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ABSTRACT

Herein two new and concise synthetic approaches for making an unsaturated bicyclic oxamazin core are reported. The first involves the use of an
intramolecular Diels�Alder reaction to form both of the fused rings in one step. The second approach incorporates ring-closing olefin metathesis
in the final step to form the second fused ring of the core. The scope of the second approach was also expanded further to afford larger ringed
bicyclic systems.

β-Lactam antibiotics continue to play a fundamental
role in the treatment of infectious diseases caused by
bacteria.1 The discovery of penicillin 1 and cephalosporin
2 (Figure 1) in the early half of the 20th century represents a
crucial point in the history of human health care and their
introduction into widespread use induced a dramatic im-
provement in the quality of life as well as a longer average
life expectancy.2 On the other hand, the era of β-lactam
antibiotics is also characterized by another important
phenomena: the rise of bacterial resistance.3 For example,
resistance to penicillin G was noted within one year after
its introduction into clinical use.4 Since then, numerous
efforts have been directed toward the discovery and devel-
opment of new molecules with improved antibacterial
activity either through isolation from natural sources or

synthetic methods. Nevertheless, the appearance of resis-
tant strains of bacteria is a growing concern and, since
the pipeline of available antibiotics has been diminished,
the development of new drugs is becoming more andmore
urgent.
Oxamazins (3) are a class of monocyclic heteroatom

activated β-lactams that shows good biological activity
against Gram-negative bacteria.5 These compounds pos-
sess a unique structure since the ionizable group is one
atom further away from the β-lactam nitrogen compared
toother traditionalβ-lactamantibiotics.Also, the presence
of the oxygen atom directly bonded to the nitrogen is
considered to be responsible for the electronic activation of
the azetidinone ring and, therefore, the biological activity
of these molecules.6

Our group and others have become interested in the
syntheses of bicyclic oxamazins 4 and 5 (Figure 1) since the
combination of the bicyclic structure and the heteroatom
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activation is envisaged to afford compounds with im-
proved antibiotic activity.7 Herein we report the synthesis
of the unsaturated bicyclic oxamazin core 6 in which
the double bond may constitute a handle for further
functionalization.
Two different synthetic approaches have been used: the

first involves an intramolecular nitroso Diels�Alder reac-
tion as the key step while the second relies on aMitsunobu
cyclization followed by ring-closing olefin metathesis.
We also report the application of the second methodology
to the syntheses of bicyclic structures with different ring
sizes and with an alkyl substituent on the double bond.
We at first envisaged that the core of bicyclic oxamazin 6

could be made in one step using an intramolecular
Diels�Alder reaction of the transient nitrosocarbonyl
compound 7, which in turn could be generated through
the oxidation of hydroxamic acid 8 (Scheme 1).

Hydroxamic acid 8 was synthesized in three steps from
commercially available sorbic acid (Scheme 2). Thus, after
conversion of sorbic acid to itsmethyl ester 9, the dienewas
deconjugated from the ester by treatment with LDA and
subsequent reprotonation at low temperature to afford
compound 10. Finally, treatment of the methyl ester of 10
with an excess of freshly prepared hydroxylamine in
methanol gave hydroxamic acid 8 in moderate yield.
With the preparation of compound 8 being completed,

we turned our attention to the key step of the synthesis: the
intramolecular nitroso Diels�Alder reaction. The oxida-
tion of hydroxamic acid 8 was initially performed in
methanol at 0 �C using nBu4NIO4 as the oxidant. Bicyclic
β-lactam 6 was obtained in 17% yield. Although the yield
was low, this result was still notable since the formation of

the β-lactam and the fused ring was obtained in a single
step. Encouraged by this result, we considered the use
of different oxidants and solvent systems for the oxidation
reaction (Table 1).

Although the best yield for compound 6 was obtained
using the reaction conditions shown in entry 5, it was not
routinely reproducible because of the inherent instability
and competitive reactivity of acylnitroso moieties.8 For
this reason, we decided to consider a different approach
in which the β-lactam ring and the fused ring would be
constructed in two different steps: a Mitsunobu reaction
followed by ring-closing metathesis.
Several publications have reported the syntheses of

strained ring systems through a ring-closing methatesis reac-
tion using either Grubbs’ first generation9 or second genera-
tion catalyst.10 This methodology has also been shown to be
effective in the formation of the second ring of sulfactam
derivatives11 as well as larger lactam ring systems12 and large
cyclic heteroatom-containing compounds.13

Scheme 2. Synthesis of Hydroxamic Acid 8

Figure 1. Representative heteroatom-activated β-lactams.

Scheme 1. Retrosynthetic Analysis of β-Lactam 6

Table 1. Nitroso Hetero Diels�Alder Reaction

entry oxidant solvent yield (%)

1 nBu4NIO4 MeOH 17

2 nBu4NIO4 DCM/DMF 17

3 PhI(OAc)2 CHCl3 15

4 PhI(OAc)2 DMF 10

5 nBu4NIO4 CHCl3/DMF 34
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Our revised approach for the synthesis of the bicyclic
oxamazin core 6 (n = 1) is displayed in Scheme 3 and
involves a ring-closingmetathesis reaction as the final step.
We anticipated that the cyclization precursor 11 would be
obtained from the corresponding hydroxamate 12 using
methodology developed in our group.14 We planned to
prepare linear hydroxamate 12 by our standard water-
soluble carbodiimide-mediated coupling of Reformatsky-
derived carboxylic acid 13 with allyl protected hydroxyla-
mine 14 (n= 1). It is worth noting the wider scope of this
methodology since the use of a protected hydroxylamine
with a longer alkyl chain (n>1) would allow the synthesis
of β-lactams fused with larger ring systems.
To initiate the syntheses, hydroxylamines 14a�c

(Scheme 4) were prepared starting from hydroxylamine
hydrochloride by Boc protection followed byO-alkylation
and subsequent acidic removal of theBoc protecting group
to give the corresponding hydrochloride salts. Carboxylic
acid 13was obtained in two steps: a Reformatsky reaction
between acrolein 15 and ethyl bromoacetate 16, which
afforded ethyl ester 18 in moderate yield, followed by
saponification to the carboxylic acid.
Standard coupling between carboxylic acid 13 and

amines 14a�c under aqueous conditions afforded com-
pounds 12a�c, which were cyclized under Mitsunobu
conditions14c,15 to afford β-lactams 11a�c. It should be
noted that no δ-lactams were observed from allylic reac-
tions during the Mitsunobu process.
Formation of the targeted bicyclic β-lactams 6a�c using

Grubbs’ second generation catalyst9 for ring-closing me-
tathesis was then studied and yields were found to depend
on ring size (Table 2). It should be noted that attempted
metathesis reactions involving Grubbs’ first generation
catalyst gave no product formation.
Encouraged by these results, we considered subtle struc-

tural modifications to further expand the scope of this
methodology. The replacement of acrolein with an appro-
priate unsaturated aldehyde was envisaged to allow the
syntheses of bicyclic structures containing a trisubstituted
double bond (Scheme 5). Thus, we opted to first incorporate

a methyl group into the bicyclic system. While this might
seem to be a simple change, it should be pointed out that
similar incorporationof amethyl substituent in carbapenems
had a dramatic impact in antibiotic development. Appro-
priately, placement of aβ-methyl group in imipenemanalogs
improved their efficacy and circumvented their susceptibil-
ity to human renal peptidases.16 Thus, use of methacrolein
19 in theReformatsky reaction, followed by saponification,
gave carboxylic acid 21. Coupling of 21with amines 14a�c

afforded the late intermediates 22a�c, which underwent
cyclization under Mitsunobu conditions to give β-lactams
23a�c. The ring-closing metathesis step was then again
attempted using the Grubbs’ second generation catalyst
(Table 3).
As shown in Table 3, the attempted cyclization of

compound 23a to afford the [4.2.0] bicyclic system 24a,
the methyl substituted analog of 6a, proved to be proble-
matic since only starting material was reisolated under
different reaction conditions. This could be a result of the
inherent strain of the intermediate. On the other hand,

Scheme 3. Revised Route for the Synthesis of β-Lactam 6 Scheme 4. Syntheses of Bicyclic β-Lactams 6a�c

Table 2. Ring-closing Metathesis on Precursors 11a�c
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under the same conditions, the larger bicyclic systems
24b (n = 2) and 24c (n = 3) were obtained in moderate
yield from the cyclization of compounds 23b and 23c,
respectively.
Although monocyclic β-lactams 11a�c and 23a�c and

the corresponding bicyclic systems 6a�c and 24a�c lack

the standard peripheral substituents needed for recogni-
tion by antibiotic targeted enzymes, we screened them
against a panel of Gram-negative and Gram-positive
bacteria via agar-diffusion assays. Not surprisingly, none
of the compounds were active. However, with the metho-
dology in hand for formation of the key bicyclic oxamazins,
further studies are focused on preparation of precursors
with appropriate recognition elements, including pendant
acylamino and ionizable groups.
Herein we have reported the synthesis of the bicyclic

oxamazin core 6 using two different synthetic approaches.
The first involved an intramolecular nitroso Diels�Alder
reaction as the key step and afforded the desired com-
pound 6a, despite the inherent competitive reactivity of the
acylnitroso moiety. The second strategy involved the for-
mation of the β-lactam ring under Mitsunobu conditions
followed by the formation of the second ring using a ring-
closingmetathesis reaction.We also demonstrated that the
second strategy could be used for the construction of larger
[5.2.0] and [6.2.0] ring systems and as well as the introduc-
tion of an alkyl substituent on the double bond. Since all
the β-lactams synthesized did not have biological activity,
further work will be focused on the functionalization of
bicyclic systems 6a�c and 24a�c.
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Scheme 5. Syntheses of Bicyclic β-Lactams 24a�c

Table 3. Ring-closing Metathesis on Compounds 23a�c

aOnly monocyclic β-lactam starting material was recovered.
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