
Tetrahedron Letters 47 (2006) 5993–5996
c-Heteroatom directed stereocontrolled Staudinger
cycloaddition reaction of vinylketenes and imines
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Abstract—Vinylketenes possessing a c-heteroatom, on Staudinger cycloaddition reaction with imines gave trans-3-vinyl-b-lactams in
very good yields. The vinyl side chain stereoselectively adopts the Z-configuration in the transition state to stabilize the vinylketene
and produces, exclusively, trans-3-vinyl-b-lactams.
� 2006 Elsevier Ltd. All rights reserved.
The b-lactam skeleton is recognized as a key structural
unit of the most widely employed class of b-lactam anti-
biotics.1 The constant need for new drugs displaying
broader antibacterial activity and the necessity for new
b-lactam antibiotics to combat microorganisms that
have built up resistance against traditional drugs,2 have
maintained the interest of organic chemists for decades.
As a consequence, a large number of methods are avail-
able for their syntheses and the topic has been exten-
sively reviewed.3 The most convenient procedure for
the synthesis of the b-lactam ring skeleton is the [2+2]
cyclocondensation of ketenes with imines, a procedure
commonly known as the Staudinger reaction.4 In partic-
ular, this method has provided useful and economic en-
tries to b-lactams, mainly due to the ready availability of
both Schiff’s bases and ketenes. In this context, in spite
of the high level of achievement reached in the Stau-
dinger reaction, the subject still continues to be an active
area of research,5 both from synthetic and mechanistic
points of view. We have been using the Staudinger
cycloaddition reaction6 for the diastereoselective synthe-
sis of b-lactams and studied their synthetic utility7 for
the synthesis of various biologically active compounds
for several years. In this letter, we report our work on
the synthesis of trans-3-vinyl-b-lactams employing the
cycloaddition reaction of vinylketenes with imines.
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3-Vinyl-b-lactams are important intermediates in the
synthesis of biomedicinally interesting compounds such
as carbapenem,8 asparenomycin9 and thienamycin.10

These b-lactams are prepared by cycloaddition of vinyl-
ketenes with imines. In most of the cases, the vinyl
ketenes are generated from either crotonoyl chloride or
b,b-dimethylacryloyl chloride.11,12 Although normal ket-
enes are extensively used in ketene–imine cycloaddition
reactions, vinylketenes, also referred to as Sheehan’s ket-
enes,11 have not been fully explored. This may be due to
lower yields and variable diastereoselectivities of the
b-lactam formation.13 In general, the stereochemical
outcome of the reaction depends upon the substituents
present on the imine. Imines prepared from aromatic
aldehydes and arylamines give trans-b-lactams, while
imines with alkyl or electron-withdrawing substituents
give either cis or a mixture of cis and trans products.14

Bose et al. have shown that ketenes generated from an
acid chloride with a heteroatom, such as oxygen or
nitrogen at the a-position, in general, give moderate to
good yields of b-lactams with a preference for the cis
product.15 We envisaged that vinylketenes with a hetero-
atom at the c-position would also have some influence
on the diastereoselectivity in the [2+2] cycloaddition
reactions with imines. With this idea in mind we pre-
pared 4-phenoxybut-2-enoyl chloride (4a), a precursor
for phenoxyvinyl ketene, from methyl-4-bromo-2-bute-
noate 1 (Scheme 1).

Initially imine 5a was reacted with the ketene, gener-
ated from 4-phenoxybut-2-enoyl chloride (4a) and
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Scheme 1. Reagents and conditions: (a) K2CO3, PTCs, acetone, reflux,
2 h; (b) 1 M NaOH, THF, rt, 15 h; (c) (COCl)2, DCM, reflux 4 h.
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Figure 2. Confirmations of the phenoxyvinyl ketene.
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triethylamine, at �40 �C for 30 min and then further
stirred at room temperature for 15 h. A small amount
of trans-vinyl-b-lactam 6a (10%) was isolated from the
reaction mixture. The structure of 6a was established
by IR and 1H NMR spectroscopy. The IR spectrum
showed an absorption at 1756 cm�1 for the b-lactam
carbonyl group. The 1H NMR spectrum revealed the
trans stereochemistry for the b-lactam ring (J = 2.5 Hz
for the ring protons) and a Z geometry at the C3 vinyl
side chain (J = 6.0 Hz for the Z-protons of the double
bond). The structure was further confirmed by single
crystal X-ray analysis (Fig. 1).16

An excellent yield of 6a along with a small amount of
the E-isomer 7a (J = 2.5 Hz for the ring protons and
J = 12.0 Hz for the E-protons of the double bond) was
obtained (Z/E = 9/1) when a solution of acid chloride
4a in dichloromethane was added to a solution of imine
5a and triethylamine at 0 �C and then refluxed for 15 h.
Both the isomers (6a and 7a) were separated by flash
column chromatography.17 The 1H NMR spectrum of
the crude product revealed the formation of only the
trans-b-lactam and no trace of the cis-b-lactam was
detected (Scheme 2).

Several vinyl-b-lactams were prepared in very good
yields from 4-phenoxybut-2-enoyl chloride (4a) and
Figure 1. ORTEP diagram of 6a.
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Scheme 2.
imines 5a–g with various substituents. In all the cases,
irrespective of the substituents on the imine, only
trans-b-lactam formation was observed.

We believe that the phenoxyvinyl side chain stereoselec-
tively adopts the Z-configuration to stabilize the ketene
via participation of the oxygen lone pair of electrons
(Fig. 2). In the cycloaddition reaction, the stereochemi-
cal outcome can depend upon the configuration of the
imine.18 The Z-imine can react with the ketene in an
exo-mode to give the zwitterionic transition state TS-1.
Similarly, the E-imine can react only in an endo-mode
to give TS-2 (Fig. 3).

TS-1 on conrotatory ring closure would provide a trans-
b-lactam, while TS-2 should give a cis-b-lactam.
Although, the E-imine is more stable compared to the
corresponding Z-imine, it is less reactive due to severe
steric interaction between the phenoxy group and the
aryl group of the imine in the transition state TS-2. This
steric interaction is absent in TS-1, which arises from the
exo attack of the Z-imine to the vinylketene. Therefore,
TS-1 is preferentially formed, which on conrotatory ring
closure gives trans-b-lactams. The rate of the reaction
depends upon the rate of equilibrium of the E and
Z-imines.

The formation of the trans-b-lactams can also be ex-
plained by the isomerization of TS-2 to the more favor-
able TS-1 followed by conrotatory ring closure.
However, this seems to be less likely as this would pro-
vide, in some cases, depending upon the nature of the
substituents present on the imine,19 a mixture of cis
and trans-b-lactams. In fact, irrespective of the substitu-
ents on the imine, only trans-3-vinyl-b-lactam formation
was observed in the cycloaddition reaction (Table 1).
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Table 1. Synthesis of trans-3-vinyl-b-lactams 6a–k and 7a–k

b-Lactams 6 and 7 R R1 R2 Ratio of 6:7b Yieldc (%) Mp of 6 (�C) Mp of 7 (�C)

a OPh PMPa Ph 90:10 80 128–129 Thick oil
b OPh PMP PMP 92:8 77 125–126 Thick oil
c OPh Ph Ph 91:9 75 131–132 Thick oil
d OPh Ph PMP 93:7 73 139–140 Thick oil
e OPh 4-ClC6H4 Ph 89:11 78 112–113 Oil
f OPh 4-CH3C6H4 Ph 90:10 83 122–123 Oil
g OPh PMP CO2Me 100:0 70 Oil —
h OMe Ph Ph 92:8 75 88–89 Oil
i OMe PMP Ph 90:10 85 95–96 Oil
j Phtha Ph Ph 85:15 61 109–110 Oil
k N3 Ph Ph 80:20 66 Oil Oil

a Phth = phthalimido, PMP = 4-MeOC6H4.
b The ratio of the diastereomers 6 and 7, from 1H NMR.
c Isolated yields of the diastereomeric mixture of 6 and 7.
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Similar results were obtained with ketenes having
c-methoxy, azido and phthalimido groups (Scheme 3,
Table 1). In all the cases, irrespective of the substituents
on the imine, only trans 3-vinyl-b-lactams with Z-stereo-
chemistry at the vinyl side chain were formed. A small
amount of the E-isomer possibly arose from thermal
isomerization of the Z-vinyl side chain.

Also, the ketenes generated from 4c and 4d (R = Phth,
N3) gave trans-b-lactams 6j–k and 7j–k. However, the
reaction was slow and gave lower yields of the vinylazeti-
din-2-one. The thiophenoxyketene generated from 4e did
not undergo the cycloaddition reaction with imine 5a.

In conclusion, we have shown that the c-heteroatom on
a vinylketene directs imine approach in the Staudinger
cycloaddition reaction. Irrespective of the substituents
on the imine, only trans-3-vinyl-b-lactam formation
was observed. Further work on the applications of
trans-3-vinyl-b-lactams as building blocks in organic
synthesis is in progress.
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