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ABSTRACT

The first highly enantioselective decarboxylative addition of β-ketoacids to isatins mediated by a bifunctional tertiary amine�thiourea catalyst
has been developed, allowing facile synthesis of biologically important 3-hydroxy oxindoles in good yields and excellent enantioselectivities.
The method reported represents a valuable approach of utilizing β-ketoacids as synthetic equivalents of aryl/alkyl methyl ketone enolates.

Since the seminal work by List, Barbas, and Lerner on
the L-proline-catalyzed intermolecular aldol reaction in
2000,1 asymmetric enamine catalysis has been established
as a powerful strategy to access chiral molecules via direct
bond-forming reactions.2 Notably, pyrrolidine-based sec-
ondary amines and primary amine catalysts3 often com-
plement each other in their ability to activate different
substrates, and enable applications of a wide range of

carbonyl compounds via enamine catalysis. However,
methyl ketones, particularly aryl methyl ketones, are
difficult substrates in enamine activation.4 Thus, preacti-
vation of such less reactive ketones is often required.
For instance, silyl enol ethers5 are commonly employed.
To develop a straightforward and effective approach
for reactions involving methyl ketones as a donor, we
reasoned that decarboxylation of β-ketoacids promoted
by an amino catalyst may conveniently generate a methyl
ketone enolate, which should readily react with suitable
substrates in the following reaction step (Scheme 1).
Nature’s ability to perform organic reactions is truly

astonishing and serves as an inspiration to chemists.6

Mimicking the biosynthesis of polyketides, the decarbox-
ylative reactions of malonic acid half thioesters (MAHTs)
have drawn much attention recently.7 In the decarboxyla-
tive processes of MAHTs, various electrophiles including
aldehydes, ketones, imines, activated alkenes, and azodi-
carboxylates are used as reaction partners under either
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metal8 or organocatalytic conditions.9 Surprisingly,
β-ketoacids were rarely employed in the decarboxylative
reactions,10 which may be due partly to their intrinsic
instability. To the best of our knowledge, there were only
three asymmetric examples reporting such applications.
Evans disclosed a Ni(II) complex-catalyzed Michael
addition of β-ketoacids to nitroalkenes.11 The other two
reports from the groups of Mahrwald and Tian described
stereoselective decarboxylative aldol and Mannich reac-
tions, respectively, utilizing chiral aldehydes or N-sulfinyl
R-imino esters as the substrate.12 At the outset of our
research, we questioned the possibility of generating a
methyl ketone enolate from β-ketoacids via an amine-
initiated decarboxylative process.13 To test our hypothesis,

we chose to study the decarboxylative aldol reaction
between β-ketoacids and isatins, since the reaction prod-
ucts, 3-hydroxy-3-substituted oxindoles,14 are important
structural motifs in medicinal chemistry (Figure 1).15

Recently, a couple of reports based on enamine catalysis
for the synthesis of 3-hydroxy oxindoles via a direct
aldol reaction between aryl methyl ketones and isatins
appeared.16However, suchdirect reactionswere very slow,
requiring four to seven days to complete. Herein, we
document our successful development of enantioselective
decarboxylative addition of β-ketoacids to isatins, creating
biologically important 3-hydroxy-3-substituted oxindoles
in excellent yields and enantiomeric excesses.17

We started our investigation by examining the reaction
between N-Boc isatin 1a and β-ketoacid 2a in chloroform
(Table 1). The noncatalyzed background reaction was
very slow, suggesting the feasibility of a catalytic approach
(entry 1). A number of bifunctional amino catalysts were
evaluated, and they all displayed good catalytic activities,
furnishing the desired decarboxylative products in high
yields. While quinidine (QD-1) and its sulfonamide-
containing derivative QD-2,18 β-ICD, and threonine-
derived thiourea L-Thr-119 led to disappointing enantios-
electivities (entries 2�5), tryptophan-derived tertiary
amine�thiourea Trp-120 was an excellent catalyst and 3a

was isolated with 88% ee (entry 6). Cinchona alkaloid-
derived bifunctional thioureas showed remarkable cataly-
tic effects, and excellent enantioselectivities were achieved
(entries 7�10). Among them, cinchonidine-based CD-1

gave the best results (entry 8). Subsequent solvent

Scheme 1. Activations of Methyl Ketones in Aldol Reaction

Figure 1. Bioactive 3-hydroxy-3-substituted oxindoles.
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screening did not offer further imporvement, and chloro-
form remained as the best reaction medium.21 It is note-
worthy that the reaction also proceeded smoothly in protic
solvents such asmethanol and water, albeit with decreased
enantioselectivities (entries 11�12).When the reactionwas
carried out at 0 �C for 24 h, the desired product was
obtained in quantitative yield and with 96% ee (entry 13).

The current reaction system was applicable to isatins
with different substituents on the aromatic ring, including
halogens as well as electron-donating and -withdrawing
groups, and high chemical yields and excellent enantios-
electivities were obtained (entries 2�7, Table 2). When
5,7-dimethyl isatin was used, the enantioselectivity of the
reaction dropped slightly (entry 8). Furthermore, aromatic
moieties of β-ketoacids could also be varied; high yields
and excellent enantioselectivities were achieved regardless
of the positions and electronic nature of the substituents
on the phenyl rings (entries 9�12). β-Ketoacids with a

2-naphthyl, 2-thiophenyl, and vinylic group were well-
tolerated for the reaction as well (entries 13�15). Notably,
the reaction proceeded smoothly with aliphatic β-keto-
acids, affording the adducts in excellent yields and high
enantiomeric excesses (entries 16�19). In particular,
92% ee was attainable when tert-butyl β-ketoacid was
employed in the reaction (entry 19). To the best of our
knowledge, this represents the only protocol to access the
chiral aldol product with methyl tert-butyl ketone as a
donor. The activation of such a highly hindered ketone
usually requires very harsh conditions, in sharp contrast to
the mild reaction conditions utilized here. The absolute
configurations of aldol products were determined by com-
parison of the optical rotation of a 3a derivative with the
value reported in the literature.21

We next tried to gain some insight into the reaction
mechanism. Notably, even though the decarboxylative
reaction of related MAHTs has been widely explored,
the reaction mechanism remains unclear. While the
decarboxylation�nucleophilic addition pathway is widely
accepted for enzyme-catalyzed Claisen condensation
in polyketide biosynthesis,22 the alternative addition�
decarboxylation reaction sequencewas alsowell supported
in a number of catalytic systems.8d,9e,h In our current

Table 2. Substrate Scopea

entry R1/R2 3 yield (%)b ee (%)c

1 H/C6H5 3a 96 96

2 5-Me/C6H5 3b 94 96

3 5-OMe/C6H5 3c 90 97

4 5-Cl/C6H5 3d 91 94

5 5-Br/C6H5 3e 90 94

6 5-NO2/C6H5 3f 96 91

7 7-F/C6H5 3g 95 93

8 5,7-Me/C6H5 3h 84 86

9 H/4-Me-C6H4 3i 93 91

10 H/4�F-C6H4 3j 97 96

11d H/3-Cl-C6H4 3k 75 96

12 H/2-OMe-C6H4 3l 89 92

13 H/2-naphthyl 3m 99 95

14 H/2-thiophenyl 3n 85 92

15 H/(E)-PhCHdCH 3o 82 91

16 H/Me 3p 91 82

17 H/n-Pr 3q 92 86

18 H/i-Pr 3r 92 87

19 H/t-Bu 3s 95 92

aReactions were performed with 1 (0.05 mmol), 2 (0.075 mmol) and
CD-1 (0.005 mmol) in CHCl3 (0.5 mL). b Isolated yield. cDetermined by
HPLC analysis on a chiral stationary phase. dReaction was performed
in the presence of CD-1 (20 mol %) for 48 h.

Table 1. Exploration of the Decarboxylative Addition of
β-Ketoacids to N-Boc Isatinsa

entry cat. solvent time (h) yield (%)b ee (%)c

1 � CHCl3 24 <10 �
2 QD-1 CHCl3 24 96 2

3 L-Thr-1 CHCl3 24 85 50

4 β-ICD CHCl3 2 95 �20

5 QD-2 CHCl3 2 98 �64

6 Trp-1 CHCl3 3 99 88

7 Q-1 CHCl3 6 97 91

8 CD-1 CHCl3 6 98 92

9 QD-3 CHCl3 6 96 �87

10 C-1 CHCl3 6 93 �89

11 CD-1 MeOH 10 92 71

12 CD-1 H2O 12 88 65

13d CD-1 CHCl3 24 99 96

aReactions were performed with 1a (0.05 mmol), 2a (0.075 mmol),
and the catalyst (0.005mmol) in the solvent specified (0.5mL). b Isolated
yield. cDetermined by HPLC analysis on a chiral stationary phase.
dReaction was performed at 0 �C.
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system, since the β-ketoacids are highly labile for decar-
boxylation, we suspect the keto enolate is first formed
via decarboxylation, which then adds on to the isatin
substrates. To provide some evidence to our proposal,
we tested the stability of β-ketoacids under the reaction
conditions. When 2a was exposed to a catalytic amount
of QD-1 or CD-1, extensive decomposition of 2a was
observed. Acetonphenone was isolated during the decom-
position, supporting the formation of the keto enolate
species. On the other hand, had the addition step taken
place prior to the decarboxylation, a highly sterically
hindered intermediate containing adjacent quaternary
and tertiary carbon centerswouldhave togenerated,which
seems to be a difficult process.Ananalogous aldol reaction
between isatin 1a and β-ketoester 2b was carried out in
the presence of a stoichiometric amount of CD-1 or DBU
(Scheme 2, eq 1), and no desired aldol product was
detected. This experimental result suggested the difficulty
of adding ketoesters to isatins. The thiourea moiety of
catalystCD-1 is believed to be crucial for the observed high
enantioselectivity, as evidenced from our initial catalyst
screening (Table 1).Whenwe performed the same reaction
with isatin bearing a free NH group (1a0), the product was
obtained with only 5% ee, in stark contrast to the same
reaction with the employment of N-Boc isatin 1a as a
substrate (Scheme 2, eq 2). Based on the experimental
findings we have gathered so far, we propose a plausible
mechanism as depicted in Scheme 2. The tertiary amine
catalyst deprotonates 2a to create a keto enolate, with the

concurrent release of CO2. The protonated ammonium
then forms an ion pair with the keto enolate. The double
hydrogen bonding interactions between the carbonyls of
isatin 1a and the thiourea group of the catalyst play a key
role in stereochemical control, giving rise to the observed
stereoisomer.
The method described here is operationally simple and

efficient and, thus, may be valuable for practical chemical
synthesis. As an illustrative example, we carried out a gram-
scale synthesis of 3-hydroxy-3-phenacyloxindole (3a), an
anticonvulsant agent.15 When isatin 1a was treated with
β-ketoacid 2a in the presence of 5 mol % of CD-1 at 0 �C,
the decarboxylative aldol product (R)-3a was obtained in
92% yield and with 94% ee within 48 h (Scheme 3).

In conclusion, we have successfully developed the first
highly enantioselective catalytic decarboxylative addition
of β-ketoacids to isatins mediated by bifunctional tertiary
amine�thiourea catalysts. The method reported repre-
sents an efficient approach of employing β-ketoacids as
synthetic equivalents of aryl/alkyl methyl ketone enolates.
We have also demonstrated the value of our method in a
practical synthesis of biologically important 3-hydroxy-3-
phenacyloxindole. Further investigations toward a deeper
understanding of the reactionmechanism and extension of
the current method to other reactions are being pursued in
our laboratory.
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