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Abstract—Regioselective Dieckmann and aldol cyclisations using an N-acyloxazolidine derived from threonine give substituted tet-
ramic acids and pyroglutamates in high yield and enantioselectivity. These are easily deprotected under mild conditions to give prod-
ucts, some of which exhibit antibacterial activity.
� 2007 Elsevier Ltd. All rights reserved.
Tetramic acids and their derivatives form a particularly
important sub-group of natural products, and are well
known for their potent antibiotic, antiviral and anti-
fungal as well as cytotoxic activity;1 new examples con-
tinue to be discovered.2 Those which contain structural
units derived from N-methylserine or N-methylthreo-
nine are of current interest,3 and include the equisetins,4

the oxazolomycins,5 the salinosporamides6 and the cin-
nabaramides.7 The synthesis of this key structural motif
continues to attract interest,3,8–10 and the development
of rapid and effective synthetic methodology has impli-
cations for fragment-based drug design.11 Our contribu-
tion in this area stems not only from the finding that
pyroglutamate provides a useful template for structural
modification,12–14 but also that suitable serine-derived
oxazolidine templates can be used for highly chemo-
and diasteroselective ring closure reactions leading to
tetramic acid15 and pyroglutamate derivatives,16,17 a
process which has found recent application to the large
scale synthesis of salinosporamide.18 Due to the emer-
gence of related methyl substituted natural products, it
became desirable to investigate the counterpart of this
reaction, which uses threonine as the starting material,
and we report our preliminary results here.

According to the method developed by Seebach and co-
workers,19

LL- or DLDL-threonine methyl ester hydrogen
chloride 1 was condensed with pivaldehyde in the pres-
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ence of triethylamine with continuous removal of water
to give oxazolidine 2 as a 1:1 mixture of cis and trans
isomers in 74% yield (Scheme 1). This compound was
readily acylated with the required carboxylic acid in
the presence of DCCI and DMAP in DCM, or by
reaction with the corresponding acid chloride, to give
N-acylated oxazolidines predominantly as the cis-2,4-
diastereomer;20 the stereochemistry was readily shown
by NOE analysis. In this way, the malonamides 3a–c,
the amides 4a, b and the b-ketoamides 5a, b were readily
obtained in good yields.21

Dieckmann ring closure of oxazolidine 3a to the corre-
sponding tetramic acid using our reported conditions
(KOtBu in tBuOH for 3 h) 15 was not successful, but
longer reactions times (potassium tert-butoxide for 8 h
at reflux) gave tetramic acid 6 in 43% yield along with
7% of decarboxylated tetramic acid 7 (Scheme 2).22

The treatment of oxazolidine 3b with potassium tert-
butoxide in tert-butanol at reflux gave tetramic acid 8
in 43% yield, which existed in equilibrium with its enol
form, and similar ring closure of N-acyl oxazolidine 3c
(KOtBu in HOtBu at reflux) gave bicycle 9 in 67% yield,
obtained exclusively in the enolic form. Tetramic acid 9
was hydrolysed with 1 M NaOH by heating at reflux
and decarboxylated by heating in vacuo to give tetramic
acid 10 in 53% yield with complete retention of stereo-
chemistry at C-5. When oxazolidine 4a was treated with
sodium methoxide in refluxing methanol, the only com-
pound obtained was tetramic acid 10 in 51% yield, iden-
tical in structure to the material obtained from 3c. When
nitrile ester 4b was treated with sodium methoxide in
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Scheme 1. Reagents and conditions: (i) Me3CCHO, petrol (40/60), Et3N, reflux, 16–20 h; (ii) DCCI, DMAP, EtO2CCH2CO2H, DCM, 4 h; or ethyl
a-methylmalonyl chloride, pyridine, DCM, rt, 5 h; or EtO2CCH(Ph)CO2H, DCCI, DMAP, DCM, rt, 4 h; (iii) NCCH2CO2H, DCCI, DMAP, DCM,
CH3CN, rt, 4 h; or PhCH2COCl, pyridine, DCM, rt, 4 h; (iv) CH3C(O)CH2CO2H, DCCI, DMAP, DCM, rt, 4 h; or CH3C(O)CH(Me)CO2H,
EDAC, DMAP, DCM, rt, 4 h.
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Scheme 2. Reagents and conditions: (i) KOtBu, t-BuOH, reflux, 8 h; (ii) KOtBu, t-BuOH, reflux, 3 h; (iii) 1 N NaOH, reflux, 5 h.
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methanol, it underwent Thorpe–Ziegler reaction to give
enamine 11 in 71% yield (Scheme 3). On the other hand,
when this reaction was carried out with potassium tert-
butoxide in tert-butanol, enamine 12 was obtained as
the major product (63%), along with lactam 11 as a min-
or product (11%), and this reaction was more effective
when wet tert-butanol was used, presumably due to im-
proved in situ ester hydrolysis and decarboxylation. En-
amine 12 on basic hydrolysis gave tetramic acid 7 in 43%
yield. The relative stereochemistry of each of these prod-
ucts was readily established by NOE analysis; generally,
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Scheme 3. Reagents and conditions: (i) NaOMe, MeOH, rt, 15 h; (ii) KOtB
irradiation of H-2 gave an enhancement to the methyl at
C-4 and irradiation of the methyl of CO2Me gave an
enhancement to the tert-butyl group, thus indicating
that the methyl ester and tert-butyl groups are on the
exo face of the bicyclic system.

Aldol reaction of cis-oxazolidine 5a was found to be
particularly effective using our reported conditions, 17
and on treatment with sodium methoxide in methanol
at room temperature, two aldol products 13a and 13b
were formed in 73% yield in a 5:1 ratio (Scheme 4),
(i)
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u, t-BuOH (wet) then H2O, rt, 2 h; (iii) NaOH/H2O, heat, rt, 18 h.



Scheme 4. Reagents and conditions: (i) NaOMe, MeOH, 18 h, rt; (ii)
NaOMe, MeOH, 20 h, rt.

Table 1. Deprotection of heterocycles
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which were readily separated by flash column chroma-
tography, and their relative stereochemistry easily
assigned by NOE. At elevated reaction temperatures,
unsaturated lactam 14 was also obtained.23 Cyclisation
of cis-oxazolidine 5b gave only two diastereomers on
reaction with sodium methoxide in methanol (Scheme
4), and purification by column chromatography gave
major diastereomer 15 in 59% yield and minor diastereo-
mer 16 in 12% yield. The relative stereochemistry of
these epimers was easily determined by NOE analysis.

The Corey and Reichard24 protocol (2% HCl w/v in
trifluoroethanol at room temperature for 5–20 h) was
applied for the deprotection of some representative
examples 9, 10, 13a, b and 15 (Table 1).25 The products
were purified by partitioning the reaction mixture be-
tween ethyl acetate and water. The organic extracts were
dried over MgSO4 and evaporated in vacuo to give the
free amido alcohols in good yields as shown in Table
1. The deprotected compounds 19–21 were readily puri-
fied by flash column chromatography eluting with ethyl
acetate and methanol (4:1).

The N-acyl oxazolidines derived from DLDL-threonine, and
tetramic acids and other nitrogen heterocycles obtained
by the cyclisation of these N-acyl oxazolidines were
tested for their bioactivity against Staphylococcus aur-
eus, Escherichia coli and Bacillus subtilis at a concentra-
tion of 4 mg/ml using the hole plate method.
Compounds 7, 13a and 18 were found to be active only
against S. aureus, but compound 15 was active against
S. aureus and B. subtilis, and compound 19a was active
against S. aureus, B. subtilis and E. coli. Compounds ob-
tained from LL-threonine were tested against S. aureus;
only compound 13a was found to be active at a concen-
tration of 2 mg/ml.

Thus, we have demonstrated that LL-threonine methyl es-
ter may be transformed to tetramic acids by Dieckmann
cyclisation and Thorpe–Ziegler cyclisation. Aldol cycli-
sation of N-acyl oxazolidines gave highly functionalised
bicyclic products with three contiguous chiral centres.
These products may be deprotected to give amido alco-
hols, some of which display biocidal activity against
E. coli, S. aureus and B. subtilis.
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