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Abstract: The first methodology to prepare indolizidine systems
directly from �-lactams has been developed. This process involves
the amide bond cleavage of the �-lactam ring in the aza Diels–Alder
cycloadducts with concomitant cyclization. Indolizidinone precur-
sors arise from normal, as well as inverse electron-demand conden-
sation involving the C=N moiety of 2-azetidinone-tethered imines
as the dienophile or the heterodiene contributor.
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The hetero Diels–Alder reaction involving imino-dienes
or imino-dienophiles is widely used for the construction
of nitrogen containing compounds, particularly for the
preparation of piperidine and tetrahydroquinolidine deriv-
atives.1 Indolizidine alkaloids have recently attracted a lot
of synthetic attention2 due to their widespread occurrence
and their diverse and potent biological activities.3In addi-

tion, functionalized bicyclic lactams structurally related to
indolizidine have been discovered as conformationally re-
stricted peptide mimetics.4 On the other hand, the impor-
tance of 2-azetidinones as synthetic intermediates has
been widely recognized in organic synthesis.5 Despite the
versatility of the 2-azetidinone ring,6 there is no informa-
tion available on the use of �-lactams as chiral synthons
for the synthesis of indolizidine alkaloids. Our interest in
the use of 4-oxoazetidine-2-carbaldehydes as substrates
for addition reactions and cyclization processes,7 prompt-
ed us to evaluate the combination of the aza-Diels–Alder
reaction of 2-azetidinone-tethered imines with rearrange-
ment reactions on the 2-azetidinone ring as a route to com-
plex indolizidine alkaloids. We report herein our
preliminary results for the synthesis of different kinds of
highly functionalized bi- and tetracyclic indolizidine sys-
tems using �-lactams as chiral building blocks.
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The starting 4-oxoazetidine-2-carbaldehydes 1 were pre-
pared using our methodology reported previously.7 The
requisite cycloadduct precursors, 2-azetidinone-tethered
imines 2, were smoothly prepared by condensation of al-
dehydes 1 with p-anisidine in dichloromethane at r.t. in
the presence of magnesium sulfate. Imines 2 were purified
by chromatography and obtained in good yields. Impor-
tantly, the �-lactam ring stereochemistry was unaffected
by this process.

We then used 2-azetidinone-tethered imines 2 as dieno-
philes by reacting them with 1-methoxy-3-trimethylsily-
loxy-1,3-butadiene (Danishefsky’s diene). Cycloaddition
took place at low temperature under Lewis acid catalysis
(zinc iodide, 20 mol%) and gave rise to mixtures of cy-
cloadducts 3 and 4 with modest diastereoselectivity (Ta-
ble). Fortunately, in all cases the diastereomeric
cycloadducts 3 and 4 were easily separated by gravity
flow chromatography. Other tested Lewis acids, such as
boron trifluoride diethyl etherate and hafnium chloride
were less effective to activate the imine.

The structure of the minor product from the reaction with
imine 2b was confirmed by X-ray diffraction. The Figure
shows a projection of the minor product 4b as determined
by X-ray crystallography.8

Our next aim was to study the reactivity of 2 with less
electron rich dienes. Zinc iodide promoted the reaction
between imine (+)-2e and cyclopentadiene to give poor
yield, of an isomeric mixture of cycloadducts (+)-5 and
(+)-6. Indium-mediated reactions have emerged as an use-
ful tool in organic synthesis.9 In particular, it was found
that trivalent organoindium reagents can be useful in imi-
no Diels–Alder reactions.10 Thus, indium trichloride-ca-
talysed (20 mol%) reaction between the 2-azetidinone-
tethered imine (+)-2e and cyclopentadiene proceeded
smoothly at room temperature, to afford the derivatives

(+)-5 and (+)-6 (1:1 mixture) in an excellent 98% yield
(Scheme 1). Again, cycloadducts (+)-5 and (+)-6 were
easily separable by chromatography. Interestingly, the di-
enophilic behavior of the imine in the Diels–Alder reac-
tion was reversed to exhibit heterodienic properties.10 The
cycloaddition did not take place with electron poor dieno-
philes such as 2-cyclohexen-1-one or methyl acrylate, but
it proceeded with 2,3-dimethyl-1,3-butadiene and 3,4-di-
hydro-2H-pyran. This confirmed that an inverse electron-
demand Diels–Alder reaction was involved. This imino-
diene behavior is known for arylimines derived from aro-
matic or �,�-unsaturated aldehydes,10,11 but the use of
chiral imines as the 4� component in which the chiral ma-
trix is an aliphatic aldehyde is unrecorded.12 Furthermore,

Table Zinc Iodide-Mediated Diels–Alder Cycloaddition between 2-Azetidinone-Tethered Imines and Danishefsky's Diene

Aldehyde R1 R2 Imine Yield (%)a Cycloadducts Ratio 3:4b Yield 3:4 (%)a

1a PMP Ph 2a 95 3a/4a 66:34 49/25

1b PMP BnO 2b 90 3b/4b 60:40 45/30

(+)-1c PMP PhO (+)-2c 95 (+)-3c/(+)-4c 69:31 36/16

(+)-1d Tol MeO (+)-2d 75 (+)-3d/(+)-4d 75:25 43/14

a Yield of pure, isolated product with correct analytical and spectral data. PMP = 4-MeOC6H4. Tol = 4-MeC6H4.
b The ratio was determined by integration of well-resolved signals in the 1H NMR spectra of the crude reaction mixtures before purification.
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to the best of our knowledge, the dual behavior of aliphat-
ic aldehyde-derived imines both as imino-diene as well as
dienophile is unprecedented.

A common and relevant feature of some indolizidines,
which act as glycosidase inhibitors, is the presence of a
vicinal amino-alcohol or -alkoxy functionality.13 In this
context, transformation of adduct (+)-5 into fused tetracy-
cle (+)-7 was directly effected via a sodium methoxide re-
arrangement reaction. After aqeous work-up (+)-7 was
obtained in high yield (90%) in high purity without fur-
ther purification (Scheme 2).14

Cycloadducts (+)-3 and (+)-4 require further manipula-
tion to obtain the desired alkaloid system. Thus, the dihy-
dropyridone (+)-4d underwent sequential reduction of the
alkene and carbonyl moieties to give the corresponding al-
cohol as a single isomer, whose configuration of at C-4
was established by comparison of the 1H NMR chemical
shifts of its acetyl mandelates. Protection of the hydroxyl
group followed by oxidative cleavage of the N-4-methox-
yphenyl substituent provided the key intermediate pipe-
ridinyl-�-lactam (–)-8. When substrate (–)-8 was
submitted to sodium methoxide treatment, bicyclic in-
dolizidine lactam (+)-9 was cleanly obtained without
byproducts in quantitative yield (Scheme 3).14

The transformation of piperidinyl-2-azetidinones into in-
dolizidine derivatives involves the amide bond cleavage
of the �-lactam ring, followed by cyclization of the result-
ing amino ester with concomitant ring expansion. The
polycyclic structures (by DEPT, HETCOR, and COSY)
and the stereochemistry (by vicinal proton couplings and
NOE experiments) of indolizidinones (+)-7, and (–)-9
were established by NMR one- and two-dimensional tech-
niques.

In conclusion, we have developed the first synthesis of in-
dolizidines directly from �-lactams. 2-Azetidinone-teth-
ered arylimines function both as heterodienes and
dienophiles in the [4+2] imino Diels–Alder reaction to af-
ford different types of cycloadducts, which after rear-
rangement serve as valuable chiral intermediates for
different indolizidinones. The scope and limitations of the
present work are underway and will be reported in due
course.
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