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The synthesis and in vitro testing of structurally novel antibiotics
derived from acylnitroso Diels–Alder adducts
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Abstract—The structural similarity between b-lactam antibiotics, such as penicillin, and isoxazolidine-3,5-dicarboxylic acids led to
the hypothesis that isoxazolidine-3,5-dicarboxylic acids could be effective analogs of b-lactam antibiotics. The syntheses of relevant
isoxazolidine-3,5-dicarboxylic acids from acylnitroso Diels–Alder adducts and subsequent biological testing have shown that these
first examples are inhibitors of Escherichia coli X580.
� 2006 Elsevier Ltd. All rights reserved.
N N

X

O O
CO2H

R3

R2

R1
R2

R1 X

CO2H
R4

R3
n n
Bacterial resistance to antibiotics has driven the search
for new, more effective antibacterial agents.1 New ana-
logs of b-lactam antibiotics are some of the most sought
after compounds due to their expected low toxicity in
humans and potential broad spectrum application.
Extensive structure–activity relationship (SAR) work
has revealed a number of analogs of penicillin that have
clinically relevant levels of antibacterial activity. This
effort has been concentrated on altering the ring size,
peripheral substituents (R groups), and heteroatoms
(X = S, O, and CH2) on the bicyclic ring system com-
mon to b-lactam antibiotics (Fig. 1).2

In addition to these classical alterations, increasing the
number of rings has been tried with some promising
success.3 However, this increases the length and com-
plexity of the syntheses of these molecules compared
to bicyclic b-lactams. So from a synthetic point of view
a smaller molecule would be desired. Ideally a monocy-
clic b-lactam would fit this criterion, but the develop-
ment of effective monocyclic b-lactams was hampered
by the belief that monocyclic b-lactams would not be
effective antibacterial agents because loss of the bicyclic
system would decrease the electrophilicity of the b-lac-
tam carbonyl. This idea was reinforced by the discovery
of the nocardicins,4 which are natural monocyclic b-lac-
0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.05.021

Keywords: b-Lactam antibiotics; Isoxazolidine-3,5-dicarboxylic acids;

Antibiotic analogs; Acylnitroso cycloaddition; Hetero Diels–Alder;

Oxamazin and monobactam analogs.
* Corresponding author. E-mail: mmiller1@nd.edu
tams that do not have significant antibiotic activity
(Fig. 2). Attachment of electron-withdrawing groups
to the monocyclic b-lactam has alleviated the problem
of the electrophilicity of the carbonyl. The best examples
of heteroatom-activated monocyclic b-lactams are the
oxamazins,5 monobactams,6 and monosulfactams.7

The thiamazins are further proof that activation of the
carbonyl requires a highly electron-withdrawing group,
since they are not active. Though this may also be due
to the thiamazins’ N–S bond being longer than the
N–O bond of the oxamazins and thus not fitting into
the active site.5d

Since the bicyclic system of b-lactam antibiotics is not
needed, the next logical question is if the b-lactam ring
is required for activity. This question has been explored
but has yet to produce a compound with significant anti-
bacterial activity.8 It came to our attention that isoxaz-
olidines 1, developed from acylnitroso Diels–Alder
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Figure 1. Bicyclic b-lactam antibiotics.
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Figure 2. Monocyclic b-lactam antibiotics.
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adducts9 2, contained all the necessary functionality that
is known to be needed for activity, and show structural
similarity to the acyl-DD-Ala-DD-Ala (Fig. 3).10 In addition,
like the oxamazins and monosulfactams, it is possible
that oxygen attached to the nitrogen in 1 might make
the carbonyl electrophilic enough to be attacked like
the b-lactam carbonyl.

In order to test this hypothesis, three isoxazolidines were
synthesized and tested against bacteria. The synthesis of
the desired isoxazolidines began by acylation of glycine,
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Figure 3. Structural comparison of isoxazolidines to penicillin.
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Scheme 1. Reagents and conditions: (a) phenylacetyl chloride, CH2Cl2, NaO

CH3OH; (d) cp, NaIO4, CH3OH, H2O; (e) RuCl3, NaIO4, CH3CN, H2O, C
DD-alanine, and LL-alanine11 followed by coupling with
O-benzylhydroxylamine (OBHA) to give hydroxamates
5a–c (Scheme 1). Hydrogenation of 5a–c gave hydroxa-
mic acids 6a–c. Oxidation with sodium periodate gener-
ated the transient acylnitroso moieties which reacted
with freshly distilled cyclopentadiene (cp) to give
cycloadducts 7a–c as mixtures of enantiomers (for 7a)
and diastereomers (for 7b and 7c) which were carried
through the rest of the syntheses. Syntheses of
hydroxamic acids 6a–c were also achieved by treatment
of the methyl esters of 4a–c with alkaline hydroxyl-
amine. The isoxazolidine dimethyl esters 8a–c were
obtained by oxidative cleavage12 of cycloadducts 7a–c
followed by treatment with diazomethane to facilitate
isolation and purification. Saponification of 8a–c gave
the desired isoxazolidines 9a–c.

Isoxazolidines 9a–c were tested against Escherichia coli
X580,13,14 a strain of bacteria that is hypersensitive to
b-lactam compounds, and isoxazolidines 9a–c showed
promising activity. As can be seen from the kinetic
growth curves below (Figs. 4 and 5), both 9a–b inhibit
the growth of E. coli X580 compared to a control con-
taining DMSO and E. coli X580.

Additional antibacterial testing was conducted using
an agar diffusion assay. The data from this extended
study again show that isoxazolidines 9a–c are active
against E. coli X580, but as expected, not as active
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Figure 4. Testing of 9a against E. Coli X580.
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Figure 5. Testing of 9b against E. Coli X580.
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as penicillin G (Table 1). These data also directly
show that E. coli X580 is much more susceptible to
penicillin G compared to E. coli ATCC 33475. How-
ever, when isoxazolidines 9a–c were tested against sev-
eral clinically relevant strains of bacteria, they were
found to be devoid of activity, whereas several of
the same strains were susceptible to other antibiotics.
Again, these results parallel those of earlier studies



Table 1. Antimicrobial activity in the agar diffusion assay Growth inhibition zones in mm

Species Strain Relevant property 9a 9b 9c Penicillin G Lorabid Cefotaxime Ciprofloxacin 5 lg/ml

Gram + bacteria

Staphylococcus aureus SG 511 Wild type 0 NA NA NA 28 26 29

Staphylococcus aureus 134/93 MRSA 0 NA NA NA 0 0 0

Enterococcus faecalis 1528 VRE 0 NA NA NA 0 22 24

Mycobacterium vaccae IMET 10670 Wild type 0 NA NA NA 0 0 38

Gram � bacteria

Escherichia coli DC0 Wild type 0 NA NA NA 24 21 25

Escherichia coli IV-3-2 TEM1 b-lactamase 0 NA NA NA 23 28 27

Enterobacter cloacae P99 ampC b-lactamase 0 NA NA NA 0 0 30

Pseudomonas aeruginosa IV-3-13 PSE1 b-lactamase 0 NA NA NA 0 14p 35

Escherichia coli X580 NA 26 25 20 54 NA NA NA

Escherichia coli ATCC 33475 NA 0 0 0 23 NA NA NA

Samonella enterica ATCC 13311 NA 0 0 0 37 NA NA NA

Klebsiella pneumoniae ATCC 8308 NA 0 0 0 12 NA NA NA

Fungus

Candida albicans BMSY 212 NA 0 NA NA NA NA NA NA

NA, not acquired.

p: colonies within the inhibition zone.

Test organisms (106 CFU/ml) were suspended in melted Nutrient agar (Serva) and poured into Petri dishes. Holes of 9 mm in diameter were made in

the agar and filled with 50 ll of a 0.2 mM solution of the compounds. Inhibition zones for bacteria were read after incubation for 18 h at 37 �C, for

Candida albicans at 30 �C.

G. P. Nora et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3966–3970 3969
with oxamazins.5 A representative isoxazolidine, 9c,
was also tested for b-lactamase inhibitory activity
using penicillinase from Bacillus cereus (EC 3.5.2.6)
under standard conditions15 and was found not to
be an inhibitor.

If isoxazolidines 9a–c are acting through the same
pathway that b-lactam antibiotics use, then, as with
the previously studied oxamazins5 and other mono-
bactams,6,7 alteration of the phenylacetyl side chain
would be expected to improve broad spectrum activi-
ty. Efforts are continuing in our laboratory to increase
and broaden the activity of these and related
isoxazolidines.
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