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The development of efficient methods for the stereoselective
generation ofâ-lactams is an important goal, due to their utility as
synthetic intermediates and to their biological activity.2 Currently,
an array of widely used antibiotics are based on theâ-lactam subunit
(e.g., penicillins and cephalosporins). During recent years, however,
the need fornewâ-lactam (and other) antibiotics has been growing,
as a consequence of the emergence of strains of bacteria that are
resistant to existing drugs.3 In addition to their significance as targets
for medicinal chemistry, enantiopureâ-lactams also serve as
versatile chiral building blocks in organic synthesis. The commercial
semisynthesis of the anticancer agent paclitaxel (Taxol), which is
produced from a protected baccatin III through reaction with a
â-lactam to install theâ-amino acid-derived side chain, represents
one particularly prominent example of this latter role.4

The Staudinger reaction, an overall [2+ 2] cycloaddition of a
ketene with an imine, provides an efficient, convergent route to
â-lactams (eq 1).5 Although a number of chiral auxiliary-based
asymmetric Staudinger processes have been described,5b only one
investigation of enantioselective catalysis of this transformation has
been reported.6,7 In that study, Lectka demonstrated that, using a
quinine derivative as the catalyst, highly stereoselective coupling
of a range of monosubstituted ketenes, as well as one symmetrical
disubstituted ketene, could be achieved; on the other hand, only
one imine (1) was shown to be a suitable reaction partner.

Several years ago, we initiated a program focused on the
application of planar-chiral heterocycles (e.g.,2-6) as catalysts
for asymmetric reactions of ketenes. As one part of this investiga-
tion, we determined that azaferrocene2 catalyzes the enantio-
selective addition of alcohols to ketenes.8 In this report, we describe
a second application of planar-chiral heterocycles to reactions of
ketenes; specifically, in work that complements the pioneering study
of Lectka, we establish that PPY (PPY) 4-(pyrrolidino)pyridine)
derivative6 is an effective catalyst for the asymmetric Staudinger
reaction of symmetrical and unsymmetrical disubstituted ketenes
with a range of imines, furnishing the targetâ-lactams with very
good stereoselection.

In our initial investigation of the Staudinger reaction, we surveyed
the planar-chiral heterocycles (2-6) that we have found to be most
useful for other nucleophile-catalyzed processes.9 As illustrated in
Table 1, for the coupling of hexamethyleneketene withN-(2-
furfurylidene)-4-methylbenzenesulfonamide, azaferrocene2 is inef-
fective (entry 1). Similarly, FeC5Ph5-bound planar-chiral pyridine
derivatives3 and4 provide essentially racemic product (entries 2

and 3). Fortunately, however, both of the FeC5Me5-derived catalysts
(5 and6) afford the desiredâ-lactam in good enantiomeric excess
(85% ee; entries 4 and 5).

On the basis of these observations, we chose to focus our
attention on asymmetric Staudinger reactions catalyzed by PPY
derivative6, and we were pleased to discover that this complex
efficiently couples hexamethyleneketene with a diverse set of imines
(Table 2, entries 1-5).10 Thus, imines derived from aromatic (entries
1 and 2),R,â-unsaturated (entry 3), and aliphatic (entries 4 and 5)
aldehydes undergo cycloaddition in uniformly good-to-excellent
enantioselectivities and yields. Relative to prior work on catalytic
asymmetric Staudinger reactions, the broad scope with respect to
the imine component is noteworthy, especially the challenging,
readily enolizable imine depicted in entry 5.11 With regard to the
ketene component, not only cyclic, but also acyclic, symmetrical
disubstituted ketenes are suitable substrates (entries 6-7).12

In the case of catalytic asymmetric Staudinger reactions of imines
with unsymmetrical disubstituted ketenes, we need to control not
only enantioselectivity but also diastereoselectivity. We have
determined that PPY derivative6 is in fact an effective catalyst
for reactions of this family of ketenes, furnishing two new
contiguous (one quaternary13 and one tertiary) stereocenters with
very good stereoselection and yield (Table 3). As with symmetrical
ketenes, catalyst6 is versatile, coupling a range of unsymmetrical
ketenes and imines with comparatively little variation in stereo-
selectivity.14 We believe that Staudinger reactions catalyzed by6
proceed through the pathway outlined in Figure 1.6

As noted earlier, interest in the synthesis of enantiopureâ-lactams
derives in part from their potential utility as chiral building blocks.2

Table 1. Comparison of the Effectiveness of Planar-Chiral
Heterocycles as Catalysts for the Staudinger Synthesis of
â-Lactams

entry catalyst ee (%)a entry catalyst ee (%)a

1 (-)-2 <5 4 (+)-5 85
2 (+)-3 <5 5 (-)-6 85
3 (-)-4 <5

a Average of two runs.
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We have established that theâ-lactams generated by our catalytic
asymmetric Staudinger reactions can be ring-opened with amines
to afford â-amino amides (eq 2) and with LiAlH4 to furnish
N-protectedγ-amino alcohols (eq 3). As expected, the enantiomeric
and diastereomeric purity of theâ-lactam is preserved during these
transformations.

In summary, we have demonstrated that a planar-chiral derivative
of PPY is an excellent catalyst for enantioselective Staudinger
reactions. A range of symmetrical and unsymmetrical disubstituted
ketenes couple with a wide array of imines to provideâ-lactams
with very good stereoselection and yield; this work represents a
considerable expansion in the scope of this important process.
Current efforts are focused on exploring the breadth and the
mechanism of this and related nucleophile-catalyzed asymmetric
reactions of ketenes.
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Table 2. Catalytic Enantioselective Staudinger Reactions of
Symmetrical Disubstituted Ketenes with a Range of Imines

a Average of two runs.b Reaction was started at-40 °C. c Reaction was
run at 35°C in 1:1 toluene/THF with 1.5 equiv of ketene.

Table 3. Catalytic Enantioselective Staudinger Reactions of
Unsymmetrical Disubstituted Ketenes with a Range of Imines

a Average of two runs.

Figure 1. Proposed mechanism for enantioselective Staudinger reactions
catalyzed by PPY derivative6.
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