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ABSTRACT

Thermolysis of â-lactam-tethered enallenyl alcohols gave tricyclic ring structures via a formal [2 + 2] cycloaddition of the alkene with the
distal bond of the allene, while the tin-promoted radical cyclization in 2-azetidinone-tethered allenynes proceeded to provide bicyclic â-lactams
containing a medium-sized ring. The access to cyclization precursors was achieved by regio- and stereoselective metal-mediated carbonyl
allenylation of 4-oxoazetidine-2-carbaldehydes in an aqueous environment.

â-Lactam antibiotics have occupied a central role in the vigil
against bacterial infections over the past several decades.1

The various families ofâ-lactam antibiotics differ in their
spectrum of antibacterial activity and in their susceptibility
to â-lactamase enzymes, which constitute the most common
and growing form of antibacterial resistance.2 Bacterial
resistance toâ-lactam antibiotics caused by their widespread
use over the past few decades has motivated a growing
interest in the preparation and biological evaluation of new
types ofâ-lactams that will overcome the defense mecha-
nisms of the bacteria. Tricyclicâ-lactam antibiotics, generally
referred to as trinems, are a new class of synthetic antibacte-

rial agents featuring good resistance toâ-lactamases and
dehydropeptidases.3 Besides, the ever-growing new applica-
tions of 2-azetidinones in fields ranging from enzyme
inhibition4 to the use of these products as starting materials
to develop new synthetic methodologies5 has triggered a
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renewed interest in the building of new polycyclicâ-lactam
systems in an attempt to move away from the classical
â-lactam antibiotic structures.6 On the other hand, allenes
have most certainly reached the status of important and useful
functional groups in organic synthesis. Allenes can be
transformed into other functional groups, such as olefins,
alkynes, andR,â-unsaturated carbonyls and also participate
in a variety of cycloaddition and transition metal-catalyzed
cyclization reactions.7 During the course of our ongoing
project directed toward the synthesis of potentially bioactive
2-azetidinones,8 we discovered a novel palladium-catalyzed
domino reaction in allenynes.8a In this contribution, we wish
to connect the chemistry of allenes with noncatalytic cy-
clization processes for the synthesis of enantiopure fused
polycyclic â-lactams of nonconventional structure.

The starting substrates, 4-oxoazetidine-2-carbaldehydes
1a-d, were prepared both in the racemic form and in
optically pure form using standard methodology. Enantiopure
2-azetidinones (+)-1a and (+)-1c were obtained as single
cis enantiomers from imines of (R)-2,3-O-isopropylidene-
glyceraldehyde, through Staudinger reaction with meth-
oxyacetyl chloride in the presence of Et3N, followed by
sequential acidic acetonide hydrolysis and oxidative cleav-
age.8 Racemic compounds (()-1b and (()-1d were obtained
as single cis diastereoisomers following our one-pot method

from N,N-di-(p-methoxyphenyl)glyoxal diimine.9 R-Allenyl
alcohol (+)-2a was prepared by boron trifluoride diethyl
etherate-induced condensation of 4-oxoazetidine-2-carbal-
dehyde (+)-1a with propargyltrimethylsilane, while 2-aze-
tidinone-tethered allenes2b-h were achieved via metal-
mediated Barbier-type carbonyl-allenylation reaction of
â-lactam aldehydes1a-d in aqueous media using our
previously described methodologies (Scheme 1).8a

The intermolecular [2+ 2] cycloaddition reaction has been
used to build tricyclicâ-lactams bearing a four-membered
ring fused to a cephalosporin, by treatment of aâ-lactam
enol triflate with different olefins, although in some cases a
large excess of alkene was required to obtain reasonable
yields.10 Although, in theory, an intramolecular cycloaddi-
tion of â-lactam-dienes could be used to prepare tricycles,
to our knowledge, there is no report involving intramolecular
[2 + 2] cycloaddition reaction of 2-azetidinone-tethered
alkenes.

The inherent instability imparted by the cumulated double
bond in allenes11 has been exploited by many research groups
taking advantage of the facility in which cycloaddition
reactions take place relative to that of an isolated double
bond.7b However, positional selectivity problems are sig-
nificant. Intramolecularization of the reactions, usually by
placing the group at distances such that five- or six-
membered rings are formed, automatically should solve the
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positional selectivity problems because larger rings are
unfavored. Because allenes can react as 2π-electron donors
in [2 + 2] cycloadditions, 2-azetidinone-tethered enallenyl
alcohols2 would be an ideal cyclization partner for the
generation of a diverse array of tricyclicâ-lactams containing
a cyclobutane ring.12 Equipped with an efficient synthesis
of functionalized 2-azetidinone-tethered enallenes2, we
attempted the thermolysis and succeeded in isolating tricyclic
â-lactams 3 containing a cyclobutane ring. Substitution
patterns on enallenes (+)-2a-c were selected in order to
direct the regiochemical outcome of the cycloaddition to the
six-membered central ring formation. However, we found
that the thermal reaction produced tricycles3 bearing a
central seven-membered ring. No traces of the exocyclic
methylene regioisomer4 could be detected (Scheme 2).

The tricyclic ring structures3 arise from a formal [2+ 2]
cycloaddition of the alkene with the distal bond of the allene,
most likely via a diradical intermediate. Similar behavior
patterns were observed on heating enallenes (()-2d and
(()-2e to give fused tricycles5. Compounds3 and5 were
obtained in moderate yields as single isomers. Selected
examples are shown below in Scheme 3. An unsubstituted

allene results in a somewhat slower rate of reaction but with
similar regiochemical preference. Our observed regiochem-
istry for the [2+ 2] cycloaddition is remarkable, because it
is in sharp contrast with previously reported related examples
in which the 2π-component was the internal double bond of
the allene moiety;13 only Padwa et al. have reported a similar

regioselectivity from their study of intramolecular [2+ 2]
cycloaddition reactions on (phenylsulfonyl)enallenes on
preparing bicyclo[4.2.0]octene systems,14 related to com-
pounds5. However, these authors were not able to prepare
bicyclo[5.2.0]nonenes, related to compounds3, obtaining
instead monocyclic-substituted cyclooctenes.14

Recently, the use of radical cyclization for carbon-carbon
bond-forming reactions has become widespread in organic
chemistry for the construction of carbocycles and hetero-
cycles.15 The majority of commonly employed methods
utilize tributyltin hydride to induce homolysis of an organic
halide or alcohol derivative in forming the reactive carbon
radical species. The addition of a free radical to two carbon-
carbon double bonds, one double bond and one triple bond,
or two triple bonds, constitutes an alternative approach that
has the advantage of incorporating some useful additional
functional groups into the cyclized products. Although the
utility of this methodology using dienes, enynes, and diynes
has been demonstrated, the radical reaction of allenic
derivatives has received little attention,16 because the addition
reaction to allenes will be complicated in terms of chemo-,
regio-, and stereoselectivity. The radical-induced cyclization
of 2-azetidinone-tethered allenynes is appealing because
useful functionality is introduced in one simple step in which
new carbon-carbon bond formation occurs to afford bicyclic
â-lactams of nonconventional structure.6 The resulting cyclic
compounds would be particularly useful to allow further
synthetic transformations. This cyclization proceeded el-
egantly in enynes2f-h to provide the desired fused bicycles
bearing a medium-sized ring6a-c as single isomers in fair
yields (Scheme 4).17 It is presumed that the addition of
stannyl radical to the terminal position of the triple bond
gives the vinylic radical intermediates in the propagation step,
followed by cyclization toward the central carbon bond of

Scheme 2

Scheme 3

Scheme 4
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the allene moiety to give bicycles6 in a totally regio- and
stereoselective fashion.

In conclusion, a novel entry to enantiopure nonconven-
tional fused bi- and tricyclicâ-lactams has been developed
by using intramolecular [2+ 2] cycloaddition or radical
reactions in monocyclic enallenes and allenynes. The ther-
molisis of â-lactam-tethered enallenyl alcohols gave tri-
cyclic ring structures via a [2+ 2] cycloaddition of the alkene
with the distal bond of the allene, while the tin-promoted
radical cyclization in 2-azetidinone-tethered allenynes pro-

ceeded to provide bicyclicâ-lactams in a totally regio- and
stereoselective fashion. This opens up new prospects for the
use of enallenes and allenynes as precursors of optically pure
fused heterocycles without recourse to transition metal
chemistry.
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