DPP. When
PhCO2H (10 mol %) or DPP (10 mol %) was applied at
room temperature, a trace amount of product was ob-
tained (entries 2 and 5). Higher temperature (entry 3) or
use of p-TsOH (entry 4) gave the desired product but as a
mixture of isomers in low yields. Toour delight, product 5a
was obtained in 36% yield and 95% ee with 10 mol % of
BF3 3OEt2 (entry 6). When the amount of BF3 3OEt2 was
increased to 20 mol %, the yield of 5a was improved to
64% yield (95% ee) (entries 7�9). Under heating condi-
tions, amixture of isomers (exo/endo 1:3.5)was obtainedat
moderate yields (entry 10).
With the optimized conditions in hand, the substrate

scope was investigated (Scheme 1). Generally, moderate
yields and good enantioselectivities were obtained in the
presence of various substituents on the aromatic ring of
oxindole imine 1, including electron-donating groups
(5b�d), withdrawing group (5l), and halogen substituents
at various positions (5e�k). Several N-protecting groups
were also examined. N-Ethyl and N-benzyl groups gave
products 5m,n in acceptable yields with excellent enantio-
selectivities. However, the N-Cbz group of imine, instead
of the N-Boc group, gave a negative effect on the stereo-
selectivity (64% ee, 5o). The absolute configuration of

representative product 5g was determined as R by single-
crystal X-ray analysis (see the Supporting Information).12

As a further demonstration of the efficiency of this pro-
tocol, deprotection of 5a, produced the spiro[pyrrolidin-
3,20-oxindole] derivative 6a in 75% yield and 95% ee
(Scheme 2).

In conclusion, we have successfully developed a highly
efficient one-pot sequential Mannich/hydroamination re-
action between oxindole imine and progargylated malo-
nonitrile by a combined use of organo- and gold catalysts.
Excellent enantioselectivities (up to 97% ee) and good
overall yields (up to 91%) were achieved using a quinidine
phenol derivative as the organocatalyst, XPhosAuNTf2 as
the metal catalyst, and BF3 3OEt2 as the additive. This
newly developed strategy has been proven to be useful for
the efficient construction of biologically active spirooxin-
dole derivatives and may be applicable to other asym-
metric catalytic systems.
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Scheme 2. N-Boc Removal of Product 5a
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