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Primary amine catalyzed aldol reaction of isatins and acetaldehyde
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Several cinchona alkaloid-derived chiral primary amines were applied as the catalyst for the cross aldol
reaction of isatins with acetaldehyde. With the quinine-derived amine catalyst 3, the desired aldol prod-
ucts were obtained in high yields and good enantioselectivities (up to 93% ee) under the optimized con-
ditions. Although other enolizable aldehydes and ketones may also be applied in this reaction, the ee
values obtained are usually low. A mechanism was proposed to account for the formation of the major
enantiomer in this reaction.

� 2012 Elsevier Ltd. All rights reserved.
The 3-alkyl-3-hydroxyindolin-2-one moiety may be found in
many natural products that have important biological activities,
such as TMC-95 A–D,1 donaxaridine,2 convolutamydines,2 dioxi-
brassinine,3 and 30-hydroxyglucoisatisin.4 Moreover, organic mole-
cules containing this moiety frequently exhibit different biological
activities and, therefore, are important medicinal compounds.5 Due
to its importance as a pharmacophore, many catalytic asymmetric
methods,6–8 especially asymmetric organocatalysis,7,8 have been
developed for the enantioselective synthesis of 3-alkyl-3-hydrox-
yindolin-2-ones in recent years. Among these reported methods,
organocatalyzed cross aldol reaction of isatin and enolizable
ketones or aldehydes provides an easy access to these derivatives.7,8

While many organocatalysts have been developed for the cross al-
dol reaction of isatin with ketones,7 only a handful of reports are
available on the cross aldol reaction of isatin with acetaldehyde.8

Nakamura and co-workers reported the first enantioselective aldol
reaction of acetaldehyde with an isatin derivative using N-(2-thi-
ophenesulfonyl)-prolinamide as the catalyst in 2009.8a The reaction
was used for the enantioselective synthesis of convolutamydine E.8a

A recyclable version of this catalyst was also reported recently.7i

Almost simultaneously, Wang and Hayashi also reported the asym-
metric aldol reaction of isatins and acetaldehyde.8b,c Wang’s group
used (S)-pyrrolidine tetrazole as the catalyst8b; and in this study,
products containing two highly hindered contiguous quaternary
centers may also be obtained since enolizable aldehydes other than
acetaldehyde may also be applied.8b Hayashi’s group used
4-hydroxydiarylprolinol as the organocatalyst.8c A similar catalytic
system was also reported later by Yuan’s group.8d It should be
ll rights reserved.
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pointed that these reported catalysts are all proline derivatives.
Moreover, sometimes the reported reactions were very slow (up
to 5 days),8 which might be due to the low activity of these second-
ary amine catalysts.

As part of our on-going research7i,9 on using activated carbonyl
compounds in organocatalyzed asymmetric aldol reactions as en-
amine or enolate acceptors10 for the synthesis of enantioenriched
biologically active molecules, we recently developed a highly enan-
tioselective synthesis of 3-alkyl-3-hydroxyindolin-2-ones using
quinidine thiourea as the catalyst, which involves an enolate
mechanism.7i While this reaction may also be applied to acetalde-
hyde, the ee value obtained for the product is only mediocre.7i On
the other hand, we recently found primary amine catalysts derived
from cinchona alkaloids catalyze the cross aldol reaction of a-keto-
phosphonates and acetaldehyde in a highly enantioselective man-
ner.9g We reasoned that these primary amines should also be good
catalysts for the asymmetric aldol reaction of acetaldehyde with
isatins. It should be pointed out that, although primary amines
are also frequently used as catalysts in reactions that involve the
enamine intermediates,11 to our knowledge, only recently Cheng
and co-workers have reported a primary-tertiary diamine catalyst
for the enantioselective reaction of isatins with acetaldehyde to
obtain the corresponding aldol products in good ee values.12

Herein we wish to report our study on the use of primary amines
derived from cinchona alkaloids as the catalysts in the asymmetric
aldol reaction of isatins with acetaldehyde and related compounds.

Using isatin (1a) and acetaldehyde as the model substrates, we
first screened a series of chiral primary amine catalysts (3–9, Fig. 1)
for their ability to catalyze the desired aldol reactions. THF was
used as the standard solvent, and the reactions were carried out
at 5 �C. The results of this screening are summarized in
Table 1. As shown by the results in Table 1, when quinine-derived
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Figure 1. Catalysts screened for the aldol reaction of acetaldehyde and isatin.
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amine 3 (10 mol %) was used as the catalyst and benzoic acid as the
cocatalyst (30 mol %), the reaction of 1a and acetaldehyde led to
the desired cross aldol product in 48 h. Since the obtained aldol
Table 1
Screening of the catalysts and optimization of the reaction conditionsa

N
H

O

O
catalyst, acid
solvent, 5 °C

1a

+
H

O

Entry Catalyst Acid cocatalyst H2O (equiv) So

1 3 PhCO2H None T
2 4 PhCO2H None T
3 5 PhCO2H None T
4 6 PhCO2H None T
5 7 None None T
6 8 None None T
7 9 None None T
8 3 PhCO2H 1 T
9 3 PhCO2H 2 T

10 3 PhCO2H 3 T
11 3 PhCO2H 4 T
12 3 PhCO2H 5 T
13 3 PhCO2H 40 T
14 3 4-MeOC6H4CO2H 3 T
15 3 4-(i-Pr)C6H4CO2H 3 T
16 3 2,4-(NO2)2C6H3CO2H 3 T
17 3 MeCO2H 3 T
18 3 PhCO2H 3 C
19 3 PhCO2H 3 T
20 3 PhCO2H 3 E
21 3 PhCO2H 3 D
22 3 PhCO2H 3 E
23 3 PhCO2H 3 C
24 3 PhCO2H 3 1

a Unless otherwise noted, all reactions were conducted with 1a (0.1 mmol) and acetald
cocatalyst (0.03 mmol, 30 mol %) in the specified solvent (1.0 mL) at 5 �C.

b Yield of the isolated product after column chromatography.
c Unless otherwise noted, ee values were determined by HPLC analysis on a ChiralCel A

comparing the measured optical rotation with the reported data.
d The R-enantiomer was obtained as the major product.
e Dimethoxyethane.
product is not very stable, it was directly reduced by NaBH4 to
the diol 2a. In this way, 2a was obtained in a 90% yield and 87%
ee for the major S-enantiomer (entry 1). Similarly, cinchonidine-
derived amine catalyst 4 yielded 2a in a 92% yield and 60% ee (en-
try 2). In contrast, although the quindine- and cinchonine-derived
amine catalysts 5 and 6 are the pseudo-enantiomers of 3 and 4,
respectively, when 5 and 6 were used as the catalysts, the ee values
obtained for the opposite R-enantiomer were much lower (entries
3 and 4). L-Phenylglycine (7) was also found to catalyze the desired
aldol reaction; nonetheless, the reactivity is poor (23% yield) and a
racemic product was obtained (entry 5). Poor results were also
obtained with the primary amine catalysts derived from (S,S)-
1,2-diphenylethane-1,2-diamine (8) and (S,S)-1,2-cyclohexanedi-
amine (9) (entries 6 and 7). Thus, this screening identified the
quinine-derived amine 3 as the best catalyst for this reaction.
The reaction conditions were then further optimized for catalyst
3. We were intrigued by reports that water may be used as an addi-
tive to improve the reactivities and/or enantioselectivities in cross
aldol reactions.13 Thus, water was intentionally added to the reac-
tions catalyzed by 3. Indeed, big improvements in the reactivity
were observed: When 1–3 equiv of water was used, the reaction
time was gradually shortened from 48 to 15 h, and the ee value
of the product was also slightly improved to 92% (entries 8–10).
However, no further improvement in the reactivity was observed
when more water was added. Instead, slightly negative effects on
the enantioselectivity of the reaction were observed (entries 11
and 12). When a large excess of water (40 equiv) was added, the
reaction again became sluggish and a poor ee value of the product
NaBH4 (5 eq)
MeOH, 0 °C N

H

O

HO OH

2a

lvent Time (h) Yieldb (%) eec (%)

HF 48 90 87
HF 48 92 60
HF 48 93 46d

HF 48 89 17d

HF 48 23 0
HF 48 Not determined -
HF 48 89 6d

HF 40 83 90
HF 30 88 91
HF 15 90 92
HF 15 88 91
HF 15 88 89
HF 24 88 61
HF 15 81 89
HF 15 82 89
HF 15 86 69
HF 15 86 78
H2Cl2 15 67 49
oluene 15 60 64
t2O 15 52 55
MEe 15 87 88
tOAc 15 88 79
H3CN 15 29 26
,4-Dioxane/THF (5:1) 15 90 92

ehyde (0.5 mmol) in the presence of the catalyst (0.01 mmol, 10 mol %) and the acid

D-H column. The major enantiomer obtained was determined to be S-configured by



Table 2
Cross-aldol reaction of isatins and acetaldehydea

N
O

O 3, CH3CHO
PhCO2H, H2O

THF, 5 °C
NaBH4 (5 eq)
MeOH, 0 °C N

O

HO OH

1 2
R2 R2

R1 R1

Entry R1 R2 Time (h) 2/Yieldb (%) eec (%)

1 H H 15 2a/90 92
2 H 5-Me 12 2b/90 93
3 H 5-MeO 10 2c/95 92
4 H 5,7-Me2 12 2d/87 90
5 H 4-Cl 6 2e/95 87
6 H 4-Br 7 2f/96 88
7 H 4,7-Cl2 5 2g/95 89
8 H 5-F 16 2h/91 82
9 H 5-Br 12 2i/93 30

10 H 6-Br 16 2j/97 75
11 Bn H 10 2k/96 92

a All reactions were conducted with 1 (0.1 mmol) and acetaldehyde (0.5 mmol) in
the presence of catalyst 3 (0.01 mmol, 10 mol %) and benzoic acid (0.03 mmol,
30 mol %) in THF (1.0 mL) at 5 �C.

b Yield of the isolated product after column chromatography.
c Unless otherwise noted, ee values were determined by HPLC analysis on a

ChiralPak AD-H or a ChiralCel OJ-H column.
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Scheme 1. Cross-aldol reaction of isatins with propanal, acetone, and
cyclohexanone.
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Scheme 2. Proposed transition states for the quinine amine catalyzed aldol
reaction.
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was obtained (61% ee, entry 13). Thus, the best results were
obtained when the reaction was conducted in the presence of three
equivalents of added water (entry 10). The acid cocatalyst was then
optimized under these reaction conditions. As the data showed,
benzoic acid is the best cocatalyst (entry 10) since all the other
acids screened led to worse results in enantioselectivity (Table 1,
entries 14–17). The solvents were also examined. Most of the com-
mon organic solvents, such as, CH2Cl2, toluene, ether, DME, EtOAc,
and CH3CN all yielded poorer results (entries 18–23). Nonetheless,
a 1,4-dioxane-THF (5:1, v/v) mixture was found to be as good as
THF in terms of the reactivity and the enantioselectivity obtained
(entry 24). Thus, THF was adopted as the solvent in our further
studies due to its superior behaviors and simplicity.

The scope of this catalytic system was then evaluated under the
optimized reaction conditions with different isatin derivatives as
well as other enolizable aldehydes and ketones. The results of this
investigation are summarized below in Table 2 and Scheme 1. As
shown in Table 2, when acetaldehyde was used, besides the parent
isatin (entry 1), isatins with electron-donating substituents at dif-
ferent positions on the phenyl all gave the desired cross aldol prod-
ucts in excellent ee values (90–93% ee, entries 2–4). In contrast,
isatins substituted with electron-withdrawing groups lead to
slightly lower ee values (entries 5–8). 5-Bromo- and 6-bromoisa-
tins yielded much lower ee values of the corresponding aldol prod-
ucts (entries 9 and 10) as compared to that of 4-bromoisatin (entry
6). This is most likely due to a combination of electronic and steric
effects. On the other hand, N-benzyl protected isatin yields the
corresponding aldol product in a high ee value of 92% (entry 11).

Besides acetaldehyde, propanal, acetone, and cyclohexanone
may also be used as substrates in this reaction (Scheme 1). When
propanal was reacted under the optimized conditions, the desired
aldol product was obtained in a 93% yield. The two diastereomers
were obtained in a ratio of 61:39 and the major (S,S)-diastereomer
(2l) was obtained in 48% ee.14 When acetone was applied in this
reaction, the corresponding aldol product (2m) was obtained in a
96% yield with moderate enantioselectivity (61% ee). In contrast,
cyclohexanone yields the expected aldol product in excellent
diastereoselectivity (dr 97:3); nevertheless, the ee value of the
major syn diastereomer is low (25%).15
Based on the absolute configuration of compounds 2, a plausible
catalytic model for the reaction of acetaldehyde and isatin was pro-
posed (Scheme 2). The primary amine moiety of quinine-derived
amine 3 reacts with acetaldehyde to form an enamine intermedi-
ate. The acid cocatalyst has multiple roles in this catalysis. It can
accelerate the formation of the enamine intermediate through acid
catalysis. Simultaneously, it also protonates the nitrogen atom in
the quinuclidine backbone of the amine catalyst 3 to form an
ammonium salt. The proton in this ammonium salt then forms
hydrogen bonds with the isatin carbonyl groups (Scheme 2). Such
hydrogen bonds not only activate isatin for the cross aldol reaction,
but also direct the approach of isatin. Among the two possible
orientations of isatin, the re face orientation (Scheme 2, top left)
is favored since the unfavorable interaction between the isatin
benzene ring and the catalyst is avoided. Attacking of the enamine
to the re face of the isatin ketone group leads to the observed major
S-enantiomer.

In summary, we have developed an asymmetric aldol reaction
of isatins and acetaldehyde using a quinine-derived primary amine
as organocatalysts. The corresponding aldol products were
obtained in high enantioselectivities (up to 93% ee). When other
aldehydes and ketones were applied in this reaction, the expected



Q. Guo, J.C.-G. Zhao / Tetrahedron Letters 53 (2012) 1768–1771 1771
aldol products were obtained in excellent yields, but with only
mediocre enantioselectivities.
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