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Abstract—A novel, pyrrolidine sulfonamide-based organocatalyst has been developed and used to catalyze direct, efficient
a-aminoxylation reactions of aldehydes and ketones with excellent regio- and enantioselectivities. Unlike LL-proline, the new catalyst
exhibits high activity and enantioselectivity when used in a variety of organic solvents.
� 2004 Elsevier Ltd. All rights reserved.
The development of efficient, stereoselective catalytic
reactions, which can be used to construct optically active
a-hydroxy carbonyl compounds, has continued to at-
tract considerable synthetic interest. A number of dia-
stereoselective and enantioselective methods for the
synthesis of these substances have been reported. Most
employ indirect approaches, requiring preformation of
enolates and enolate equivalents from the corresponding
ketones and aldehydes.1 From the viewpoint of econ-
omy, direct a-aminoxylation reactions of aldehydes
and ketones are more attractive. Recently, an elegant
enantioselective a-oxidation reaction of tin enolates with
nitrosobenzene has been developed by Yamomoto and
his co-workers.2 Based on the observations, MacMillan,
Zhong, Cordova, and Hayashi, independently uncov-
ered direct, nitrosobenzene based, proline-catalyzed
enantioselective a-aminoxylation reactions of aldehydes
and ketones.3,4

Inspired by the pioneering work of List, Barbas, III and
Learner,5 proline has received considerable attention in
recent years as the foundation of small organic mole-
cule-based organocatalysts for asymmetric synthesis.6

Surprisingly, however, relatively few efficient organocat-
alysts other than chiral amino acids have been probed
for use in asymmetric organic transformations including
a-aminoxylations.3,4,6–14 As a result of this deficiency,
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we have recently initiated an investigation aimed at
designing novel small organic catalysts capable of pro-
moting highly stereoselective organic reactions on a
number of structurally diverse organic substrates.15–17

In this communication, we report the results of a study,
which has led to the development of a novel (S)-pyrrol-
idine sulfonamide based organocatalyst for direct a-
aminoxylation reactions of aldehydes and ketones with
high regio- and enantioselectivities (>97% ee) in good
yields.

The carboxylic acid proton in proline plays a critical role
in enhancing the reactivity and stereoselectivity of pro-
line based catalyst.4,18 In contrast, LL-prolinamide is
known to be ineffective in catalyzing reactions (Fig.
1).18 The acidity of NH protons in LL-prolinamide is
much less than that of a carboxyl group in proline
and, as a result, the significant difference in catalytic
activity between these two substances is likely due to
their different acidity. We hypothesized that increasing
the acidity of the NH amide protons would lead to a
significant enhancement in the catalytic activity of LL-prol-
inamide. It is known that the pKa of trifluoromethane-
sulfonamide in water is 6.3, which is comparable to that
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Figure 1. A pyrrolidine sulfonamide-based organocatalyst I.
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Table 2. Catalyst I catalyzed direct a-aminoxylation reactions of

different ketones

Ph
N
O

R1 R2

O

R1 R2

O
ONHPh

+
catalyst I (20% mol)

1a-d 2 3a-d
RT, DMSO

Entry Product % Yielda % eeb

1

O

1a 84 >99

2

O

O

1b
86 >99

3

O

1c

O O

94 98

4

O

1d
71 97

a Isolated yields.
b ee Determined by chiral HPLC analysis (Chiralpak AD or AS-H).
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of acetic acid (pKa of 4.76).19 However, in DMSO,
trifluoromethanesulfonamide has an even greater acidity
(pKa of 9.7) than that of acetic acid (pKa 12.3).19 With
these observations in mind, we envisioned that incorpo-
ration of trifluoromethanesulfonamide moiety into a
pyrrolidine system would create a new class of amine–
sulfonamide bifunctional organocatalysts that could
function in the same way as proline in catalyzing organic
reactions.

The first generation catalyst in this family, I (Fig. 1) con-
tains a primary trifluoromethanesulfonamide group
linked to a chiral pyrrolidine backbone. The pyrrolidine
sulfonamide I is readily prepared from (S)-2-amino-1-N-
Cbz-pyrrolidine by using a known reaction sequence
(see Supplementary data).20 Preliminary studies showed
that I effectively catalyzed nitrosobenzene induced
a-aminoxylation reactions of aldehydes and ketones
with comparable and, in some cases, even greater activ-
ity and efficiency than does proline.

In an exploratory study, the reaction of cyclohexanone
1a with nitrosobenzene 2 in the presence of 20mol%
of catalyst I at room temperature was carried out in dif-
ferent solvents. The results revealed that I exhibited a
high catalytic efficiency in its promotion of high yielding
62–85%, a-aminoxylation reactions, that proceeded with
excellent enantioselectivities (>99% ee) and high regio-
selectivities (Table 1). Independent of the solvent used,
the reactions were completed in 20min and they
afforded O-addition product 3a exclusively. In contrast,
solvents had a significant effect on proline-catalyzed
a-aminoxylation reaction yields and enantioselectivi-
ties.3a,b,d Based on this exploratory study, DMSO was
selected as a solvent for the studies described below.

To demonstrate the generality of direct a-aminoxyla-
tions catalyzed by I, reactions of a variety of ketone sub-
strates with nitrosobenzene in DMSO at room
temperature were explored. The results of reactions of
Table 1. Effect of solvents on the asymmetric a-aminoxylation

reactionsa

Ph
N
O

+

O
catalyst I (20% mol)

RT, 20 min, solvent

O
ONHPh

1a 2 3a

Entry Solvent % Yieldb % eec

1 DMSO 84 >99

2 CHCl3 85 >99

3 DMF 62 >99

4 THF 77 >99

5 CH3CN 66 >99

6 EtOAc 76 >99

a Reaction conditions: A solution of 2 (2equiv) in DMSO was added

by a syringe pump over 10min to a solution of 1a (1equiv) and I

(0.2equiv) in DMSO and the reaction was continued for an addi-

tional 10min (see Supplementary data).
b Isolated yields.
c Enantiomeric excess (ee) determined by chiral HPLC analysis

(Chiralpak AD).
four cyclic and acyclic ketones promoted by 20mol% I
are given in Table 2. These processes took place
smoothly to give O-addition products exclusively in
good yields and with high enantioselectivities. As with
cyclohexanone, cyclic ketones 1b,c, and acyclic ketone
1d gave adducts 3b–d in high yields (86%, 94% and
71%, respectively) with excellent enantioselectivities
(>99%, 98% and 97%, respectively). The effect of cata-
lyst loading on reaction efficiency was also studied using
1a and 2 as an example. Remarkably, a catalyst loading
as low as 1.0mol% still led to significantly fast reaction
without any loss of enantioselectivity (>99% ee).21

a-Aminoxylation reactions of nitrosobenzene with alde-
hydes, catalyzed by I, were probed next. Under the same
reaction conditions described above, efficient reaction
occurred within 0.5h following slow addition of nitroso-
benzene (Table 3). Owing to their instability, the alde-
hyde O-addition products were reduced by NaBH4

in situ to produce the more stable 2-aminoxy alcohols
3e–i prior to purification and characterization.3b Again,
reactions resulted in efficient (66–81%), highly regio- and
enantioselective (>99% ee) formation of O-addition
products (Table 3).

A similar transition-state model II to that used to
rationalize proline-catalyzed a-aminoxylation reactions
of ketones and aldehydes can be used to explain the
regio- and stereochemical courses of the processes cata-
lyzed by I (Fig. 2).3b–d In this model, the enamine
formed by reaction of (S)-pyrrolidine sulfonamide I with
the enolizable ketone or aldehyde is attacked by nitro-
sobenzene from the less hindered Si face through a chair



Table 3. Catalyst I catalyzed direct a-aminoxylation of different

aldehydes

Ph
N
O

R1
H

O

+
1) catalyst I (20% mol)

1e-i 2 3e-i
R1

ONHPh

2) NaBH4

OH

Entry R1 % Yielda % eeb

1 i-Pr, 1e 81 >99

2 CH3, 1f 66 >99

3 n-Pr, 1g 73 >99

4 n-Bu, 1h 74 >99

5 PhCH2, 1i 79 >99

a Isolated yields.
b ee Determined by chiral HPLC analysis (Chiralpak AD or AS-H).
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Figure 2. Proposed transition-state model for a-aminoxylation

reactions.
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transition state to afford the O-addition product enan-
tioselectively. The CF3SO2-group may also play a role
in controlling the stereochemistry of the process by
offering further interference for attack at the Re face.
A detailed study probing this proposal is under current
investigation.

In conclusion, a novel pyrrolidine sulfonamide catalyst
I, which promotes direct, highly efficient a-aminoxyl-
ation reactions of aldehydes and ketones with nitroso-
benzene, has been developed. This catalyst displays
excellent levels of enantioselectivity for reactions of ke-
tones (>97% ee) and aldehydes (>99% ee). Furthermore,
it also exhibits high catalytic activities and enantioselec-
tivities when used in a wide variety of organic solvents.
Further efforts to evaluate the scope of the a-aminoxyl-
ation reactions described above and to explore other or-
ganic transformations using new types of catalysts are
underway.17
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