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A summary of the development, mechanistic features, and scope of the azomethine ylid strategy for the
synthesis of a variety of bicyclic B-lactam derivatives, including carbapenams, carbapenems as well as het-

eroatom substituted variants, is presented.
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Since first being introduced over fifty years ago, the B-lac-
tam antibiotics continue to represent a major class of clin-
ically very important and commercially valuable thera-
peutic agents [1-4]. Over this period, the field has, of
course, witnessed numerous innovations both in terms of
synthetic methodology that has become available which
has been combined with the discovery (usually from nat-
ural sources) of new and more potent drug candidates [5].
The isolation [6] and subsequent total synthesis {7] of
thienamycin in 1978 by the Merck group represents one
of the most significant advances of recent years, which
has provided the lead into the carbapenem class of clini-
cally used antibiotics, represented by imipenem (Figure 1).
The carbapenems are potent antibacterial agents; the mar-
ket for imipenem (Primaxin I.V.®) is currently worth
about $700 million per annum. More recently, interest has
focused on more highly condensed carbapenem variants,
such as sanfetrinem, which is currently under investiga-
tion at GlaxoWellcome [8,9].

The sulfur-based B-lactams, such as the penams (exem-
plified by sulbactam) and the unsaturated penems [10-13],
a synthetic B-lactam that combines key features of the
penams and the carbapenems, have also attracted much
interest within the pharmaceutical sector [3]. Despite the
occurrence of bacterial resistance, the penams remain a
very useful weapon against infection, although the pen-
ems are yet to make a significant impact in the market
place.

When defining a new synthetic approach to B-lactam
containing molecules, it is important to appreciate those
structural features that contribute to biological activity.
Clearly, the presence of the reactive B-lactam unit is criti-
cal, but so also is the C(3) carboxyl moiety. In the car-
bapenem area, the location of the C=C bond is critical (Al
carbapenems are usually devoid of useful biological activity)
[14-16] and a substituent at C(6), such as the a-hydroxy-
ethyl residue present in thienamycin and imipenem, con-
tributes towards stability towards B-lactamases and
thereby increasing the effective lifetime of the drug [17-19].

It is also necessary to recognize that additional variation
is available within this relatively simple molecular arrange-
ment, and aza, oxa and selenium-containing analogues of
the penams and/or penems have also attracted attention
(Figure 2). Interest is not restricted to the 1-aza[3.2.1]hep-

tane arrangement, and homologues, such as the cephems,
and the aza-, oxa- and carbacephems, serve to extend dra-
matically the opportunities for structural modification that
are now available [20].

An ability to generate a wide range of novel structural
variants is one of the challenges facing this area, and our
goal has been to focus on developing chemistry that is
flexible in terms of allowing access to various substitution
patterns around the central (1-aza[3.2.1]heptane) bicyclic
B-lactam nucleus. However, we were also concerned to
devise a synthetic strategy that would provide for a rapid
and convergent entry into a variety of the different skele-
tal types - incorporating carbon, oxygen, sulfur, efc. -
along the lines represented by the structures shown within
Figure 2.
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Our approach evolved from considering ways to con-
struct the five-membered heterocyclic ring, and the oppor-
tunity to achieve this via a 1,3-dipolar cycloaddition reac-
tion using an azomethine ylid [21-24] was very attractive
(Scheme 1). Here the hypothetical p-lactam-based N-acyl
azomethine ylid 1 provides the reactivity that is essential
to form two new o-bonds, but the real power of this strat-
egy resides in being able to combine this 1,3-dipole with
the wide variety of dipolarophiles that are also available.
In this way, use of an alkeny! dipolarophile would provide
access to the carbapenam framework, but simply switching
to a thioketone would then give the penam core structure
in a single step. Such an approach has a certain obvious
but nevertheless elusive quality, since generating the req-
uisite azomethine ylid reactivity proved to be a significant
challenge.

Scheme 1
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Initially, a series of B-lactam derivatives were prepared
which all contained a leaving group at C(4) of the azetidi-
none ring and incorporated an acidic proton adjacent to
nitrogen (Scheme 2). The aim was to induce an elimina-
tion of HX and trap the resulting azomethine ylid as it
was formed, but this proved to be a fruitless exercise.
Most substrates were thermally very stable and attempts
to induce a sulfoxide (as in 2) to fragment or capture a
1,3-dipolar intermediate via an intramolecular cycloaddi-
tion (as in 3) all failed.
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The solution to this problem lay in the use of an oxazo-
lidinone as the azomethine ylid precursor. It has been
known for some years that oxazolidinones (derived from
condensation of an o-amino acid with an aldehyde) will
undergo decarboxylation to give an N-alkyl azomethine
ylid (Scheme 3). Extensive work by Grigg [25,26] and
others [27-29] has provided an insight into both the mech-
anism of this process as well as its synthetic utility.
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The application of these ideas to the B-lactam area was
especially attractive because two oxazolidinones 4 and 6
had in fact already been described in the literature
(Scheme 4).
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The simple variant 4, protected as the 4-nitrobenzyl
(PNB) ester, and which provides the basis of most of the
reactions described here, is best prepared on a multigram
scale from clavulanic acid and is obtained as an enan-
tiomerically pure crystalline solid [30-32]. The benzyl and
other alkyl esters are also available and have been used in
our work. The potentially more valuable C(6) substituted
oxazolidinone 6 was reported in a patent from the Merck
group [33] and is prepared from the commercially avail-
able 4-acetoxylazetidinone 5. While 6 is also a single
enantiomer, the yield for the rhodium-mediated carbene
insertion step is only ca. 50% and the sensitivity of 6
towards chromatography makes further purification diffi-
cult. Consequently, the yields reported below for cyclo-
adducts obtained from 6 relate to the overall efficiency for
both the carbene insertion and the cycloaddition step. In
raw terms, these yields are lower than those obtained from
4, but in our opinion this reflects the purity of the starting
oxazolidinone 6 and not a problem connected to the pres-
ence of the bulky C(6) residue. Nevertheless, finding a
solution to the purity issues associated with oxazolidinone
6 remains elusive.

Thermolysis of 4 (or the corresponding benzyl ester) in
acetonitrile at reflux (or at 100° in a sealed tube) and in
the presence of an alkene or an alkyne provides a direct
entry to carbapenams and Al-carbapenems, respectively,
in reasonable yields after chromatography (Scheme 5)
[34]. It is important to appreciate that the stereochemistry
shown for these cycloadducts is relative and not absolute:
all cycloaddition products obtained from 4 are racemic
(however, see below when 6 is employed).
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Stereochemical assignments for these and the other
cycloadducts obtained are based on extensive nmr studies,
and X-ray crystallography has also been widely used. In
all cases studied to date, the C(3)/C(5) stereochemistry
corresponds to the thermodynamically more favorable
arrangement with the carboxyl residue on the exo face of
the bicyclic framework [15,35,36]. Efficient access to the
biologically more relevant A2-carbapenems is more prob-
lematic. While base-mediated C=C isomerization can be
used [15,35], this is not an efficient reaction and, as such,
does not in our view represent a practical solution to this
problem. Incorporating a means for introducing this
important level of unsaturation within the initial dipo-
larophile is achievable, but the selenoxide elimination
process shown in Scheme 6 is sensitive to the substrate
involved.
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A very similar comprehensive series of cycloadducts
adducts have also been produced in the a-hydroxyethyl
series, and one representative example is shown in
Scheme 7. Compared to the chemistry shown in Scheme 6,
there are two significant differences. Firstly, lower yields
of adducts are isolated (however, see above) but secondly
and importantly, the cycloadducts in this series are enan-
tiomerically pure. The C(6) substituent present in 6 serves
not only to direct the facial approach of the dipolarophile
but also retains the enantiomeric integrity of the starting
material.
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It is important to consider (rather than assume) the
actual structure of the azomethine ylid intermediate that is
involved in this cycloaddition chemistry. Given that N-alky]
oxazolidinones undergo concerted decarboxylation to give
an azomethine ylid (see Scheme 3), extrapolating this
concept to the B-lactam variant 4 (and 6) would suggest
participation of 1 as the 1,3-dipolar species involved.
However, a number of pieces of evidence were obtained
suggesting that an alternative pathway was operating. The
use of dimethyl fumarate and dimethyl maleate demon-
strated that the cycloaddition step was indeed stereospe-
cific, and in that sense, confirmed the operation of a con-
certed 47 + 27 process. The reaction of 4 with N-phenyl-
malimide was studied and found to show second order
kinetics (first order with respect to both 4 and the dipo-
larophile), but more surprisingly a control experiment
showed that 4 did not undergo decarboxylation when
heated in the absence of a dipolarophile. This result led to
further experiments, and while 4 does not undergo decar-
boxylation when heated (in acetonitrile at 80°), we did
observe racemization of 4 under these conditions (Scheme 8);
this was an unexpected result but has an important bearing
on the mechanism involved.

A mechanism for the release of azomethine ylid reactiv-
ity from oxazolidinone 4 that is consistent with these
observations is shown in Scheme 9 and requires a step-
wise, but reversible fragmentation of 4 via 7 leading (after
a proton transfer step) to 8. It is this species, the carboxyl-
ated analogue of 1, which we speculate is the key azome-
thine ylid intermediate involved in this chemistry [37].
When no trap is present, then participation of this two-
step equilibrium would account for the recovery of
racemic 4, but when a dipolarophile is available, then the
equilibrium is intercepted by a rate limiting cycloaddition
step giving 9. The final transformation requires decar-
boxylation of the initial adduct 9 which would be antici-
pated to yield the thermodynamically favored (relative)
stereochemistry at C(3) that is present in 10. It should be
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pointed out that at this point we cannot exclude decar-
boxylation of 9, rather than the cycloaddition step, as the
rate determining event, but this seems less likely and we
have been unable to isolate any adducts retaining the car-
boxylic acid function.

Scheme 9
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This mechanistic proposal raises a number of intriguing
issues. While we have not been able to detect an azo-
methine ylid such as 8, our observations relating to
racemization imply that some (though perhaps only low)
concentration of 8 is always available in the reaction flask.
In this sense, 8 may be viewed as a "persistent” 1,3-dipole,
which offers an opportunity to exploit the potential of
highly reactive (but also highly elusive) 1,3-dipolar-
ophiles that can only be generated and captured in situ.
The validity of this concept has recently been demon-
strated. Slow addition of a solution of thiosulfinate 11 to 4
in acetonitrile at reflux leads to the generation [38] of a
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reactive aryl thioaldehyde and to the formation of the
epimeric penam cycloadducts 12 in modest (20-25%)
yield (Scheme 10).
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Further work is now underway to explore the scope of
this process in what amounts to a reversal of what is the
generally accepted profile of most 1,3-dipolar cycloaddi-
tion reactions: reactive 1,3-dipole + stable dipolarophile.

An ability to trap thiocarbonyl-based dipolarophiles
provides the focus for the second part of this account. At
the outset we had the goal of exploiting both C=C and
C=S containing dipolarophiles to allow an entry to the
carbapenam/carbapenem and penam skeletons, respec-
tively, and to also explore other heteroatom variants of
these bicyclic B-lactam frameworks. The examples dis-
cussed below serve to illustrate the range of structures
that can be made available using a related set of oxygen-,
sulfur and selenium-containing dipolarophiles.

Oxapenams and oxapenems represent a relatively
unusual class of bicyclic B-lactam derivatives. A number
of naturally-occurring examples are known, the most
important of which is clavulanic acid (see Scheme 4)
which is a key component of Augmentin, an antibiotic
marketed by SB Pharmaceuticals which had sales in 1998
of £964 million. However, oxapenams [39-41] and
oxapenems [42-49] are strained, sensitive molecules, and
any synthetic entry to this system must recognize these
limitations. The azomethine ylid strategy provides a very
direct entry into 2-substituted (both exo and endo epimers
are isolated) and 2,2-disubstituted oxapenams by using
aryl aldehydes and ketones respectively (Scheme 11).

Simple ketones, such as cyclopentanone and benzophe-
none, failed to react but electron-deficient dipolarophiles,
such as hexafluoroacetone, were viable. Other carbonyl
derivatives (amides, esters and thioesters) were also
examined but failed to lead to cycloadduct formation.
Once again, and this also applies to the other adducts
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shown in this account, the complete stereochemistry of
the oxapenams shown in Scheme 11 was established by a
combination of extensive nmr and X-ray crystallography.

Scheme 11
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Penams and penems continue to represent an important
and topical group of bicyclic B-lactam derivatives, and the
use of thiocarbonyl dipolarophiles has been briefly illus-
trated in Scheme 10. Again, a full range of sulfur-based
traps was examined and a remarkable degree of struc-
tural/stereocontrol can be achieved. Thioketones, includ-
ing simple variants such as thiocyclohexanone and thio-
cyclopentanone, are readily trapped to afford 2,2-disub-
stituted penams as single regio and stereoisomers
(Scheme 12). Only in the case of thiofluorenone were

Scheme 12
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both regioisomers isolated. These cycloaddition reactions
are relatively slow, but the direct nature of the chemistry
involved and the range of substitution patterns available
remains compelling [50].

An approach to penems requires a mechanism for intro-
ducing the C(2)-C(3) double bond and we aimed to
achieve this transformation by an elimination sequence.
Using trithiocarbonates or dithioesters as the dipolar-
ophile provides the corresponding cycloadducts 13 and
15, once again as single regioisomers (Scheme 13).
Treating 13 with peracid at low temperature and simply
allowing the reaction mixture to warm to room tempera-
ture resulted in clean elimination to give the 2-(thio-
methyl)penem 14. Oxidation of the less reactive ring-con-
strained sulfur atom is easily avoided under these mild
reaction conditions.

Scheme 13
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In the case of the 2-alkyl derivatives 1§, then an unex-
pected result was obtained (Scheme 14). Peracid oxida-
tion of 15 gave a relatively stable, but stereochemically
complex mixture of sulfoxides, which underwent smooth
elimination using triethylamine. In this way the endo 2-alkyl
penem 16 was obtained, and a similar sequence has been
applied to generate the corresponding 2-aryl penem ana-
logues. Sulfoxides are also amenable to thermally induced
elimination, and heating in acetonitrile afforded the iso-
meric exo penem 17 as the sole product. This was not
anticipated, but an ability to produce selectively the endo
and exo penem isomers is of value, given that the position
of the double bond may make a contribution to biological
profile. It is also useful to recognize that the exo penem
isomer 17 is thermodynamically less stable and does
undergo facile isomerization to the endo isomer 16 on
base treatment.
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The final set of Group VI based dipolarophiles are
those incorporating the C=Se moiety, but unlike the
penams and penems, very little is known about the syn-
thesis of the corresponding selenium-containing bicyclic
B-lactams. While selenoketones are very reactive and dif-
ficult to isolate (which places some limitations on the
methods employed and the range of substrates available),
these molecules are effective dipolarophiles and a series
of (novel) selenapenams have been obtained (Scheme 15).

Scheme 15
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Selenocarbonyl derivatives, such as selenoamides and
selenourea, proved to be insufficiently reactive towards
1,3-dipolar cycloaddition, and an entry to selenapenems
[51] is being studied along similar lines to that shown in
Scheme 13.

Clearly, the azomethine ylid strategy provides a versa-
tile entry to a range of different bicyclic B-lactam struc-
tures, and a selection of those skeletons now available
using this approach have been demonstrated in this
account. A number of issues do remain to be solved. For
example, an efficient solution is needed to the challenge
presented by the A2-carbapenems, but new directions also
need to be explored. The reactivity associated with both 4 and
8 offers potential for alternative annulation strategies to
be developed, and this is being examined with a view
towards producing significantly different and syntheti-
cally useful molecular frameworks.
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