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1. Introduction

The discovery of new antibiotics has become imperative by rea-
son of the emergence of bacterial strains resistant to current clin-
ically effective drugs.1,2 Amongst a number of strategies applied to
drug development, high throughput3 and diversity-oriented syn-
thesis4 has yielded some leads.5 However, re-examination of the
function and availability of natural products have proved to be a
key impetus in recent innovation,6 and natural product inspired
synthesis is gaining renewed acceptance7–13 and its application
for drug development has been demonstrated.14–17 It has recently
been reported that a natural product library can allow the identifi-
cation of privileged structures which are suitable leads for optimi-
sation in drug discovery,18,19 since they are Lipinski-compliant,20

and this analysis can be used to inform the design and synthesis
of novel scaffolds.21 In fact, given the paucity of New Chemical
Entities (NCE) entering the antibacterial pipeline, a sense of ur-
gency to ensure that the benefits of such an approach become
available in suitable timeframes is emerging.22 It has recently been
realised that the physicochemical characteristics of antibacterial
compounds differ sufficiently from the property space of com-
monly available compound libraries, that re-investigation of natu-
ral products to identify novel antibacterials is fully justified,23 and
that the structural information thus obtained will be useful for the
design of NCE suitable for fragment-based drug design.24,25 Li-
braries based upon such leads have several key benefits which
do not apply to combinatorially-derived systems: they will have
benefited from the optimisation of bioactivity for a given receptor
as a result of natural selection; they will be expected to provide an
enhanced rate of positive hits for a given library size; they will
likely provide novel structural chemotypes not currently in use
in existing therapeutic regimes; they would not be immediately
ll rights reserved.
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susceptible to resistance-conferring genes in the bacterial and
DNA pools and they are likely to provide novel new target proteins
and receptors.26,27 Some time ago, we identified pyrrolidin(on)es
as a common structural motif in a variety of antibiotics, and set
about the development of direct synthetic approaches for this
structural core and the assessment of their intrinsic bioactiv-
ity.28–30 The tetramic acid nucleus, as distinct from pyrroli-
din(on)es, is a common functional entity found in natural
products that exhibit a range of bioactivity.31 A potentially general
solution to the problem of introduction of functional diversity in a
tetramate has recently appeared32 and the chemistry related to the
synthesis of cyclic quaternary amino acids has been reviewed.33

We have developed effective synthetic methodology for the prep-
aration of optically active pyrrolidinone analogues derived from
serine.34–37 This exploits Seebach’s concept of Self-Regeneration
of Stereocentre reactions38 and the propensity of oxazolidines to
control both the chemoselectivity and stereoselectivity of intramo-
lecular Dieckmann and aldol reactions, giving a cyclisation leading
to tetramate and pyroglutamate products, which are heterocyclic
fragments of the natural product, oxazolomycin A–C 1a–c
(Fig. 1). Since related classes of antibacterial compounds exist
which contain an additional methyl substituent at C-16,39,40

namely 16-methyloxazolomycin 1d and KSM-B and C 1e,f, we con-
sidered it important to demonstrate that this strategy could be ex-
tended to threonine derivatives, and report herein the results of
that investigation; part of this work has appeared earlier.41 Fur-
thermore, we evaluated the antibacterial activity of the products
against two organisms, in order to gain activity data which might
be of use in the design of novel libraries, using the chiral tetramate
and pyrrolidinone structure as a core skeleton. This is of particular
relevance since we believed that the libraries derived from this
skeleton would obey the ‘rule of three’ (M <300; No H bond donors
63 and acceptors 63; cLog P = 3; No of rotatable bonds 63; Polar
surface area = 60 Å2), which has been suggested to be optimal for
the construction of fragment libraries.25,42

http://dx.doi.org/10.1016/j.tetasy.2010.04.064
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Figure 1.
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2. Results and discussion

According to the method developed by Seebach et al.,43
L-thre-

onine methyl ester hydrogen chloride 2 or DL-threonine methyl es-
ter hydrogen chloride was condensed with pivaldehyde in the
presence of triethylamine with continuous removal of water to
give oxazolidine 3 as 1:1 mixture of cis-2,4 and trans-2,4 isomers
in 71–74% yield (Scheme 1). This was readily acylated with the re-
quired malonate or b-ketoacid in the presence of DCCI, or EDAC
and DMAP in DCM, or with the acyl chloride in pyridine and
DCM, to give N-acylated oxazolidines 4, 5 and 6 in high yield as
either principally or exclusively the cis-2,4-oxazolidine diastereo-
mer; this stereochemistry was readily shown by NOE analysis
(Fig. 2), in which enhancements were typically observed between
H(2), H(4) and C(5)Me, all located on the same face, and between
H(5) and the methyl of the ester, indicating their proximity on
the other side of the oxazolidine ring. In some cases, enhancement
between the methyl ester and the t-butyl groups was observed,
confirming their facial co-location. In the case of acyl derivatives
5a,b, unusually the cis- and trans-oxazolidines in 3:1 diastereo-
meric ratio were obtained, as a colourless oil and a white crystal-
line solid, respectively, and recrystallisation of the minor trans-
oxazolidine 5b from ethyl acetate gave crystals which were suit-
able for single crystal X-ray diffraction studies (Fig. 3), allowing
confirmation of the unusual trans-stereochemistry of C-2 and C-4
and establishment of the side chain (S)-stereochemistry. In the
case of cis-5a, the side chain stereochemistry could not be estab-
lished. On the other hand, 6a,b was obtained as a single cis-oxazol-
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Scheme 1. Reagents and conditions: (i) Me3CCHO, petrol (40/60), reflux, 16–20 h; (ii) D
DCM, rt, 5 h; (iv) EtO2CCH(Ph)CO2H, DCCI, DMAP, DCM, rt, 4 h.
idine diastereomer, but epimeric at the N-acyl side chain;
recrystallisation of the major diastereomer 6a from ethyl acetate
gave crystals, which were subjected to X-ray analysis (Fig. 4),
and this both confirmed the cis-oxazolidine ring assignment and
established the N-acyl side chain stereochemistry to be (S). The
substituents on the nitrogen atom are not planar but partially pyr-
amidalised, as has been previously observed in other N-acyl oxaz-
olidines.37,44 This pyramidalisation presumably occurs to move the
N-acyl side chain away from C-2 and C-4 substituents, effectively
giving an all trans-arrangement of the oxazolidine ring substitu-
tents. Direct acylation of oxazolidine 3 with phenylacetyl chloride
and cyanoacetic acid gave derivatives 7 and 8, respectively
(Scheme 2).

In the case of ketoamides 9a,b, readily prepared from ester 10
via acid 11, the product existed as a keto–enol mixture in a ratio
of 5:3, but the a-methylacetoacetyl , also prepared from ester 10
via acid 12, gave a mixture of cis-oxazolidine 13 and trans-oxazol-
idine 14 in a 2.4:1 ratio (Scheme 3). The cis-oxazolidine 13 was ob-
tained as a 1:1 mixture of side chain epimers and trans-oxazolidine
14 was formed as a 1:2 mixture of side chain epimers, but did not
exhibit any keto–enol tautomerism as observed by 1H NMR spec-
troscopy. The stereochemistry of these oxazolidines could not be
established by single crystal X-ray diffraction techniques so was
instead determined by NOE analysis (Fig. 2). The cis-oxazolidines
prepared as outlined above were characterised by typical chemical
shifts (d) for H-2 at 5.4, H-4 at 4.1–4.5 and H-5 at 4.8, but the one
example of the trans-ring (compound 5b) showed H-2 at 5.11, H-4
at 3.8 and H-5 at 4.1.
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Figure 3. X-ray structure for 5b. Figure 4. X-ray structure for 6a.
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2.1. Dieckmann-type cyclisations

When the reported conditions for Dieckmann closure of related
serine-derived oxazolidines (KOtBu in tBuOH for 3 h) were ap-
plied,34 oxazolidine 4 did not undergo cyclisation, but when re-
acted with potassium tert-butoxide for 8 h at reflux, tetramic
acid 15 was obtained in 42% yield along with 7% of decarboxylated
tetramic acid 16 (Scheme 4). Although compound 16 did not form
when the reaction time was decreased, the yield of tetramic acid
15 also reduced to 23%. The stereochemistry of tetramic acids 15
and 16 was established by NOE experiment (Fig. 5).

The treatment of oxazolidine 5a with potassium tert-butoxide
in tert-butanol at reflux gave tetramic acid 17 in 43% yield, which
existed in equilibrium with enol form 18 (Scheme 4). The N-acyl
oxazolidine mixture 6a,b was cyclised to tetramic acid 19 in 67%
yield, obtained in the enol form, as indicated by the absence of
the C(7)H proton in the 1H NMR spectrum. The tetramic acid 19
was hydrolysed with 1 M NaOH by heating at reflux and decarbox-
ylated by heating in vacuo to give tetramic acid 20 in 51% yield
with complete retention of stereochemistry at C-5. In the case of
oxazolidine 7 (Scheme 5), the only mode of cyclisation was by at-
tack of the enolate from the N-acyl side chain to the methyl ester,
and reaction with sodium methoxide in refluxing methanol gave
only tetramic acid 20 in 53% yield which was identical to that ob-
tained from 19 (Scheme 4).

When nitrile ester 8 was treated with sodium methoxide in
methanol, a clean Thorpe–Ziegler reaction giving enamine 22 in
71% yield occurred (Scheme 5). When this reaction was carried
out with potassium tert-butoxide in tert-butanol, enamine 23
was obtained as the major product, along with 22 as a minor prod-
uct. The major product 23 formed in higher yield when wet tert-
butanol was used. This could presumably be due to the formation
of potassium hydroxide, which under the reaction conditions both
hydrolysed the ester and decarboxylated the intermediate acid to
give the observed enamine 23. The enamine 23 on basic hydrolysis
gave tetramic acid 16 in 43% yield, identical to material previously
obtained (Scheme 4). The stereochemistry of enamine 22 and tet-
ramic acid 16 was confirmed by NOE analysis (Fig. 5); irradiation
of the H-2 proton gave an enhancement to the methyl at C-4 and
enhancement of the methyl of CO2Me gave an enhancement to
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the tert-butyl group, thus indicating their co-location on the exo
face of the bicyclic system.

2.2. Intramolecular aldol cyclisation

cis-Oxazolidine 9 on treatment with sodium methoxide in
methanol underwent aldol condensation to give two products
24a and 24b in 73% overall yield in 5:1 ratio (Scheme 6), readily
separable by flash column chromatography eluting with EtOAc
and petrol (1:3). The stereochemistry of these products was estab-
lished by NOE experiment (Fig. 5). Recrystallisation of the major
diastereomer 24a from ethyl acetate gave crystals which were sub-
jected to single crystal X-ray diffraction studies (Fig. 6), which con-
firmed the stereochemistry previously established by NOE
analysis. When the above-mentioned reaction was carried out in
refluxing methanol in the presence of NaOMe, the elimination
product 25 was also isolated in 7% yield from the reaction in addi-
tion to the aldol products 24a,b which were obtained in 71% yield.

Cyclisation of cis-oxazolidine 13 with sodium methoxide in
methanol gave only two diastereomers (Scheme 6). Purification
by column chromatography gave major diastereomer 27 in 59%
yield and minor diastereomer 26 in 12% yield, the relative stereo-
chemistry of which were again determined by NOE experiment
(Fig. 5). The major diastereomer 27 was recrystallised from ethyl
acetate and analysed by single X-ray crystallography (Fig. 7), and
this confirmed the NOE assignment.
2.3. Deprotection

The Corey-Reichard et al.45 protocol (propane-1,3-dithiol in a
solution of 2,2,2-trifluoroethanol acidified with HCl) was applied
for the deprotection of bicyclic compounds 19, 20, 24a,b and 27
to give the amido alcohols 21a,b, 28 and 29a,b in excellent yield
(78–89%) (Schemes 4 and 6). These were purified by partitioning
the reaction mixture between ethyl acetate and water (for 21a,b)
or purified by flash column chromatography eluting with ethyl
acetate and methanol (4:1) (for 28 and 29a,b). The structure of
alcohol 29a was determined by X-ray analysis (Fig. 8).

2.4. Bioassay

The tetramic and pyroglutamic acids obtained as described
above were tested for their bioactivity against Staphylococcus aur-
eus, Escherichia coli and Bacillus subtilis using the disc diffusion
method, and the results are given in Table 1. The value of whole-
cell assays for finding bioactive lead compounds with antibacterial
activity has been recently highlighted, prior to screening in bio-
chemical and genetic assays to establish method of action;46–48

although not giving quantitative MIC values, these assays were
nonetheless suitable for our purpose, giving active/not active out-
comes enabling rapid assessment of the structural variations of the
fragment modification. Activity was seen for most compounds
against the Gram-positive Staphylococcus and Bacillus strains. No
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activity was seen against the Gram-negative Escherichia coli, with
the exception of compound 29a, which exhibits strong activity.
The significantly lower cell wall permeability of Gram-negative
bacteria, as a result of the presence of the lipopolysaccharide outer
membrane, is well known, and this makes the development of no-
vel Gram-negative antibacterials particularly challenging.23

Chemical informatics analysis49 is instructive; log P and log D7.4

values confirm the lipophilic character of protected oxazolidines
16, 24a and 27 but the significantly more hydrophilic character
of alcohols 21b and 29a, and in the case of the latter, its ready ion-
isation at physiological pH, leading to a significant increase in
polarity. All compounds have similar calculated van der Waals
and solvent accessible (SASA) molecular surface area,51 as would
be expected from their common structural skeleton, with the pro-
tected oxazolidines 16, 24a and 27 possessing larger areas than the
deprotected alcohols 21b and 29a (Table 1). The polar surface area
(PSA) parameter, which correlates the presence of polar atoms
with membrane permeability and therefore gives an indication of
drug transport properties,52 has been reported to have an optimal
value of 70 < PSA < 120 Å2 for a non-CNS orally absorbable drug,53

and of interest is that the least active compound 16 possessed a



Figure 8. X-ray structure for 29a.
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PSA value outside this range. The higher activity of 21b, 24a, 27
and 29a is likely to result from improved membrane permeability
due to their higher polarity; these compounds possess relative PSA
values of 18.1–29.5%, whereas for 16, this value is as low as 13.4%.
On the other hand, the Bacillus strains appeared to be particularly
sensitive to the more hydrophobic compounds 24a and 27. These
results suggest that the observed antibacterial activity of the oxa-
zolomycins may be derived from both the right hand lactam and
the central amide fragment, which we have recently shown to be
independently active,54 and although at this stage we have no
target information for these compounds, we note the report of
broad spectrum antibacterial activity of pyrrolidine-2,5-diones,
which have a novel mode of action as inhibitors of acetyl-CoA
carboxylase.55

Of interest is that this skeleton exhibits a similar physicochem-
ical profile to other small molecule antibacterials,23 and may pro-
vide a useful fragment for further optimisation of antibacterial
activity by chemical manipulation at accessible points of the het-
erocyclic nucleus, using the ‘rule of three’;25,42 noteworthy by com-
parison is the low levels of antibacterial activity we have recently
reported for other simple spirocyclic bislactams derived from pyro-
glutamic acid,30 and of simple tetramates28 and pyrrolidines.29

Recently there has been interest not only in the identification of
novel but synthetically tractable heterocyclic systems56 but also in
the identification of increasing molecular complexity by moving
away from planar systems in the process of drug discovery.57,58

The neglect of chirality has recently been recognised as a key defi-
ciency of contemporary drug discovery methodology.59 Our work
demonstrates that enantiopure skeletons, which might be consid-
ered to be simpler mimics of natural products, with several points
of diversity, are available in less than 3 synthetic steps, and that
further simple modification gives structures which exhibit bioac-
Table 1
Cheminformatic and bioassay data of selected compoundsa

Compound log P log D7.4 PSA (Å2) MSA (Å2

16 1.7 1.7 46.6 343
24a 1.1 1.1 76.1 461

27 1.6 1.6 76.1 491
21b 0.36 �0.69 72.4 293
29a �1.6 �1.6 95.9 325

a log P, log D7.4, PSA, MSA and SASA values calculated using MARVIN.49

b Diameter of inhibition zone (±1 mm) from disc diffusion assay.50
tivity properties akin to that of the parent natural product. More-
over, these systems, despite their three dimensional complexity,
offer a small MW, PSA and numbers of rotatable bonds, H-bond
acceptors and H-bond donors, and this leaves ample scope for opti-
misation in the drug discovery process using the Lipinski parame-
ters. There is no doubt therefore that ‘escaping from flatland’57 may
be more readily synthetically accessible than has hitherto been as-
sumed, enabling the proposed benefits of such liberation to be
realised.

3. Experimental

The following were prepared by literature methods: L-threonine
methyl ester hydrochloride,60,61

DL-threonine methyl ester hydro-
chloride 2,61,60 (4S,5R)-2-(t-butyl)-4-methoxycarbonyl-5-methyl-
oxazolidine 343 and (±)-2-(t-butyl)-4-methoxycarbonyl-5-methyl-
oxazolidine 3.43 Ethyl-a-methylmalonic acid and ethyl-a-methyl-
malonyl chloride were prepared according to the method of Kis-
senger.62 Acetoacetic acid 11 was prepared by the method of
Ohta.63 Ethyl a-phenylmalonate acid was prepared using the liter-
ature procedure.64

3.1. Acylation general method A1

To a solution of 2-tert-butyl-4-methoxycarbonyl-5-methyl oxa-
zolidine 3 and pyridine in DCM (7/10 of volume) at 0 �C was added
a solution of the appropriate acid chloride in DCM (3/10 of vol-
ume). The solution was stirred at 0 �C for 15 min and then at room
temperature for 3–5 h. The solution was diluted with DCM (50 ml)
and then washed with NH4Cl (aq) (40 ml), 10% NaHCO3 (aq)
(40 ml) and brine (40 ml), dried over MgSO4 and evaporated in
vacuo.

3.2. Acylation general method A2

To a solution of 2-tert-butyl-4-methoxycarbonyl-5-methyl oxa-
zolidine 3, DCCI or EDAC and DMAP in DCM (7/10 ml volume) at
0 �C was added a solution of the appropriate acid in DCM or CH3CN
(3/10 ml of volume). The mixture was stirred at 0 �C for 15 min and
then at room temperature for 3–5 h. The reaction mixture was fil-
tered to remove dicyclohexyl urea, the residue being washed with
DCM (3 � 15 ml) and the combined filtrates were evaporated in
vacuo.

3.2.1. (2R,4S,5R)-2-(tert-Butyl)-3-(3-ethoxy-3-oxopropanoyl)-4-
methoxycarbonyl-5-methyl-oxazolidine 4

According to Section 3.2, oxazolidine 3 (1.02 g, 5.06 mmol),
DCCI (1.08 g, 5.26 mmol) and DMAP (43 mg, 0.35 mmol) in DCM
(15 ml) were reacted with ethyl hydrogen malonate (695 mg,
5.26 mmol) in DCM (10 ml). The reaction mixture was filtered,
washed with 1 M KH2PO4 (2 � 20 ml), dried over MgSO4 and evap-
orated in vacuo. The crude mixture was purified by flash column
) SASA (Å2) Zone size (cm)b

E. coli S. aureus B. subtilis

351 Inactive 2.89 Inactive
420 Inactive 2.56 6.3
441 Inactive 3.03 5.87
363 — 3.24 Inactive
341 4.86 Inactive Inactive
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chromatography (EtOAc/petrol, 1:3) to give the cis-oxazolidine 4
(1.3 g, 84% yield) as a light brown oil.

Rf = 0.21 (EtOAc/petrol, 1:3); ½a�22
D ¼ �71:1 (c 1.6, CHCl3); mmax/

cm�1 (KBr) 2980 (m), 2960 (m), 2875 (w), 1745 (s), 1675 (s),
1390, 1370 and 1240; dH (400 MHz, CDCl3) (1.5:1 mixture of con-
formers) Major: 0.88 (9H, s, C(CH3)3), 1.23–1.27 (3H, m, CH2CH3),
1.32 (3H, d, J 3.8 Hz, CHCH3), 3.41 (1H, d, J 15.4 Hz, COCHHCO),
3.55 (1H, d, J 15.4 Hz, COCHHCO), 3.78 (3H, s, CO2CH3), 4.12–4.20
(2H, m, CH2CH3), 4.29 (1H, d, J 3.8 Hz, C(4)H), 4.72–4.76 (1H, m,
C(5)H), 5.40 (1H, s, C(2)H); dC (100.6 MHz) 14.0 (CH2CH3), 20.1
(CHCH3), 25.8 (C(CH3)3), 37.8 (C(CH3)3), 42.8 (C(7)), 52.8 (CO2CH3),
61.6 (COCH2CO), 65.4 (C(4)), 76.1 (C(5)), 96.1 (C(2)), 166.6, 167.2,
167.3 and 170.0 (amide and ester carbonyls); m/z (ES+) 338
(M+Na+, 100%), 316 (M+H+, 70%); (M+H+) Found 316.1764,
C15H26NO6 requires 316.1760.

The racemic form (±)-4 was similarly prepared from (±)-3 in
77% yield and exhibited similar spectroscopic data.

3.2.2. (2R,4S,5R)-2-(tert-Butyl)-3-(3-ethoxy-2-methyl-3-oxo
propanoyl)-4-methoxycarbonyl-5-methyloxazolidine 5a and
(2S,4S,5R,20S)-2-(tert-butyl)-3-(3-ethoxy-2-methyl-3-oxoprop-
anoyl)-4-methoxycarbonyl-5-methyl-oxazolidine 5b

According to Section 3.1, oxazolidine 3 (0.30 g, 1.5 mmol) was
reacted with pyridine (0.25 ml, 3.15 mmol) and ethyl-a-methyl-
malonyl chloride (0.49 g, 3.0 mmol) in DCM (15 ml). Purification
by flash column chromatography (EtOAc/petrol, 1:4) gave oxazoli-
dine 5a (0.31 g, 63% yield) as a viscous oil and oxazolidine 5b
(0.11 g, 23%) as a colourless crystalline solid.

Compound 5a: Rf = 0.33 (EtOAc/petrol, 1:4); ½a�22
D ¼ þ95:2 (c 2.2,

CHCl3); mmax/cm�1 (CHCl3) 2980 (m), 2960 (m), 2875 (w), 1744 (s),
1675 (s), 1395, 1370 and 1240; dH (400 MHz, CDCl3) 0.88 (9H, s,
C(CH3)3), 1.24 (3H, t, J 7.1 Hz, CH2CH3), 1.34 (3H, d, J 6.2 Hz,
CHCH3), 1.44 (3H, d, J 6.8 Hz, COCHCH3), 3.63 (1H, q, J 6.8 Hz,
COCHCH3), 3.86 (3H, s, CO2CH3), 4.12 (2H, q, J 7.1 Hz, CH2CH3),
4.52 (1H, d, J 3.5 Hz, C(4)H), 4.78–4.83 (1H, m, C(5)H), 5.47 (1H,
s, C(2)H); dC (100.6 MHz, CDCl3) 14.1 (CH2CH3), 14.5 (COCHCH3),
20.2 (CHCH3), 25.7 (C(CH3)3), 37.7 (C(CH3)3), 45.5 (COCHCH3),
52.8 (CO2CH3), 61.6 (CH2CH3), 65.2 (C(4)), 75.8 (C(5)), 95.7 (C(2)),
169.9, 170.3 and 171.7 (amide and ester carbonyls); m/z (ES+)
388 (M+H2O�CH3CN+, 100%), 330 (M+H+, 10%), (M+H+) Found
330.1845, C16H28NO6 requires 330.1838.

Compound 5b: Rf = 0.21 (EtOAc/petrol, 1:4); mp 92–93 �C;
½a�22

D ¼ þ87:2 (c 2.2, CHCl3); mmax/cm�1 (CHCl3) 2980 (m), 2960
(m), 2875 (w), 1744 (s), 1675 (s), 1395, 1370 and 1240; dH

(400 MHz, CDCl3) 1.03 (9H, s, C(CH3)3), 1.27 (3H, t, J 7.2 Hz,
CH2CH3), 1.34 (3H, d, J 6.1 Hz, CHCH3), 1.42 (3H, d, J 7.2 Hz,
COCHCH3), 3.47 (1H, q, J 6.7 Hz, COCHCH3), 3.76 (3H, s, CO2CH3),
3.85 (1H, d, J 8.8 Hz, C(4)H), 4.06–4.22 (3H, m, C(5)H and CH2CH3),
5.10 (1H, s, C(2)H); dC (100.6 MHz, CDCl3) 14.1 (CH2CH3), 15.2
(COCHCH3), 20.2 (CHCH3), 25.8 (C(CH3)3), 38.8 (C(CH3)3), 45.8
(COCHCH3), 52.8 (CO2CH3), 61.6 (CH2CH3), 65.8 (C(4)), 75.8 (C(5)),
96.6 (C(2)), 169.7, 170.0 and 171.4 (amide and ester carbonyls);
m/z (ES+) 330 (M+H+, 100%), (M+H+) Found 330.1834, C16H28NO6

requires 330.1838. The crystal structure was determined from X-
ray diffraction data.

The racemic forms (±)-5a,b were similarly prepared from (±)-3
in 77% yield and exhibited similar spectroscopic data.

3.2.3. (2R,4S,5R,20R)-2-(tert-Butyl)-3-(3-ethoxy-2-phenyl-3-oxo-
propanoyl)-4-methoxycarbonyl-5-methyl-oxazolidine 6a and
(2R,4S,5R,20S)-2-(tert-butyl)-3-(3-ethoxy-2-phenyl-3-oxoprop-
anoyl-4-methoxycarbonyl-5-methyl-oxazolidine 6b

According to Section 3.2, oxazolidine 3 (350 mg, 1.74 mmol),
DCCI (392 mg, 1.91 mmol) and DMAP (16 mg, 0.13 mmol) in
DCM (10 ml) were reacted with ethyl a-phenylmalonic acid
(252 mg, 1.91 mmol) in DCM (4 ml). The reaction mixture was fil-
tered, dried over MgSO4 and evaporated in vacuo. Recrystallisation
from ethyl acetate gave oxazolidine 6a (334 mg, 49%) as colourless
crystals.

Compound 6a: mp 130–132 �C; Rf = 0.34 (EtOAc/petrol, 1:3);
½a�22

D ¼ �43:4 (c 2.0, CHCl3); mmax/cm�1 (KBr) 2990 (m), 2960 (m),
2922 (w), 2875 (w), 1745 (s), 1675 (s), 1390, 1370 and 1170; dH

(400 MHz, CDCl3) 0.79 (3H, d, J 6.3 Hz, CHCH3), 0.93 (9H, s,
C(CH3)3), 1.27 (3H, t, J 7.1 Hz, CO2CH2CH3), 3.89 (3H, s, CO2CH3),
4.05 (1H, d, J 3.0 Hz, C(4)H), 4.16–4.22 (2H, q, J 7.1 Hz, CH2CH3),
4.65–4.70 (1H, m, C(5)H), 4.90 (1H, s, CHPh), 5.40 (1H, s, C(2)H),
7.30–7.37 (5H, m, ArH); dC (100.6 MHz, CDCl3) 14.0 (CO2CH2CH3),
19.2 (CHCH3), 25.7 (C(CH3)3), 37.7 (CMe3), 52.9 (CO2CH3), 58.2
(CHPh), 61.7 (COCH2CH3), 64.4 (C(4)), 75.3 (C(5)), 95.9 (C(2)),
127.9, 128.2, 128.5, 129.2 and 132.1 (ArC), 168.3, 169.0, 170.0
(amide and ester carbonyls); m/z (ES+) 392 (M+H+, 100%), (M+H+)
Found 392.2069, C21H30NO6 requires 392.2073. The crystal struc-
ture was determined from X-ray diffraction data.

Purification of the residue from the above-mentioned crystalli-
sation with flash column chromatography (EtOAc/petrol) gave oxa-
zolidine 6a (29 mg, 4.2%), mixture of oxazolidines 6a and 6b (1:1)
(40 mg, 5.8%) and oxazolidine 6b (75 mg, 11%) as a colourless oil.

Compound 6b: Rf = 0.31 (EtOAc/petrol, 1:3); ½a�22
D ¼ þ87 (c 2.0,

CHCl3); mmax/cm�1 (KBr) 2990 (m), 2958 (m), 2920 (w), 2870 (w),
1745 (s), 1677 (s), 1390, 1375 and 1170; dH (400 MHz, CDCl3)
0.82 (9H, s, C(CH3)3), 1.27 (3H, t, J 7.1 Hz, CO2CH2CH3), 1.39 (3H,
d, J 6.2 Hz, CHCH3), 3.75 (3H, s, CO2CH3), 4.23 (2H, q, J 7.1 Hz,
CO2CH2CH3), 4.49 (1H, d, J 3.2 Hz, C(4)H), 4.83–4.85 (1H, m,
C(5)H), 4.92 (1H, s, CHPh), 5.51 (1H, s, C(2)H), 7.33–7.39 (3H, m,
ArH), 7.43–7.48 (2H, m, ArH); dC (100.6 MHz, CDCl3) 14.1
(CO2CH2CH3), 19.9 (CHCH3), 25.7 (C(CH3)3), 37.7 (CMe3), 52.7
(CO2CH3), 57.3 (CHPh), 62.0 (COCH2CH3), 65.6 (C(4)), 76.0 (C(5)),
96.0 (C(2)), 128.0, 128.3, 128.6, 129.3, 129.7 and 133.6 (ArC),
168.4, 169.5, 170.0 (amide and ester carbonyls); m/z (ES+) 392
(M+H+, 100%), HRMS (M+H+) Found 392.2065, C21H30NO6 requires
392.2073.

3.2.4. (2R,4S,5R)-2-(tert-Butyl)-3-(2-phenylacetyl)-5-methyl-4-
methoxycarbonyl-oxazolidine 7

According to Section 3.1, oxazolidine 3 (1.0 g, 4.98 mmol) and
pyridine (0.59 g, 7.46 mmol) in DCM (15 ml) were reacted with
phenylacetyl chloride (0.93 g, 5.97 mmol) in DCM (8 ml). Purifica-
tion by flash column chromatography on silica gel (DCM/petrol, 1:1
gradually increasing polarity to DCM) gave the title compound 7
(1.22 g, 77%) as a white crystalline solid.

Rf = 0.34 (DCM); ½a�22
D ¼ �4:9 (c 1.56, CHCl3) mmax/cm�1 (KBr)

2956 (s), 2870 (m), 1746 (s), 1436 (s), 1208 (s), 1173 (s); dH

(400 MHz, CDCl3) 0.93 (9H, s, C(CH3)3), 1.12 (3H, d, J 5.9 MHz,
CHCH3), 3.68 (1H, d, J 15.0 Hz, CHHPh), 3.78 (1H, d, J 15.0 Hz,
CHHPh), 3.81 (3H, s, CO2CH3), 4.20 (1H, d, J 3.5 Hz, C(4)H), 4.67–
4.70 (1H, m, C(5)H), 5.43 (1H, s, C(2)H), 7.21–7.37 (5H, m, ArH);
dC (100.6 MHz, CDCl3) 20.0 (CHCH3), 25.9 (C(CH3)3), 37.9 (CMe3),
42.3 (CH2Ph), 52.7 (CO2CH3), 65.2 (C(4)), 76.0 (C(5)), 96.4 (C(2)),
127.1, 128.8, 129.0, 129.2 and 134.1 (ArC), 170.3 and 172.0 (amide
and ester carbonyls); m/z (ES+) 320 (M+H+, 100%), 264 (M+H+�tBu),
(M+H+) Found 320.1871, C18H26NO4 requires 320.1862.

The racemic form (±)-7 was similarly prepared from (±)-3 in
77% yield and exhibited similar spectroscopic data.

3.2.5. (2R,4S,5R)-2-(tert-Butyl)-3-(2-cyanoacetyl)-4-methoxycar
bonyl-5-methyl-oxazolidine 8

According to Section 3.2, a solution of oxazolidine 3 (0.6 g,
3.0 mmol), DMAP (0.04 mg, 0.3 mmol) and DCCI (0.62 g, 3.0 mmol)
in DCM (10 ml) at 0 �C were reacted with cyanoacetic acid
(0.26 mg, 3.0 mmol) in CH3CN (2 ml). The reaction mixture was
stirred at room temperature for 4 h and then filtered, the residue
was washed with DCM (3 � 15 ml) and combined filtrates were
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concentrated in vacuo. Purification by flash column chromatogra-
phy (EtOAc/DCM, 1:9) gave oxazolidine 8 (0.59 g, 73%) as a white
crystalline solid.

Rf = 0.31 (EtOAc/DCM, 1:9); mp 82–83 �C; ½a�22
D ¼ �41:7 (c 1.2,

CHCl3); mmax/cm�1 (CHCl3) 2960 (m), 1750 (s), 1730 (s) and 1665
(s); dH (mixture of rotamers) (400 MHz, CDCl3) 0.92 (9H, s,
C(CH3)3), 1.38 and 1.40 (3H, s, CHCH3), 3.57 (1H, d, J 19.4 Hz,
CHHCN), 3.66 (1H, d, J 18.1 Hz, CHHCN), 3.80 and 3.83 (3H, s,
CO2CH3), 4.09–4.14 (1H, br s, C(4)H), 4.75–4.79 (1H, m, C(5)H),
5.42 (1H, s, C(2)H); dC (100.6 MHz, CDCl3) 20.5 (CHCH3), 25.9
(C(CH3)3), 26.5 (CH2CN), 33.9 (C(CH3)3), 53.2 (CO2CH3), 65.5
(C(4)), 76.5 (C(5)), 97.1 (C(2)), 113.5 (CN), 162.7 and 169.3 (amide
and ester carbonyls); m/z (ES+) 269 (M+H+, 100%), 184
(M+H+�tBuCHO, 45%); (M+H+) Found 269.1513, C13H21N2O5 re-
quires 269.1501.

The racemic form (±)-8 was similarly prepared from (±)-3 in
73% yield and exhibited similar spectroscopic data.

3.2.6. tert-Butyl-a-methylacetoacetate
To a solution of tert-butyl acetoacetate 10 (4.00 g, 25.3 mmol) in

THF (25 ml) at 0 �C was added KOtBu (2.97 g, 26.5 mmol). The mix-
ture was cooled to room temperature and stirred for 40 min, and
then a solution of MeI (1.74 ml, 27.9 mmol) in THF (6 ml) was
added dropwise over 10 min. The mixture was stirred for further
5 h and partitioned between ether (30 ml) and water (30 ml). The
aqueous layer was extracted with ether (30 ml) and the combined
organic extracts were washed with brine (40 ml), dried over MgSO4

and evaporated in vacuo. Purification by Kugelrohr distillation gave
tert-butyl-a-methyl acetoacetate (2.1 g, 68%) as a colourless liquid.
mmax/cm�1 (film) 2980 (m), 2940 (m), 1740 (s), 1715 (s), 1370 (s)
and 1150 (s); dH (200 MHz, CDCl3) 1.29 (3H, d, J 7.0 Hz, CHCH3),
1.46 (9H, s, C(CH3)3), 2.23 (3H, s, CH3CO), 3.41 (1H, q, J 7.0 Hz,
CHCH3); m/z (GCMS) 190 (Mþ NH4

þ, 5%), 173 (M+H+, 100%).

3.2.7. a-Methylacetoacetic acid 12
A solution of tert-butyl-a-methylacetoacetate (2.0 g, 11.6

mmol) in TFA (5 ml) was stirred at room temperature for 24 h.
TFA was removed by co-evaporation with toluene in vacuo to give
a-methylacetoacetic acid 12 (1.05 g, 77%) as a dark brown oil. mmax/
cm�1 (film) 2980 (m), 2940 (m), 1740 (s), 1715 (s), 1370 (s) and
1150 (s); dH (200 MHz, CDCl3) 1.38 (3H, d, J 7.0 Hz, CHCH3), 2.32
(3H, s, CH3CO), 3.59 (1H, q, J 7.0 Hz, CHCH3), 11.82 (1H, br s, CO2H).

3.2.8. (2R,4S,5R)-3-Acetoacetyl-2-(tert-butyl)-4-methoxy-
carbonyl-5-methyl-oxazolidine 9a and 9b

According to Section 3.2, oxazolidine 3 (0.9 g, 4.49 mmol),
DMAP (44.0 mg, 0.36 mmol) and DCCI (1.09 g, 5.29 mmol) in
DCM (20 ml) were reacted with acetoacetic acid (0.54 g,
5.29 mmol) in DCM (8 ml). Purification by flash column chroma-
tography (EtOAc/petrol, 1:3) gave cis-oxazolidine 9a,b (0.96 g,
79%), as mixture of keto enol tautomers (10:7), as a light brown
oil. Rf = 0.27 (EtOAc/petrol, 1:3); mmax/cm�1 (thin film) 2960 (s),
2860 (s), 2118 (s), 1746 (s), 1436 (s), 1208 (s), 1173 (s);
½a�22

D ¼ �34:7 (c 1, CHCl3); Keto tautomer: dH (400 MHz, CDCl3)
0.89 (9H, s, C(CH3)3), 1.23 (3H, d, J 7.1 Hz, CHCH3), 2.29 (3H, s,
COCH3), 3.56 (1H, d, J 15.2 Hz, COCHHCO), 3.61 (1H, d, J 14.9 Hz,
COCHHCO), 3.77 (3H, s, CO2CH3), 4.22 (1H, d, J 4.1 Hz, C(4)H),
4.72–4.77 (1H, m, C(5)H), 5.41 (1H, s, C(2)H); dC (100.6 MHz, CDCl3)
20.1 (CHCH3), 23.4 (COCH3), 25.8 (C(CH3)3), 37.9 (C(CH3)3), 51.5
(COCH2CO), 52.8 (CO2CH3), 65.4 (C(4)), 76.1 (C(5)), 96.1 (C(2)),
168.0, 170.0, 170.3, 176.4 (amide and ester carbonyls), 202.3
(CH2COCH3).

Enol tautomer dH (100.6 MHz, CDCl3) 0.95 (9H, s, C(CH3)3), 1.25
(3H, d, J 7.1 Hz, CHCH3), 1.96 (3H, s, COCH3), 3.79 (3H, s, CO2CH3),
4.22 (1H, d, J 4.1, C(4)H), 4.60–4.64 (1H, m, C(5)H), 4.97–5.02 (1H,
br s, CHOH), 5.41 (1H, s, C(2)H); dC 20.5 (CHCH3), 26.1 (C(CH3)3),
30.5 (COCH3), 37.9 (C(CH3)3), 52.6 (CO2CH3), 65.4 (C(4)), 77.2
(C(5)), 89.1 (CHOH), 96.1 (C(2)); m/z (ES+) 286 (M+H+, 100%);
(M+H+) Found 286.1651, C14H24NO5 requires 286.1654.

The racemic form (±)-9a,b was similarly prepared from (±)-3 in
71% yield as a mixture of keto/enol tautomers (4:3), and exhibited
similar spectroscopic data.

3.2.9. (2R,4S,5R)-3-(Acetoacetyl-2-(tert-butyl)-4-methoxy-
carbonyl-5-methyl-oxazolidine 13 and (2S,4S,5R)-3-(Aceto-
acetyl-2-(tert-butyl)-4-methoxycarbonyl-5-methyl-oxazolidine
14

According to Section 3.2, oxazolidine 3 (0.30 g, 1.49 mmol),
DMAP (21.0 mg, 0.18 mmol) and EDAC (0.34 g, 1.79 mmol) in
DCM (5 ml) were reacted with a-methyl acetoacetic acid (0.21 g,
1.79 mmol) in DCM (2 ml). The mixture was then partitioned be-
tween DCM (20 ml) and saturated NH4Cl (aq) (20 ml), organic layer
was dried over MgSO4 and concentrated in vacuo. Purification by
flash column chromatography (EtOAc/petrol, 1:3) gave oxazolidine
13 (0.21 g, 71%) and oxazolidine 14 (0.09 g, 29%) as a light brown
oil.

Compound 13: Rf = 0.32 (EtOAc/petrol, 1:3); mmax/cm�1 (CHCl3)
2960 (m), 1750 (s), 1730 (s) and 1665 (s); dH (400 MHz, CDCl3)
(mixture of epimers (1:1)); 0.95, 1.01 (9H, 2 s, C(CH3)3,), 1.30 and
1.32 (3H, 2 d, J 6.3 Hz and J 6.9 Hz, C(5)HCH3 and COCHCH3CO),
1.36 (3H, d, J 6.3 Hz, C(5)HCH3, epimer a), 1.50 (3H, d, J 6.8 Hz,
COCHCH3CO), 2.22 (3H, s, COCH3, epimer a), 2.26 (3H, s, COCH3,
epimer b), 3.46 (1H, q, J 7.0 Hz, COCHCH3CO, epimer a), 3.64 (1H,
q, J 7.0 Hz, COCHCH3CO, epimer b), 3.82 and 3.85 (3H, 2 s, CO2CH3,

epimers a and b), 4.12 (1H, d, J 4.3 Hz, C(4)H, epimer a), 4.43 (1H, d,
J 4.3 Hz, C(4)H, epimer b), 4.73–4.98 (2H, m, C(5)H, epimers a and
b), 5.43 and 5.44 (2H, 2 s, C(2)H, epimers a and b); dC (100.6 MHz,
CDCl3) 13.0, (COCHCH3), 20.1, 20.4 (C(5)HCH3), 25.8, 25.9 (C(CH3)3),
27.1, 27.5 (COCH3), 37.7, 38.1 (C(CH3)3), 52.8, 52.9, 53.2, 54.5
(COCHCO and CO2CH3), 64.9, 65.8 (C(4), 75.9, 76.0 (C(5)), 95.9,
96.3 (C(2)), 170.0, 170.4, 172.8 (amide and ester carbonyls),
203.0 (COCH3); m/z (ES+) 300 (M+H+, 55%), 215 (M+H+�tBuCHO,
100%); (M+H+) Found 300.1793, C15H26NO5 requires 300.1811.

Compound 14: Rf = 0.27 (EtOAc/petrol, 1:3); ½a�20
D ¼ þ11:6 (c 3,

CHCl3); mmax/cm�1 (CHCl3) 2960 (m), 1750 (s), 1730 (s) and 1665
(s); dH (200 MHz, CDCl3) (1:1 mixture of epimers) 0.87, 0.94 (9H,
2 s, C(CH3)3), 1.28, 1.29, 1.34, 1.36 (3H, 4 d, J 6.3, 6.8 Hz, COCHCH3-

CO, C(5)HCH3), 2.22, 2.54 (3H, 2 s, COCH3), 3.48 (1H, q, J 6.9 Hz,
COCHCH3, epimer a), 3.63 (1H, q, COCHCH3, epimer b), 3.78, 3.80
(3H, 2 s, COCH3), 4.10 (1H, d, J 4.3 Hz, C(4)H, epimer a), 4.42 (1H,
d, J 4.4 Hz, C(4)H), 4.73–4.81 (1H, m, C(5)H), 5.42, 5.43 (1H, s,
C(2)H); m/z (ES+) 300 (M+H+, 100%); (M+H+) Found 300.1816,
C15H26NO5 requires 300.1811.

The racemic form (±)-13,14 was similarly prepared from (±)-3
in 69% yield as a mixture of keto/enol tautomers (8:3), and exhib-
ited similar spectroscopic data.

3.2.10. (2R,4R,5R)-1-Aza-2-(tert-butyl)-5-methoxycarbonyl-4-
methyl-6,8-dioxo-3-oxabicyclo[3.3.0]-octane 15 and (2R,4R,5R)-
1-aza-2-(tert-butyl)-4-methyl-6,8-dioxo-3-oxabicyclo[3.3.0]
octane 16

To a solution of oxazolidine 4 (0.2 g, 0.64 mmol) in tBuOH
(15 ml) was added KOtBu (78 mg, 0.70 mmol) and the solution
was heated at reflux for 7 h, cooled to room temperature and par-
titioned between ether (15 ml) and water (2 � 15 ml). The aqueous
layer was acidified with 2 M HCl and extracted with ether
(2 � 20 ml). The organic extracts were washed with brine, dried
over MgSO4 and evaporated in vacuo to give a brown oil which
was purified by flash column chromatography (EtOAc/petrol, 1:1
increasing polarity to neat EtOAc) to give pure tetramic acid 15
as a light yellow solid (72 mg, 42% yield) and dicarbonyl 16
(11 mg, 7%) as a white solid.
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Compound 15: mp 145–147 �C; Rf = 0.22 (EtOAc/petrol, 1:1);
½a�22

D ¼ þ47:2 (c 1.5, MeOH); mmax/cm�1 (CHCl3) 2960 (m), 1750
(s), 1730 (s) and 1665 (s); dH (400 MHz, CDCl3) 0.91 (9H, s,
C(CH3)3), 1.06 (3H, d, J 6.7 Hz, C(4)HCH3), 3.15 (1H, d, J 21.7 Hz,
C(7)HH), 3.65 (1H, d, J 21.7 Hz, C(7)HH), 3.81 (3H, s, CO2CH3),
5.10 (1H, q, J 6.7 Hz, CHCH3), 5.13 (1H, s, C(2)H); dC (100.6 MHz,
CDCl3) 15.1 (CHCH3), 24.7 (C(CH3)3), 35.4 (C(CH3)3), 45.2 (C(7)),
53.6 (CO2CH3), 73.9 (C(5)), 75.0 (C(4)), 95.8 (C(2)), 162.7, 173.4
and 199.5 (carbonyls); m/z (ES�) 268 (M�H�, 35%), 201
(M�H��tBuH, 100%); (M�H�) Found 268.1179, C13H18NO5 re-
quires 268.1185.

Compound 16: Rf = 0.17 (EtOAc); ½a�22
D ¼ þ95:4 (c 1.5, MeOH);

mmax 2970 (m), 1775 (s), 1720 (s), 1370 (s), 1360 (s), 1245 (s); dH

(400 MHz, CDCl3) 0.96 (9H, s, C(CH3)3), 1.02 (3H, d, J 6.6 Hz,
CHCH3), 3.10 (1H, d, J 22.1 Hz, COCHH), 3.39 (1H, d, J 22.1 Hz,
COCHH), 4.37 (1H, d, J 6.2 Hz, CHCO), 4.53 (1H, q, J 6.6 Hz, CHCH3),
5.20 (1H, s, C(2)H); dC (100.6 MHz) 15.7 (CHCH3), 24.7 (C(CH3)3),
36.2 (C(CH3)3), 45.4 (C(7)), 71.8 (C(5)), 73.6 (C(4)), 94.2 (C(2)),
172.9 (NCO) and 203.6 (C(6)); m/z (ES�) 211 (M�H�, 100%);
(M�H�) Found 211.1198, C11H17NO3 requires 211.1208.

The racemic form (±)-15,16 was similarly prepared from (±)-3
in 46 and 6% yield, respectively, and exhibited similar spectro-
scopic data.

3.2.11. (2R,4R,5R)-1-Aza-2-(tert-butyl)-6,8-dioxo-4,7-dimethyl-
5-methoxycarbonyl-3-oxabicyclo-[3.3.0]octane 17

To a solution of oxazolidine 5a (0.15 g, 0.46 mmol) in tBuOH
(10 ml) was added KOtBu (57 mg, 0.51 mmol) and the resultant
solution was heated at reflux for 3 h, cooled to room temperature
and partitioned between ether (15 ml) and water (15 ml). The
aqueous layer was acidified with 2 M HCl and extracted with ether
(2 � 15 ml). The combined organic extracts were washed with
brine, dried over MgSO4 and evaporated in vacuo. The residue
was purified by flash column chromatography (EtOAc/petrol, 1:3
increasing polarity to neat EtOAc) to give the product 17 (as mix-
ture of tautomers) in 43% yield (55 mg).

Mp 131–133 �C; Rf = 0.16 (EtOAc); mmax/cm�1 3675 (w), 3550
(br w), 3410 (br w), 2960 (m), 1780 (m), 1725 (s); dH (400 MHz,
CDCl3) (enol tautomer) 0.93 (9H, s, C(CH3)3), 1.23 (3H, d, J 6.7 Hz,
C(4)HCH3), 1.69 (3H, s, C(7)CH3), 3.80 (3H, s, CO2CH3), 4.97 (1H,
s, C(2)H), 5.09 (1H, q, J 6.7 Hz, C(4)HCH3); dC (100.6 MHz, CDCl3)
6.1 (C(7)CH3), 15.3 (C(4)HCH3), 24.8 (C(CH3)3), 36.7 (C(CH3)3),
52.8 (CO2CH3), 75.2 (C(5)), 79.9 (C(4), 96.0 (C(2)), 103.7 (C(7)),
169.1 and 169.3 (amide and ester CO) and 181.2 (C(6)); (keto tau-
tomer) 0.92 (9H, s, C(CH3)3), 1.21 (3H, d, J 6.9 Hz, C(4)HCH3), 1.27
(3H, d, J 7.6, C(7)HCH3), 3.69 (1H, q, J 7.6, C(7)HCH3), 3.82 (3H, s,
CO2CH3), 4.69 (1H, q, J 6.9, C(4)HCH3) and 5.07 (1H, s, C(2)H); dC

(100.6 MHz, CDCl3) 15.7 (C(7)CH3), 16.3 (C(4)CH3), 24.6 (C(CH3)3),
35.5 (C(CH3)3), 49.4 (C(7)), 53.4 (CO2CH3), 80.1, 82.2 (C4) and C5),
97.8 (C(2)), 167.7 and 175.0 (amide and ester CO) and 202.1
(C(6)); m/z (ES+) 284 (M+H+); Found 284.1491, C14H22NO5 requires
284.1492.

3.2.12. (2R,4R,5R)-1-Aza-2-(tert-butyl)-6-hydroxy-5-methoxy-
carbonyl-4-methyl-8-oxo-7-phenyl-3-oxabicyclo[3.3.0]oct-6-
ene 19

To a solution of oxazolidine 6a (130 mg, 0.33 mmol) in dry tert-
butanol was added KOtBu (141 mg, 0.36 mmol) and the mixture
was heated to reflux for 3 h. The mixture was then cooled to room
temperature and partitioned between ether (20 ml) and water
(20 ml). The aqueous layer, after re-extraction with ether (15 ml),
was acidified with 2 M HCl and extracted with EtOAc (2 � 20 ml).
The organic extracts were washed with brine (25 ml), dried over
MgSO4 and evaporated in vacuo to give the crude brown oil which
was purified by flash column chromatography eluting with EtOAc/
MeOH (4:1) to give the title compound 19 (76 mg, 67%) as a brown
semi-solid. Rf = 0.37 (EtOAc/MeOH, 6:1); ½a�20
D ¼ þ87:2 (c 1.2,

MeOH); mmax/cm�1 (CHCl3) 3520 (w), 2960 (m), 2875 (w), 1750
(s), 1730 (s), 1665 (s), 1285 and 1176; dH (400 MHz, CD3OD) 0.92
(9H, s, C(CH3)3), 1.09 (3H, d, J 6.7 Hz, CHCH3), 3.78 (3H, s, CO2CH3),
4.84 (1H, s, C(2)H), 5.10 (1H, q, J 6.7 Hz, CHCH3), 7.14 (1H, t, J
7.2 Hz, ArH), 7.30 (2H, t, J 7.7 Hz, ArH), 7.83 (2H, d, J 7.5 Hz,
ArH); dC (100.6 MHz, CD3OD) 14.1 (CHCH3), 24.5 (C(CH3)3), 35.3
(C(CH3)3), 52.3 (CO2CH3), 74.6 (C(4)), 94.4 (C(2)), 104.2 (C(7)),
125.5, 127.2, 127.8 and 132.8 (C6H5), 171.3, 175.6 and 1821.0
(C(6) and carbonyls); m/z (ES�) 344 (M�H�, 100%), (M�H�) Found
344.1487, C19H22NO5 requires 344.1498.

3.2.13. (2R,4R,5R)-1-Aza-2-(tert-butyl)-6-hydroxy-4-methyl-8-
oxo-7-phenyl-3-oxabicyclo [3.3.0] oct-6-ene 20

To a solution of oxazolidine 7 (0.50 g, 1.56 mmol) in methanol
(5 ml) was added NaOMe (0.09 g, 1.72 mmol) and the mixture
was heated at reflux for 16 h. After cooling to room temperature
the mixture was partitioned between DCM (20 ml) and water
(20 ml). The DCM layer was dried over MgSO4 and evaporated in
vacuo. Purification by flash column chromatography eluting with
DCM gave starting material (0.13 g, 25%). The aqueous layer was
acidified with 2 M HCl and extracted with ether (2 � 25 ml). The
ether extracts were washed with brine (15 ml), dried over MgSO4

and evaporated in vacuo. Purification by flash column chromatog-
raphy (EtOAc/DCM, 1:6) gave the title tetramic acid 20 (0.24 g,
53%) as a white solid.

Mp 179–180 �C; Rf = 0.29 (EtOAc/DCM, 1:1); ½a�22
D ¼ þ63:2 (c

1.12, MeOH); mmax/cm�1 (KBr) 3310–2800 (m), 2960 (m), 2875
(w), 1625 (s), 1595, 1400, 1370 and 1340; dH (400 MHz, CDCl3)
0.98 (9H, s, C(CH3)3), 1.42 (3H, d, J 5.8 Hz, CHCH3), 3.56–3.62 (1H,
m, CHCH3), 3.78 (1H, d, J 8.4 Hz, C(5)H), 4.77 (1H, s, C(2)H), 7.22–
7.51 (5H, m, ArH); dC (100.6 MHz, CDCl3) 17.4 (CHCH3), 24.8
(C(CH3)3), 35.6 (C(CH3)3), 67.6 (C(5)), 76.9 (C(4)), 94.3 (C(2)),
108.1 (C(7)), 127.6, 128.2, 128.4, 128.7 and 129.3 (ArC), 168.3
(C(6)), 177.5 (C(8)); m/z (ES�) 286 (M�H�, 100%), (M�H�) found
286.1518, C17H21NO3 requires 286.1521.

The racemic form (±)-20 was similarly prepared from (±)-7 in
58% yield, and exhibited similar spectroscopic data.

3.2.14. (2R,4R,5S)-1-Aza-6-amino-2-(tert-butyl)-5-methoxy-
carbonyl-4-methyl-8-oxo-3-oxabicyclo-[3.3.0]-oct-6-ene 22

To a solution of nitrile 8 (200 mg, 0.75 mmol) in MeOH (8 ml)
was added NaOMe (54 mg, 0.80 mmol). The mixture was stirred
at room temperature for 15 h then partitioned between ether
(20 ml) and water (20 ml). The aqueous layer was acidified with
2 M HCl and extracted with ether (3 � 10 ml). The combined or-
ganic extracts were washed with brine (15 ml), dried over MgSO4

and concentrated in vacuo to give the title compound 22
(142 mg, 71%) as a pale yellow crystalline solid. Mp 139–141 �C;
Rf = 0.36 (EtOAc); ½a�22

D ¼ þ23:2 (c 1.3, CHCl3); mmax/cm�1 3520
(w), 3405 (w), 2870 (m), 1695 (m), 1640 (s); dH (400 MHz, CDCl3)
0.92 (9H, s, C(CH3)3), 1.11 (3H, d, J 6.7 Hz, CHCH3), 3.82 (3H, s,
CO2Me), 4.56 (2H, br s, NH2), 4.79, 4.89 (2H, 2 s, C(2)H and
C(7)H), 4.96 (1H, q, J 6.7 Hz, C(4)H); dC (100.6 MHz, CDCl3) 14.1
(CHCH3), 24.9 (C(CH3)3), 35.1 (C(CH3)3), 53.2 (CO2Me), 74.7 (C(4)),
78.6 (C(5)), 92.7 and 94.3 [C(2) and C(7)], 159.4, 171.6 and 179.5
(CNH2 and carbonyls); m/z (ES�) 269 (M+H+, 100%); HRMS Found
269.1497, C13H21N2O4 requires 269.1501.

3.2.15. (2R,4R,5S)-1-Aza-6-amino-2-(tert-butyl)-4-methyl-8-
oxo-3-oxabicyclo[3.3.0]-oct-6-ene 23

To a solution of oxazolidine 8 (55 mg, 0.20 mmol) in 1% water in
tBuOH (5 ml) was added KOtBu (25 mg, 0.22 mmol). The mixture
was heated at reflux for 2 h, cooled to room temperature and
poured into water. The aqueous layer was extracted with ether
(2 � 10 ml). The combined ether extracts were washed with brine
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(10 ml), dried over MgSO4 and evaporated in vacuo. Purification by
flash column chromatography (EtOAc/petrol, 1:1) gave enamine
(5%). The aqueous layer was acidified with 2 M HCl and extracted
with ether (2 � 10 ml). The ether extracts were washed with brine
(10 ml), dried over MgSO4 and evaporated in vacuo to give crude
enamine 23 (26 mg, 63%) as a white solid, which was recrystallised
from CHCl3. Mp 142–144 �C; Rf = 0.17 (EtOAc); ½a�20

D ¼ þ104:6 (c
1.5, MeOH); mmax/cm�1 3520 (w), 3415 (m), 2970 (m), 1685 (s),
1640 (s), 1600; dH (400 MHz, CDCl3) 0.94 (9H, s, C(CH3)3), 1.01
(3H, d, J 6.8 Hz, CHCH3), 4.41–4.45 (2H, m, C(4)H and C(5)H), 4.58
(2H, br s, NH2), 4.84 and 4.86 (2H, 2 s, C(2)H and C(7)H); dC

(100.6 MHz, CDCl3) 14.3 (CHCH3), 24.7 (C(CH3)3), 35.9 (C(CH3)3),
66.7 and 72.2 [C(4) and C(5)], 92.2 and 94.0 [C(2) and C(7)],
168.8 and 178.2 (CNH2 and CO); m/z (ES�) 209 (M�H�, 100%);
Found 209.1297, C11H17N2O2 requires 209.129.

3.2.16. (2R,4R,5R)-1-Aza-2-(tert-butyl)-6,8-dioxo-4-methyl-3-
oxabicyclo[3.3.0]octane 16

A solution of enamine 23 (45 mg, 0.21 mmol) in i-PrOH (1 ml)
and 2 M NaOH (1 ml) was heated at reflux for 18 h, cooled to room
temperature and partitioned between 2 M HCl (5 ml) and EtOAc
(5 ml). The aqueous layer was extracted with EtOAc (5 ml) and
the combined organic extracts were washed with brine (10 ml),
dried over MgSO4 and evaporated in vacuo. Purification by flash
column chromatography on silica gel (EtOAc/petrol, 1:1, increasing
polaity to EtOAc) gave the tetramic acid 16 (20 mg, 43%) as a white
solid, with identical spectroscopic properties to those reported
above.

3.2.17. (2R,4R,5R,6S)-1-Aza-2-(tert-butyl)-6-hydroxy-5-methoxy
carbonyl-4,6-dimethyl-8-oxo-3-oxabicyclo[3.3.0]octane 24a
and (2R,4R,5R,6R)-1-aza-2-(tert-butyl)-6-hydroxy-5-methoxy-
carbonyl-4,6-dimethyl-8-oxo-3-oxabicyclo[3.3.0]octane 24b

To a solution of oxazolidine 9a,b (0.45 g, 1.58 mmol) in dry
methanol was added NaOMe (86 mg, 1.59 mmol) and the solution
was stirred for 24 h at room temperature and then partitioned be-
tween ether (15 ml) and NH4Cl (aq) (15 ml). The ether layer was
washed with brine (15 ml), dried over MgSO4 and evaporated in
vacuo to give crude product which was purified by flash column
chromatography (EtOAc/petrol, 1:2) to give alcohol 24a (0.27 g,
61%) as a crystalline white solid and alcohol 24b (0.05 g, 12%) as
a white solid.

Compound 24a: mp 79–80 �C; Rf = 0.32 (EtOAc/petrol, 1:4);
½a�20

D ¼ þ38:2 (c 1.5, CHCl3); mmax/cm�1 (CHCl3) 3400 (w), 2960
(m), 1750 (s), 1730 (s) and 1665 (s); dH (400 MHz, CDCl3) 0.87
(9H, s, C(CH3)3), 1.33 (3H, s, CCH3), 1.68 (3H, d, J 6.6 Hz, CHCH3),
2.30 (1H, d, J 15.9 Hz, C(7)HH), 3.05 (1H, d, J 15.8 Hz, C(7)HH),
3.77 (3H, s, CO2CH3), 4.74 (1H, q, J 6.5 Hz, C(4)H), 5.03 (1H, s,
C(2)H); dC (100.6 MHz, CDCl3) 15.1 (CHCH3), 22.9 (C(OH)CH3),
25.7 (C(CH3)3), 37.4 (C(CH3)3), 49.5 (C(7)), 52.7 (CO2CH3), 78.4
(C(4)), 80.5 and 82.2 [C(5) and C(6)], 96.0 (C(2)), 172.2, 179.0 (car-
bonyls); m/z (ES�) 284 (M�H�, 100%), 198 (M�H��tBuCHO, 95%);
Found 284.1490, C14H22NO5 requires 284.1498.

Compound 24b: Rf = 0.27 (EtOAc/petrol, 1:4); ½a�20
D ¼ þ29:0 (c

1.35, CHCl3); mmax/cm�1 3420 (w), 3370 (br w), 2960 (m), 1740
(s), 1710 (s), 1115 (s); dH (400 MHz, CDCl3) 0.93 (9H, s, C(CH3)3),
1.38 (3H, s, C(OH)CH3), 1.71 (3H, d, J 6.6 Hz, CHCH3), 2.29 (1H, d,
J 15.8 Hz, C(7)HH), 2.69 (1H, br s, OH), 3.10 (1H, d, J 15.8 Hz,
C(7)HH), 3.81 (3H, s, CO2CH3), 4.77 (1H, q, J 6.6 Hz, CHCH3), 5.31
(1H, s, C(2)H); dC (100.6 MHz, CDCl3) 15.1 (CHCH3), 22.8
(C(OH)CH3), 25.8 (C(CH3)3), 37.4 (C(CH3)3), 49.6 (C(7)), 52.7
(CO2CH3), 78.3 (C(4)), 80.2 and 82.3 [C(5) and C(6)], 96.5 (C(2)),
171.9 and 178.8 (ester and amide carbonyls); m/z (ES�) 284
(M�H�, 100%), 198 (M�H��tBuCHO, 95%); Found 284.1494,
C14H22NO5 requires 284.1498. The crystal structure was deter-
mined from X-ray diffraction data.
3.2.18. (2R,4R,5R,6R,7S)-1-Aza-2-(tert-butyl)-6-hydroxy-5-
methoxycarbonyl-4,6,7-trimethyl-8-oxo-3-oxabicyclo
[3.3.0]octane 27 and (2R,4R,5R,6S,7S)-1-aza-2-(tert-butyl)-6-
hydroxy-5-methoxycarbonyl-4,6,7-trimethyl-8-oxo-3-oxabi-
cyclo[3.3.0]octane 26

To a solution of oxazolidine 13 (172 mg, 0.64 mmol) in metha-
nol (4 ml) was added NaOMe (36 mg, 0.66 mmol) and the mixture
was stirred at room temperature for 20 h and then partitioned be-
tween ether (15 ml) and NH4Cl (aq) (15 ml). The organic layer was
washed with brine (15 ml), dried over MgSO4 and evaporated in
vacuo to give crude alcohol which was purified by flash column
chromatography (EtOAc/petrol, 1:3) to give pure alcohol 27
(101 mg, 59%) as an off white crystalline solid and alcohol 26
(21 mg, 12%) as a viscous oil.

Compound 26: Rf = 0.21 (EtOAc/petrol, 1:4); ½a�20
D ¼ þ33:4 (c 1.1,

CHCl3); mmax/cm�1 3520 (w), 3410 (br), 1720 (s), 1710 (s), 1165
(m); dH (400 MHz, CDCl3) 0.91 (9H, s, C(CH3)3), 1.03 (3H, d, J
7.1 Hz C(7)CH3), 1.30 (3H, s, C(OH)CH3), 1.73 (3H, d, J 6.5 Hz,
C(4)CH3), 2.98 (1H, q, J 7.1, C(7)H), 3.81 (3H, s, CO2CH3), 4.71 (1H,
q, J 6.5 Hz, C(4)H), 5.03 (1H, s, C(2)H); dC (100.6 MHz, CDCl3) 6.3
(C(7)CH3), 15.5 (C(4)CH3), 21.4 (C(6)CH3), 26.3 (C(CH3)3), 38.0
(CMe3), 49.1 (C(7)), 53.1 (CO2CH3), 79.3 (C(4)), 79.5 and 80.3
[C(5) and C(6)), 97.5 (C(2)), 172.4 and 182.0 (ester and amide car-
bonyls); m/z (ES�) 298 (M�H�, 100%); (M�H�) Found 298.1648,
C15H24NO5 requires 284.1654.

Compound 27: mp 109–110 �C; Rf = 0.26 (EtOAc/petrol, 1:4);
½a�20

D ¼ þ63:7 (c 1.2, CHCl3); mmax/cm�1 3580 (w), 3360 (br w),
1740 (s), 1710 (s), 1115 (m); dH (400 MHz, CDCl3) 0.93 (9H, s,
C(CH3)3), 1.05 (3H, d, J 7.1 Hz C(7)CH3), 1.32 (3H, s, C(OH)CH3),
1.72 (3H, d, J 6.5 Hz, C(4)CH3), 3.01 (1H, q, J 7.1, C(7)H), 3.80 (3H,
s, CO2CH3), 4.74 (1H, q, J 6.5 Hz, C(4)H), 5.03 (1H, s, C(2)H); dC

(100.6 MHz, CDCl3) 6.3 (C(7)CH3), 15.5 (C(4)CH3), 21.5 (C(6)CH3),
26.2 (C(CH3)3), 37.9 (CMe3), 49.0 (C(7)), 53.1 (CO2CH3), 79.1
(C(4)), 79.4 and 80.2 [C(5) and C(6)), 97.2 (C(2)), 172.3 and 181.2
(ester and amide carbonyls); m/z (ES�) 298 (M�H�, 100%), 212
(M�H��tBuCHO, 90%); (M�H�) Found 298.1650, C15H24NO5 re-
quires 298.1654. The crystal structure was determined from X-
ray diffraction data.

3.2.19. (2R,10R)-Methyl 3-hydroxy-2-(10-hydroxyethyl)-5-oxo-4-
phenyl-2,5-dihydro-1H-pyrrole-2-carboxylate 21a

To a solution of b-keto amide 19 (85 mg, 0.25 mmol) in 1.5% w/v
HCl in trifluoroethanol (5 ml) was added propane-1,3-dithiol
(25 ll, 0.25 mmol). The mixture was stirred at room temperature
for 7 h and then partitioned between water (5 ml) and EtOAc
(5 ml). The aqueous layer was concentrated in vacuo to give alco-
hol 21a (53 mg) in 78% yield. Rf = 0.27 (EtOAc/MeOH, 4:1);
½a�20

D ¼ þ43:2 (c 1.0, MeOH); mmax/cm�1 (KBr) 3420 (w), 2597 (w),
1737 (s), 1658 (s), 1582 (s), 1237 (s); dH (400 MHz, CD3OD) 1.31
(3H, d, J 8.1 Hz, CHCH3), 3.73 (3H, s, CO2CH3), 4.14 (1H, q, J
8.0 Hz, CHOH), 7.21–7.25 (1H, m, ArH), 7.32 (2H, t, J 7.7 Hz, ArH),
7.75 (2H, d, J 7.8 Hz, ArH) ; dC (100.6 MHz, CD3OD) 18.3 (CHCH3),
53.2 (CO2CH3), 68.3, 71.3 (C(2) and C20), 98.3, (C(4)), 126.1, 127.9,
128.2, 129.4, 130.1(ArC), 169, 171.4, 179.5 (CO2CH3, C(3) and
C(5)); m/z (ES+) 278 (M+H+, 100%): Found 278.1026, C14H16NO5 re-
quires 278.1023.

3.2.20. (2R,10R)-3-Hydroxy-2-(10-hydroxyethyl)-4-phenyl-1H-
pyrrol-2(5H)-one 21b

To a solution of b-keto amide 20 (130 mg, 0.45 mmol) in 1.5% w/
v HCl in trifluoroethanol (7 ml) was added propane-1,3-dithiol
(51 ll, 0.51 mmol). The mixture was stirred at room temperature
for 7 h and then partitioned between water (10 ml) and EtOAc
(10 ml). The aqueous layer was concentrated in vacuo to give crude
alcohol 21b (83 mg, 82%) as an off white solid. Rf = 0.34 (EtOAc/
MeOH, 3:1); ½a�20

D ¼ þ51:1 (c 0.9, MeOH); mmax/cm�1 (KBr) 3428
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(w), 2597 (w), 2039 (s), 1704 (s), 1563 (s), 1257 (s), 720 (s); dH

(400 MHz, CD3OD) 1.34 (3H, d, J 8.3 Hz, CHCH3), 4.12 (1H, s,
C(2)H), 4.17–4.23 (1H, m, CHOH), 7.22–7.26 (1H, m, ArH), 7.35
(2H, t, J 7.5 Hz, ArH), 7.74 (2H, d, J 7.9 Hz, ArH) ; dC (100.6 MHz,
CD3OD) 19.0 (CHCH3), 62.3 (C(2)), 66.4 (CHCH3), 97.1 (C(4)),
126.7, 128.0, 128.4 and 131.1 (ArC), 167.3 and 184.6 (C(3) and
C(5)); m/z (ES�) 218 (M�H�, 100%),: Found 218.0837, C12H12NO3

requires 218.0817.

3.2.21. (2R,3R,4S,10R)-2,3-Dimethyl-3-hydroxy-2-(R-1-hydroxy-
ethyl)-2-methoxycarbonyl-5-pyrrolidinone 28

To a solution of alcohol 27 (180 mg, 0.63 mmol) in 2% HCl in tri-
fluoroethanol (5 ml) was added 1,3-propanedithiol (0.06 ml,
0.60 mmol) and the mixture was stirred at room temperature for
7 h. The solvent was evaporated in vacuo and the residue was puri-
fied by flash column chromatography (EtOAc/MeOH, 4:1) giving
diol 28 (138 mg, 89%) as a white solid.

Mp 141–142 �C; Rf = 029 (MeOH/EtOAc, 1:4); ½a�20
D ¼ þ60:1 (c

0.6, MeOH); mmax/cm�1 (KBr) 3428 (w), 2597 (w), 2039 (s), 1704
(s), 1563 (s), 1257 (s), 720 (s); dH (200 MHz, CD3OD) 1.11 (3H, d,
J 7.3 Hz, CH(OH)CH3), 1.33 (3H, d, J 6.6 Hz, CHCH3), 1.42 (3H, s,
CCH3), 2.41 (1H, q, J 7.1, C(4)H), 3.81 (3H, s, CO2CH3), 4.22 (1H, q,
J 6.4 Hz, CHOH); dC (50.3 MHz, CD3OD) 9.1 (C(4)CH3), 17.3
(CHCH3), 23.4 (CCH3), 48.1 (C(4)), 51.3 (CO2CH3), 71.1 (CHCH3),
75.8 and 79.0 (C(2) and C(3)), 172.8 and 176.4 (ester and amide
carbonyls); m/z (ES�) 230 (M�H�, 100%); (M�H�) Found
230.1023, C10H16NO5 requires 230.1028.

3.2.22. (2R,3R,10R)-3-Hydroxy-2-(hydroxyethyl)-2-methoxy-
carbonyl-3-methyl-5-pyrrolidinone 29a

To a solution of tetramic acid 24a (0.20 g, 0.70 mmol) in 2% HCl
in trifluoroethanol (5 ml) was added 1,3-propanedithiol (0.07 ml,
0.70 mmol) and the mixture was stirred at room temperature for
5 h. The solvent was evaporated in vacuo and the residue was puri-
fied by flash column chromatography (EtOAc/MeOH, 4:1) to give
diol 29a (0.13 g, 85%) as a white solid. Mp 156–160 �C; Rf = 0.31
(EtOAc/MeOH, 1:4); mmax/cm�1 (KBr) 3428 (w), 2597 (w), 2039
(s), 1704 (s), 1563 (s), 1257 (s), 720 (s); dH (200 MHz, CD3OD)
1.29 (3H, d, J 8.3 Hz, CHCH3), 1.32 (3H, s, CCH3), 2.30 (1H, d, J
17.0 Hz, C(4)HH), 2.66 (1H, d, J 17.0 Hz, C(4)HH), 3.80 (3H, s,
CO2CH3), 4.48 (1H, q, J 6.3 Hz, CHCH3); dC (50.3 MHz, CD3OD)
17.6 (CHCH3), 26.5 (CCH3), 46.3 (C(4)), 51.5 (CO2CH3), 70.4
(CHCH3), 75.5 and 77.6 (C(2) and C(3)), 172.2 and 176.1 (ester
and amide carbonyls); m/z (ES�) 216 (M�H�, 100%), HRMS: Found
216.0863, C9H14NO5 requires 216.0872. The crystal structure was
determined from X-ray diffraction data.
3.2.23. (2R,3S,20R)-3-Hydroxy-2-(1-hydroxyethyl)-2-
methoxycarbonyl-3-methyl-5-pyrrolidinone 29b

To a solution of alcohol 24b (0.37 g, 1.3 mmol) in 2% HCl in tri-
fluoroethanol (5 ml) was added 1,3-propanedithiol (0.13 ml,
1.3 mmol) and the mixture was stirred for 5 h at room tempera-
ture. The solvent was then evaporated in vacuo and the residue
was purified by flash column chromatography (EtOAc/MeOH,
4:1) to give the title compound 29b which after crystallisation gave
a white solid in 83% yield (0.24 g). Mp 158–160 �C; Rf = 0.34
(MeOH/EtOAc, 1:4); ½a�20

D ¼ þ79:6 (c 1.7, MeOH); mmax/cm�1 3428
(w), 2597 (w), 2039 (s), 1704 (s), 1563 (s), 1257 (s), 720 (s); dH

(400 MHz, CD3OD) 1.30 (3H, d, J 6.3 Hz, CHCH3), 1.33 (3H, s,
C(OH)CH3), 2.30 (1H, d, J 17.0 Hz, C(4)HH), 2.66 (1H, d, J 17.0 Hz,
C(4)HH), 3.80 (3H, s, CO2CH3), 4.48 (1H, q, J 6.2 Hz, CHCH3); dC

(100.6 MHz, CDCl3) 17.7 (CHCH3), 26.6 (C(OH)CH3), 46.3 (C(4)),
51.6 (CO2CH3), 70.4 (CHCH3), 75.5 and 77.7 [C(2) and C(3)], 172.3
and 176.1 (amide and ester carbonyls); m/z (ES+) 216 (M�H�,
100%); HRMS Found 216.0871, C9H14NO5 requires 216.0872.
3.3. Structure determination

Single crystal diffraction data were collected using an Enraf-
Nonius KappaCCD diffractometer (Mo Ka radiation (k =
0.71073 Å) at 150(2) K with an Oxford Cryosystems Cryostream
N2 open-flow cooling device65 and processed using the DENZO-
SMN package,66 including inter-frame scaling (which was carried
out using SCALEPACK within DENZO-SMN). The structures were
solved using SIR92.67 Refinement was carried out using full-matrix
least-squares within the CRYSTALS suite.68 All non-hydrogen
atoms were refined with anisotropic displacement parameters
and hydrogen atoms were visible in the difference map. The OH
hydrogen atoms were located in a difference Fourier map and coor-
dinates and isotropic thermal parameter subsequently refined. All
other hydrogen atoms were positioned geometrically after each cy-
cle of refinement. In each case, a 3-term Chebychev polynomial
weighting scheme was applied prior to the final refinement.69–71

Full crystallographic data for all structures have been deposited
with the Cambridge Crystallographic Data Centre, CCDC 758790–
758794. Copies of these data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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