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Bicyclic lactams derived from pyroglutamic acid provide a useful scaffold for synthesis of conformationally restricted
analogues of lysine, ornithine and glutamine, as well as an Ala–Ala dipeptide analogue. Amino alcohol and
carboxylic acid derivatives are accessible from a common intermediate. In this strategy, the bicyclic lactam system not
only controls, but also facilitates the determination of the stereochemistry of the synthetic intermediates.

The desire to mimic the effect of biologically active peptides and
proteins for therapeutic purposes, but without the associated
problems of oral bioavailability and rapid metabolism, has
driven the development of peptide mimetics or peptidomimetics
over the last decade.1,2 Such mimics are designed to interact
with a peptide active site or receptor binding site to exert
agonistic or antagonistic effects.3 The understanding of both
the conformational behaviour of peptide mimetics4,5 and their
interaction with peptide receptors has dramatically advanced
in recent years,6,7 to the point where broad principles giving
some predictive power have been established.8 One requirement
for the successful construction of effective peptidomimetics is
the synthesis of conformationally constrained amino acids, a
fact which has attracted considerable attention from synthetic
chemists.9–12 The conformational restriction in these compounds
is most obviously achieved by incorporating one or more rings
into the backbone of amino acid chimeras, and this strategy has
been applied to a number of amino acids. Prominent among
these has been the development of bicyclic dipeptide mimics.13–15

However, these structures are also of interest in their own right,
and such small molecules are of importance as ligands for a
wide variety of biological receptors, including the mGluRs16

and a novel class of trans-5,5-lactam antibiotics.17

Although the structurally restricted analogues of a number
of amino acids have been described,12,18–22 the x-amino acids
have, in general, only recently begun to attract attention.
However, modified lysine chimeras derived from pyroglutamic
acid23 or proline,21,24,25 and conformationally restricted lysine,26

ornithine,27,28 arginine29–31 and glutamine,32 have all recently
been reported. The synthesis of cyano-33 or indole-substituted34

glutamate analogues, and of penmacric acid,35 have also recently
been described, although their biological activity has not been
investigated.36

Scheme 1 (i) LDA, THF, −78 ◦C then BrCH2CN (55%) for 2a or BrCH2CO2t-Bu (53%) for 2b; (ii) NaBH4, CoCl2, EtOH (76%); (iii) CBZCl, Et3N
(64%) or AcCl, Et3N, THF, 0 ◦C (75%); (iv) TFA, DCM, RT (80%); (v) RuO2, NaIO4 then CH2N2 (34%).

The well-defined conformation of pyroglutamic acid has
previously been investigated in detail37 and its suitability for ap-
plication as a template for peptidomimetics has been proposed:38

the pyrrolidinone ring simultaneously restricts s1, s2 and s3 to
very limited range and defines the cis-amide bond (Fig. 1).39

We have shown that the heterocyclic ring of pyroglutamic
acid can be readily modified using a bicyclic lactam,35,40–43 and
that remote ring functionalisation leads to compounds which
exhibit well-defined and tunable conformations.43 The Hruby44–51

and Madalengoitia29–31,52 groups have recently exploited the
conformationally restricted character of the heterocyclic ring
of pyroglutamic acid to prepare a range of amino acid
mimetics, and the value of C-3 substituted pyroglutamates as
conformational controlling elements has been recognized.53 We
report here, as a further development of our work, that several
conformationally restricted x-amino analogues derived from a
single pyroglutamate precursor are readily available. We planned
to achieve this by modification of either the C-6 or C-7 position
of bicyclic lactams 1a and 1b with a-haloesters, a-haloacetamides
or a-halonitriles. Some of this work has been published in a
preliminary form.54

Fig. 1

We first examined the alkylation of lactam 1a with bromoace-
tonitrile; this would generate a conformationally restricted lysine
derivative (Scheme 1). Thus, the lactam enolate of lactam 1a
was treated with bromoacetonitrile to give, exclusively the endo-
adduct (2a), in 55% yield. This was surprising, since our earlier

D
O
I:

10
.1

03
9/

b
50

39
94

k

2 8 7 2 O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 2 8 7 2 – 2 8 8 2 T h i s j o u r n a l i s © T h e R o y a l S o c i e t y o f C h e m i s t r y 2 0 0 5



Fig. 2

work indicated that this type of alkylation normally proceeds
under thermodynamic control to give the exo-product,55 al-
though reactive electrophiles do tend to give the kinetic endo-
adduct. The cis-stereochemistry of 2a was assigned on the basis
of chemical shift data (C(6)Hexo and C(6)Hendo were found to be at
1.77–1.85 and 2.78–2.80, consistent with the earlier established
rule of thumb that the C-7 endo-diastereomers possess higher
Rf and optical rotation data, and a bigger difference in the
chemical shift values of C(6)Hexo and C(6)Hendo than the C-7 exo-
diastereomers)56 and this assignment was confirmed by NOE
data (Fig. 2): irradiation of C(5)H gave a 2.0% enhancement of
the C(7)H proton, which in turn gave a 6.9% enhancement of
C(6)Hexo. It was found that reaction with t-butyl a-bromoacetate
also gave prominently the endo-adduct 2b (53%), but in this case
a small amount of the exo-isomer was additionally obtained
(7%). The stereochemistry of each isomer was determined by
NOE analysis, for which key enhancements were observed
between C(5)H, C(6)Hexo and C(7)H for endo-2b, and C(4)Hendo,
C(6)Hendo and C(7)H for exo-2b (Fig. 2). Reduction of the nitrile
function of 2a with sodium borohydride–cobalt(II)chloride gave

the corresponding amine 3a in 76% yield, and this intermediate
was easily converted to the product 4a in four steps and 16%
overall yield. Thus, immediate protection of amine 3a as the
carbobenzyloxycarbonyl (CBZ) derivative 3b was followed by
acidic deprotection of the O,N-acetal, oxidation of the alcohol
and in situ-esterification to give the methyl ester 4a. The
stereochemistry of 4a was confirmed by further NOE analysis:
irradiation of C(2)H gave a 1.7% enhancement of C(4)H and
a 4.4% enhancement of the C(3)Hexo (Fig. 2). Interestingly,
although protection of amine 3a as the N-acetyl derivative 3c was
efficient (75% yield), attempted elaboration to the corresponding
derivative 4b failed at the alcohol oxidation step.

We next examined the extension of this approach for the
preparation of an ornithine derivative by conjugate addition
using bromoacetonitrile to the known enone 5 (Scheme 2).42

We had previously shown that addition of the Reformatsky
reagents is effective for enone 5; the relatively low basicity of
these reagents is important to avoid unwanted dimerisation.57

We found that Reformatsky-type reaction of bromoacetonitile
with enone 5 proceeded efficiently at room temperature to

Scheme 2 (i) Zn, DMPU, BrCH2CN (69%), RT; (ii) (Bu3Sn)2O, toluene, d, 16 h (68%); (iii) NaBH4, CoCl2, EtOH; (iv) CBZCl, Et3N (44% over two
steps); (v) TFA, DCM, RT (92%); (vi) PDC–DMF then CH2N2 (30%); (vii) H2O2, 1 M NaOH, EtOH, RT (75%); (viii) TFA, DCM, RT (70%).
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Scheme 3 (i) TFA, DCM, RT (75%); (ii) PDC, DMF then CH2N2 (54%).

give the product 6a in 69% yield as a single diastereomer
(as shown by 13C NMR spectroscopic analysis). The exo-
stereochemistry of this adduct was assigned on the basis of NOE
data (Fig. 2): mutual enhancement of C(7)H, CH2CN and C(5)H
indicated their co-location on the exo-face, while enhance-
ments of C(6)H, C(4)Hendo and C(2)H confirmed their endo-
location. Interestingly, although Reformatsky reagents have
been known to participate in conjugate addition processes for
some time,58–64 they have rarely been used for this purpose until
relatively recently.43,57,65–67 Furthermore, organoindium68–70 and
organonickel71 reagents have more recently found application
in this regard. Hydrolysis and decarboxylation using bis(tri-n-
butyltin) oxide in toluene at reflux72 readily afforded the product
6b in 68% yield. Reduction (excess NaBH4 and CoCl2·6H2O) and
immediate N-protection gave derivative 7 in 44% yield over the
2 steps. This was elaborated as described above (deprotection,
oxidation and in situ esterification) to give product 8 in 28%
yield over the 2 steps. In this case, however, application of
ruthenium tetroxide in the final oxidation step did not give the
desired product, and this step was successfully performed only
with PDC–DMF. The trans-relative stereochemistry of 8 was
confirmed by NOE data (Fig. 2).

We expected to be able to access a glutamine analogue from
intermediate 6b; such compounds have been of recent interest.32

Hydrolysis of 6b with alkaline peroxide gave amide 9 in 75%
yield, and hemiaminal ether deprotection under TFA conditions
gave alcohol 10 in 70% yield, but all attempts at oxidation of this
alcohol to the corresponding acid were unsuccessful (Scheme 2).
We next examined the possibility of the direct addition of
Reformatsky reagents derived from a-bromoacetamides using
the above conditions. However, we found that addition of
the Reformatsky reagents derived from a-bromoacetamide, a-
bromopropionamide and N-benzyl a-bromopropionamide gave
only dimer 11 as a single diastereomer. Suspecting that the acidic
amide proton was the culprit, we examined the addition of
N, N-dibenzyl a-bromoacetamide 12a73 and N, N-dibenzyl a-
bromopropionamide 12b73 under the zinc-mediated conditions
(Scheme 3). In the former case, addition occurred cleanly but
only in moderate yield (34%) to give 13a, but the propionamide
was much more successful, giving a yield of 84% of amide
13b, predominantly as one isomer. The stereochemistry of 13a
was established by NOE analysis, for which key enhancements
were observed between C(4)Hexo, C(5)H, C(1′)H and C(7)H;
and between C(1′)Me, C(4)Hendo, C(6)Hendo and C(2)H (Fig. 2).
In the latter case, deprotection to alcohol 14, followed by

oxidation (PDC) and esterification, gave lactam 15 in high
overall yield from 13b (41%). However, N-benzyl deprotection
was not attempted, since literature precedent indicated that
this was accompanied by further hydrolysis to the carboxylic
acid.74

Given the success achieved with the addition of weakly basic
Reformatsky reagents, it seemed likely that cyanide anion would
be similarly effective.75 This hypothesis proved to be correct,
and the adduct 16 was easily obtained under mild conditions in
high yield (Scheme 4), although as a mixture of 3 diastereomers
(as indicated by 13C NMR spectroscopy). Ester hydrolysis and
decarboxylation gave the cyanides 17a and 18a. These were
reduced and protected to give the readily separable lactams
17b and 18b (56 and 8%, respectively), the stereochemistry
of each product established by NOE analysis (Fig. 2). These
were easily deprotected (TFA), oxidized (PDC) and esterified
(diazomethane) to give two conformationally restricted 2,4-
diaminobutyric acid analogues, lactams 19 and 20, in yields of
36 and 30%, respectively. Alternatively, nitrile hydrolysis to give
amide 21, followed by deprotection, provided access to alcohol
22 in an overall yield of 25%. This compound could not, however,
be further oxidized.

The presence of an internal amide bond suggested that ami-
nation at the C-7 position of 1a could be used to generate an un-
usual dipeptide mimetic, which incorporated a cis-peptide bond.
Related aminopyrrolidinones, aminopiperidinones and larger
ring heterocycles have recently attracted interest as enzyme
inhibitors76 and peptidomimetic structures.44,77–81 Electrophilic
amination of the enolate of lactam 1a with diphenylphosphoryl
azide,82 followed by treatment with BOC2O, gave exclusively the
amino lactam 23 in 50% yield over the two steps (Scheme 5), the
stereochemistry of the product established by NOE spectroscopy
(Fig. 2). Critical to this assignment was the 2.3% enhancement
observed between C(7)H and C(5)H. Acidic release of the
protecting groups to give 24a, and reprotection of the C-4 amino
function as its CBZ derivative, gave the product 24b in 51% yield
over the two steps. Oxidation and esterification as described
above then gave the product 25, the cis-stereochemistry again
confirmed by NOE spectroscopy (Fig. 2).

Molecular modelling of the N-acetyl analogue of compound
2583 demonstrated that two well-defined conformations existed,
differing by 2.3 kcal mol−1 in energy, with the two substituents
either pseudodiequatorial or diaxial, the latter being the more
stable. Since a 2.7 kcal mol−1 energy difference corresponds to
a 99 : 1 ratio of species at equilibrium,84 the minor diequatorial
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Scheme 4 (i) KCN, EtOH–H2O, RT (78%); (ii) (Bu3Sn)2O, toluene, D, 16 h (58%) (6a : 6b = 6 : 1); (iii) NaBH4, CoCl2·6H2O, EtOH; (iv) CBZCl,
THF, Et3N (64% over 2 steps, 17b : 18b = 7 : 1); (v) TFA, DCM, RT; (vi) PDC, DMF then CH2N2 (19 (36%), 20 (20%)); (vii) H2O2, 1 M NaOH,
EtOH, RT (56%); (viii) TFA, DCM, RT (45%).

Scheme 5 (i), LDA, THF, −78 ◦C then (PhO)2P(O)N3, then BOC2O, −78 ◦C → 0 ◦C (46%) (ii) TFA, DCM, RT, 1 h (quantitative); (iii) CBZCl,
DMF–THF, Et3N, 0 ◦C, 3 h (51%); (iv) PDC–DMF, 40 ◦C, 12 h then CH2N2 (28%).

conformer would not be expected to be observable at room
temperature by NMR analysis, and 1H NMR VT analysis
provided no evidence for the diequatorial conformer even at
223 K. The stability of the diaxial conformer could be attributed
to the presence of A-strain85 between the 2 substituents and
the planar amide system. The importance of torsional strain
in 5- and 6-membered ring heterocycles for the control of
stereochemistry has been investigated in detail,86 although its
importance in lactams has only recently been appreciated.87

Thus, adoption of the diaxial conformer (26b) minimises the
interactions of the relatively bulky C(2) and C(4) substituents
with the planar amide function (which would occur in the
diequatorial conformer 26a) by placing C(2)H and C(4)H in
an eclipsing conformation with the lactam system (Fig. 3).
Using the energy minimised structure for 26, some calculated
dihedral angles are given in Table 1; the diaxial conformer most
closely resembles a Type VIa (cis) b-turn.88 Thus, this compound
could be considered to be a conformationally restricted L-
Ala–L-Ala dipeptide analogue, with the central amide bond
constrained in the cis-orientation, and the pyrrolidinone ring
capable of providing a reverse turn in an attached peptide chain;
as such it represents a potential low molecular weight non-
hydrophobic turn inducer. A related aminopyrrolidinone has
also been reported to induce Type II′ b-turn folding in a short
peptide, and to exhibit hypoglycaemic activity.89

Fig. 3

In this paper, we have demonstrated the ease and synthetic
value of hitherto overlooked conjugated addition reactions of

Table 1 Dihedral angles for energy minimiseda conformations of 26a,b

W1 U2

Diequatorial −139 +137
Diaxial +94 −97

a Structures optimised with Chem 3D Pro 3.5 (MM2 Parameters),
available from Cambridge Scientific.

Reformatsky reagents. Furthermore, the formation of confor-
mationally restricted amino alcohols and amino acids illustrates
the value of this synthetic strategy when applied to chiral bicyclic
lactams derived from pyroglutamic acid: the scaffold exhibits
diverse reactivity enabling functionalisation at different points
around the heterocyclic ring, the bicyclic lactam system both
controls but also facilitates the determination of the stereo-
chemistry of synthetic intermediates, and the pyroglutaminyl
ring makes for well-defined conformational behaviour in the
amino acid derivatives.

Experimental
For detailed experimental procedures, see our earlier work.55 The
bicyclic lactam 1a and its unsaturated analogue 5 were prepared
using previously published methods.57 Zinc was activated by
shaking with a saturated solution of ammonium chloride for
5 min, then decanting the supernatant and washing with water,
ethanol, diethyl ether, and then drying under high vacuum at
RT for 3 h. N-Benzyl and N,N-dibenzylamides were prepared
using the method of Hauser.73
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(2R, 5S, 7R)-7-Cyanomethyl-8-oxo-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octane (2a)

To n-BuLi (5.33 ml, 11.08 mmol) at 0 ◦C in THF (50 ml) was
added diisopropylamine (1.77 ml, 12.56 mmol), the mixture
stirred for 15 min and then cooled to −78 ◦C. A solution of
lactam 1a (1.5 g, 7.39 mmol) in THF (30 ml) was then added to
the reaction mixture at −78 ◦C. After 30 min, bromoacetonitrile
(0.99 ml, 14.78 mmol) in THF (20 ml) was added and the
mixture stirred for 3 h at the same temperature. The reaction
mixture was then quenched with aqueous saturated sodium
bicarbonate solution (20 ml). After warming to RT water
(30 ml) was added and the mixture extracted with ethyl acetate
(30 ml). The aqueous layer was extracted with ethyl acetate (3 ×
20 ml) and the combined organic extracts were washed with
brine, dried over MgSO4 and evaporated in vacuo to yield a
yellow liquid. Purification using flash column chromatography
(EtOAc–petrol(40/60), 1 : 1) gave a pale yellow solid (878 mg,
49%). Rf = 0.37 (EtOAc–petrol(40/60), 1 : 1); [a]22

D = +218
(c 1.0 in CHCl3), mmax/cm−1 (CHCl3) 2434, 2253, 1711, 1421;
dH (400 MHz, CDCl3) 1.77–1.85 (1H, m, C(6)Hendo), 2.64 (2H,
m, CH2CN), 2.78–2.80 (1H, m, C(6)Hexo), 3.19–3.28 (1H, m,
C(7)H), 3.62 (1H, dd, J 8.2 and 7.4, C(4)Hendo), 4.13–4.20 (1H,
m, C(5)H), 4.29 (1H, dd, J 8.3 and 6.3 C(4)Hexo), 6.32 (1H, s,
C(2)H), 7.35–7.45 (5H, m, ArH); dC (90 MHz, CDCl3) 18.59
(CH2CN), 31.98 (C(6)), 42.10 (C(7)), 56.53 (C(5)), 72.10 (C(4)),
86.94 (C(2)), 117.65 (CN), 128.86 (ArCH), 137.86 (ArC), 174.24
(C(8)); m/z (CI+) 243 (M + H+, 100%), 216 (75), 204 (15); HRMS
(M–H+) 241.0977; C14H13N2O2 requires 241.0980.

(2R, 5S, 7S)-7/(2R, 5S, 7R)-7-(tButyloxycarbonylmethyl)-8-
oxo-2-phenyl-1-aza-3-oxa-bicyclo[3.3.0]octane (2b)

To n-BuLi (1.1 ml, 2.56 mmol) at 0 ◦C in THF (15 ml) was added
diisopropylamine (0.41 ml, 2.9 mmol), the mixture stirred for
15 min and then cooled to −78 ◦C. A solution of lactam 1a
(350 mg, 1.71 mmol) in THF (7 ml) was then added to the
reaction mixture. After 30 min, t-butyl bromoacetate (0.76 ml,
5.1 mmol) in THF (5 ml) was added, and the mixture stirred
for 2 h at the same temperature. The reaction mixture was
quenched with aqueous saturated sodium bicarbonate solution
(10 ml). Water (10 ml) was added and the mixture extracted
with EtOAc (20 ml). The aqueous layer was then extracted
with EtOAc (3 × 10 ml) and the combined organic extracts
were washed with brine, dried over MgSO4 and concentrated
in vacuo to yield a yellow liquid. Purification using flash
column chromatography (EtOAc–petrol(40/60), 3 : 7) gave endo-
product 2b (286 mg, 53%) as a pale yellow solid. Rf = 0.6
(EtOAc–petrol(40/60), 3 : 7); [a]22

D = +170 (c 1.0, CHCl3);
mmax/cm−1(CHCl3) 2981, 1708, 1603, 1455, 1393, 1363, 1256,
1209, 1155; dH(400 MHz, CDCl3) 1.45 (9H, s, C(CH3)3), 1.64–
1.68 (1H, m, C(6)Hendo), 2.36–2.42 (1H, dd, J 13.6 and 7.2,
CH2CH), 2.62–2.67 (1H, m, C(6)Hexo), 2.76–2.81 (1H, dd, J
13.2 and 3.6, CH2CH), 3.23–3.26 (1H, m, C(7)H), 3.55–3.58
(1H, t, J 6.0, C(4)Hendo), 4.08–4.12 (1H, m, C(5)H), 4.19–4.22
(1H, m, C(4)Hexo), 6.32 (1H, s, C(2)H), 7.23–7.45 (5H, m,
PhH); dC(400 MHz, CDCl3) 28.5 (C(CH3)3), 32.6 (C(6)), 36.6
(CH2), 42.3 (C(7)), 57.1 (C(5)), 72.7 (C(4)), 81.3 (CO2C(CH3)3),
87.2 (C(2)), 126.4, 128.8, 129.0, 129.4, 130.1, 134.9 (PhCH),
139.0 (PhC), 171.3 (CO2C(CH3)3), 171.5 (C(8)); m/z (CI+)
318 (M + H+, 10%), 262 (100); HRMS (M + H+) 318.1705;
C18H24NO4 requires 318.1701. The second product isolated
was the exo-isomer as a colourless oil (36 mg, 7%). Rf =
0.39 [EtOAc–petrol(40/60), 3 : 7]; [a]22

D = +68 (c 1.0, CHCl3);
mmax/cm−1(CHCl3) 3007, 2434, 2253, 1715, 1601, 1583, 1522,
1476, 1423, 1369, 1334, 1246, 1191; dH (400 MHz, CDCl3) 1.37
(9H, s, C(CH3)3), 2.07–2.14 (1H, m, C(6)Hendo), 2.25–2.31 (1H,
m, C(6)Hexo), 2.47–2.54 (1H, dd, J 16.2 and 10.0, CH2CH),
2.77–2.81 (1H, dd, J 10.9 and 3.9, CH2CH), 2.99–3.07 (1H, m,
C(7)H), 3.40–3.45 (1H, t, J 8.6, C(4)Hendo), 4.03–4.10 (1H, m,
C(5)H), 4.22–4.26 (1H, m, C(4)Hexo), 6.32 (1H, s, C(2)H), 7.28–

7.48 (5H, m, PhH); dC (400 MHz, CDCl3) 27.06 (C(6)), 28.01
(C(CH3)3), 37.58 (CH2), 70.84 (C(7)), 56.96 (C(5)), 70.58 (C(4)),
81.20 (C(CH3)3), 87.59 (C(2)), 125.83, 128.38, 128.50, 129.72
(PhCH), 138.80 (PhC), 170.61 (COOC(CH3)3), 179.78 (C(8));
m/z (CI+) 318 (M + H+, 30%), 278, 262, 230, 174; HRMS (M +
H+) 318.1705; C18H24NO4 requires 318.1702.

(2R, 5S, 7S)-7-(N-Benzyloxycarbonyl-2-aminoethyl)-8-oxo-2-
phenyl-1-aza-3-oxa-bicyclo[3.3.0]octane (3b)

To a solution of nitrile 2a (1.54 g, 6.37 mmol) in ethanol (125 ml)
was added CoCl2.6H2O (3.0 g, 12.75 mmol) and the mixture was
stirred for 5 min. NaBH4 (2.4 g, 63.76 mmol) was then added
portionwise to the above blue solution, which was accompanied
by effervescence. After 16 h stirring at room temperature, the
ethanol was removed under a vacuum and ammonium hydroxide
(3 ml) and ethyl acetate (70 ml) were added to the black residue
with stirring. After 30 min, the black residue was removed by
filtration through celite. The organic phase was washed with
water (40 ml) and the aqueous phase extracted with EtOAc (3 ×
15 ml). The combined organic phases were dried over MgSO4

and evaporated in vacuo to give crude amine 3a (1.2 g, 76%
crude). To a chilled solution of this amine (1.08 g, 4.39 mmol)
in THF (40 ml) was added freshly distilled benzylchloroformate
(1.12 g, 6.58 mmol) and triethylamine (888 mg, 8.8 mmol) with
vigorous stirring. After stirring the reaction mixture for 1.5 h,
the THF was evaporated in vacuo, water (15 ml) and EtOAc
(25 ml) were added and the aqueous phase was extracted with
EtOAc (3 × 15 ml). The combined organic phases were washed
with brine, dried over MgSO4 and concentrated in vacuo to give
a colourless oil. Purification by flash colum chromatography
(EtOAc–petrol(40/60), 3 : 2) gave the title compound 3b (700 mg,
34% over two steps). Rf = 0.52 [EtOAc–petrol(40/60), 3 : 2];
[a]22

D = +121 (c 1.0 in CHCl3); mmax/cm−1 (CHCl3) 2400, 1706,
1603, 1587, 1518; dH (400 MHz, CDCl3) 1.55–1.77 (2H, m,
C(6)Hendo, CH2CH), 1.98–2.1 (1H, m, CH2CH), 2.57–2.64 (1H,
m, C(6)Hexo), 2.89–2.97 (1H, m, C(7)H), 3.24–3.33 (1H, m,
CH2NH), 3.33–3.41 (1H, m, CH2NH), 3.51 (1H, dd, J 15.7
and 7.8, C(4)Hendo), 4.06–4.15 (1H, m, C(5)H), 4.23 (1H, dd, J
7.8 and 6.5, C(4)Hexo), 5.09 (2H, s, CH2Ph), 5.43 (1H, br, NH),
6.30 (1H, s, C(2)H), 7.30–7.44 (10H, m, ArH); dC (400MHz,
CDCl3) 30.71 (CH2), 32.82, (C(6)), 39.16 (CH2), 43.51 (C(7)),
56.83 (C(5)), 66.60 (CH2Ph), 72.32 (C(4)), 86.77 (C(2)), 125.99,
128.08, 128.44, 128.47, 128.63 (ArC), 136.61 (ArC), 138.51
(ArC), 156.56 (NHCO), 178.35 (C(8)); m/z (CI+) 403 (M +
Na+, 100%), 381 (M + H+, 85), 337 (50), 273 (60); HRMS (M +
H+) 381.1804; C22H25N2O4 requires 381.1814.

(2R, 5S, 7S)-7-(N-Acetyl-2-aminoethyl)-8-oxo-2-phenyl-1-aza-
3-oxa-bicyclo[3.3.0]octane (3c)

To a chilled solution at 0 ◦C of crude amine 3a (354 mg, 1.44
mmol) in THF (25 ml) was added triethylamine (150 mg, 1.73
mmol), and the mixture stirred for 15 min. Freshly distilled acetic
anhydride (176.3 mg, 1.73 mmol) was then added dropwise with
vigorous stirring at 0 ◦C. After stirring the reaction mixture
overnight at RT, the reaction mixture was concentrated in
vacuo, and water (10 ml) and EtOAc (25 ml) were added. The
aqueous phase was extracted with EtOAc (3 × 10 ml) and
the combined organic phases were washed with brine, dried
over MgSO4 and concentrated in vacuo to give a colourless oil.
Purification by flash column chromatography (EtOAc–MeOH,
3 : 1) gave the title compound 3c (248 mg, 60% over two
steps). Rf = 0.52 (EtOAc–MeOH, 2 : 1); [a]22

D = +157 (c 1.0 in
CHCl3); mmax/cm−1 (CHCl3) 1693, 1524, 1475, 1377, 1028, 929;
dH (400 MHz, CDCl3) 1.56–1.68 (2H, m, C(6)Hendo, CH2CH),
1.92 (3H, s, CH3CO), 1.95–2.12 (1H, m, CH2CH), 2.56–2.63
(1H, m, C(6)Hexo), 2.87–2.95 (1H, m, C(7)H), 3.20–3.28 (1H,
m, CH2NH), 3.35–3.43 (1H, m, CH2NH), 3.48–3.52 (1H, t, J
7.8, C(4)Hendo), 4.05–4.12 (1H, m, C(5)H), 4.18–4.22 (1H, dd,
J 8.2 and 6.4, C(4)Hexo), 6.25 (1H, s, C(2)H), 6.98 (1H, br,
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NHCO), 7.26–7.40 (5H, m, ArH); dC (400 MHz, CDCl3) 23.14
(CH3CO), 30.08 (CH2), 33.02 (C(6)), 37.84 (CH2), 44.18 (C(7)),
56.94 (C(5)), 72.31 (C(4)), 86.73 (C(2)), 125.96, 128.43, 128.70
(ArCH), 138.21 (ArC), 170.54 (NHCOMe), 178.39 (C(8)); m/z
(CI+) 289 (M + H+, 100%).

(2S, 4S)-(N-Benzyloxycarbonyl-2-aminoethyl)-2-methyloxy-
carbonyl-5-oxo-pyrrolidine (4a)

To a solution of lactam 3b (776 mg, 2.04 mmol) in DCM (39 ml)
at RT was added TFA (1.57 ml, 20.4 mmol) with stirring. After
2 h, solvent was removed in vacuo and the residue purified by
flash column chromatography (MeOH–EtOAc, 1 : 10) to give
a pale yellow oil (511 mg, 85%). Rf = 0.43 (MeOH–EtOAc, 1 :
10); [a]22

D = +32 (c 1.0 in CHCl3); mmax/cm−1 (CHCl3) 3432, 1789,
1702, 1224; dH (400 MHz, CDCl3) 1.29–1.36 (1H, m, C(3)H),
1.48–1.53(1H, m, CH2CH), 1.87–1.90 (1H, m, CH2CH), 2.17–
2.29 (1H, m, C(3)HH), 2.39–2.41 (1H, m, C(4)H), 3.20–3.29
(2H, m, CH2CH), 3.30 (1H, d, J 6.36, CHOH), 3.61–3.63 (2H,
m, CHOH and C(2)H), 5.04 (2H, s, CH2Ph), 5.67–5.70 (1H, s,
br, HNCO), 7.22–7.52 (5H, m, ArH); dC (400 MHz, CDCl3)
29.28 (C(3)), 31.19 (CH2), 39.03 (C(4) and (CH2), 54.76 (C(2)),
65.31 (CH2OH), 66.56 (CH2Ph), 128.03, 128.45, 128.99 (ArCH),
136.58 (ArC), 156.79 (OC(O)N), 180.5 (C(8); m/z (CI+) 293
(M + H+, 15%), 249 (20), 185 (40), 159 (100); HRMS (M + H+)
293.1501; C15H21N2O4 requires 293.1503.

To a stirred solution of the crude alcohol (343 mg, 1.17 mmol)
in CH3CN (10 ml) and CCl4 (10 ml) was added a solution of
NaIO4 (754 mg, 3.52 mmol) in water (15 ml) and then RuO2

(31.2 mg cat.). The mixture was stirred vigorously overnight.
Solvents were removed in vacuo and the residue was dissolved in
DMF, and then a solution of diazomethane in ether was added
with stirring for 30 min. Water (30 ml) was added to the mixture
and extracted with EtOAc (3 × 20 ml). The organic phases were
combined, dried over MgSO4 and concentrated in vacuo to give
4a as a colourless oil (161 mg, 43% over two steps). Rf = 0.47
(MeOH–EtOAc, 1 : 20); [a]22

D = +8.3 (c 1.0 in CHCl3); mmax/cm−1

(CHCl3) 1710, 1518, 1219; dH (400 MHz, CDCl3) 1.63 (1H, ddd,
J 20.2, 14 and 6.3, CH2CH), 1.84 (1H, ddd, J 17.8, 12.9 and 8.9,
C(3)H), 1.96 (1H, ddd, J 20.7, 13.8 and 6.9, CH2CH), 2.45–2.51
(1H, m, C(4)H), 2.70 (1H, ddd, J 16.7, 12.8 and 8.5, C(3)H),
3.26–3.35 (2H, m, CH2NH), 3.76 (3H, s, OCH3), 4.17–4.22 (1H,
m, C(2)H), 5.08 (2H, s, CH2Ph), 5.42 (1H, br, NHCbz), 6.48 (1H,
br, NH), 7.26–7.35 (5H, m, ArH); dC (400 MHz, CDCl3) 31.15
(C(3)), 31.63 (CH2), 38.96 (C(4)), 39.05 (CH2), 52.63 (OCH3),
53.66 (C(2)), 66.58 (CH2Ph), 128.05 and 128.48 (ArCH), 136.57
(ArC), 156.56 (HNCOO), 172.01 (CO2Me), 178.72 (CONH);
m/z (CI+) 343 (M + Na+, 20%), 321, (M + H+, 30), 187 (100);
HRMS (M + H+) 321.1450; C16H21N2O5 requires 321.1445.

(2R, 5S, 6S, 7R)-7-Ethyloxycarbonyl-6-cyanomethyl-8-oxo-2-
phenyl-1-aza-3-oxa-bicyclo[3.3.0]octane (6a)

To activated Zn powder (3.2 g, 49 mmol) in THF (50 ml) under
nitrogen atmosphere, iodine (290 mg, cat.) and bromoacetoni-
trile (0.93 ml, 13.7 mmol) were sonicated for 15 min at 35–
40 ◦C. After cooling to 0 ◦C, DMPU (10 ml) was added followed
by a solution of enone 5 (1.25 g, 4.57 mmol) in THF (40 ml). The
mixture was quickly brought back to 40 ◦C using a heat gun and
the solution was sonicated at that temperature for 15 min. After
stirring for 1 h at room temperature, the reaction mixture was
quenched with saturated aqueous NH4Cl solution and EtOAc
(50 ml) was added to the residue. The aqueous phase was
extracted EtOAc (3 × 20 ml), and the combined organic phases
were washed with brine, dried over MgSO4 and concentrated in
vacuo. Purification by flash column chromatography (EtOAc–
petrol(40/60), 1 : 2) gave the title compound 6a (989 mg, 69%). Rf =
0.7 (EtOAc–petrol(40/60), 1 : 1); [a]22

D = +93 (c 1.0 in CHCl3);
mmax/cm−1 (CHCl3) 1720; dH (400 MHz, CDCl3) 1.35 (3H, t, J
7.2, CH3CH2), 2.59 (1H, dd, J 17.1 and 8.0, CHCN), 2.72 (1H,
dd, J 9.1 and 2.2, CH′CN), 3.05–3.42 (1H, m, C(6)H), 3.72 (1H,

d, J 11.1 and C(7)H), 3.86 (1H, dd, J 8.6 and 6.5, C(4)Hendo),
3.95 (1H, dd, J 13.6 and 6.5, C(5)H), 4.2–4.38 (3H, m, CH3CH2

and C(4)Hexo), 6.37 (1H, s, C(2)H), 7.33–7.44 (5H, m, ArH); dC

(400 MHz, CDCl3) 14.13 (CH3), 20.01 (CH2CN), 40.30 (C(6)),
56.22 (C(7)), 61.05 (C(5)), 62.45 (CH3CH2), 70.42 (C(4)), 87.45
(C(2)), 116.56, (CN), 125.80, 125.95, 126.02, 128.58, 128.79
(ArCH), 137.15 (ArCH)), 167.14 (CO2Et), 169.67 (C(8)); m/z
(CI+) 337 (M + Na+, 40%), 315 (M + H+, 90), 232(65), 228(60);
HRMS (M–H+) 313.1188; C17H17N2O2 requires 313.1180.

(2R, 5S, 6S)-6-Cyanomethyl-8-oxo-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octane (6b)

To the cyano ester 6a (989 mg, 3.15 mmol) in toluene (125 ml)
was added bis(tributyltin)oxide (3.47 ml, 6.30 mmol). After
refluxing for 17 h, the reaction mixture was cooled, toluene was
removed in vacuo, and water (30 ml) and ethyl acetate (40 ml)
were added to the residue. The aqueous phase was extracted
with EtOAc (3 × 20 ml), and the combined organic phases
were washed with brine, dried over MgSO4 and concentrated
in vacuo, and the crude material purified using flash column
chromatography [EtOAc–petrol(40/60), 1 : 1] to give the title
compound 6b (518 mg, 68%). Rf = 0.27 [EtOAc–petrol(40/60),
1 : 1]; [a]22

D = +167 (c 1.0 in CHCl3); mmax/cm−1 (CHCl3) 2353,
1712, 1537, 1224; dH (400 MHz, CDCl3) 2.51–2.80 (5H, m,
C(6)H, C(7)H2, CH2CN), 3.70 (1H, t, J 7.7, C(4)Hendo), 3.92–
3.97 (1H, m, C(5)H), 4.29 (1H, dd, J 8.6 and 6.4, C(4)Hexo), 6.37
(1H, s, C(2)H), 7.31–7.44 (5H, m, ArH), dC (400 MHz, CDCl3)
21.51(CH2CN), 36.32 (C(6)), 39.61 (C(7)), 63.43 (C(5)), 70.43
(C(4)), 87.37 (C(2)), 117.24 (CN), 125.83, 125.92, 128.54, 128.82
(ArCH), 137.69, (ArC), 175.26 (C(8)); m/z (CI+) 243 (M + H+,
100%), 149 (50); HRMS (M–H+) 241.0977; C14H13N2O2 requires
241.0974.

(2R, 5S, 6S)-6-(N-Benzyloxycarbonyl-2-aminoethyl)-8-oxo-2-
phenyl-1-aza-3-oxa-bicyclo[3.3.0]octane (7)

Using the method given for the reduction of nitrile 3b, nitrile 6b
(447 mg, 1.85 mmol) was dissolved in ethanol (50 ml) and treated
with CoCl2·6H2O (879 mg, 2.86 mmol) and NaBH4 (702 mg,
14.34 mmol). Purification by flash colum chromatography
(EtOAc–petrol(40/60), 7 : 3) gave the title compound 7 (309 mg,
44% over two steps). Rf = 0.52 (EtOAc–petrol(40/60), 7 : 3);
[a]22

D = +115 (c 1.0 in CHCl3); mmax/cm−1 (CHCl3) 1707, 1517; dH

(400 MHz, CDCl3) 1.73 (2H, ddd, J 18.9, 13.1 and 6.4, CH2),
2.20–2.31 (1H, m, C(6)H), 2.51 (1H, dd, J 16.4 and 10.2, C(7)H),
2.68 (1H, dd, J 16.5 and 8.7, C(7)H), 3.17 (2H, ddd, J 18.1, 12.3
and 6.3, CH2NH), 3.56 (1H, t, J 7.8, C(4)Hendo), 3.78–3.83 (1H,
m, C(5)H), 4.22 (1H, t, J 7.4, C(4)Hexo), 5.01 (1H, br, NH), 5.09
(2H, s, CH2Ph), 6.32 (1H, s, C(2)H), 7.30–7.45 (10H, m, ArH);
dC (400 MHz, CDCl3) 34.75, (CH2), 37.32 (C(6)), 39.24 (CH2),
40.64 (C(7)), 64.50 (C(5)), 66.82 (CH2Ph), 71.34 (C(4), 86.85
(C(2)), 125.80, 125.95 (ArC), 128.14, 128.24, 128.44, 128.56,
128.61 (ArCH), 136.35 (ArC), 138.37 (ArC), 156.42 (HNCO),
176.53 (C(8)); m/z (CI+) 403 (M + Na+, 30%), 381 (M + H+,
100); HRMS (M + H+) 381.1814; C22H25N2O2 requires 381.1809.

(2S, 3S)-3-(N-Benzyloxycarbonyl-2-aminoethyl)-2-
methyloxycarbonyl-5-oxo-pyrrolidine (8)

To a solution of lactam 7 (321 mg, 0.84 mmol) in DCM (8 ml)
at RT was added TFA (0.65 ml, 8.4 mmol) while stirring. After
1 h at room temperature, the solvent was removed in vacuo and
the residue purified by flash column chromatography (MeOH–
EtOAc, 1 : 5) to give a pale yellow oil (511 mg, 92%). Rf = 0.39
(EtOAc–MeOH, 1 : 5); [a]22

D = +23 (c 1.0 in CHCl3); mmax/cm−1

(CHCl3) 3620, 3418, 1780, 1710, 1220; dH (400 MHz, CDCl3)
1.57–1.66 (1H, m, CHCH2), 1.75–1.85 (1H, m, CHCH2), 1.97–
2.01 (1H, m, C(4)HH), 2.18–2.26 (1H, m, C(3)H), 2.51 (1H,
dd, J 16.8 and 9.0, C(4)H), 3.21 (2H, dd, J 11.3 and 5.4,
CH2NH), 3.36–3.45 (1H, m, C(2)H), 3.46 (1H, dd, J 11.1 and
6.0, CHOH), 3.61 (1H, dd, J 11.4 and 4.1, CHOH), 5.06 (2H, s,
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CH2Ph), 6.49 (1H, br, NHC(O)), 7.32–7.41 (5H, m, ArH); dC

(400 MHz, CDCl3) 30.54 (C(3)), 35.70 (CH2), 37.36 (C(4)), 39.50
(CH2), 62.56 (C(2)), 65.17 (CH2OH), 66.37 (CH2Ph), 128.56,
129.13 (ArCH), 138.39 (ArC), 157.27 (HNCOO), 178.0 (C(5));
m/z (CI+) 293 (M + H+, 100%); HRMS (M + H+) 293.1501;
C15H21N2O2 requires 293.1503.

A solution of this alcohol (82 mg, 0.28 mmol) and pyridinium
dichromate (489 mg, 1.40 mmol) in DMF was stirred at 40 ◦C for
16 h under N2. After cooling to RT a solution of diazomethane
(3 equiv.) in ether was added. The excess diazomethane was
removed by purging nitrogen gas through the solution and then
the mixture was poured into a saturated aqueous solution of
NaHCO3. The mixture was extracted with EtOAc (4 × 10 ml)
and the combined organic phases were washed with brine, dried
over MgSO4 and concentrated in vacuo. Purification by flash
column chromatography (MeOH–EtOAc, 1 : 10) gave the title
compound 8 as a colourless oil (28 mg, 30% over two steps).
Rf = 0.51 (EtOAc–MeOH, 9 : 1); [a]22

D = +23 (c 1.0 in CHCl3);
mmax/cm−1 (CHCl3) 1710, 1602, 1518; dH (400 MHz, CDCl3) 1.70–
1.77 (1H, m, CHCH2), 1.90–1.97 (1H, m, CHCH2), 2.06 (1H,
dd, J 16.7 and 5.7, C(4)H), 2.53–2.63 (2H, m, C(3)H and C(4)H),
3.20–3.33 (2H, m, CH2NH), 3.76 (3H, s, OCH3), 3.91 (1H, d, J
5.0, C(2)H), 5.06 (1H, s, HNCbz), 5.1 (2H, s, CH2Ph), 6.45 (1H, s,
NHC(O)), 7.31 (5H, m, ArH); dC (400 MHz, CDCl3) 35.2 (CH2),
35.85 (C(4)), 36.10 (C(3)), 38.83 (CH2), 52.63 (OCH3), 60.55
(C(2)), 66.76 (CH2Ph), 128.14, 128.19, 128.53 (ArCH), 136.34
(ArC), 156.35 (HN-COO), 171.97 (CO2Me), 176.57 (C(8));
m/z (CI+) 321 (M + H+, 100%); HRMS (M + H+) 321.1450;
C16H21N2O5 requires 321.1445.

(2R, 5S, 6S)-6-(Carbamoylmethyl)-8-oxo-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octane (9)

To a solution of lactam 6b (208 mg, 0.83 mmol) in EtOH (15 ml)
at room temperature were added H2O2 (35% aq, 960 ll, 10.8
mmol) and NaOH (1 M, 1.1 ml, 1.1 mmol). The mixture was
stirred for 1 h at RT and then hydrolysed with water (2 ml).
DCM (10 ml) was added and the aqueous layer was extracted
with DCM (3 × 20 ml). The organic layer was dried over
MgSO4, filtered and concentrated in vacuo. The crude material
was purified by flash column chromatography (EtOAc–MeOH,
9 : 1) afforded the amide 9 as a colourless oil (157 mg, 75%).
Rf = 0.28 (EtOAc–MeOH, 9 : 1); mmax/cm−1 (CHCl3 film) 3408,
2909, 1682, 1413, 1224, 1047, 736; dH (400 MHz, CDCl3) 2.30–
2.65 (5H, m, C(6)H, C(7)H2, CH2CONH2), 3.66 (1H, t, J 7.7,
C(4)Hendo), 3.84 (1H, m, C(5)H), 4.28 (1H, t, J 7.2, C(4)Hexo),
6.10 (1H, s, NHH), 6.11 (1H, s, NHH), 6.24 (1H, s, C(2)H),
7.28–7.40 (5H, m, ArH); dH (500 MHz, CDCl3–C6H6 1 : 1) 1.84
(1H, dd, J 15.8 and 9.8, C(7)HH), 1.97 (1H, dd, J 15.3 and 5.2,
C(7)HH), 2.22 (1H, dd, J 15.8 and 9.7, CHHCONH2), 2.41 (1H,
m, C(6)H), 2.48 (1H, dd, J 15.9 and 8.9, CHHCONH2), 3.54
(1H, t, J 8.2, C(4)Hendo), 3.61 (1H, m, C(5)H), 4.22 (1H, t, J 8.3,
C(4)Hexo), 4.83 (1H, s, NHH), 5.23 (1H, s, NHH), 6.31 (1H, s,
C(2)H), 7.19–7.44 (5H, m, ArH), dC (400 MHz, CDCl3) 35.9
(C(6)), 39.1 (CH2CONH2), 40.4 (C(7)), 64.9 (C(5)), 72.1 (C(4)),
86.1 (C(2)), 126.0, 128.5, 128.7 (ArCH), 138.5 (ArC), 173.3,
176.1 (C(8) and CONH2); m/z (ESI+) 283 (M + Na+, 100%);
HMRS (M + H+) 261.1239; C14H17N2O3 requires 261.1244.

(2R, 4S)-(2-Hydroxymethyl-5-oxopyrrolidin-3-yl)acetamide (10)

Lactam 9 (189 mg, 0.73 mmol) was treated with TFA (560 ll,
7.3 mmol) in DCM (7.5 ml). Flash column chromatography
(EtOAC–MeOH, 7 : 3) afforded the alcohol 10 as a colourless
oil (88 mg, 70%). Rf = 0.15 (EtOAc–MeOH, 7 : 3); mmax/cm−1

(CHCl3 film) 3219, 2929, 1681, 1422, 1321, 1011; dH (400 MHz,
D2O) 2.05, 2.28–2.60 (5H, m, C(4)H2, CH2CONH2, C(3)H),
3.40–3.48 (2H, m, CHHOH, C(2)H), 3.56 (1H, m, CHHOH);
dC (400 MHz, D2O) 33.1 (C(3)), 36.3, 39.5 (C(4), CH2CONH2),
61.7 (C(2)), 63.3 (CH2OH), 177.4, 180.4 (CONH2 and C(5));
m/z (ESI+) 236 (M + Na + CH3CN+, 100), 195 (M + Na+,

50), 173 (MH+, 30); HMRS (M + Na + CH3CN+) 236.1006;
C9H15N3O3Na requires 236.1011.

(2R, 5S, 6S, 7R, 1′R)-7-Ethyloxycarbonyl-6-((N ,N-
dibenzylcarbamoyl)methyl)-8-oxo-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octane (13a)

To a suspension of activated zinc (333 mg, 5.3 mmol) in THF
(11 ml) was added iodine (27 mg, 0.2 mmol), followed by N,N-
dibenzyl-2-bromopropionamide 12a (1.07 g, 3.2 mmol). The
mixture was sonicated at 30–35 ◦C for 15 min. With stirring
at 0 ◦C, DMPU (1.4 ml) followed by the enone 5 (292 mg,
1.1 mmol) were added and the mixture quickly warmed to
40 ◦C with a heat gun and then sonicated at 30–35 ◦C for
15 min. After 1 h at RT, the mixture was quenched with a
solution of saturated ammonium chloride (5 ml) and ethyl
acetate (5 ml), and the organic layer was separated, dried over
MgSO4, filtered and concentrated in vacuo. The crude material
was purified by flash column chromatography (petrol(40/60)–
EtOAc 3 : 2) to afford 13a as a yellow oil (185 mg, 34%).
Rf = 0.31 (petrol(40/60)–EtOAc, 3 : 2); [a]23

D = +33.3 (c 1.0 in
CHCl3); mmax/cm−1 (CHCl3 film) 3064, 3031, 2982, 1709, 1647,
1451, 1365, 1220, 1028, 911, 734, 700; dH (400 MHz, CDCl3)
1.31 (3H, t, J 7.2 Hz, OCH2CH3), 2.60 (1H, m, C(6)CHH),
2.84 (1H, m, C(6)CHH), 3.20–3.29 (1H, m, C(6)H), 3.60 (1H,
m, C(7)H), 3.85–3.91 (1H, m, C(5)H), 3.98 (1H, m, C(4)Hendo),
4.20–4.31 (2H, m, CH3CH2), 4.39–4.50 (3H, m, CHHPh and
CH2Ph), 4.60 (1H, m, C(4)Hexo), 4.75 (1H, d, J 14.7, CHHPh),
6.12 (1H, s, C(2)H), 7.10–7.50 (15H, m, ArH); dC (400 MHz,
CDCl3) 14.2 (CH3), 33.1 (C(6)CH2), 40.0 (C(6)), 48.4 and 49.8
(CH2Ph), 57.4 (C(7)), 61.9 (CH3CH2), 63.4 (C(5)), 73.2 (C(4)),
86.8 (C(2)), 125.8, 126.0, 126.2, 127.5, 127.9, 128.1, 128.2, 128.3,
128.5, 128.7, 129.1, 129.2 (ArCH), 135.9, 136.8, 138.5 (ArC)),
168.3, 170.1, 170.7 (C=O); m/z (ESI+) 535 (M + Na+, 80%),
512 (M + H+, 100%).

(2R, 5S, 6S, 7R, 1′R)-7-Ethyloxycarbonyl-6-(1-(N ,N-dibenzyl-
carbamoyl)ethyl)-8-oxo-2-phenyl-1-aza-3-oxa-bicyclo[3.3.0]-
octane (13b)

To a suspension of activated zinc (334 mg, 5.4 mmol) in THF
(11 ml) was added iodine (27 mg, 0.2 mmol), followed by N,N-
dibenzyl-2-bromopropionamide 12b (1.07 g, 3.2 mmol). The
mixture was sonicated at 30–35 ◦C for 15 min. With stirring,
DMPU (1.4 ml) followed by the enone 5 (292 mg, 1.1 mmol) were
added and the mixture was sonicated at 30–35 ◦C for 15 min.
After 1 h at RT, the mixture was quenched with a solution of
saturated ammonium chloride (5 ml) and ethyl acetate (5 ml) and
the organic layer was separated, dried over MgSO4, filtered and
concentrated in vacuo. The crude material was purified by flash
column chromatography (petrol(40/60)–EtOAc, 7 : 3) to afford
13b as a yellow oil (471 mg, 84%). Rf = 0.39 (petrol(40/60)–
EtOAc, 3 : 2); mmax/cm−1 (CHCl3 film) 3385, 1709, 1642, 1453,
735, 700; dH (400 MHz, CDCl3) 1.21 (3H, t, J 7.0 , Me), 1.32 (3H,
t, J 7.2 , OCH2CH3), 2.83–2.90 (1H, m, C(H)Me), 3.10–3.18
(1H, m, C(6)H), 3.65–3.7 (2H, m, C(4)Hendo and C(7)H), 4.01–
4.09 (1H, m, C(5)H), 4.19–4.35 (3H, m, CH3CH2 and C(4)Hexo),
4.45 (1H, d, J 14.7, CHHPh), 4.50 (2H, s, CH2Ph), 4.73 (1H, d,
J 14.7, CHHPh), 6.31 (1H, s, C(2)H), 7.15–7.47 (15H, m, ArH);
dC (400 MHz, CDCl3) 14.1 (CH3), 14.3 (CH3), 37.2 (C(H)Me),
46.07 (C(6)), 48.6 and 49.8 (CH2Ph), 53.4 (C(7)), 56.1 (C(5)), 59.0
(CH3CH2), 72.6 (C(4)), 86.8 (C(2)), 126.0, 126.1, 127.7, 127.9,
128.1, 128.2, 128.4, 128.5, 128.7, 129.0, 129.2 (ArCH), 136.3,
137.0, 138.2 (ArC)), 168.7, 170.5, 174.7 (C=O); m/z (ESI+) 549
(M + Na+, 90%), 527 (M + H+, 100%).

(2S, 3S, 4S, 1′S)-3-(1-(Dibenzylcarbamoyl)ethyl)-2-hydroxy-
methyl-5-oxo-pyrrolidine-4-carboxylic acid ethyl ester (14)

Lactam 13b (258 mg, 0.49 mmol) was treated with TFA (378 lL,
4.9 mmol) in DCM (5 ml). Flash column chromatography
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(EtOAc–MeOH, 9 : 1) afforded the alcohol 14 as a colourless oil
(161 mg, 75%). Rf = 0.40 (EtOAc–MeOH, 9 : 1); mmax/cm−1

(CHCl3 film) 3382, 2360, 1695, 1453, 1205, 1080, 700; dH

(400 MHz, CDCl3) 1.18–1.25 (6H, m, CH3, CH2CH3), 2.88–
2.95 (2H, m, C(3)H, CHMe), 3.46 (1H, m, CHHOH), 3.54
(1H, m, C(4)H), 3.63–3.68 (2H, m, CHHOH, C(2)H), 4.17
(2H, m, CO2CH2CH3), 4.36–4.52, 4.79 (4H, m, CH2Ph), 6.92
(1H, s, NH), 7.10–7.40 (10H, m, ArH); dC (400 MHz, CDCl3)
13.8 (CH3), 15.0 (OCH2CH3), 38.8, 42.4 (C(3), CHMe), 48.5,
49.8 (CH2Ph), 52.8 (C(4)), 58.1 (C(2)), 62.2 (OCH2CH3),
64.6 (CH2OH), 126.2, 127.6, 127.9, 128.1, 128.7, 129.1, 129.8
(ArCH), 136.1, 136.8 (ArC), 170.67, 173.4, 175.4 (CO2Et,
CONH2 and C(5)); m/z (ESI+) 461(M + Na+ 100), 439 (M +
H+, 40%); HMRS (M + H+) 439.2232; C25H31N2O5 requires
439.2233.

(2S, 3S, 4S, 1′S)-3-(1-Dibenzylcarbamoyl-ethyl)-5-oxo-pyrroli-
dine-2,4-dicarboxylic acid 4-ethyl ester 2-methyl ester (15)

Lactam 14 (40 mg, 0.09 mmol) was treated with PDC (159 mg,
0.46 mmol) in DMF (2 ml), and then diazomethane in
Et2O. Flash column chromatography (EtOAc–MeOH, 98 : 2)
afforded 15 as a colourless oil (23 mg, 54%). Rf = 0.55 (EtOAc–
MeOH, 98 : 2); [a]23

D −4.0 (c 1.3 in CHCl3); mmax/cm−1 (CHCl3

film) 2980, 2360, 1714, 1639, 1437, 1209, 1029, 700; dH (400MHz,
CDCl3) 1.23 (3H, d, J 7.1, CH3), 1.30 (3H, t, J 7.1, CH2CH3),
3.13 (1H, q, J 6.8, CHMe), 3.29 (1H, d, J 6.6, 5.7, C(3)H), 3.73
(3H, s, CO2CH3), 3.82 (1H, d, J 6.6, C(4)H), 4.10 (1H, d, J
5.7, C(2)H), 4.24 (2H, m, CO2CH2CH3), 4.50–4.54, 4.70–4.74
(4H, m, CH2Ph), 6.54 (1H, m, NH), 7.14–7.40 (10H, m, ArH); dC

(400 MHz, CDCl3) 14.1 (OCH2CH3), 15.8 (CH3), 37.4 (CHMe),
45.1 (C(3)), 48.4, 49.8 (CH2Ph), 51.5 (C(4)), 52.7 (CO2CH3),
56.8 (C(2)), 61.9 (OCH2CH3), 126.3, 127.6, 128.2, 128.7, 129.1
(ArCH), 136.2, 137.1 (ArC), 169.4, 171.3, 171.5, 174.7 (CO2Me,
CO2Et, CONH2 and C(5)); m/z (ESI+) 489(M + Na+ 100);
HMRS (M + H+) 467.2185; C26H31N2O6 requires 467.2182.

7-Ethyloxycarbonyl-6-cyano-8-oxo-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octane (16)

To a solution of 5 (618 mg, 2.25 mmol) in EtOH (7 ml) at RT
was added KCN (176 mg, 2.7 mmol) dissolved in the minimal
amount of water. After stirring 1 h at RT, the mixture was
quenched with a solution of saturated ammonium chloride
(5 ml) and extracted with EtOAc (2 × 7 ml). The organic layer
was separated, dried over MgSO4, filtered and concentrated in
vacuo to give a purple oil. The crude material was purified by
flash column chromatography (petrol(40/60)–EtOAc, 3 : 2) to
afford 16 as a pale yellow oil and as a mixture of diastereomers
(528 mg, 78%). Rf = 0.45 (petrol(40/60)–EtOAc, 3 : 2); mmax/cm−1

(CHCl3 film) 2985, 2254, 1725, 1450, 1330, 1214, 1179, 908, 732;
dH (400 MHz, CDCl3) major compound: 1.33 (3H, t, J 7.2 Hz,
OCH2CH3), 3.73 (1H, m, C(6)H), 3.82 (1H, m, C(4)Hendo),
4.15 (1H, d, J 10.2Hz, C(7)H), 4.23–4.40 (4H, m, CH3CH2,
C(5)H and C(4)Hexo), 6.30 (1H, s, C(2)H), 7.30–7.41 (5H, m,
ArH); dC (400 MHz, CDCl3) major compound: 14.1 (CH3), 31.9
(C(6)), 55.2 (C(7)), 59.4 (C(5)), 62.9 (CH3CH2), 70.0 (C(4)),
87.9 (C(2)), 117.3 (CN), 125.9, 126.0, 128.6, 129.2 (ArCH),
136.7 (ArC)), 166.0 (CO2Et), 168.3 (C(8)); minor compound:
14.0 (CH3), 29.5, 33.4 (C(6)), 55.1, 55.6 (C(7)), 57.3, 61.2 (C(5)),
63.0, 63.2 (CH3CH2), 68.2–69.4 (C(4)), 87.8, 88.7 (C(2)), 116.0,
116.5 (CN), 125.9, 126.0, 126.6, 126.8, 128.4, 128.7, 129.0, 129.1
(ArCH), 136.3, 137.0 (ArC)), 165.8, 165.9 (CO2Et), 168.5, 169.1
(C(8)); m/z (CI+) 301 (M + H+, 100%); HMRS (M + H+)
301.1183; C16H17N2O4 requires 301.1188.

(2R, 5S, 6RS)-6-Cyano-8-oxo-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octane (17a, 18a)

A solution of nitrile 16 (223 mg, 0.74 mmol) and (Bu3Sn)2O
(756 lL, 1.48 mmol) in toluene (30 ml) was treated by analogy

with the synthesis of 3b. Flash column chromatography (DCM–
MeOH, 98 : 2) afforded the mixture 17a and 18a as a pale
yellow solid (95 mg, 58%). Rf = 0.45 (DCM–MeOH, 98 : 2); dH

(400 MHz, CDCl3) major compound 2.91 (1H, m, C(7)H), 3.09–
3.20 (2H, m, C(6)H, C(7)H), 3.52 (1H, m, C(4)Hendo), 4.25 (1H,
m, C(4)Hexo), 4.32 (1H, m, C(5)H), 6.35 (1H, s, C(2)H), 7.30–
7.45 (5H, m, ArH), dC (400 MHz, CDCl3) major compound:
28.6 (C(6)), 38.1 (C(7)), 61.6 (C(5)), 69.9 (C(4)), 87.8 (C(2)),
118.5 (CN), 125.9, 128.6, 129.1 (ArCH), 137.0, (ArC), 173.4
(C(8)); minor compound: 25.6 (C(6)), 37.0 (C(7)), 58.7 (C(5)),
68.0 (C(4)), 88.3 (C(2)), 117.6 (CN), 125.9, 128.6, 129.0 (ArCH),
137.6, (ArC), 174.2 (C(8)).

(2R, 5S, 6S)-6-(N-Benzyloxycarbonyl-2-aminomethyl)-8-oxo-
2-phenyl-1-aza-3-oxa-bicyclo[3.3.0]octane (17b) and (2R, 5S,
6R)-6-(N-benzyloxycarbonyl-2-aminomethyl)-8-oxo-2-phenyl-1-
aza-3-oxa-bicyclo[3.3.0]octane (18b)

By analogy with the synthesis of 7, the mixture of nitriles 17a
and 18a (85 mg, 0.37 mmol), CoCl2.H2O (176 mg, 0.74 mmol)
and NaBH4 (140 mg, 3.7 mmol) in EtOH (10 ml) gave an amine
which as used in the next step without further purification. The
crude amine, benzoyloxycarbonyl chloride (79 ll, 0.55 mmol)
and Et3N (103 ll, 0.74 mmol) in THF (6.5 ml), followed by
flash column chromatography (petrol(40/60)–EtOAc, 30 : 70)
afforded 17b as a pale yellow solid (76 mg, 56% over two
steps) and 18b as a pale yellow solid (10 mg, 8% over two
steps); mmax/cm−1 (CHCl3 film) 3451, 3019,1710, 1514, 1215, 755;
17b: Rf = 0.27 (petrol(40/60)–EtOAc, 30 : 70); dH (400 MHz,
CDCl3) 1.91–2.02 (1H, m, C(6)H), 2.16 (1H, dd, J 16.6 and
9.3, C(7)Hexo), 2.27 (1H, dd, J 16.6 and 7.6, C(7)Hendo), 2.80–
2.87 (2H, m, CH2NH), 3.16 (1H, t, J 7.8, C(4)Hendo), 3.49–
3.57 (1H, m, C(5)H), 3.83 (1H, t, J 7.8, C(4)Hexo), 5.02 (1H,
br, NH), 5.12 (2H, s, CH2Ph), 6.58 (1H, s, C(2)H), 7.13–7.33
(8H, m, ArH), 7.53 (2H, m, ArH); dC (400 MHz, CDCl3)
37.9 (C(7)), 39.7 (C(6)), 44.1 (CH2), 62.5 (C(5)), 67.0 (CH2Ph),
71.1 (C(4), 87.6 (C(2)), 126.7,128.8,128.8, 128.9 (ArCH), 137.4
(ArC), 139.9 (ArC), 156.8 (HNCO), 176.8 (C(8)); 18b; Rf =
0.36 (petrol(40/60)–EtOAc, 30 : 70); dH (400 MHz, CDCl3) 1.88
(1H, dd, J 17.2 and 6.6, C(7)Hendo), 2.07–2.17 (1H, m, C(6)H),
2.25 (1H, dd, J 17.2 and 9.2, C(7)Hexo), 2.54 (2H, m, CHHNH),
2.88 (2H, m, CHHNH), 3.18 (1H, m, C(4)Hendo), 3.40 (1H, m,
C(5)H), 3.59 (1H, m, C(4)Hexo), 4.30 (1H, br, NH), 5.15 (2H, s,
CH2Ph), 6.60 (1H, s, C(2)H), 7.13–7.29 (6H, m, ArH), 7.38 (2H,
m, ArH), 7.51 (2H, m, ArH).

(2S, 3S)-3-(N-Benzyloxycarbonyl-2-aminomethyl)-2-
methyloxycarbonyl-5-oxo-pyrrolidine (19)

By analogy with the synthesis of 8, lactam 17b (170 mg, 0.46
mmol) and TFA (358 ll, 4.6 mmol) in DCM (4 ml), followed by
flash column chromatography (EtOAc–MeOH, 5 : 1) afforded
the alcohol as a pale yellow oil (56 mg, 44%). Rf = 0.31 (EtOAc–
MeOH, 4 : 1); [a]22

D = +32 (c 0.58 in CHCl3); mmax/cm−1 (CHCl3

film) 3330, 3019, 1691, 1215, 756; dH (400 MHz, CDCl3) 1.93–
2.01 (1H, m, C(3)H), 2.16–2.31 (1H, m, C(4)HH), 2.32–2.49
(1H, m, C(4)HH), 3.02–3.20 (1H, m, C(2)H), 3.29–3.42 (2H,
m, CH2NH), 3.57 (1H, br, CH2NH), 4.41 (2H, m, CH2OH),
5.00 (2H, s, CH2Ph), 6.09 (1H, br, NHC(O)), 7.09–7.35 (5H, m,
ArH); dC (400 MHz, CDCl3) 36.4 (C(3)), 43.9 (C(4)), 59.6 (C(2)),
60.4 (CH2), 64.4 (CH2OH), 66.7 (CH2Ph), 127.9, 128.1, 128.5
(ArCH), 136.4 (ArC), 157.2 (HNCOO), 178.8 (C(5)); m/z (CI)
294 (MH+, 100%), 311(40); HMRS 294.0978; (MH+, C14H16NO6

requires 294.0978).
This alcohol (50 mg, 0.18 mmol) was treated with PDC

(313 mg, 0.90 mmol) in DMF (3.5 ml), immediately followed by
diazomethane in Et2O. Flash column chromatography (EtOAc–
MeOH, 9 : 1) afforded 19 as a colourless oil (20 mg, 36%). Rf =
0.37 (EtOAc–MeOH, 9 : 1); mmax/cm−1 (CHCl3 film) 3435,
3018, 1708, 1215, 756; dH (400 MHz, CDCl3) 2.16 (1H, dd,
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J 17.3 and 5.4, C(4)H), 2.52 (1H, dd, J 17.3 and 9.2, C(4)H),
2.68–2.76 (1H, m, C(3)H), 3.31–3.41 (2H, m, CH2NH), 3.73
(3H, s, OCH3), 4.01 (1H, d, J 4.2, C(2)H), 5.10 (2H, s, CH2Ph),
5.51 (1H, br, HNCbz), 6.77 (1H, br, NHC(O)), 7.20–7.39 (5H,
m, ArH); dC (400 MHz, CDCl3) 33.3 (C(4)), 38.7 (C(3)), 44.1
(CH2), 52.8 (OCH3), 58.6 (C(2)), 67.0 (CH2Ph), 128.2, 128.3,
128.6 (ArCH), 136.2 (ArC), 156.8 (HN–COO), 172.0 (CO2Me),
176.9 (C(8)); HMRS 307.1288; (M + H+, C15H19N2O5 requires
307.1294).

(2S, 3R)-3-(N-Benzyloxycarbonyl-2-aminomethyl)-2-
methyloxycarbonyl-5-oxo-pyrrolidine (20)

Lactam 18b (90 mg, 0.24 mmol) was treated with TFA (189 ll,
2.4 mmol) in DCM (2.5 ml). Flash column chromatography
(EtOAc–MeOH, 4 : 1) afforded the alcohol as a pale yellow oil
(35 mg, 51%). Rf = 0.25 (EtOAc–MeOH, 4 : 1). This alcohol
(35 mg, 0.13 mmol) was immediately treated with PDC (219 mg,
0.63 mmol) in DMF (2.5 ml), followed by diazomethane in
Et2O. Flash column chromatography (EtOAc–MeOH, 9 : 1)
afforded 20 as a colourless oil (8 mg, 20%). Rf = 0.33 (EtOAc–
MeOH, 9 : 1); dH (400 MHz, CDCl3) 2.10–2.19 (1H, dd, J 17.3
and 6.2, C(4)HH), 2.49–2.59 (1H, dd, J 17.3 and 9.2, C(4)HH),
2.71–2.82 (1H, m, C(3)H), 2.29–2.47 (2H, m, CH2NH), 3.79
(3H, s, OCH3), 4.06 (1H, d, J 4.2, C(2)H), 5.10 (2H, s, CH2Ph),
5.15 (1H, br, HNCbz), 5.99 (1H, br, NHC(O)), 7.30–7.40 (5H,
m, ArH); dC (400 MHz, CDCl3) 33.3 (C(4)), 38.7 (C(3)), 44.1
(CH2), 52.7 (OCH3), 58.5 (C(2)), 66.9 (CH2Ph), 128.0, 128.2,
128.5 (ArCH); HMRS (M + H+), 307.1288; C15H19N2O5 requires
307.1294.

(2R, 5S, 6S)-6-Carbamoyl-8-oxo-2-phenyl-1-aza-3-oxa-
bicyclo[3.3.0]octane (21)

To a solution of diastereomers 17a and 18a (102 mg, 0.45 mmol)
in EtOH (8 ml) at RT were added H2O2 (35% aq, 514 ll, 5.8
mmol) and NaOH (1 M, 0.58 ml, 0.58 mmol). The mixture was
stirred for 1 h at RT and then hydrolysed with water (2 ml).
DCM (10 ml) was added and the aqeous layer was extracted
with DCM (3 × 20 ml). The organic layer was dried over MgSO4,
filtered and concentrated under vacuum. The crude material was
purified by flash column chromatography (EtOAc–MeOH, 9 : 1)
to afford the amide 21 as a pale yellow oil (39 mg, 35%). Rf = 0.30
(EtOAc–MeOH, 9 : 1); dH (400 MHz, CDCl3) major compound:
2.70 (1H, m, C(7)H), 2.99–3.16 (2H, m, C(6)H, C(7)H), 3.65 (1H,
m, C(4)Hendo), 4.20 (1H, m, C(4)Hexo), 4.37 (1H, m, C(5)H), 6.18
(1H, s, NHH), 6.31 (1H, s, C(2)H), 6.48 (1H, s, NHH), 7.28–
7.43 (5H, m, ArH), dC (400 MHz, CDCl3) major compound:
35.4 (C(7)), 44.7 (C(6)), 61.4 (C(5)), 70.7 (C(4)), 87.3 (C(2)),
126.0, 128.6, 128.9 (ArCH), 137.64, (ArC), 173.4, 176.0 (C(8)
and CONH2); m/z (ESI+) 247 (M + H+, 100%); HMRS (M +
H+) 247.1084; C13H15N2O3 requires 247.1083.

(2S, 3S)-2-(Hydroxymethyl)-5-oxopyrrolidine-3-carboxamide
(22)

To a solution of 21 (104 mg, 0.42 mmol) in DCM (4 ml) at room
temperature was added TFA (326 ll, 4.2 mmol). After 1 h stirring
at RT with exposure to air, the solvent was removed in vacuo to
give a yellow sticky oil. The crude material was purified by flash
column chromatography (EtOAc–MeOH, 7 : 3) to afford the
alcohol 22 as a pale yellow oil (30 mg, 45%). Rf = 0.30 (EtOAc–
MeOH, 7 : 3); dH (400 MHz, D2O) 2.46 (1H, dd, J 17.7 and
6.2, C(4)HH), 2.65 (1H, dd, J 17.7 and 9.8, C(4)HH), 3.01–
3.10 (1H, m, C(3)H), 3.48–3.65 (2H, m, CH2OH), 3.80 (1H,
m, C(2)H); dC (400 MHz, D2O) 34.4 (C(4)), 41.5 (C(3)), 59.6
(C(2)), 63.4 (CH2OH), 178.3, 179.4 (CONH2 and C(5)); m/z
(ESI+) 181(M + Na+ 100), 159 (M + H+, 5%); HMRS (M +
Na+) 181.0591; C6H10N2O3Na requires 181.0589.

(2R,5S,7S)-7-(N-tert-Butyloxycarbonylamino)-8-oxo-2-phenyl-
1-aza-3-oxa-bicyclo[3.3.0]octane (23)

To n-BuLi (0.54 ml, 1.18 mmol) at 0 ◦C in THF (2 ml) was
added diisopropylamine (0.17 ml, 1.18 mmol) and the mixture
stirred for 15 min, and then cooled to −78 ◦C. A solution of
lactam 1a (200 mg, 0.98 mmol) in THF (3 ml) was then added
to the reaction mixture at −78 ◦C. After 30 min, diphenylphos-
phorylazide (0.42 ml, 1.97 mmol) was added and the mixture
stirred for 5 min, di-tert-butyl-dicarbonate (430 mg, 1.97 mmol)
was then added and the reaction mixture stirred overnight. Sol-
vent concentration in vacuo and flash column chromatography
(EtOAc–petrol(40/60), 1 : 3) gave compound 23 as a pale yellow
solid (144 mg, 46%). Rf = 0.28 (EtOAc–petrol(40/60), 3 : 7);
[a]22

D = +201 (c 1.0 in CHCl3), mmax/cm−1 (CHCl3) 2320, 1710,
1700; dH (400 MHz, CDCl3) 1.46 (9H, s, 3xCH3), 1.73–1.81 (1H,
m, C(6)Hendo), 2.93–3.03 (1H, m, C(6)Hexo), 3.63 (1H, dd, J 8.2
and 7.3, C(4)Hendo), 4.03–4.10 (1H, m, C(5)H), 4.24–4.27 (1H,
dd, J 8.2 and 6.4, C(4)Hexo), 4.63–4.64 (1H, m, C(7)H), 5.25
(1H, br, NH), 6.35 (1H, s, C(2)H), 7.18–7.44 (5H, m, ArH); dC

(400 MHz, CDCl3) 28.29 (C(CH3)3), 35.83 (C(6)), 55.05 (C(5)),
55.17 (C(7)), 72.07 (C(4)), 86.95 (C(2)), 126.08, 128.49, 128.79,
129.75 (ArCH), 137.783 (ArC), 155.52 (NHC(O)), 174.02 (C(8));
m/z (CI+) 341 (M + Na+, 20%), 263 (100); HRMS (M + H+)
319.1657; C17H23N2O4 requires 319.1658.

(2S, 4S)-(N-Benzyloxycarbonylamino)-2-methyloxycarbonyl-5-
oxo-pyrrolidine (25)

To a stirred solution of carbamate 23 (124 mg, 0.39 mmol) in
DCM (10 ml) at RT was added TFA (0.3 ml, 3.9 mmol). After 1 h,
the solvent was removed in vacuo to give a pale yellow gum which
was purified by ion exchange chromatography to give alcohol
24a as a colourless oil (50 mg, 98%). mmax/cm−1 (CHCl3) 3420,
1690, 1220; dH (400 MHz, DMSO-d6) 1.43–1.49 (1H, m, C(3)H),
2.42–2.48 (1H, m, C(3)H), 3.39–3.43 (1H, m, CHOH), 3.55–
3.61 (2H, m, CHOH and C(2)H), 3.65–3.69 (1H, m, C(4)H); dC

(400 MHz, DMSO-d6) 31.14 (C(3)), 51.81 (C(2)), 52.82 (C(4)),
63.28 (CHHOH), 180.31 (CO); m/z (CI+) 131 (M + H+, 70%).

To a solution of this amino alcohol (31 mg, 0.24 mmol) in
THF (5 ml) was added freshly distilled benzyl chloroformate
(0.04 ml, 0.26 mmol) and triethylamine (0.07 ml, 0.47 mmol)
with vigorous stirring. After stirring the reaction mixture for
2 h, THF was removed in vacuo, and water (5 ml) and EtOAc
(10 ml) were added. The aqueous phase was extracted with
EtOAc (3 × 5 ml), and the combined organic phases were washed
with brine and dried over MgSO4 and concentrated in vacuo to
give carbamate 24b as a colourless oil. To this crude material (28
mg) was added pyridinium dichromate (204.4 mg, 0.58 mmol) in
DMF (3.0 ml) and the resultant mixture was stirred overnight at
40 ◦C under N2. After cooling to RT, a solution of diazomethane
(2 equivalents) in ether was added. The excess diazomethane
was removed by purging nitrogen gas through the solution, and
the mixture was poured into a saturated aqueous solution of
NaHCO3 which was then extracted with EtOAc (4 × 5 ml).
The combined organic phases were washed with brine, dried
over MgSO4 and concentrated in vacuo to give a colourless oil.
Purification by flash column chromatography (EtOAc 100%)
gave the title compound 25 (8 mg, 26% over two steps). Rf =
0.37 (100% EtOAc); [a]22

D = +12 (c 1.0 in CHCl3), mmax/cm−1

(CHCl3) 3435, 2360, 2340, 1720, 1510; dH (400 MHz, CDCl3)
2.02–2.10 (1H, m, C(3)Hendo), 3.07–3.12 (1H, m, C(3)Hexo), 3.83
(3H, s, OCH3), 4.25–4.29 (1H, m, C(2)H), 4.40–4.45 (1H, m,
C(4)H), 5.12 (1H, d, J 12.1, CHPh), 5.17 (1H, d, J 12.1, CHPh),
5.63 (1H, br, NHCbz), 6.70 (1H, br, NHC(O)), 7.35–7.42 (10H,
m, ArH); dC (400 MHz, CDCl3) 33.74 (C(3)), 51.75 (C(4)), 52.12
(C(2)), 52.79 (OCH3), 67.08 (CH2Ph), 128.06, 128.17, 128.51
(ArCH), 136.15 (ArC), 156.35 (HNCOO), 171.39 (CO2Me),
173.81 (C(5)); m/z (CI+) 315 (M + Na+, 60%), 293 (M + H+,
50), 249 (100); HRMS (M + H+) 293.1132; C14H17N2O5 requires
293.1137.
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