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[2 + 2] Cycloaddition reactions between ketenes, bearing known. In this way β-lactams with a widely varying
substitution pattern at the C-3 and C-4 positions of the ringamino-, oxy-, or halo- groups, and imines are recognized as

being amongst the most important and direct routes to β- are constructed stereoselectively. The diastereoselection of
the cycloaddition process can be controlled with variablelactams. Alkyl-substituted ketenes also furnished the

corresponding β-lactams upon reaction with activated imines success from chiral groups attached to either the ketene or
the imine component, or alternatively to both. This method,(iminoesters). In general, ketenes are generated from the

appropriate acid chloride and a tertiary amine. The major or in turn, has proved to be valuable for the synthesis of
precursors of important β-lactam antibiotics, and newsole product of the cycloaddition is usually the cis-β-lactam,

although a few exceptions showing trans selectivity are successful applications can be expected in the near future.

tive structural classes (Figure 1) the penams 1, cephems 2,Introduction
penems 3, monobactams 4, carbapenems 5, and trinems 6,

The β-lactam skeleton is the key structural element of the among others. [1] The constant need for new drugs dis-
most widely employed family of antimicrobial agents to playing broader antibacterial activity and the necessity for
date, the β-lactam antibiotics, which include as representa- new β-lactam antibiotics to combat the microorganisms

that have built up a resistance against the most traditional
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Figure 1. Some representative structural classes of β-lactam anti-
biotics

Scheme 1

The most recent examples exploiting the use of imines
the development of new β-lactam inhibitors for related ser-

derived from chiral amines have been reported indepen-
ine protease targets like β-lactamases and elastases. [3]

dently by Bose[13] and Gunda.[14] For instance (Scheme 2),
As a consequence, a large number of chemical methods

it has been found that the imine 10, derived from the amino
for the production of β-lactams have been developed and

acid -threonine, upon treatment with azidoacetyl chloride
the topic has been amply documented and reviewed several

and triethylamine affords β-lactams 11/12 in a 95:5 stereo-
times. [4] The hydroxamate cyclization, [5] the metalloester

isomeric ratio. [13] Changing the TPS group for the less
enolate-imine condensation, [6] the chromium carbene-imine

bulky TBS leads to a slight decrease in diastereoselectivity,
reaction, [7] the isocyanate-alkene cycloaddition, [8] and the

whereas changing the benzyl group of the ester function for
ketene-imine cycloaddition, also known as the Staudinger

other groups, such as methyl, ethyl, and p-nitrobenzyl, does
reaction, [9] are the approaches most often employed for the

not alter the observed diastereoselectivity.
construction of the azetidin-2-one ring. In particular, the
latter method has provided useful and economical entries
to β-lactams, mainly due to the ready availability of both
Schiff bases and ketenes. [10] In this context, in spite of the
high level of achievement reached in the Staudinger reac-
tion, the subject still constitutes an active area of research,
especially given the number of unsolved aspects related to
either the control of the stereochemistry or the generality
of the reaction.

Scheme 2The present account is intended to show the state of the
art on the asymmetric Staudinger ketene-imine cycload- As reported by Gunda,[14] the imine 13a gave β-lactams

14/15 with very low diastereoselectivity (2:1) and the iminedition reaction[11] as one of the most direct approaches to
the β-lactam nucleus. The material covered herein is ordered 13b, bearing a bulkier O-protecting group, provided β-lac-

tams 14/15 with higher diastereoselectivity (8:1), albeitaccording to the type of functionalization of the β-lactam
ring at the α position and the place from which asymmetric modest. Removal of the substituent at N1 in 14 was ac-

complished in three steps, through the β-lactam 16, to giveinduction is exerted.
17 in 52% yield.

1. Asymmetric Synthesis of α-Amino β-Lactams

1.1. Asymmetric Induction from the Imine Component

The asymmetric induction in the reaction of achiral ke-
tenes with chiral imines has been effected from imines de-
rived from chiral aldehydes and achiral amines and also
from imines derived from chiral amines and achiral alde-
hydes. In the latter case, β-lactams are often produced, if at
all, with low levels of diastereoselectivity.[11b,c] It has been
reported, however, that reaction of the imine 7, derived
from -glucosamine[12] and cinnamaldehyde, with phthali-
midoacetyl chloride and triethylamine furnished the β-lac-
tam 8 as a single isomer. This compound was then trans-

Scheme 3formed into the β-lactam 9 in several steps. [12a]
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Imines derived from both (R)-1-(phenyl)ethylamine and Alternatively, the use of N-Boc-α-amino imines in the

Staudinger reaction (Scheme 6) also leads to the corre-(R)-1-(1-naphthyl)ethylamine have also been employed in
the Staudinger reaction. [11c] The latter often produces the sponding β-lactams with high diastereoselectivity. [18] For

example, the reaction of 29 with phthalimidoacetyl chloridebest results in terms of stereoselectivity. For instance, the
reaction of 18 with phthalimidoacetyl chloride and triethyl- and triethylamine afforded the respective β-lactams 31a, b

as single diastereomers in yields of 41% and 85%, respec-amine provided β-lactams 19/20 in a ratio of 85:15. [15]

tively. Likewise, the reaction of the Dane salt of glycine with
imines 33a, b in the presence of phenyl phosphorodichlorid-
ate and triethylamine gives the corresponding vinylamino β-
lactams 34a, b in yields of 48% and 46%, respectively. Each
compound 34, on treatment with two equivalents of p-tolu-
enesulfonic acid at room temperature for 5 min, furnishes
the corresponding 3-amino β-lactams 35 in yields of 85%
and 98%, respectively. In a similar manner, it has recentlyScheme 4
been found that imines 30, upon treatment with phthalimi-
doketene, provide 32a, b in yields of 73% and 91%, respec-Better stereoselectivities are attained when imines derived
tively. [19] In general, a wide variety of N-Boc-α-amino im-from chiral aldehydes are used. The most common ap-
ines can be employed in such a cycloaddition reaction toproaches involve (Figure 2) the use of α-oxyaldehyde-de-
give β-lactams, which are either potential monobactam pre-rived imines 21, sugar aldehyde-derived imines 22 and 23,
cursors or synthetic intermediates for the construction ofand α,β-epoxyimines 24. [16] In these cases, the β-lactams
other heterocycles of interest. [20]often present a relative cis configuration and both cis-dia-

Figure 2. Representative α-oxyaldehyde-derived imines employed in
the Staudinger reaction

stereomers are usually obtained in ratios higher than 90:10.
Recently, Panunzio and co-workers[17] have reported a

case of a trans-stereoselectivity preference. The method,
shown in Scheme 5, involves the reaction of phthalimi-
doacetyl chloride with N-trimethylsilyl imines, such as 25,
and triethylamine under reflux in toluene.

Scheme 6

The origin of the extremely efficient asymmetric induc-
tion observed in these reactions can be rationalized (Figure
4) on the basis of the magnitude of the stereoelectronic ef-Scheme 5
fect exerted by the σ* (C2X) orbital (X being an electro-
negative atom and C a stereogenic carbon atom) over theApparently, β-lactams 26 and 27 are formed through the

intermediate 28. HOMO in the transition states leading to the formation of
both diastereomeric products. [18]

α-Alkylaldehyde-derived imines, on the other hand, have
not been successful in the Staudinger reaction in terms of
both chemical reactivity and diastereoselectivity. Nonethe-
less, Bhawal[21] has shown that the imine 36 (Scheme 7),
upon treatment with phthalimidoacetyl chloride and tri-
ethylamine, leads to a mixture of β-lactams 37/38 in good

Figure 3. Proposed intermediate for β-lactam formation. When yield and acceptable diastereoselectivity. Azidoacetyl chlo-
R 5 CH3, the intermediate was isolated and, upon heating at reflux ride also gives the corresponding β-lactams, albeit with ain toluene, it afforded the corresponding β-lactams as an equimolar
mixture of trans-diastereomers somewhat lower stereoselectivity.
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either acid/basic hydrolysis or reductive techniques failed to
remove the camphorsultam moiety. [25]

Scheme 9

A number of cyclic (Z) imine derivatives, like 1H-1,2-di-
azepines 46 [26] or phenantridine 49, [27] have also been cy-
clized with the Evans2Sjögren ketenes derived from 45 and
its enantiomer 39, to afford the corresponding polycyclic β-
lactam compounds as exclusively trans isomers. In the for-

Figure 4. AM1 calculated transition states correponding to the for- mer case, the diastereomeric ratios of adducts 47/48 weremation of cis-(3R,4S)- and cis-(3S,4R)-4-[(S)-1-aminoethyl]-3-
methoxyazetidin-2-ones (X: NH2). TS1 exhibits an angular arran- dictated by the steric effects of the substituents R1 and R2,
gement between C3 and the exocyclic C2X bond, whereas TS2 whilst in the second case only the β-lactam 50 was obtained.
corresponding to the major product has a linear disposition for the
same atoms; the reason for the angular arrangement in TS1 is the
steric interaction between the methyl group (R2) and the forming
β-lactam ring; in TS2 this steric interaction does not occur and, as
a consequence, the HOMO-σ* stabilization takes place more effi-
ciently

Scheme 7

Scheme 10
1.2. Asymmetric Induction from the Ketene
Component The majority of the investigations into the stereoselective

production of 3-amino β-lactams from chiral ketenes deal
Another important strategy for the synthesis of nonra- with the use of non-enolizable aldehyde-derived imines. En-

cemic α-amino β-lactams involves the reaction of the olizable imines cannot be employed in such reactions be-
Evans2Sjögren ketenes, [22] [23] generated from their corre- cause of their facile isomerization to enamines. Recently, it
sponding oxazolidinylacetyl chlorides and triethylamine, has been found that N-bis(trimethylsilyl)methyl imines cir-
with aldimines. This strategy has also been successfully ap- cumvent this problem.[28] For example (Scheme 11), the re-
plied to solid-phase β-lactam synthesis. [24] As an example, action of 39 with 52 and triethylamine in refluxing chloro-
the treatment of 39 with the resin-bound imines 40 in the form gives 53 in 75% yield along with its trans-diastereomer,
presence of triethylamine afforded, after removal of the re- which is epimeric at the C4 position, in the ratio 90:10. The
sin, the corresponding β-lactams 41 in 70290% yields. [24a]

major isomer 53 could be transformed into the N-Boc de-
rivative 55 through removal of the oxazolidinone moiety
according to the Evans procedure and subsequent introduc-
tion of the Boc group. Alternatively, better yields were
achieved from the β-lactam 54, obtained by reaction of the
aminoketene precursor 51 [29] with 52. In this instance, sim-
ple exposure of 54 to hydrogen over Perlman9s catalyst in
the presence of di-tert-butyl dicarbonate afforded the sameScheme 8
β-lactam 55 in 96% yield. As Scheme 11 shows, the bis(tri-
methylsilyl)methyl group was removed from the cycload-The acid chloride 42, on treatment with aldimines 43 and

triethylamine, has also been found (Scheme 9) to produce β- duct 55 by treatment with cerium(IV) ammonium nitrate
(CAN) and subsequent N-hydrodeformylation of the re-lactams 44 as single diastereomeric products. Nonetheless,

Eur. J. Org. Chem. 1999, 3223232353226
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sulting intermediate 56. In this way, the product, 57, was
formed in 88% yield.

Scheme 13

Scheme 14
Scheme 11

centers. Under the same conditions, however, 62c provided
63c along with its epimer at the C4 position.In general, a wide variety of N-alkylidene C,C-bis(trime-

Another approach to 3-amino β-lactams involves the usethylsilyl)methyl amines can be employed in such a reaction.
of bis-aldimines 64. [33] [34] As Scheme 15 illustrates, both β-The resulting β-lactams are usually obtained with dia-
lactams 65 and 66 are accessible by the Staudinger reaction.stereomeric cis/trans ratios ranging from 70:30 to 98:2, with
The latter can be converted easily into the 4-formyl azeti-the only exception being glyoxylate imines, which led to
din-2-one 67.very low diastereoselectivities regardless of the substituent

attached to the imine nitrogen atom.[29a,30] On the other
hand, the remarkable thermal stability of these imines be-
comes apparent in the reaction of ketenes with the imine
58, which is the first isolable and stable methanimine that
allows direct formation of 4-unsubstituted β-lactams. For
example, the reaction of 39 with 58 leads to 59 in 75% iso-
lated yield and with perfect asymmetric induction at the
C3 position. [31]

Scheme 15

Scheme 12

1.3. Double Stereodifferentiating Cycloadditions
The latter strategy could also be employed for the con-

struction of β-lactams with quaternary stereogenic centers The concept of double asymmetric induction has been
applied to [2 1 2] cycloadditions with variable success.at the C4 position by simply using ketimines. [32] However,

as Scheme 13 illustrates, whilst symmetrical ketimines Miller [35] found that the reaction of phthalimidoketene with
the chiral imine 68, in which aldehyde and amine units are60a2c gave 61a2c with virtually total diastereoselectivity,

unsymmetrical aliphatic ketimines 60d, e led to β-lactams in a matched relationship, affords the β-lactam 69 in 90%
yield. This result represents a significant improvement over61d, e along with their epimers at the C4 position, with only

low levels of diastereoselection. related reactions employing threonine imines derived from
achiral aldehydes, vide supra. As expected, with mis-On the other hand, imines derived from aralkyl ketones

and benzylamine give β-lactams single diastereomers matched imines like 70, considerably lower levels of dia-
stereoselectivity are attained.(Scheme 14). For instance, the reaction of 39 with ketimines

62a and 62b gave 63a, b in good yields and with essentially High levels of double asymmetric induction in reactions
between Evans2Sjögren ketenes and imines derived fromtotal diastereoselectivity at the newly created stereogenic

Eur. J. Org. Chem. 1999, 322323235 3227
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As Scheme 19 illustrates, the stereoselective reduction of

4-acyl β-lactams 83, readily obtainable from the acid chlo-
ride of 82 and Grignard reagents, constitutes a practical
alternative pathway to β-lactams 84 essentially as single iso-
mers. Thus, starting from β-lactams with the configuration
predicted by an imine partner such as 81 and/or its enanti-
omer, it is possible to obtain the remaining cis-dia-
stereomers that are not directly accessible through simple
and double stereodifferentiating cycloadditions. [36]

Scheme 16

(R)- and (S)-α-amino acid esters are documented. [23] Simi-
larly, double induction effected by reaction between chiral
ketenes and chiral aldehyde-derived imines has been stud-
ied. [36] For example, the reaction of imine 71 with the
Evans2Sjögren ketene derived from 39, in which both reac-
tants are in a mismatched relationship, afforded a mixture
of β-lactams 72/73 in a 40:60 ratio, whilst the reaction of
imine 74 with the ketene derived from 39 afforded β-lactams Scheme 19
75/76 in an 85:15 ratio.

1.4. Carbacephem Intermediates

An important application of the ketene-imine cycload-
dition in recent years has been found in the synthesis of
carbacephem intermediates. [38] An illustrative example is
Lorabide (or Loracarbef), which possesses a range of bio-
logical activity similar to Ceclor but is substantially su-
perior in terms of chemical stability. At present, this family
of compounds is not directly accessible by fermentation
processes or by the structural modification of naturally oc-
curring β-lactam antibiotics. [39]

Scheme 17

An interesting variant of this reaction has been reported
by Panunzio et al. [37] (Scheme 18), in which the imine 77,
upon treatment with the ketene from 39, gave β-lactams 78/
79 in the ratio 90:10. In this instance, the reaction is be-
lieved to occur through intermediate 80. In any case, it
should be noted that the configuration at the C4 position
of the β-lactam ring in 78 is the opposite to that predicted
by the imine partner, as indicated in Figure 4 (see also

Figure 5. Synthetic approaches to Loracarbef antibioticScheme 5).

The most convenient approaches to carbacephems have
focused on the chemical synthesis of suitable monocyclic
intermediates for subsequent intramolecular cyclization
leading to the bicyclic carbacephem framework.[38] [40] Two
representative examples of the latter approach are the Di-
eckmann cyclization of 85 [41] and the rhodium(II) acetate-
mediated carbene insertion into the N2H bond of the β-
lactam 86 [42] among others. [43] Various syntheses of both 85
and 86 have employed the ketene-imine cycloaddition as the
key step. For instance (Scheme 20), Fujisawa and Shim-
izu[44] have utilized the imine 87, which upon treatment

Scheme 18 with azidoacetyl chloride and triethylamine gave 88 in 42%

Eur. J. Org. Chem. 1999, 3223232353228
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yield. Dehydration of 88 and reduction of the azido group butyl dicarbonate leads to the removal of the oxazolidinyl

moiety together with the reduction of the double bond toin 89 generated 90 as a suitable intermediate of Loracarbef.
The same authors reported the synthesis of 92 as an inter- give the N-Boc derivative 95 in 84% yield. This compound

has been transformed easily into the Loracarbef intermedi-mediate of the antibiotic Carumonam [45] (Scheme 21) via β-
lactam 91. ate 96.

1.5. 2-Oxaisocephems and 2-Isocephems

The ketene-imine cycloaddition has also been employed
to prepare the β-lactam 97 (Scheme 23), which, by conven-
tional manipulations, was transformed into the 2-oxaisoce-
phems 98 and 99. [48] Likewise, as Scheme 24 illustrates, 100
was transformed into the 2-isocephem 102 via 101. Starting
from both 99 and 102, a series of 2-oxaisocephems and 2-
isocephems, respectively, have been prepared and evaluated

Scheme 20 for antimicrobial activity. The most active compound is
103, which exhibited potent in vitro activity against clini-
cally isolated P. aeruginosa and Acinetobacter baumanii and
good in vivo efficacy against clinically isolated P. aerugi-
nosa. [49]

Scheme 21

Other syntheses have involved the use of the Ev-
ans2Sjögren amino ketene derived from 39 to obtain the
corresponding β-lactam in optically pure form. In these
cases, two methods to remove the oxazolidinyl moiety from
the resulting cycloadducts have been reported: namely a dis-

Scheme 23solving metal reduction[41] or treatment with trimethylsilyl
iodide. [46] Alternatively, the use of 51 allows a more con-
venient access to Loracarbef intermediates. [47] For example,
the reaction of 51 with the imine 93 gives the β-lactam ad-
duct 94 in 71% yield. Exposure of 94 to hydrogen over
Perlman9s catalyst in THF, as solvent, containing di-tert-

Scheme 24

Tricyclic β-lactams, such as 105, have also been prepared
from the cycloadduct 69, via 104, as shown in Scheme 25.

Scheme 22 Compound 105 exhibited significant inhibitory activity

Eur. J. Org. Chem. 1999, 322323235 3229
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against Streptococcus pyogenes, Moraxella catarrhalis, and A significative variation of the cycloaddition stereoselec-

tivity has also been reported[52] for alkoxyketenes andStaphylococcus aureus. [35]

tricarbonyl(η6-arene)chromium(0) imines 113 and 115
(Scheme 27). Mild decomplexation upon exposure to air
and sunlight of the initially formed 4-[tricarbonyl(η6-ar-
ene)chromium(0)]azetidin-2-ones, afforded the respective α-
alkoxy β-lactams 114 with e.e. > 98% and 116/117 in 78:22
ratio. The lower stereoselectivity attained in the latter reac-
tion seems consistent with the remote position of the stere-
ogenic arylchromium moiety in the cinnamyl imine 115, but
the reversal of the diastereomeric ratio of isomers remains
intriguing.

Scheme 25

2. Asymmetric Synthesis of α-Hydroxy(alkoxy)
β-Lactams

In contrast to the success achieved in cycloaddition reac-
tions of aminoketene equivalents with imines, the anal-
ogous reaction of imines with hydroxyketene equivalents
still needs further development. [11c] To date, only the reac-
tion of achiral alkoxy ketenes with imines derived from
both chiral α-oxy aldehydes[16] [50] and chiral α-amino alde-
hydes[18] [19] have provided stereoselective entries to α-

Scheme 27hydroxy β-lactams. For example, the reaction of the imines
106 and 108 (Scheme 26) with acetoxyacetyl chloride or
benzyloxyacetyl chloride and triethylamine furnished the At present, the level of reaction diastereoselection at-
corresponding β-lactams 107 and 109 as single dia- tained from chiral imines derived from achiral aldehydes
stereomers. In some instances, however, the level of dia- and chiral amines is, like in previous cases with amino ke-
stereoselectivity has been found to be low, as in the case of tenes, often very poor. [11c] Farina and co-workers[53] have
the imine 110, which upon treatment with both acetoxyket- reported a case (Scheme 28) of a highly diastereoselective
ene and benzyloxyketene led to the corresponding mixture cycloaddition on using the imine 118, derived from benzal-
of β-lactams 111/112 in 80:20 and 85:15 ratios, respec- dehyde and -threonine, with the latter bearing a bulky pro-
tively. [51]

tective silyl group. The reaction of this imine with acetoxya-
cetyl chloride and triethylamine thus provides a mixture of
β-lactams 119/120 in a ratio of 1:11.5. The major isomer
120 is then transformed in several steps into 121, the cy-
clized form of the Taxol side chain.

Scheme 28Scheme 26
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Other recent examples are shown in Figure 6. As can be

seen, β-lactams 122, [54] 123, [55] and 124 [56] are produced
with low diastereoselectivity.

Scheme 31

133. [60] An analogous approach has been reported by Hol-
ton[61] and this involves an α-chlorination of 134 followed
by dechlorination with aqueous AgNO3 to give 136.

Figure 6. α-Hydroxy β-lactams from achiral α-hydroxy (alkoxy) ke-
tene equivalents and imines derived from achiral aldehydes and chi-
ral amines

When chiral imines 125 (Scheme 29), derived from chiral
aldehydes and chiral amines (both of which are in a
matched relationship), are involved in such a cycloaddition
reaction, only one diastereomeric β-lactam, 126, is pro-
duced. [57]

Scheme 32

Alternatively, optically active α-3-hydroxy β-lactams can
also be obtained by both enzymatic[62] or chemical [63] reso-
lution of the corresponding racemic derivatives.

3. Asymmetric Synthesis of α-Halo β-Lactams
Scheme 29

In general, the reaction of acid chlorides with imines in
Attempts to achieve efficient asymmetric induction from the presence of triethylamine also works well when the acid

chiral alkoxyketenes all met with failure. For example, the chloride bears electron-withdrawing groups other than ni-
reaction of the acid chloride of 127 with the imine 128 in trogen and oxygen at the α-position. A representative recent
the presence of base (Scheme 30) afforded, after O-depro- example is the reaction of fluoroacetyl chloride with the
tection, the β-lactam 129 with only 70% enantiomeric ex- imine 137, derived from p-anisidine and -glyceraldehyde
cess. [58] In a similar way (Scheme 31), the reaction of 130 acetonide, to give the β-lactam 138 in 68% yield as a sin-
with the imine 131, promoted by phenyl phosphorodichlor- gle diastereomer. [64]

idate, led to the corresponding β-lactam 132 with a very low
diastereomeric excess. [59]

Scheme 33
Scheme 30

A solution to this problem (Scheme 32) consists of the
prior formation of the β-lactam 134, which upon depro- 4. Asymmetric Synthesis of α-Alkyl β-Lactams
tonation and subsequent α-hydroxylation leads to the inter-
mediate α-amidocarbinol 135. This compound sub- The direct preparation of α-alkyl β-lactams from

monoalkylketenes and imines is often fraught with difficult-sequently undergoes loss of the oxazolidinyl moiety to give
the α-keto β-lactam 136. The reduction of 136 with NaBH4 ies associated with the generation of the corresponding ke-

tene from the acid chloride and a base, and also with theproceeds with essentially complete stereoselectivity to give

Eur. J. Org. Chem. 1999, 322323235 3231
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Scheme 34

Scheme 36
usual instability of the monoalkyl ketene thus generated.[65]

It has been found, however, that racemic 3-alkyl-1,4-diaryl complex of 4-methoxybenzylamine and the copper imine
azetidin-2-ones can be obtained from alkanoyl chlorides 154, react in a tandem Michael addition-cyclization process
and imines in refluxing toluene by using tributylamine as with (Z)-3-phenyl-2-(arylsulfonyl)propenoyl chloride 153 to
base. [66] In a similar way, the reaction of the acid chloride afford trans-2-arylsulfonyl-3-phenyl-2-azetidinones 155/156,
139 (Scheme 34) with the imine 140 and triethylamine, car- albeit with low diastereoselectivity. The reaction is assumed
ried out in refluxing toluene, also proceeds satisfactorily to to occur through the ketene intermediate 157. [72]

give 141/142. However, no diastereofacial selectivity was Recently, the Wolff rearrangement of diazo ketones has
observed in such a reaction. [67]

been found to be a good alternative for ketene generation
The most general access to α-alkyl β-lactams involving in [2 1 2] cycloadditions with imines. [73] For example, the

the Staudinger reaction probably involves the use of imines reaction of 158, generated from the α-amino acid tert-leu-
derived from glyoxylates, pyruvates, phenylglyoxal[30,68,69] or cine, with the imine 159 produced a mixture of 160/161 in
formaldimine trimers activated by boron trifluoride/diethyl a 93:7 d.r. From this approach, a variety of α-amino acid-
ether. [70] These cycloadditions work nicely with ketenes de- derived ketenes could be employed to form the correspond-
rived from enantiomerically pure β-silyloxy- or β-(silyl)-bu- ing α-(19-aminoalkyl)-substituted β-lactams, albeit in some
tyric acid chlorides, albeit with moderate diastereoselec- cases with modest diastereoselectivities. [74]

tivity and nonuniform induction sense. For example, β-lac-
tams 146 and 151, with the same configuration at the C3
position, are obtained as the major isomers when the ke-
tenes derived from (S)-3-(triisopropylsilyloxy)butanoyl
chloride 143 and (R)-3-(tert-butyldimethylsilyloxy)butanoyl
chloride 150 are treated, respectively, with the phenylglyoxal
imine 145 [69e] and N,N,N-p-methoxyphenylhexahydro- Scheme 37
1,3,5-triazine. [70]

Finally, it should be mentioned that the base-promoted
reaction of acetyl chloride or equivalents with imines has
not been viable for the preparation of α-unsubstituted β-
lactams.[75] These compounds are suitable building blocks
of trans-α-alkyl β-lactams.

5. Mechanistic Considerations

According to the accepted model (Scheme 38) the reac-
tion between acyl chlorides and imines is assumed to pro-
ceed through in situ formation of a ketene, [68b] followed by
interaction with the imine to form a zwitterionic intermedi-
ate, which undergoes an electrocyclic conrotatory ring clos-Scheme 35
ure to give the β-lactam ring. In general, (E) imines lead
preferentially to the more hindered cis-β-lactams, while (Z)α,β-Unsaturated acid chlorides react with imines in the

presence of base to give α-alkenyl β-lactams, although no imines give predominantly the corresponding trans iso-
mers.[11c,76] Theoretical studies undertaken to establish theexamples of asymmetric versions have been described as

yet. [71] In a related variant (Scheme 36), Detty has found origin of the cis/trans stereoselection reveal that the relative
energies of the rate-determining transition states, leadingthat chiral amines, such as α-methylbenzylamine or the
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from zwitterions to β-lactams, are dictated not necessarily Conclusion and Outlook
by steric effects, but by electronic torquoselectivity. [77] For

In summary, the ketene-imine cycloaddition reactioninstance, it has been calculated[77b] at the RHF/6-31G* level
shows high versatility for the direct access to diversely func-that the zwitterionic intermediate having an electron-donat-
tionalized β-lactams in good chemical yields. In most of theing group in the ketene fragment (R1 5 OH, CH3) has a
cases, β-lactam rings with a relative cis configuration arebarrier for conrotatory closure to the β-lactam that is 8212
the major or the sole products, although specific exceptionskcal/mol lower when it adopts an “outward” rotation. This
with trans selectivity are known. Many diastereoselectivesituation translates as a preference for the imine attack op-
variants of the Staudinger reaction have been described forposite (exo) to the R1 group and, therefore, the formation
the control of the stereoselectivity. As illustrated here, thereof cis-β-lactams from (E) imines. According to the same
are, however, some unsolved problems that justify furtherstudy, this trend is reversed when R1 is an electron-with-
investigation in this field. On the other hand, the recentdrawing group and, for instance, the “inward” rotation pre-
discovery of new active β-lactam compounds (Figure 7),vails by 12215 kcal/mol for R1 5 BH2, leading to a prefer-
such as Thrombin, [78] Prostate Specific Antigen, [79] Humanence for an endo attack and, hence, the formation of trans-
Cytomegalovirus Protease, [80] or the new Cholesterol Ab-β-lactams from (E) imines. The origin of the chiral control
sorption Inhibitors, [81] guarantees renewed interest in theof the Staudinger reaction, arising from the presence of chi-
synthesis of azetidinones and, therefore, in the Staudingerral substituents (R1, R2 and/or R3), has also been investi-
reaction. Finally, taking into account the fact that func-gated at a semiempirical level (AM1) for chiral amino ke-
tionalized β-lactams also constitute excellent buildingtenes and chiral α-hydroxy- and α-amino imines.[18,77c]

blocks for the synthesis of α- and β-amino acid deriva-
tives, [23] [82] it is to be expected that the improvements in
the Staudinger reaction will contribute to making them the
synthetic intermediates of choice for many chemists
working in the fields of heterocyclic chemistry and peptide
synthesis.

Scheme 38

Figure 7. Some representative β-lactams displaying biological acti-Although the introduction of the torquoselectivity con-
vities different from antibioticcept permits the rationalization of a substantial amount of

the known experimental data concerning the Staudinger re-
action, it is evident that further investigation in this area is
required. For instance, a comparison of Schemes 35 and 37 Acknowledgments
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J. Am. Chem. Soc. 1993, 115, 99521004. 2 [77b] R. López, T. L.[53] V. Farina, S. I. Hauck, D. G. Walker, Synlett 1992, 7612763. Sordo, J. A. Sordo, J. González, J. Org. Chem. 1993, 58,[54] [54a] C. Palomo, I. Ganboa, B. Odriozola, A. Linden, Tetra- 703627037. 2 [77c] F. P. Cossio, A. Arrieta, B. Lecea, J. M.hedron Lett. 1997, 38, 309323096. 2 [54b] J. D. Bourzat, A. Ugalde, J. Am. Chem. Soc. 1994, 116, 208522093.Commerçon, Tetrahedron Lett. 1993, 34, 604926052. 2 [54c] S. [78] W. T. Han, A. K. Trehan, J. J. K. Wright, M. E. Federici, S. M.Brown, A. M. Jordan, N. J. Lawrence, R. G. Pritchard, A. T. Seiler, N. A. Meanwell, Bioorg. Med. Chem. 1995, 3,McGown, Tetrahedron Lett. 1998, 39, 355923562. 2 [54d] A. 112321143.Abouabdellah, J. P. Begue, D. Bonnet-Delpon, T. T. T. Nga, J. [79] R. M. Adlington, J. E. Baldwin, B. Chen, S. L. Cooper, W.Org. Chem. 1997, 62, 882628832. McCoull, G. J. Pritchard, T. J. Howe, Bioorg. Med. Chem. Lett.[55] Y. Hashimoto, A. Kai, K. Saigo, Tetrahedron Lett. 1995, 36, 1997, 7, 168921694.882128824. [80] [80a] W. Ogilvie, M. Bailey, M.-A. Poupart, A. Abraham, A.[56] V. Srirajan, A. R. A. S. Deshmukh, V. G. Puranik, B. M. Bhavsar, P. Bonneau, J. Bordeleau, Y. Bousquet, C. Chabot, J.-

Bhawal, Tetrahedron: Asymmetry 1996, 7, 273322738. S. Duceppe, G. Fazal, S. Goulet, C. Grand-Maitre, I. Guse, T.[57] C. Palomo, I. Ganboa, C. Cuevas, C. Boschetti, A. Linden, Halmos, P. Lavallee, M. Leach, E. Malenfant, J. O9Meara, R.
Tetrahedron Lett. 1997, 38, 464324646. Plante, C. Plouffe, M. Poirier, F. Soucy, C. Yoakim, R. Deziel,[58] B. C. Borer, D. W. Balogh, Tetrahedron Lett. 1991, 32, J. Med. Chem. 1997, 40, 411324135. 2 [80b] A. D. Borthwick,
103921040. G. Weingarten, T. M. Haley, M. Tomaszewski, W. Wang, Z.

[59] V. Srirajan, A. R. A. S. Deshmukh, B. M. Bhawal, Tetrahedron Hu, J. Bedard, H. Jim, L. Yuen, T. S. Mansour, Bioorg. Med.
1996, 52, 558525590. Chem. Lett. 1998, 8, 3652370.

[60] C. Palomo, J. M. Aizpurua, J. I. Miranda, A. Mielgo, J. M. [81] [81a] D. A. Burnett, Tetrahedron Lett. 1994, 35, 733927342. 2
Odriozola, Tetrahedron Lett. 1993, 34, 632526328. [81b] W. D. Vaccaro, H. R. Davis Jr., Bioorg. Med. Chem. Lett.

[61] R. A. Holton, J. H. Liu, Bioorg. Med. Chem. Lett. 1993, 3, 1998, 8, 3132313 (and references therein).
247522478. [82] [82a] C. Palomo, J. M. Aizpurua, I. Ganboa, in: Enantioselective

[62] R. Brieva, J. C. Crich, C. J. Sih, J. Org. Chem. 1993, 58, Synthesis of β-Amino Acids (Ed.: Juaristi), Wiley-VCH, New
106821075. York, 1997, p. 279. 2 [81b] C. Palomo, J. M. Aizpurua, I. Gan-

[63] B. K. Banik, M. S. Manhas, A. K. Bose, J. Org. Chem. 1994, boa, M. Oiarbide, Amino Acids 1999, 16, 3212343.
59, 471424716. Received May 27, 1999

[O99309][64] [64a] K. Araki, J. C. O9Toole, J. T. Weilch, Bioorg. Med. Chem.

Eur. J. Org. Chem. 1999, 322323235 3235


