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SUMMARY

N-t-Butyldimethylsilyl imines were prepared readily by oxidation of
the corresponding primary amines. The application of N-t-butyl-
dimethylsilyl imines to the synthesis of monocyclic B-lactams was
examined via the ester-imine condensation reaction with silyl ketene

acetals.

Initial choice of ZnI2 as Lewis acid for this reaction proved
fruitful in certain instances. This reaction, performed in the
presence of t-BuOH to suppress reaction of the initially formed N-metallo
B-amino ester with a further molecule of activated imine, followed by
treatment with Grignard reagent, displays a modest trans selectivity
in the product B-lactams. However, difficulties were encountered
during utilization of more highly functionalised N-t-butyldimethylsilyl

imines. As a result, a second Lewis acid system was investigated.

Utilization of trimethylsilyl trifluoromethanesulphonate (TMSOTf) as
the Lewis acid component produced, in a one-pot process, a range of (-
lactams in a trans-selective manner. Chemical yields resulting from
this approach were comparable to those achieved using Zn12 as Lewis acid
and the diastereoselectivities found showed a modest increase over those

induced in the earlier approach.

Low temperature quenching of the eﬂyiuck_derived from treatment of
a non-enolisable aldehyde with lithium hexamethyldisilazide resulted in
formation of thercorresponding N,N,0-tris(trimethylsilyl) amine acetal.
Treatment of these compounds with TMSOTf provides access to the same
reactive iminium species as found in the reaction between N-silyl imines
and TMSOTf and, as such, provides an alternative route to B-lactam

synthesis,
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Two functionalised silyl ketene acetals were prepared. Attempts
to incorporate these substrates into the ester-imine condensation
process met with only partial success. The cyclic silyl ketene acetal
derived from §-valerolactone was incorporated into a B-lactam nucleus,

although some atypical characteristics were observed in this system.

As an alternative source of the electrophilic iminium species
generated in the reaction between an imine or amine acetal with a
Lewis acid, the reactivity of enamines was examined. Lewis acid
catalysis did allow access to R-amino esters from enamines, although

certain aspects of this process are, as yet, unexplained.
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INTRODUCTION
1. Background.

Since the discovery of penicillin (1) in 1929 by Sir Alexander
Fleming,1 compounds containing the B-lactam ring system have been the
subject of intense chemical and biological investigation.2 Several
structurally related types of B-lactam antibiotic are known. Of those,
two groups of therapeutic agents of great clinical importance are the
penicillins (1) and cephalosporins (2). Recently, biological screening
has revealed more structurally diverse compounds, such as the
cephamycins (3), clavulanic acid (4) and the thienamycins (5), with the
last having been the subject of tremendous synthetic effort over recent
years due to their great potency and broad spectrum activity. Also of
great utility are the monocyclic B-lactams comprising the nocardicins (6)
and the monobactams (7). These structural units are depicted in

Figure 1.

The B-lactam antibiotics inhibit bacteria by interfering with the
synthesis of certain essential structural components of the bacterial cell
wall, These components are not present in mammalian cells so that
inhibition of growth of bacterial cell wall structures can occur with
little or no adverse effect on mammalian cell metabolism. In practice,
the B-lactam antibiotics are used widely for treating bacterial infections,

being seen as highly effective bactericidal agents with very low toxicity.

The chemical synthesis of these compounds has played a crucial
role in the discovery of more potent and broadly active drugs. These

syntheses fall into two major tactical approaches, namely modification
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of the side~chains of naturally occurring B-lactams to yield new,
semisynthetic species, and the total synthesis of target molecules,
It is more recent work in this latter area which will be reviewed

briefly here.

The first synthesis of a B-lactam antibiotic was successfully
completed by Sheehan3 in 1959 (Scheme 1), Realising that penicilloic
acid (8) was a degradation product of naturally occurring penicillin,
he completed the synthesis of penicillin V (9) from (8) by introduction

of the B-lactam ring at a late stage.

A conceptually different approach was utilized by Woodward4 in
his renowned synthesis of cephalosporin C (10) in 1966, Woodward chose
to create the B-lactam ring at an early stage and then proceed to
construct the second, thiazine ring. This strategy has subsequently
dominated the total synthesis of B-lactam antibiotics for two reasons.
Firstly, as all members of this class of antibiotics possess, by
definition, a B-lactam unit, a single, suitably functionalised B-lactam
may have potential, after suitable elaboration, to furnish a range of
synthetic antibiotics, Secondly, it has been found in practice to be
easier to form a fused bicyclic B-lactam by ring closure creating a five

or six membered ring, rather than a four membered ring.

2, Synthesis of Bicyclic‘B—Lactams from Monocyclic B-Lactams.

Over the last twenty years, the synthetic effort directed
towards the construction of fused bicyclic B-lactams from monocyclic

B-lactams has revealed two major approaches which are summarised in
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Scheme 2. A fused bicyclic system can be prepared either by 1) chain
extension at C-4 of the B~lactam ring and ring closure at nitrogen, or
by 2) functionalisation at both C-4 and nitrogen of the B-lactam ring

and ring closure at a non-B-lactam centre.

2.1 Ring Closure at Nitrogen.

Merck chemists5 have developed a new synthesis of the carbapenem
ring system. The key step involves a highly efficient carbene insertion
reaction which produces the bicyclic ring system in high yield, that is,
carbene (11) yielding carbapenam (12) (Scheme 3). The carbene precursor
(14) was obtained from B-ketoester (13) by diazo exchange with p-carboxy-
benzenesulphonyl azide; decomposition of diazo ketoester (14) was
catalysed by ha(OAc)4 in benzene, effecting ring closure to carbapenam (15)
in quantitative yield. The 2-thia substitution pattern found in thie-
namycin was readily introduced by formation of the vinyl tosylate (16)
which underwent selective conjugate addition~elimination of N-(p-nitro-
benzyloxycarbonyl) cysteamine, yielding the thienamycin related derivative
(17). This route to bicyclic systems has been used for the construction
of a wide range of compounds and as such, represents an invaluable

approach.

2.2 Ring Closure at a non-f-lactam centre,

The intramolecular process required to accomplish ring closure
at a non-f-lactam centre requires elaboration at both C-4 and nitrogen

of the B-lactam ring. Once this has been achieved, intramolecular
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ring closure can be accomplished either by a Wittig reaction or by an

aldol-type process (Scheme 4).

The Wittig approach was first employed by Woodward.6 Intro-
duction of the phosphorane unit proceeded readily via a three step
sequence which involved reaction of a glyoxylate ester with an N-
unsubstituted B-~lactam (Scheme 5). Conversion of the so formed
carbinolamine into the corresponding chloride followed by treatment with
PPh3 and a base provided the desired phosphorane (21). This type of
stabilised phosphorane proved hydrolytically stable and was tolerant of the
reaction conditions required to introduce the carbonyl containing moiety
at C-4 of the B-lactam ring. Woodward6 demonstrated the versatility of
this approach by synthesising the cephalosporin analogue (26) (Scheme 6).
Introduction of the phosphorane unit to N-unsubstituted B-lactam (22)
proceeded as outlined above to give (23). Reductive removal of the
ether protecting group and Moffatt oxidation of the primary alcohol
yielded the desired aldehyde (24). Ring closure was achieved by heating
(24) to give cephem (25), which in turn yielded the cephalosporin analogue
(26) after deprotection,. This reaction can accommodate a wide range
of glyoxylate esters and carbonyl containing moieties including ketones,

thiolesters, trithiocarbonates and certain anhydrides.

Ring closure at a non-B-lactam centre can also be achieved by
means of an intramolecular aldol-type reaction. Glaxo chemists
synthesised the B-lactam (27) containing suitable functionality at the
C-4 and nitrogen atoﬁs. Treatment of (27) with lithium hexamethyl-

disilazide at low temperature produced the carbapenam (28) in moderate
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yield (Scheme 7). Methanesulphonylation and elimination then allowed

ready access to the carbapenem system (29).

3. Synthesis of Monocyclic B-Lactams.

Monocyclic B-lactams have emerged as essential starting
materials for the construction of known and novel bicyclic systems.
Reviewed here are the principal ways in which the construction of these

strained rings has been successfully tackled.

There are many ways of synthesising the B-lactam ring.
Most of these suffer from the disadvantage of producing f-lactams with
N-protective groups which are often not readily removed, as is mandatory

for subsequent elaboration to bicyclic systems.

3.1 Achiral Synthesis.

One of the most useful methods for f-~lactam construction
involves an ester-imine cycloaddition route as depicted in Scheme 8.
Reaction of a lithium ester enolate (30) and an imine (31) results in
formation of an N-lithio P-amino ester which, under the reaction
conditions, cyclises spontaneously to form the B-lactam (32). This

. . . 9 10
approach has been examined in some detail by Newcomb and Hart . The
. . 10
problem of deblocking of the B-lactam nitrogen was overcome by
5

utilization of N-trimethylsilyl aldimines (31, R = trimethylsilyl),
prepared11 by treatment of a range of non-enolisable aldehydes with a
slight excess of lithium hexamethyldisilazide in THF (Scheme 9).

Addition of a so formed solution of an N-trimethylsilyl imine to a
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solution of a pre-formed lithium ester enolate resulted in conversion

to the desired N-trimethylsilyl B-lactam in a one-pot process; the product
was isolated as the more useful N-unsubstituted B-lactam due to the
hydrolytic instability of the nitrogen-silicon bond. B-Lactams formed
by this method are shown in Figure 2, An interesting feature of this
reaction is (where applicable) an erythro diastereoselectivity exhibited
in the C-3/C-4 bond forming step and hence a selectivity for cis-B8-

lactam formation. This has been explained by invoking a six-membered
chair transition state similar to that frequently used to rationalise the
stereochemical course of aldol condensations12 (Scheme 10). Low
temperature kinetic deprotonation of esters with LDA selectively affords13
the (E)-enolate (33), which can add to imines (34) via a tightly co-
ordinated six-membered chair transition state (35), affording the erythro
adduct (36) which cyclises to the cis-f-lactam (37). This model assumes
that the imine component exists predominantly as the (E) geometrical

isomer,

When treated with (Z)-enolates, generated using LDA in the
presence of HMPA,lsa N-trimethylsilyl imines tended to give approximately
equal mixtures of diastereoisomers. This may be because (Z)-enolates
do not react exclusively with N-trimethylsilyl imines via a co-ordinated

chair-like transition state similar to (35), but via a related boat-like

transition state or a combination of both.

Differences in diastereoselectivities were also noted when N-
aryl imines, such as benzylidene aniline (34, R = Ph) were used. This
may be due to interpretive problems caused by increased susceptibility

of the product N- aryl B-lactams to epimerise under the reaction
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s 10b
conditions,

In a modification to this procedure, Hartloc has used N-trityl-
sulphenyl imines as the electrophilic component in the ester-imine
condensation route (Scheme 11). Treatment of the N-tritylsulphenyl
imine (39) with the lithium ester enolate (33) gave the N-trityl-
sulphenyl B-lactam (40), showing a 4.5 : 1 diastereoselectivity in
favour of the Eing-lactam. Utilization of enolisable E—trityl-
sulphenyl imine (41) resulted in formation of f-lactam (42), again
in a cis-selective manner. This is noteworthy as it represents one
of the few examples known of B-lactam formation in a reaction involving
a lithium ester enolate and an enolisable imine although subsequent
work by Cainelli14 and co-workers has apparently shown that under the
correct conditions, this type of reaction can readily be achieved, as
will be discussed shortly. Although this procedure does not result in
immediate deblocking of the B-lactam nitrogen, this can be accomplished

in excellent yield using a variety of reagents (Scheme 12),

y—trimethylsilyl imines have, as a drawback to their usage, the
requirement that they be synthesised from non-enolisable aldehydes,
thereby severely limiting the range of C-4 substituents that can be in-
corporated into the B-lactam ring. This requirement for non-
enolisable aldehydes has been claimed to be due to competitive enolisation
of the aldehyde during the preparation of the imine,1oa and/or to
tautomerisation of the imine, to the corresponding enamine.15 Despite
these reported 1iﬁitations, it has been communicated14 that treatment of

an enolisable aldehyde at —30°C in THF with lithium hexamethyldisilazide
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does in fact form the corresponding N-trimethylsilyl imine, although all
attempts to isolate pure imine failed. "'In situ treatment of the N-
trimethylsilyl imine with a lithium ester enolate produced the desired

B-lactam, showing good cis diastereoselectivity in most cases (Scheme 13).

A less direct way of overcoming the problems associated with
non-enolisable aldehydes has been described16 (Scheme 14). Treatment
of either an aliphatic or aromatic nitrile with lithium triethoxy-
aluminium hydride (43) gave the addition product (44). Trans-metallation
with trimethylchlorosilane resulted in in situ formation of the
corresponding N-trimethylsilyl imine, which could be treated with a
lithium ester eqolate in the usual manner to yield the ﬁ—unsubstituted
B-lactam (45) with, in most cases, good 315 diastereoselectivity.
Other aluminium reagents applicable to this route are sodium bis (2-methoxy-
ethoxy) aluminium hydride (46) and, in the case of aromatic nitriles,
the aluminate complex (47), generated in situ from DIBAH and n-BuLi

(Figure 3).

Heterocumulenes17 have also found application to the synthesis

of interesting B-lactams (Scheme 15), Treatment of isocyanate or

isothiocyanate (48) with a lithium ester enolate at -7800 1ed17a to the

malonamic or thiomalonamic ester (49) which furnished the B-lactam (50)

after treatment with AlEt3 in refluxing toluene. The utility of this

approach is illustrated in the preparation of 4-thioacetoxy B-lactam (53).

Reduction of thiomalonimide (50, X = 8) using nBu,SnH-AIBN gave the tin

3

mercaptide (51) which could be converted into the corresponding

thioacetoxy derivative (52) by treatment with nBuli and acetyl chloride,
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N-unsubstituted B-lactam (53) was then revealed by oxidative deprotection.

In a similar approach,17b N-aryl ketenimine (54) was treated
with a lithium ester enolate resulting in nucleophilic attack at the
electrophilic sp carbon of the ketenimine, The acyclic intermediate
(55) spontaneously cyclised to the 4-alkylidene B-lactam (56) (Scheme 16).
In all but one example, the (Z) geometric isomer was the sole product,
arising from attack by the nucleophilic enolate on the less hindered

face of the imine component of the azomethine system of (54).

As has been shown, reactions involving lithium ester enolates
normally show a marked erythro selectivity in their reactions with imines
. . . s . . AP . 18
leading, on cyclisation, to cis-f-lactams. An interesting modification
of this procedure allows control of the stereochemistry of the C-3/C-4

bond forming step, permitting selection of either erythro or threo

adduct formation, depending on the reaction coﬁditions chosen. The
zirconium enolate (58) was formed by sequential treatment of S-(t-butyl)
propanethioate (57, R = Me) with LDA at —7800 and bis(cyclopentadienyl)
dichlorozirconium. Addition of imine (59) resulted in preferential
formation of the erythro B-amino ester (60), [diastereoisomeric ratio
(60):(61), 4:1] (Scheme 17). This selectivity could be further
enhanced by increasing the bulk of the R group of thioate (57).
Utilization of (57, R = Pri) resulted in the ratio of products (60) and
(61) improving to 21:1, respectively. The stereochemistry of zirconium

18,19
enolates of this type has been shown '’

to be predominantly (E). As a
result, it seems likely that the zirconium enolates react with the imine

(59) preferentially via a pseudo-chair transition state (62), in analogy

with the rationalisation offered by Harthb to explain the stereoselectivities
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observed in the reaction between (E)-lithium ester enolates and N-

trimethylsilyl imines.

In contrast to these observed selectivities, the same authors18
have shown that the diethylaluminium enolate derived from S-t-butyl-
propanethioate (57, R = Me) reacted with the imine (59) in a threo-
selective manner forming the trans-f-lactam (63) preferentially,
[diastereoisomeric ratio (63):(64), 4:1] (Scheme 18). Utilization of
(57, R = Et) also favoured formation of trans-f-lactam (63),
[diastereoisomeric ratio (63):(64), 3:1 ], Unfortunately, use of the
bulkier thioester (57, R = Pri) saw a reversion to erythro selectivity,
forming the cis-B-lactam (64) preferentially, [ diastereoisomeric ratio
(63):(64), 1 : 7], It may be that the diethylaluminium enolates
derived from (57, R = Me, Et) react with imine (59) via a pseudo-boat
transition state, leading to selective formation of the corresponding
‘threo adduct and, hence, Ezﬁﬂf-B-lactams (63, R = Me, Et), whereas the
diethylaluminium enolate derived from (57, R = Pri) reacts via the
same transition state depicted for the zirconium enolate case, although

no convincing mechanistic rationale is available as yet,

In a similar study20 utilizing enolisable imines (65), dimethyl-
aluminium ester enolates were shown to lead selectively to cis-f-lactams
(66) (1.5:1 to 9:1) under identical reaction conditions to the work18
mentioned above. As this latter study surveys a much wider range of
imines and esters; the two examples of trans selectivity cited may be
uncharacteristic; the reaction of diethylaluminium enolates with imines

may simply proceed via the pseudo-chair transition state already postulated.
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The ester-imine condensation route to B-lactams has been
approached in a conceptually different fashion. Lewis acid activation
of an N-trimethylsilyl imine followed by nucleophilic attack by a ketene

acetal has provided a useful additional entry into the B-lactam system.

21

Complexation of an E—trimethylsilyl imine (68) with Zn12

followed by treatment with a silyl ketene acetal (67), prepared from the
corresponding ester by kinetic deprotonation, resulted in formation of

the trans-aminated product (70), presumably via reaction of the N-

metallo B-amino ester (69) with a further equivalent of activated §—
trimethylsilyl imine (Scheme 20). Addition of t-BuOH to the reaction
mixture provided, by cleavage of the nitrogen-zinc bond, the B-amino

ester (71), which did not react further. Cyclisation of (71) was
achieved by treatment with- MeMgBr, 22 to produce a range of B-lactams (72).
In situ treatment of the reaction mixture with MeMgBr led to B-lactams

(72) directly. Where applicable, the B-lactams (72) were formed in a
trans-selective manner, an observation explained by proposing (73) to be the
preferred transition state; this leads to the trans-f-lactam (75) via the

threo B-amino ester (74) (Scheme 21).

Electrophilic aminomethylation of carbon nucleophiles is an
important area in synthetic organic chemistry and has indeed been useful2
in the synthesis of B-amino esters, precursors of B-lactams (Scheme 22),
Treatment of N,N-bis(trimethylsilyl)methoxymethylamine (76) wiph catalytic
quantities of TMSOTf (77), furnished the highly reactive iminium species
(79).112 oxonium ion (78). Generation of (79) in the presence of a silyl
ketene acetal led to formation of the N,N-bis(trimethylsilyl) B-amino ester

(80) and thence (81) after desilylation.
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This route, as well as being truly catalytic with respect to the Lewis
acid component, overcomes the problem of triazine formation usually associated
with formaldehyde derived imines (Scheme 23) and provides a potential
route into the important nocardicin and monobactam families of R-lactam

antibiotics.

The first indication of any stereoselectivity involved in the
TMSOTf-catalysed reaction between silyl ketene acetals and imines was
. .24 ]
provided by Guanti and co-workers (Scheme 24), Reaction of a range of
non-enolisable N~aryl imines (83) with catalytic quantities of TMSOTf and
substituted silyl ketene acetals (82) revealed the selective formation
of the threo adduct (84) over the erythro adduct (85) and, in one case
1 2

(R = Me, R = Ph, Ar = Ph), stereospecific formation of the threo

adduct.

The Lewis acid approach using ZnI_ or TMSOTf, showing diastereo-

2
selectivities favouring threo-B-amino ester formation and thence, trans-
B-lactams, complements the lithium ester enolate approach, with its

inherent selectivity towards erythro-f~amino ester and, thence, cis-B-

lactam formation.

The usefulness of 4-acetoxy B-Iactam525 cannot be understated.
Nucleophilic substitution reactions can take place at C-4 of the B-lactam
ring, via the in situ generated azetidinium ion (Figure 4),. allowing
introduction of substituents necessary for bicyclic B-lactam formation.
The desire to synthesise compounds of this type has uncovered some
interesting chemistry, Direct access to N-unsubstituted 4-acetoxy B-

lactams has been achieved26 by treatment of vinyl acetates (86) with
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chlorosulphonyl isocyanate (87), which yielded a range of N-chloro-
sulphonyl B-lactams (88) in good yield (Scheme 25). Deblocking of the
B-lactam nitrogen was readily achieved, furnishing the N-unsubstituted 4-

acetoxy B-lactams (89).

27
Subsequent work has involved reaction of an acid halide (90) with

a cinnamylideneamine (91) in the presence of Et_N which yielded B-lactams

3
2
(92) (Scheme 26). When R = H, stereoselectivities of 1:1 up to 19:1
in favour of the cis-B-lactam (96) were observed. However, increasing

the bulk of the aldehyde component of the imine, i.e., when R2 = Me,
resulted in exclusive formation of the giE—B—lactam (96). This result
can be explained by consideration of the possible mechanism of the
reaction, It is generally accepted that the acid halide~imine reaction
proceeds through a dipolar intermediatez8 of type (93) and (94), rather than
by a concerted [2+2] addition. The zwitterions (93) and (94), upon
conrotatory ring closure led to the corresponding trans- and cis-f-lactams
(95) and (96) respectively. When R2 = H, (93) and (94) may be formed,
leading to B-lactams (95) and (96), but when R2 = Me, zwitterion (94)

is greatly favoured as the Rl/Rz interaction is relieved and therefore

the cis-B-lactam (96) results as the exclusive reaction product.

Standard procedures then allowed access to the valuable 4-acetoxy B-
lactams (Scheme 27). B-Lactam (96), upon oxidative cleavage using

either KMnO, or O

4 37 yielded the methyl ketone (97); Baeyer-Villiger

oxidation then furnished the 4-acetoxy B-lactam (98), with, as expected

retention of stereochemistry at C-4.

A related approach29 involves 2-aza-1,3-dienes (100), synthesised
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via DBU-catalysed isomerisation of the N-allyl imines (99) obtained

in turn from the corresponding non-enolisable aldehydes and allyl

amine (Scheme 28). Utilization of the acid halide-imine route
furnished a range of cis-f-lactams such as (101), KMnO4 oxidation

resulted in a one-pot deprotection-oxidation, yielding methyl ketone

(102), again easily convertible into 4-acetoxy B-lactam (103).

Transition metal chemistry plays a very useful role in the
synthesis of B-lactams. One approach30 involves the photolysis of the
chromium(O) species (104) (Scheme 29). The first step was a photo-
lytically induced insertion of carbon monoxide into the metal-carbon
double bond to produce ketene complex (105). Nucleophilic attack
by an imine led to the metal-bound zwitterionic species (106), which
underwent a conrotatory ring closure to form the B-lactam (107). The
stereochemical outcome of the photolytic reaction of imines with
chromium-aminocarbene complexes exactly parallels that found with free
ketenes, that is it is very highly cis-selective, This is best
illustrated by the case of the chiral thiazoline (108) which reacted
with carbene complex (104) to form penam (109) in 93% chemical yield,
with an enantiomeric excess (ee) of greater than 98% (Scheme 30). The
free-ketene approach yielded penam (109) with the same enantioselectivity,
but only in 6-13% chemical yield.31 The improved chemical yield is
due to the absence in the chromium-carbene approach of free ketenes, the

existence of which can lead to considerable by-product formation,
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3.2 Chiral Synthesis

The ester-imine condensation route has been shown to be an
effective method for the preparation of B-lactams. Attempts to induce
enantioselectivity during the C-3/C-4 bond formation step using menthyl

32
esters '’

in this process have not been particularly successful.

However, using the isoborneol derived butyrate (110), Hart33 has

achieved a high degree of asymmetric induction (Scheme 31). Thus,
treatment of the lithium ester enolate of (110) with §-ary1 cinnamaldimine
(111) led to formation of Eigfs-lactam (112) in 81% chemical yield and
with 92%ee. A formal synthesis of carbapenem antibiotic (+)-PS-5 (121)
resulted from this approach. Deprotection of §~ary1 B-lactam (112),
gave B-lactam (113), which was protected as the t~butyldimethylsilyl
derivative (114). Ozonolysis of (114) gave the aldehyde (115), with
Jones oxidation affording cis-B-lactam (116). Lead tetraacetate
oxidative decarboxylation led to 4-acetoxy B-lactam (117) as a 2:1
mixture of trans and cis diastereoisomers. Treatment of this mixture
with the silyl enol ether (118) furnished solely the trans-f-lactam (119),

34
which was converted into the known (+)~-PS-5 precursor (120) by ha(OAc)4

catalysis, a protocol discussed earlier.

Asymmetric induction has also heen achieved35 in a similar manner
by incorporation of chirality into the ester component of the ester-imine
condensation route (Scheme 32). Treatment of the silyl ketene acetal
(122) from (1S,2R)~-N,N-dimethyl ephedrine-0-propanoate with benzylidene
aniline in the presence of excess TiCl4 yielded the threo-B-amino ester
(123) as the major product, together with traces of two of the three

other possible stereoisomers, Treatment of the crude reaction mixture
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with lithium hexamethyldisilazide in THF produced, after purification,

the trans-B-lactam (124) in 79% chemical yield and with 95%ee.

Asymmetric induction via chiral imine components has provided a
valuable source of chiral f-lactams of recognised utility in the field
of carbapenem synthesis. Ethyl (S)-lactate (125) has been converted36
into the chiral imine (128) (Scheme 33). Protection of (125) as the
benzyl ether (126), reduction to the aldehyde (127) and treatment with
di-p-anisylmethylamine yielded the chiral imine (128). Treatment of
(128) with diketene in the presence of imidazole produced trans-B-lactam
(129) in high yield and with 96%ee. Thienamycin precursor (130)37 could
be readily synthesised from (129), firstly by stereoselective reduction
and protection of the C-3 methyl ketone substituent, secondly by deprotection
and oxidation of the C-4 hydroxyethyl substituent and finally by oxidative

deblocking of the B-lactam nitrogen atom.

Treatment of chiral aldehyde (132), derived from D-mannitol (131)
with an aromatic amine led38 to chiral imine (133)(Scheme 34). Utilization
of the acid halide-base procedure led to a range of B-lactams (134) as
the sole reaction products, with the requisite functionality present for

further synthetic elaboration,

In another approach39 to the antibiotic (+)-PS-5 (121), the imine
(136), derived from 3-trimethylsilyl propynal and (S)-(a-methyl)benzyl-
amine, was added to the boron enolate (135), prepared from S-phenyl
butanethioate, which led to formation of the threo-B-amino ester (137),
wﬁich was cyclised using ButMg01 to the trans-f-lactam (138), in 68%

overall yield and with 95%ee (Scheme 35). B-Lactam (138) was then
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converted into the disilyl B-lactam (139), a known34 intermediate in the
synthesis of (+)-PS-5 (121). The extremely high level of asymmetric
induction in this reaction may be due to both the a-methyl benzyl moiety
and the ethynyl moiety assuming axial orientations in the preferred

cyclic chair-like transition state (140).

Synthesis of the monocyclic 4-unsubstituted B-lactams; the
nocardicins and the monobactams, has been hampered due to the inaccess-
ibility of monomeric formaldehyde imines. An elegant approach that
both overcomes this problem and displays chiral induction has recently
been described40 (Scheme 36). Reaction of the chiral §-(cyanomethy1)
amine (142) with two equivalents of the lithium enolate of the silyl
protected glycine ester (141) yielded, by in situ formation of the
formaldehyde imine (144) the (S),(S)-B-lactam (143) in 65% yield and
with 95%ee, possessing the configuration at C-3 present in the nocardicin

and monobactam families of fB-lactam antibiotics.

Although chiral acyclic imines may be used in the ester-imine
condensation route, yielding products with excellent enantiomeric excess,
chiral cyclic imines offer the-possibility of asymmetric synthesis of
bicyclic B-lactams directly in a one-pot procedure. Treatment41 of
D-cysteine methyl ester (145) with carbon diselenide furnished (146) which,

upon reaction with Mel and Et_N, yielded the 2-(methylseleno)thiazoline

3
(147) (Scheme 37). Unfortunately, during the course of the methylation
reaction, considerable epimerisation took place, producing thiazoline

(147) with only 50%ee. Reaction of thiazoline (147) with methoxy

acetyl chloride (148) in the presence of Et3N resulted in formation of the
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penam (149) with the same enantiomeric excess as was present in the

starting imine. Reductive deselenylation of (149) with nBu3SnH in the
presence of AIBN proceeded in a highly stereoselective manner, furnishing
bicyclic B-lactam (150) in 83% yield. Although this method does possess
drawbacks associated with loss of optical purity during the thiazoline
formation reaction, its major advantage is incorporation of the methylseleno
substituent into the imine moiety, greatly enhancing the efficiency of

the subsequent ketene-imine addition reaction. 2-Unsubstituted thiazolines
(151) have been known42 for a considerable time, but their reactions under

the above conditions have been clouded by very poor chemical yields (<10%).

In a novel approach,43 chiral thiazoline (153) has proved useful
for the construction of chiral bicyclic penams (Scheme 38). Cationic
iron vinylidene (152), upon treatment with chiral imine (153) produced
the acyclic adduct (154) which cyclised upon standing or, more efficiently
by brief reflux in 1,2-dichloroethane, to give the azetidinylidene complex
(155) with reasonable (76%ee) selectivity. Oxidation of (155) with

iodosobenzene in ethanol gave penam (156).

The highest reported 44 level of diastereoselection in the formation
of B-lactams arose from utilization of the optically pure (S)-(+)-acetyl
complex (157) (Scheme 39). Treatment of (157) successively with nBuLi
and acetaldehyde, and then NaH and Mel, gave an essentially 1:1 diastereo-
isomeric mixture of the corresponding B-methoxy complexes (158).

Treatment of this mixture of complexes (158) with two equivalents of
lithium benzylamide and then MeI gave the 3-amino-2,3-dimethyl complex
(159) in a diastereoisomeric ratio of greater than 100:1:1:1, The

formation of (159) is consistent with the tandem Michael addition -
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methylati?n occurring on the (E)-crotonyl complex (161) from the
unhindered face. Complex (161) is presumably generated in situ by
lithium benzylamide induced elimination of methanol. Without
purification, complex (159) was oxidatively decomplexed with bromine to
give the cis-f-lactam (160). As no trace of the thermodynamically more
stable trans isomer could be detected, the B-lactam (160) has an optical
purity of greater than 100:1, The excellent stereocontrol exerted by
the iron-acyl complex (157), coupled with the incorporation of sub-
stituents allowing further synthetic elaboration, make this approach
possibly one of the most promising for future syntheses of useful chiral

B-lactams.

Thienamycin (168), discovered in 1976, is a novel B-lactam

45
antibiotic isolated from Streptomyces cattleya. It possesses

exceptional potency and a wide spectrum of antibacterial activity, as
well as good stability against B-lactamases. Its synthesis has
inspired, more than any other single compound, intense utilization of
chiral variants of the ester-imine condensation route to B-lactam

46
synthesis,

Optically pure 3-hydroxy butyrates (162) are attractive ester
components because of the potential of direct introduction of the 1-
(hydroxy ethyl) substituent at C-3 of the f-lactam unit, necessary

4
46a,46d treatment of the di-

for thienamycin (168). As shown by Chiba,
lithium salt (163) of (R)-3-hydroxy butyrate (162) with the N-trimethyl-
silyl propynaldimine (164) yielded the gfunsubstituted B-lactam (165) as

the major product, possessing the incorrect configuration at C-3 required

for thienamycin (168) (Scheme 40). Selective O-silylation of B-lactam
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(165) and further disilylation with two equivalents of TMSOTf in the
presence of Et3N led, after hydrolysis, to the trans-f-lactam (167),
via the silyl enol ether (166). Hydration of (167) followed by

Baeyer-Villiger oxidation furnished the 4-acetoxy B-lactam (130), a

36 .
known precursor of thienamycin (168), in extremely high optical purity.

47
In a complementary fashion, treatment of (S)-3-hydroxy butyrate
(162) with two equivalents of LDA followed by N-aryl imine (111) gave a

1:1 mixture of trans- and cis-B-lactam (169) (Scheme 41). Mitsunobu

inversion cleanly gave the inverted (R)-(hydroxyethyl)B-lactam (170)
which was protected as the t-butyldimethylsilyl ether (171). Treatment
of (171) with osmium tetraoxide in the presence of sodium periodate
yielded aldehyde (172) as a single trans isomer, KMnO4 oxidation to
the trans-acid (173), followed by oxidative decarboxylation produced the

. 3
trans-4-acetoxy fB-lactam (174), leading to the known 7 precursor (130)

of thienamycin (168), after oxidative dearylation of (174).

The same authors46e have used the asymmetric induction induced by
(S)-(169) in a formal synthesis of B-lactam antibiotic (+)-PS-5 (121)
(Scheme 42), Thioimidazolide (175) was prepared from a 1:1 cis and trans-
mixture of B-lactam (169) and thiocarbonyldiimidazole. Reduction of
(175) with sodium borohydride in DMSO gave clean conversion to the
desired 3-ethyl B-lactam (176) which was readily converted into carbapenam

(120), a known34 precursor of (+)-PS-5 (121).

Thus, optically pure 3-hydroxy butyrates have been shown to be of
great utility in the construction of important carbapenam precursors after

either, in the case of (R)-hydroxy butyrates, correction of the C-3
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stereochemistry or, in the case of (S)-hydroxy butyrates, MitsunObu

inversion of the hydroxyl stereochemistry.

Chiral 3-hydroxy butyrates have also been shown to be of use in
4
the synthesis of the valuable 1B-methyl carbapenems 8 which exhibit the
normal properties of this class of antibiotic, as well as high resistance

. . 49 . .
to renal dipeptidase-I, enhancing their usefulness as therapeutic agents.
4. Conclusions.

Monocyclic B-lactams have proved to be essential structural
building blocks from which known and novel bicyclic B-lactam antibiotics
can be constructed. The wide range of approaches available, via the
formal [2+2] cycloaddition protocol, coupled with the opportunities for
incorporation of asymmetry, will ensure that the synthesis of monocyclic
B-lactams will continue to play a pivotal role in the synthesi; of B-lactam

antibiotics.
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DISCUSSION

Monocyclic B-lactams play a pivotal role in the synthesis of
fused bicyclic B-lactam antibiotics., For this reason, synthetic
routes towards monocyclic B-lactams that are both efficient and high
yielding must be continually sought. These routes must also be able
to facilitate the incorporation into the f-lactam ring of functionality

suitable for further synthetic elaboration,

As has been discussed, the most efficient syntheses of bicyclic
systems from monocyclic B-lactams requires either chain extension or
ring closure at nitrogen. As a result, the synthesis of N-unsubstituted

B-lactams becomes a desirable goal.

It has been reported22 that the N-trimethylsilyl B-lactams (178),
obtained by Grignard-induced cyclisation of N-trimethylsilyl eéters (177),
undergo extremely facile protio-desilylation to yield the corresponding
N-unsubstituted B-lactams (179) (Scheme 43). As no formal deprotection
step is required, development of a general route'to N-trimethylsilyl
B-lactams would constitute an essentially direct synthesis of N-unsubstituted

B-lactams.

The most flexible routes to monocyclic B-lactams involve the formal
[2+2] cycloaddition of a ketene or a ketene equivalent with an imine,
In 1977, the first50 instance of the use of an N-trimethylsilyl imine in
this approach was reported (Scheme 44). Treatment of N-trimethylsilyl
benzaldimine with diphenyl ketene at elevated temperature led, after
work-up, to the N-unsubstituted B-lactam (180), albeit in only 12%

yield.
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A very limited number of N-trimethylsilyl imines, particularly
those derived from diaryl”ketones,51 has been known for some time.
In a recent study21 on the synthesis of N-unsubstituted B-lactams, a
range of N-trimethylsilyl imines was prepared by a modification of the
older procedures. In detail, treatment of a solution of lithium
hexamethyldisilazide in THF at OOC with one equivalent of a non-
enolisable aldehyde followed by one equivalent of chlorotrimethylsilane,
and non-aqueous isolation and distillation gave a range of N-trimethylsilyl

imines in good yield (Scheme 45).

The probable mechanism for this reaction involves a heteroatom variant
53
of Peterson Olefination (Scheme 46). N -~ O silyl migration followed
by elimination of trimethylsilanoxide ion at OOC will yield the N-~trimethyl-

silyl imine,

21
These N-trimethylsilyl imines were utilized in a ZnIz-mediated
reaction with O-trimethylsilyl ketene acetals, yielding, after treatment

in situ of the intermediate N-silyl B-amino esters with MeMgBr, a range

of N-unsubstituted B-lactams, as previously discussed (p.11).

It was against this background that a detailed study of the

preparation of functionalised monocyclic B-lactams was undertaken,

1. The ZnIz-Mediated Reactions of N-t-Butyldimethylsilyl Imines and

O-Trimethylsilyl Ketene Acetals.

The apparent54 requirement that N-trimethylsilyl imines be
synthesised from non-enolisable aldehydes makes alternative routes to
55
N-silyl imines desirable. One such route involves the synthesis of

N-t-butyldimethylsilyl imines from the corresponding primary amines,
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In practice (Scheme 47) the starting primary amine was converted into

its Eft—butyldimethylsilyl derivative, which on reaction with t-butyl
hypochlorite gave the N-chloro-N-silyl species. This, on elimination

of HC1 using DBU as base, produced the desired N-t-butyldimethylsilyl
imines (18l1la) and (182) in high yield. At the commencement of this
study only one reaction of an N-t-butyldimethylsilyl imine had been
reportedssa (Scheme 48). Complexation of (181la) with Zn12 and addition

of silyl ketene acetal (183) yielded the N-t-butyldimethylsilyl B-amino

ester (184) in a threo selective manner (diastereoisomeric ratio threo

erythro, 1.9 : 1).

Eft-butyldimethylsilyl’imines are of greater potential value than
their N-trimethylsilyl analogues as the silyl group is much more
resistant to hydrolytic cleavage, and it should survive the conditions of
the ZnI2 - mediated approach to monocyclic B-lactam synthesis. In order
to ascertain the usefulness of N-t-butyldimethylsilyl imines, (185a) and

(186) were prepared, by the procedure discussed above, from furfurylamine

and allylamine, in 70% and 98% overall yield, respectively.

O-Trimethylsilyl ketene acetal (187) was prepared using a literature

procedure,56 by deprotonation with LDA followed by O-silylation. In a

similar manner,lsb’56 deprotonation of methyl propanoate at low temperature

led to selective formation of the (Z)-enolate [(Z):(E), 95:5] and thence

the (E)-ketene acetal (183).

As a measure of the usefulness of N-t-butyldimethylsilyl imines,

imines (18la) and (185a) were examined in the context of the ZnIz-

mediated approach to B-lactam synthesis (Scheme 49). Using a modification

1,55 O at ambient temperature

of known procedures, ZnI2 was stirred in Et

2
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until a homogeneous, pale-grey solution was formed. N-t-Butyldimethyl-
silyl benzaldimine (18la) was added, resulting in immediate formation

of a pale-green homogeneous solution of the ZnIz—complexed imine.
Addition of silyl ketene acetal (187) followed immediately by t-BuOH
produced the crude N-t-butyldimethylsilyl B-amino ester (189) on

work-up. Unfortunately, silica gel chromatography resulted in
desilylation, yielding the N-unsubstituted B-amino ester in 90% yield.
Repetition with subsequent purification on basic alumina furnished the N-
silyl B-amino ester (189) in 95% yield as a white crystalline solid.

In an analogous manner, N-t-butyldimethylsilyl furfuraldimine (185a) was

converted into the N-silyl B-amino ester (190) in 66% yield.

Having thus shown that the t-butyldimethylsilyl group could with-
stand the carbon-carbon bond forming conditions, conversion of N-silyl
B-amino esters (189) and (190) into the corresponding B-lactams was
then attempted. Following the procedure developed by Birkofer,22
treatment of N-silyl B-amino ester (189) with one equivalent of MeMgBr
resulted in approximately 50% consumption of starting material.
Utilization of two equivalents of MeMgBr yielded the N-t-butyldimethyl-
silyl B-lactam (191) in 32% yield (Scheme 50). Interestingly,
considerable quantities of imine (181la) were observed in the crude
reaction product, resulting from carbon-carbon bond cleavage, possibly

via the six-membered transition state, as shown in Scheme 51,

—

.10
In the lithjum ester enolate approach to B-lactam synthesis,
in situ formation of N-lithio B-amino esters results in spontaneous
cyclisation to B-lactams under the reaction conditions, In addition,

57 . .
lithium dialkylamides have been shown to induce B-amino esters to
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cyclise to B-lactams. Based on these observations, N-silyl B-
amino ester (189) was treated with one equivalent of LDA, furnishing

the N-silyl B-lactam (191) in 72% as sole product.

The 2-furyl substituted N-silyl B-amino ester (190), upon treatment
with either two equivalents of MeMgBr or one equivalent of LDA, cyclised
cleanly to give the N-t-butyldimethylsilyl B-lactam (192) in 65% and
50% yield respectively (Scheme 52). No trace of the corresponding

imine (185a) was observed under either set of conditions.

In a manner similar to the reported21 process, N-t-butyldimethyl-
silyl Bf-lactams (191)-(194) were prepared by a one-pot procedure
(Scheme 53). The preparation of N-silyl B-amino esters proceeded as
described above. Direct treatment of the reaction mixture with
five equivalents of MeMgBr produced the corresponding N-silyl B-lactams
(191)-(194) in good yield. Interestingly, B-lactam (191) was
produced in 72% yield with no observable trace of the corresponding
imine (181a). This yield compares favourably with a combined yield of
68% obtained by cyclisation of the purified N-silyl amino ester (189).
B-Lactam (192) was produced in 52% yield, which again compares favourably

with a combined yield of 43%.

Utilization of silyl ketene acetal (183) furnished B-lactam (193)

in 60% yield as a 1.9:1 mixture of trans and cis diastereoisomers, the

stereochemical assignments being based on H3—H4 coupling constants

J = 2-3Hz and J _. = 4-7Hz). Previous work55a involving N-
trans cis —

trimethylsilyl benzaldimine (181b) yielded N-unsubstituted B-lactam (195)

in 61% yield, as a 3:1 mixture of trans and cis diastereoisomers (Table 1).
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N-8ilyl B-lactam (194) was produced from imine (185a) and silyl
ketene acetal (183) in 52% yield as a 2:1 mixture of trans and cis
diastereoisomers (Scheme 53). N-Trimethylsilyl furfuraldimine (185Db)
yielded55a N-unsubstituted B8-lactam (196) in 57% yield, also as a 2:1

mixture of trans and cis diastereoisomers (Table 1), N-t-Butyldimethyl-

silyl imines (181a) and (185a) therefore proved applicable to the
ZnIz—mediated approach to B-lactam synthesis, yielding products in
comparable yields and with approximately equal diastereoselectivities

to those found in analogous cases involving N-trimethylsilyl imines

(181b) and (185b).

N-t-Butyldimethylsilyl benzaldimine (181a) was also found to be of
use in the lithium ester enolate approach to B-lactam synthesis (Scheme
54). Fdllowing the conditions described by Hart,10 treatment of imine
(181a) with lithium ester enolate (197), derived from methyl isobutyrate
and LDA, produced the N-t-butyldimethylsilyl B-lactam (191) cleanly

and in 62% yield.

In an attempt to incorporate more useful functionality into the
B-lactam ring, the allylamine derived N-t-butyldimethylsilyl imine (186)
was examined (Scheme 55). Addition of imine (186) to a solution of
ZnI2 in Et20 resulted in immediate formation of a dark red gum.
Subsequent addition of a silyl ketene acetal with or without t-BuOH did
not result in the formation of recognisable products, large amounts of
unreacted silyl ketene acetal being recovered. Work-up of the
reaction mixture before addition of silyl ketene acetal yielded a

: 1
viscous red oil which was sparingly soluble in chloroform. The H n.m.r

spectrum revealed many complex patterns at high-field and between §5.0
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and 66.0. These latter signals may be due to a ZnIz—catalysed poly-
merisation of imine (186), leading to a silylated polymer of the form

(198).

Incorporation of the synthetically useful ethoxycarbonyl moiety
at C-4 of the B-lactam ring was attempted using N-t-butyldimethylsilyl
glyoxaldimine (182), Addition of imine (182) to a solution of ZnI2
in Et20 resulted in formation of an orange solid. No observable
change occurred upon addition of a silyl ketene acetal with or without
the presence of t-BuOH, and work-up yielded no recognisable products.
Zinc iodide, as well as co-ordinating to the imine nitrogen, may also
be co-ordinating to the ester carbonyl, forming the chelated iminium
species (199). The imine bond of (199) would be polarised to a much

lesser degree than if ZnI, was bound solely to the imine nitrogen

2
resulting in an iminium species insufficiently electrophilic to react

with a silyl ketene acetal.

2. The TMSOTf-Mediated Reactions of N-Silyl Imines and O-Trimethylsilyl

Ketene Acetals.

These somewhat disappointing results prompted consideration of
alternative Lewis acid systems, Trimethylsilyl trifluoromethane-
sulphonate58 has been used successfully to mediate the addition of silyl

59 . 60
enol esters to carbonyl compounds and N-aryl imines and hence may be
of some use in mediating the reaction between silyl ketene acetals and

N-silyl imines.

Trimethylsilyl trifluoromethanesulphonate was first synthesised

61 A
by a modification of the method of Demuth, Addition of one
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equivalent of tetramethylsilane to trifluoromethanesulphonic acid at
ambient temperature resulted in vigorous evolution of methane gas. A
very low yield of TMSOTf was obtained upon distillation of the reaction
mixtﬁre, probably due to the evolution of methane driving off a large
proportion of the tetramethylsilane. Quantitative yields of TMSOTf
could be obtained by addition of 1.25 equivalents of tetramethylsilane
to the acid at OOC and, after evolution of methane had ceased, addition
of a further 0.25 equivalents of tetramethylsilane. Direct Kugelrohr
distillation of the reaction mixture yielded the Lewis acid as a

colourless o0il which was made up as a standard solution in CH2C12.

Initially, addition of 0.1 equivalents of TMSOTf to an equimolar
mixture of N-trimethylsilyl benzaldimine (181b) and silyl ketene
acetal (187) in CH2C12 at OOC resulted in formation of a mixture of
the desired B-amino ester (188) and the corresponding Schiff base (200)
(Scheme 56). The mechanism of this reaction (Scheme 57) will involve
attack upon TMSOTf by imine (181b) resulting in formation of the highly
reactive N,N-bis(trimethylsilyl)iminium species (201). Subsequent attack
by the nucleophilic silyl ketene acetal (187) on the electrophilic iminium
carbon atom of (201) will yield the oxonium species (202). The
catalytic cycle is completed by generation of N,N-bis(trimethylsilyl)
B-amino ester (203) Xif either formation of TMSOTf or attack on (202)
by imine (181b) yielding another molecule of the reactive iminium species
(201). As the triflate anion is a very poor nucleophile, the latter
course would seem the more probable. Formation of Schiff base (200)

érises from reaction of B-amino ester (203) with a further molecule of

iminium species (201). Schiff base formation was also noted in the
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ZnIz-mediated reaction between N-silyl imines and O-silyl ketene acetals.

Here, attack by a ketene acetal on a ZnI_-complexed imine will lead to

2
formation of the N-metallo B-amino ester (204) and iodotrimethylsilane
(Scheme 58). Although (204) may react with a further molecule of
activated imine to furnish Schiff base, it may also react with iodo-
trimethylsilane, producing the same N,N-bis(trimethylsilyl) B-amino

ester (203) as postulated in the TMSOTf-mediated reaction. Compound
(203) may be the true Schiff base precursor and the suppression of Schiff
base formation observed upon addition of t-BuOH may not be due to
nitrogen-zinc bond cleavage, but to nitrogen~silicon bond cleavage of
(203), leading to the less reactive N-trimethylsilyl B—amino ester (205).
If the rates of reaction of N-metallo B-amino ester (204) with the

activated imine and with iodotrimethylsilane are similar, then (204) will

contribute to Schiff base formation along with (203).

The TMSOTf-mediated reaction between imine (181b) and ketene
acetal (187) (Scheme 56) proved irreproducible, in that the relative
proportion of products (188) and (200) varied from equimolar amounts of
each to only trace amounts of Schiff base. If (203) is the Schiff base
precursor common to both Lewis acid - mediated approaches, then
suppression of this undesired reaction in the TMSOTf-mediated series

may also be achieved by addition of t-BuOH.

Initial experiments utilizing catalytic quantities of TMSOTf
and stoichiometric quantities of t-BuOH again proved irreproducible.
However, complexation of imine (181b) with a full equivalent of TMSOTf,
followed by addition of kefene acetal (187) and t-BuOH, gratifyingly

yielded the N-unsubstituted B-amino ester (188) in 70% yield as the sole
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product (Scheme 59).

In order to investigate the possibility of inducing diastereo-
selection in this approach, the reaction was repeated using silyl
ketene acetal (183) (Scheme 60). The N-unsubstituted B-amino ester
(184) was produced in 67% yield as a 3.9:1 mixture of threo and erythro

diastereoisomers, based on the observation that J (threo)>J2 3(erythro).
H}

2,3
This ratio could be improved to 7.8:1 by carrying out the reaction at

o
-78 C. N-t-Butyldimethylsilyl imine (18la) reacted in a similar manner

yielding the N-silyl B-amino ester (206) in 60% yield as a 5.6:1 mixture

of threo and erythro diastereoisomers.

If the postulated mechanism has substance, treatment of the in situ
generated N-trimethylsilyl B-amino ester (205) with MeMgBr may allow
direct access to B-lactams. Indeed, treatment of the reaction mixture
obtained from the TMSOTf-induced reaction between imine (181b) and ketene
acetal (187) with MeMgBr yielded the N-unsubstituted B-lactam (207)

directly and in 66% yield (Scheme 61).

Utilization of this general procedure furnished a range of N-
unsubstituted and N-t-butyldimethylsilyl B-lactams (Table 2). The
threo selectivity observed in the initial bond forming step can be
explained by invoking transition states such as those shown (Scheme 62).
In this interpretation, the reaction course would seem to exhibit a
preference to follow a syn-clinal 1k approach, leading to the threo-g-
amino ester and thence the trans-B-lactam, In the ZnI,-mediated
case, it seems unlikely that chelation between the nitrogen-bound zinc
and tﬁe silyloxy oxygen atom of the ketene acetal is playing a major

role, as the stereochemical outcome noted under either Lewis acid-
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mediated approaches is similar, However, the lower degree of

selectivity obtained using ZnI, as Lewis acid may be explained by noting

2
that if any chelation does occur, it is more likely to be found in the
transition state leading to erythro-f~amino ester formation, therefore
lowering the energy difference between the two transition states.
This rationale assumes that the imine component is predominantly

the (E) geometrical isomer, Indeed,the imine is produced in a

geometrically pure form.

As mentioned earlier, N-t-butyldimethylsilyl glyoxaldimine (182)
would not react with ZnI2 in the desired manner, Treatment of an equi-
molar mixture of this imine and silyl ketene acetal (187) with 0.1
equivalents of TMSOTf resulted, after work-up, in formation of the N-t-
butyldimethylsilyl B-~amino ester (210) (Scheme 63). Compound (210)
arose via selective mono-desilylation of the corresponding in situ
formed N-t-butyldimethylsilyl-N-trimethylsilyl B~amino ester by sodium
hydrogen orthophcsphate, Column chromatography on silica gel of (210)
resulted in desilylation, yielding N-unsubstituted B-amino ester (209)
in 63% yield. Alternatively, purification on basic alumina or base-~
washed silica gel prevented desilylation, yielding (210) in 88% yield.
No trace of the corresponding Schiff base could be detected, a result of

the lower reactivity of imine (182) compared to aromatic imine (181b).

The yields of B-amino esters (209) and (210) were prone to large
fluctuations with, in some instances, no B-amino ester being formed at
all. This was easily rectified by carrying out the reaction in the
presence of crushed 4 X molecular sieves, absorbing any residual water

that may be present due to the aqueous work-up used in isolating imine
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(182). This consisted simply of washing an n-pentane solution of

the crude imine with water, drying and evaporating the organic extract.
Imine (182) was used without distillation, as this resulted in decompos-
ition.

The N-unsubstituted B-amino ester (209) was silylated with
chlorotrimethylsilane in the presence of triethylamine and the reaction
mixture treated with MeMgBr to yield the N-unsubstituted f-lactam (211)
in 50% yield (Scheme 63). N-Silyl B-amino ester (210) behaved similarly,
yielding N-silyl B-lactam (212) in 85% yield. Unfortunately, subsequent
runs of those MeMgBr-mediated cyclisations yielded varying amounts
of by-products resulting from attack on the ethoxycarbonyl substituent
by MeMgBr, either before or after f-lactam formation. However,
utilization of the bulkier Grignard reagent t-BuMgCl furnished N-silyl
B-lactam (212) in 79% yield. Lithium hexamethyldisilazide and LDA also
induced cyclisation, forming N-silyl B-lactam (212) in 69% and 65%

yield respectively.

Disappointingly, the allylamine-derived imine (186) would not
react with TMSOTf under a variety of conditions to yield anything other
than complex mixtures. As imine (186) is also a l-aza diene, attempts
were made to utilize this compound in a Diels~Alder reaction (Scheme 64).
Reaction of imine (186) with maleic anhydride (213) under a variety of
conditions yielded no recognisable products (entries 1-4). Utilization
of methyl vinyl ketone (214) gave no improvement (entry 5). 2-Aza dienes
have been shown62 to react with arématic aldehydes in the presence of a
Lewis acid to yield 1, 3-oxazines. Following this procedure (entry 6)

imine (186) did not yield any recognisable products. 1-Aza dienes
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have been utilized63 in inverse electron deman Diels-Alder reactions64

with enamines. Reaction of (186) with N-(l-propenyl)piperidine (216)

(entries 7 and 8) again produced no recognisable products. The bulky

t-butyldimethylsilyl group of (186) may prevent attainment of the cisoid
conformation and hence explain the absence of Diels~Alder adduct

formation,

24
As this work was nearing completion, Guanti and co-workers
published their account of diastereoselection in the TMSOTf-mediated
reaction of silyl ketene acetals with N-aryl imines, as previously

discussed (p.12).

3. The Synthesis and Reactions of N,N,O0-Tris(Trimethylsilyl)Amine Acetals.

With regard to the mechanism of N-trimethylsilyl imine synthesis,
N + 0 silyl migration does not, in general, appear to proceed at a
significant rate at —78°C; under these conditions, the amine acetal
adduct (219) can be trapped as its tris(trimethylsilyl) derivative
(Scheme 65). For example, treatment of benzaldehyde in THF at —78°C
with lithium hexamethyldisilazide followed by chlorotrimethylsilane,
also at -7800, produced, after non~aqueous work-up and distillation,
the amine acetal (217), contaminated to a slight extent with the
;orresponding N-trimethylsilyl imine (181b). As adduct (219, R = Ph)
seemed to be undergoing E_j;g_silyl migration followed by elimination
of trimethylsilyloxide ion to yield (181b) at an observable rate at

—78°C, an alternative preparation of amine acetal (217) was sought.

Treatment of a mixture of benzaldehyde and chlorotrimethylsilane

at -7800 with lithium hexamethyldisilazide allowed immediate trapping
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of the adduct (219), furnishing the amine acetal (217) in 54% yield
as a colourless oil. In an analogous manner, the furfural-derived

amine acetal was produced in 87% yield.

It is conceivable that amine acetals can be utilized as a source
of the highly reactive iminium species (221) (Scheme 66). Selective
O-silylation of an amine acetal with TMSOTf should produce, via elimination
of hexamethyldisiloxane (222), the N,N-bis(trimethylsilyl)iminium ion (221),
the same species as that postulated in the TMSOTf-mediated reaction of
Eftfimethylsilyl imines. Additionally, alkoxy methyl amines (223)
have been used, via TMSOTf-catalysed generation of formaldehyde-derived
iminium species (224), for the a-amino methylation of carbonyl

3,65

2
compounds (Scheme 67).

Addition of 0.05 equivalents of TMSOTf to an equimolar mixture
of amine acetal (217) and silyl ketene acetal (187) resulted in
essentially no reaction, even after prolonged reaction times (Scheme 68).
The refusal of TMSOTf to function in a catalytic manner under those
conditions may be due to the amine acetal (217) being insufficiently
nucleophilic to displace the trimethylsilyl group from the stabilised

oxonium species (202) (Scheme 69).

Utilization of 0.5 equivalents of TMSOTf resulted in 50%
consumption of starting amine acetal (217) (Scheme 70) to produce a 1:1
mixture of the desired N-unsubstituted B-amino ester (188) and the
corresponding Schiff base (200). Addition of catalytic quantities
of 2,6-1utidine or 4—(§,§fdimethyl)aminopyridine did not result in full
consumption of amine acetal (217). Indeed, utilization of equimolar

quantities, with respect to TMSOTf, of those bases resulted in no
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reaction whatsoever,

In an attempt to induce complete conversion of amine acetal (217)
into the iminium ion (221,R = Ph), one equivalent of TMSOTf was
utilized. Subsequent addition of silyl ketene acetal (187) furnished a
1:1 mixture of B-amino ester (188) and Schiff base (200) with no

starting material being detectable (Scheme 71),

Following the protocol devised to suppress trans-amination in both
the earlier Zn12 and TMSOTf-mediated processes, addition of one

equivalent of t-BuOH directly after ketene acetal addition gave the N-

unsubstituted B-amino ester (188) cleanly and in 69% yield (Scheme 72).

A range of B-amino esters was produced by this sequence (Table 3).
Entries 3 and 4 show diastereoselectivities exactly paralleling those
found in the TMSOTf-mediated reaction of N-trimethylsilyl imines (181b)
and (185b). This result is not unexpected due to the participation

in both reactions of the iminium species (221).

This process can also be developed into a one-pot synthesis of
B-lactams (Scheme 73). Treatment of the in situ generated B-amino
ester (205) with MeMgBr allowed direct access to the N-unsubstituted

B-lactam (207) in 40% yield.

4, The Synthesis and Reactions of Polyfunctionalised O-Trimethylsilyl

Ketene Acetals,

Syntheses directed towards the incorporation of functionality
suitable for further synthetic elaboration into the B-lactam ring
have tended to concentrate predominantly on the imine component of the

ester-imine condensation approach. Attempts to introduce functionality
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by way of the ester component have been confined thus far to the

. . 46-48
derivatives of 3-hydroxy butyrates and 2-heteroatom-substituted

carboxylic acids.14’16’66

The synthetic utility of alkynes makes incorporation of an alkyne
into a B-lactam unit an attractive proposition. It is conceivable
that silyl ketene acetal (227) can be prepared from the known67
propynol (229), via the carboxy compound (228) (Scheme 74). Alcohol
(229) has been synthesised in moderate yield by silylation of the
dianion of propargyl alcohol, followed by selective O-desilylation
with aqueous acid. In an attempt to improve on this procedure,
propargyl alcohol (230) was protected as the corresponding THP-ether (231)
in quantitative yield (Scheme 75). Deprotonation of (231) with
EtMgBr, silylation and aqueoﬁs acid-catalysed deprotection revealed the

silyl propynol (229) in 75% yield.

Homologation of propynol (229) was then envisaged as proceeding
via the corresponding Grignard reagent, derived from the chloride (232)
(Scheme 76). Treatment of propynol (229) with triphenylphosphine
and CCl4 yielded the chloride (232) in 48% yield. Although reaction
of chloride (232) with magnesium appeared to form the desired Grignard
reagent, quenching the reaction mixture with either solid or gaseous

carbon dioxide gave no trace of the required acid.

68
Treatment of propynol (229) with either Ph3PBr2 or Ph3P/NBS

did not allow access to the more reactive bromide,

In an alternative approach, direct synthesis of the silyl butynol

69
(234) was then attempted (Scheme TT). It has been reported that
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treatment of bis(trimethylsilyl)acetylene (233) with one equivalent of
MeLi-LiBr results in mono-desilylation, Reaction of (233) with MeLi-
LiBr and subsequent addition of an excess of ethylene oxide yielded

the desired butynol (234) in 94% yield. Attempts to oxidise butynol
(234) to the corresponding carboxylic acid (235) using either Ru02 in

the presence of periodate70 or PDC in DMF71 resulted in recovery of
starting material (Scheme 78). However, Jones oxidation afforded acid
(235) in 83% yield (based on consumed starting material). Esterification
to (236) was readily achieved by treatment of the crude acid (235) with

either ethereal diazomethane (65%) or, more conveniently, methanol in

the presence of a catalytic quantity of concentrated sulphuric acid (68%).

Subsequent synthesis of butynol (234) followed an analogous route
to that of propynol (229) (Scheme 79). Tetrahydropyranylation of 3-
butyn-1-0l (237) yielded (238) in quantitative yield. Deprotonation,
silylation and deprotection then furnished the silyl butynol (234) in

82% yield.

Treatment of methyl ester (236) with one equivalent of LDA at low
temperature, followed by addition of chlorotrimethylsilane, resulted in
the formation of a 2:1 mixture of the desired silyl ketene acetal (239)
and the starting ester (236) (Scheme 80). Careful and repeated
Kugelrohr distillation gave essentially pure silyl ketene acetal (239),
albeit in moderate yield. Distillation of the ester from calcium
hydride prior to use offered no improvement. Utilization of 1.1
equivalents of LDA did not increase the relative proportion of silyl
ketene acetal (239), whereas utilization of two equivalents gave a very

complex mixture. No advantage was gained from carrying out the reaction
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under conditions of internal quench, whereby LDA was added to a mixture
of the ester (236) and chlorotrimethylsilane at low temperature. The
presence of starting ester (236) in the reaction product may arise from
LDA-induced desilylation of (236), yielding anion (240) which, upon

addition of chlorotrimethylsilane, would regenerate ester (236).

Disappointingly, reaction of silyl ketene acetal (239) with N-
trimethylsilyl benzaldimine (181b) under the ZnIz or TMSOTf-mediated
reaction conditions shown in Scheme 81 resulted in either return of
starting material or the production of complex mixtures from which no

recognisable products could be obtained.

Silyloxydienes and silyl ketene acetals derived from a,f-
unsaturated esters generally undergo selective attack by electrophiles
at the Y—position.72 It is entirely possible that y-attack does take
place in the reaction between silyl ketene acetal (239) and imine (181b),
but that the primary allenic reaction product (241) undergoesAfurther

complex transformations under the reaction conditions (Scheme 82).

1
Following the procedure of Hart, 0 reaction of the lithium ester

enolate (242) with imine (181b) merely returned both starting materials.

The ester-imine condensation route to B-lactams has proven very
useful for the construction of the three contiguous chiral centres found
in the potent antibiotic thienamycin (168). Many excellent achiral
and chiral syntheses of RB-lactams containing the 1'-hydroxyethyl
substituent at C-3 have been described.46_48 A recent report73
outlined the use of silyl ketene acetal (245) in a TMSOTf-promoted

reaction with an N-aryl imine. Although this was the first report

of compound (245) no experimental detail for its preparation was provided.
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In our hands, treatmgnt of racemic ethyl 3-hydroxy butyrate (243) with two
equivalents of LDA at low temperature, followed by chlorotrimethylsilane,
yielded the silyl ketene acetal (245) as a single geometrical isomer

in 97% yield (Scheme 83). It is probable that the ketene acetal (245)
is produced in the (Z) configuration, via the chelated six-membered

a
transition state (244), 762,74

Treatment of a mixture of silyl ketene acetal (245) and imine (181b)

in CHZCI2 with 0.05 equivalents of TMSOTf resulted in formation of the

Schiff base (246) in 81% yield as sole product (Scheme 84). Schiff

base (246) existed as a 4:1 mixture of threo and erythro diastereoisomers.

46-48
It has been shown 6 that the stereochemistry at C-2 (C-3) of B-amino

esters (B-lactams) formed from optically pure 3-hydroxy butyrates is
dictated in a stereospecific manner by the stereochemistry of the
hydroxyl group. If (S)-3-hydroxy butyrate is utilized, the carbon atom
¢ to the hydroxyl-bearing carbon will have the (S) configuration, and

conversely when (R)-3-hydroxy butyrates are used.

For this reason, of the eight stereoisomers of Schiff base (246)
which are possible, only four were found. The threo diastereoisomer of
(246) is comprised of enantiomers (246a) and (246b), and the erythro

diastereoisomer (246) of enantiomers (246c) and (246d).

Attainment of the stereochemistry required for thienamycin (168)
could then be achieved by inversion of the hydroxyl stereochemistry of

(246a) via the Mitsunobu reaction,

Interestingly, precomplexation of imine (181b) with a full

equivalent of TMSOTf and subsequent addition of silyl ketene acetal (245),
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and t-BuOH to suppress trans—amination, yielded the oxazine (247) in

75% yield (Scheme 85). The mechanism of this transformation may involve
complexation of TMSOTf to the Schiff base (246), to yield the iminium
species (248) (Scheme 86). Having attained the correct conformation,
intramolecular nucleophilic attack on the iminium moiety of (248) by the
silyloxy oxygen atom would then lead to oxazine (247) after aqueous

work~up.

Utilization of five equivalents of t-BuOH gave no improvement.
Carrying out the reaction in the presence of two equivalents of TMSOTT
with no t-BuOH resulted in the expected increase in yield of (247) to

849, Zinc iodide offered no advantage over TMSOTE,

Ring opening of oxazine (247) was achieved readily (Scheme 87).
Addition of t-butylchlorodimethylsilane and excess imidazole to a
solution of (247) in DMF resulted in clean formation of the silyloxy
Schiff base (249) in 81% yield. Deprotonation of oxazine (247) by
imidazole and attack on the highly reactive silylating agent (250) by

the liberated oxygen anion will yield the Schiff base (249) (Scheme 88).

Cyclic ketene acetals derived from lactones have not yet been
the subject of much attention with regard to B-lactam synthesis. The
availability of chiral substituted lactones makes their application to
the ester-imine condensation route very attractive, Consideration
of the postulated transition states leading to both threo and erythro
B-amino esters reveals the potential for asymmetric induction, using

. correctly configured silyl ketene acetals (Scheme 89).

75
Silyl ketene acetal (252) has been known for some time, although

its preparation has never been detailed, Kinetic deprotonation of
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§-valerolactone (251) yielded, upon addition of chlorotrimethylsilane,
the cyclic ketene acetal (252) in 83% yield (Scheme 90). To a mixture
of imine (181b) and ketene acetal (252) was added 0.05 equivalents of
TMSOT£, resulting in formation of a 3:1 mixture of the N,N-bis(trimethyl-
silyl) B-amino ester (253) and the corresponding Schiff base (254), both
as a 3:1 mixture of threo and erythro diastereoisomers (Scheme 91).

The isolation of the N-silylated B-amino ester (253) instead of the
expected N-unsubstituted variant is atypicai, although one other such
example is known.55a Treatment of a mixture of silyl ketene acetal

(187) and N-trimethylsilyl cinnamaldimine with 0.1 equivalents of nBu4NF

yielded the N,N-bis(trimethylsilyl)B~-amino ester (255) in low yield.

Cleavage of both silicon-oxygen and silicon-carbon bonds has been
. . . 76 .
achieved by use of 'maked' fluoride iom, The most accessible
source of 'anhydrous' fluoride ion is nBu4NF.3H20° Careful oven-drying
under high vacuum is required to obtain the reactive fluoride species
c s . . . . 77
and many uncertainties are associated with its preparation, For

this work, 'anhydrous' nBu NF was prepared by heating the trihydrate

4
o

in a Kugelrohr apparatus at 70 C/0.001lmm Hg for 5h prior to use,

Treatment of N,N-bis(trimethylsilyl) B-amino ester (253) with 0.2

equivalents of nBu NF prepared in this way resulted in recovery of

4
starting material (Scheme 92). Utilization of tris(dimethylamino)

78
sulphur trimethylsilyldifluoride also returned starting material,

Lithium enolates can be liberated from the corresponding silyl
79
enol ethers by the action of MeLi-LiBr. It was envisaged that
treatment of (253) with this reagent should furnish the corresponding

N-lithio-N-silyl B-amino ester, which could spontaneously cyclise to yield



Ph
1)MeSSiCl , Ef,N

NH, 2)MeMgBr
(256) 3)Ac,0, py

0
~NCL,MeOH _

?00H
COOH

TsCl,NaOH

Ac,0,py

Scheme 93




(I‘(Ph MeOH,A _

0 0N§|
Ph
(254) NH,Cl

THF-H,0

AN _HCl

_pisa

TMSOTf

) Scheme 94

A

Y Ph _H
Ph
| "‘) TF0® —= —— g

N& 0
Me,Si  SiMes

(201)

Scheme 95



- 43 -

the desired B-lactam. However, compound (253) merely decomposed on

reaction with MeLi-LiBr.

Turning to aqueous conditions, utilization of aqueous hydrogen
fluoride appeared to yield the desired N-unsubstituted B-amino ester
(256). The 1H n.,m.r spectrum of (256) was essentially the same as
that of (253), apart from the absence of high-field silicon-methyl
signals, At a practical level, B-amino ester (256) was a very viscous
0il that could not be purified by conventional column chromatography.
Attempts to