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Enantioenriched a-hydroxycarboxylic acid derivatives are
not only present as subunits in a range of bioactive
compounds, but they also serve as useful intermediates in
organic chemistry.[1] Consequently, the development of effi-
cient and versatile methods for their synthesis is an important
objective. In the case of a-hydroxycarboxylic acid derivatives
wherein the alcohol group is tertiary, several catalytic
asymmetric routes have been described, such as the cyano-
silylation of ketones,[2,3] the addition of organometallic
reagents to a-ketoesters,[2,4] and the phase-transfer alkylation
of oxazolidin-2,4-diones.[5] Nevertheless, the development of
methods with broader scope is desirable.[6]

One potential route to enantioenriched a-hydroxycarbox-
ylic acid derivatives is through the ring opening of a 1,2-
oxazetidin-3-one, which might be accessed by a catalytic
asymmetric [2+2] cycloaddition of a ketene with a nitroso
compound [Eq. (1)]. However, there are only a handful of

investigations of the cycloaddition itself,[7] and there have
been no studies of catalysis of the transformation or of
enantioselective variants.[8] Herein, we establish that such
[2+2] cycloadditions are indeed subject to catalysis and that a
planar-chiral 4-dimethylaminopyridine (DMAP) derivative
can provide the target 1,2-oxazetidin-3-ones with high ee val-
ues.

In previous studies, we established that planar-chiral
DMAP derivatives such as 1 (see below) can serve as catalysts
for [2+2] cycloadditions of ketenes with imines, aldehydes,
and azo compounds.[9, 10] In a preliminary investigation, we
determined that 1 also catalyzes the cycloaddition of phenyl
ethyl ketene with nitrosobenzene [Eq. (2)].[11] However, a

mixture of regioisomers was produced (as often occurs in the
uncatalyzed process[12]) favoring the undesired heterocycle,
which decarboxylates to afford an imine. In addition to being
the minor product, the desired 1,2-oxazetidin-3-one is essen-
tially racemic.

Although we were pleased to determine that such [2+2]
cycloadditions are amenable to catalysis, the regioselectivity
and enantioselectivity were disappointing. In our earlier
studies of [2+2] cycloadditions of ketenes with imines,
aldehydes, and azo compounds, controlling the regioselectiv-
ity of the reaction had not been an issue.[9] Nevertheless,
relative to enantioselectivity, regioselectivity appeared to be
the more tractable challenge to initially address.

For nucleophile-catalyzed reactions of ketenes with nitro-
soarenes, the aromatic group provides a means to rationally
modify the steric and electronic properties of the nitroso
compound,[13] so as to control the propensity of the presumed
enolate intermediate to produce zwitterion A or B (Figure 1).
In particular, we determined that, by incorporating an
electron-withdrawing substituent (CF3) in the ortho position
of the aromatic ring, the regioselectivity for the nucleophile-
catalyzed cycloaddition of phenyl ethyl ketene can be
reversed (1:6!30:1; Eq. (2) vs. Table 1, entry 1). Further-
more, the desired 1,2-oxazetidin-3-one was formed with
promising enantioselectivity.

The effects of certain reaction parameters are outlined in
Table 1. In the absence of a catalyst, the undesired isomer was
the major product (Table 1, entry 2). An array of other
catalysts, including a range of amines and phosphines, were
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less effective than 1 (Table 1, entries 3–5). Cycloadditions in
toluene and THF proceeded with slightly diminished yield or
ee value compared to CH2Cl2 (Table 1, entries 6 and 7), as did
reactions conducted at lower or higher temperatures (Table 1,
entries 8 and 9).

We examined the scope of the catalytic asymmetric [2+2]
cycloaddition of ketenes with a nitrosoarene (Table 2). In the

case of aryl methyl ketenes wherein the aryl group is
unhindered, enantioselectivity was poor (Table 2, entries 1
and 2). Otherwise, the 1,2-oxazetidin-3-ones were produced
with good to excellent ee values (Table 2, entries 3–18).

For example, for aryl methyl ketenes in which the aryl
group is ortho-substituted, highly enantioenriched product
was generated (Table 2, entries 3–5). In the case of aryl ethyl
ketenes, approximately 80% ee was obtained with less
hindered aryl substituents (Table 2, entries 6–8), whereas
enantioselectivity was very good with larger aromatic groups
(Table 2, entries 9 and 10). For o-anisyl ethyl ketene, use of a
lower catalyst loading (1%) led to only a small loss in yield
(Table 2, entry 10).[14] Although branching in the g position of
the alkyl group did not result in enhanced enantioselectivity
(Table 2, entry 11 vs. entry 6), branching in the b position
furnished a significant increase in the ee value (Table 2,
entry 12). A range of aryl alkyl ketenes that bear a secondary
alkyl substituent also underwent cycloaddition with very good
enantioselectivity (Table 2, entries 13–18).

The enantioenriched 1,2-oxazetidin-3-ones could then be
converted into synthetically useful compounds, such as 1,2-
diols [Eq. (3)] and a-hydroxycarboxylic acids [Eq. (4)].[15] The
sequence depicted in Equation (4) illustrates a way to avoid
the poor enantioselectivity that is observed in the [2+2]
cycloaddition of phenyl methyl ketene (Table 2, entry 1):
incorporation of the 2-bromo substituent led to formation of
the 1,2-oxazetidin-3-one in excellent yield and ee value
(Table 2, entry 5), and the bromide “auxiliary” was then
removed by hydrogenolysis.

Figure 1. Possible mechanism for the nucleophile-catalyzed cycloaddi-
tion of a ketene with a nitrosoarene.

Table 1: Effect of reaction parameters on the nucleophile-catalyzed
cycloaddition of a ketene with a nitrosoarene.

Entry Change from “standard”
conditions

Yield of 3
[%][a]

ee of 3
[%][b]

Yield of 4
[%][a]

1 none 90 79 3
2 no (�)-1 9 – 30
3 5% (�)-2, instead of (�)-1 16 �22 33
4 5% (+)-5, instead of (�)-1 19 �35 61
5 5% (+)-6, instead of (�)-1 33 <2 17
6 toluene, instead of CH2Cl2 89 66 2
7 THF, instead of CH2Cl2 71 78 1
8 �20 8C 81 73 6
9 RT 89 76 4

[a] Determined by 1H NMR spectroscopy with an internal standard; [b] a
negative ee value signifies that the opposite enantiomer of 3 was formed
preferentially.

Table 2: Nucleophile-catalyzed asymmetric cycloaddition of ketenes with
a nitrosoarene.

Entry Ar R Yield [%][a] ee [%]

1 Ph Me 72 13
2 4-(MeO)C6H4 Me 60 3
3 o-tolyl Me 90 90
4 2-(MeO)C6H4 Me 92 97
5 2-BrC6H4 Me 93 94
6 Ph Et 88 80
7 m-tolyl Et 86 78
8 1-naphthyl Et 86 78
9 o-tolyl Et 90 96

10 2-(MeO)C6H4 Et 93 (88[b]) >98 (>98[b])
11 Ph CH2CH2iPr 86 79
12 Ph iBu 90 91
13 Ph iPr 85 92
14 4-ClC6H4 iPr 84 92
15 4-(MeO)C6H4 iPr 81 90
16 3-thienyl iPr 78 84
17 Ph cyclopentyl 81 91
18 Ph cyclohexyl 84 93

All data are the average of two experiments. [a] Yield of purified product;
[b] 1% catalyst loading.
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In analogy to other [2+2] cycloadditions of ketenes that
are catalyzed by planar-chiral DMAP derivatives,[9] we
hypothesize that this new method for the asymmetric syn-
thesis of 1,2-oxazetidin-3-ones proceeds along the pathway
outlined in Figure 1. We have determined that the resting
state of catalyst 1 during the reaction is the free catalyst, and
that the rate law is first order in catalyst, ketene, and nitroso
compound, which suggests that the addition of 1 to the ketene
is not the turnover-limiting step of the catalytic cycle.[16]

In summary, we have provided the first examples of
catalyzed cycloadditions of ketenes with nitroso compounds
to form 1,2-oxazetidin-3-ones. Through the appropriate
choice of chiral catalyst and nitroso compound, the synthesis
of these intriguing heterocycles was achieved with very good
regioselectivity and enantioselectivity. In addition to serving
as potentially bioactive target molecules, 1,2-oxazetidin-3-
ones were transformed into other important classes of
compounds, such as a-hydroxycarboxylic acid derivatives.
The versatility of the present method compares favorably
with other catalytic asymmetric approaches to the synthesis of
a-hydroxycarboxylic acids that bear tertiary alcohols.
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