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â-Lactams are an intensively studied family of heterocycles, due
primarily to their biological activity.1 Historically, they are best
known for their use as powerful antibiotics (e.g., penicillins and
cephalosporins), but more recently they have received attention for
other therapeutic attributes, such as their capacity to lower
cholesterol levels.2 In addition to their importance as bioactive
compounds,â-lactams serve as useful building blocks in synthetic
organic chemistry (e.g., the commercial semisynthesis of the anti-
cancer agent paclitaxel (Taxol) employs aâ-lactam for the
installation of theâ-amino acid-derived side chain3).1

As a consequence of their wide-ranging significance, a great deal
of effort has been dedicated to the development of methods for the
stereoselective synthesis ofâ-lactams.1 Although considerable
progress has been achieved, nearly all of the approaches that have
been described are based on the use of chiral, nonracemic
precursors;1 direct catalytic enantioselective routes toâ-lactams are
rare. In fact, to the best of our knowledge, only five such methods
have been reported: the rhodium-catalyzed carbonylation of an
aziridine (kinetic resolution),4 the rhodium-catalyzed intramolecular
insertion of anR-diazo amide into a C-H bond,5 the copper-
catalyzed coupling of an alkyne with a nitrone (see below),6 the
aminoether-catalyzed reaction of ester enolates with imines,7 and
the alkaloid-catalyzed ketene-imine cycloaddition.8 While each of
these discoveries represents an important advance toward the
objective of a general method for the catalytic enantioselective
synthesis ofâ-lactams, each suffers from significant limitations in
scope or stereoselection.9

We were intrigued by a report of Kinugasa in 1972 that describes
a convergent route toâ-lactams through the reaction of a copper
acetylide with a nitrone.10,11 Appealing features of this process
include the ready availability of the starting materials (terminal
alkynes and nitrones) and its high functional-group tolerance (e.g.,
alcohols, halides, amines, and esters). Miura subsequently deter-
mined that the Kinugasa reaction can be accomplished with a
catalytic amount of copper in conjunction with a terminal alkyne,
and he provided the only description of asymmetric catalysis of
this powerful transformation.6 Miura examined one substrate pair
(phenylacetylene andN,R-diphenylnitrone) and obtained a maxi-
mum ee of 57% (10% CuI, 20% bisoxazoline ligand; 50% yield;
probably∼2:1 cis:trans). In this communication, we establish that,
using a newC2-symmetric planar-chiral bis(azaferrocene) ligand
(2), we can achieve catalytic enantioselective Kinugasa reactions
that generateâ-lactams with good enantiomeric excess and cis
diastereoselection (eq 1).

We have reported that bis(azaferrocene) ligand1 furnishes useful
stereoselectivity in copper-catalyzed cyclopropanations of olefins12

and ring expansions of oxetanes.13 In our initial studies of the
Kinugasa reaction, we examined the utility of1 in the coupling of
phenylacetylene withN,R-diphenylnitrone under Miura’s conditions;

disappointingly, we observed moderate stereoselection. Fortunately,
however, our ligand design allows us to readily modify the chiral
environment of the bis(azaferrocene). Accordingly, we synthesized
new, methyl-substituted ligand2 (from commercially available
compounds in three steps and a resolution), optimized the reaction
conditions, and obtained good stereoselectivity (Table 1, entry 1).14

We have investigated the impact on stereoselection of the
electronic character of the N-bound aromatic group of the nitrone
(Table 1).15 Generation of theâ-lactam proceeds with excellent
cis diastereoselectivity irrespective of the nature of the aromatic
ring (∼95:5; entries 1-5). With regard to enantioselectivity, the
more electron-rich the aromatic group, the higher the ee; there is,
however, a tradeoff between ee and yield (entries 1-4). The very
good diastereo- and enantioselection that we obtain with the 4-anisyl
substituent (entry 2) is particularly noteworthy, since this is a
common N-protecting group forâ-lactams.16 A comparison of
entries 4 and 5 reveals that we can enhance the stereoselectivity
and the yield by lowering the reaction temperature.

Focusing on 4-anisyl-protected substrates, we turned our attention
to determining the scope with respect to the nitrone component
(Table 2). We established that CuCl/2 is effective for the catalytic
enantioselective formation ofâ-lactams from a variety of nitrones,
with substituents on carbon ranging from aromatic (entries 1-3)
to alkyl (entry 4) to acyl (entry 5).

We have also investigated the scope of this process with respect
to the alkyne component, focusing on couplings with alkyl- and
acyl-substituted nitrones (3 and4, respectively, in Table 3). Both
families react with aromatic alkynes to generateâ-lactams with
excellent diastereo- and enantioselectivity (entries 1-3 and 5).
Although alkyl-substituted acetylenes are converted to the desired
product with somewhat lower stereoselection (entry 4), alkenyl-
substituted substrates furnish good de and ee (entry 6). It is worth
noting that, since Brønsted base-catalyzed cisf trans isomerization
of â-lactams is well-established,17 our enantioselective Cu/2-
catalyzed process effectively provides stereoselective access to all
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In conclusion, we have developed the first versatile system for
the copper-catalyzed asymmetric coupling of alkynes with nitrones
to form â-lactams. In terms of scope and stereoselection, this
method compares favorably with previously reported strategies for
the catalytic enantioselective synthesis of this important family of
heterocycles. Other appealing attributes of this process include the
ready availability of the starting materials, the functional-group
tolerance of the reaction, and the convergency of the approach.

Note Added in Proof: We have recently communicated that,
using a planar-chiral heterocycle as the catalyst,â-lactams can be

prepared from symmetrical or unsymmetrical disubstituted ketenes
and a variety of imines with enantiomeric excesses up to 98%.18
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Table 1. Catalytic Asymmetric Synthesis of â-Lactams: Variation
of the N-Substituenta

entry R cis:trans
% ee,

cis
isolated yield
cis isomer (%)

1 Ph 95:5 77 69
2 4-(MeO)C6H4 95:5 85 53
3 4-BrC6H4 94:6 72 74
4 4-(EtO2C)C6H4 94:6 67 79
5b 4-(EtO2C)C6H4 95:5 71 91

a All data represent the average of two runs.b Run at-20 °C.

Table 2. Catalytic Asymmetric Synthesis of â-Lactams: Scope
with Respect to the Nitrone Componenta

entry R cis:trans
% ee,

cis
isolated yield
cis isomer (%)

1 Ph 95:5 85 53
2 4-(F3C)C6H4 93:7 90 50
3b 4-(MeO)C6H4 93:7 83 46
4 Cy 93:7 89 57
5 PhCO 91:9 72 42

a All data represent the average of two runs.b Run at rt.

Table 3. Catalytic Asymmetric Synthesis of â-Lactams: Scope
with Respect to the Alkyne Componenta

entry nitrone R cis:trans
% ee,

cis
isolated yield
cis isomer (%)

1b 3 Ph >95:5 92 65
2b 3 4-(F3C)C6H4 >95:5 93 57
3b 3 4-(MeO)C6H4 92:8 91 60
4b 3 PhCH2 71:29 73(70) 43(17)
5c 4 Ph 90:10 90 56
6c 4 1-cyclohexenyl 90:10 91 45

a All data represent the average of two runs. The values in parentheses
provide data for the trans isomer.b Run at-20 °C. c Run at-40 °C.
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