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Reductive alkylation of N-Boc-pyrrolecarboxylate methyl ester 1 under Birch conditions with iodomethyl pivalate
and subsequent reduction of the ester moieties provided the symmetric diol 3, a flexible building block for the
synthesis of geminally disubstituted pyrrolidine imino sugars. This key intermediate was used for the first known
synthesis of a 2,2-bis(hydroxymethyl)pyrrolidine imino sugar. In a similar manner a pyrrolizidine imino sugar
was synthesised by oxidation of the deprotected pyrrolidine to the nitrone 10, which was subjected to a highly
diastereoselective 1,3-dipolar cycloaddition with an allylic alcohol. Reductive cleavage of the N–O bond and
recyclisation yielded the polyhydroxylated pyrrolizidine 13.

Glycoproteins occur in the blood stream and in a variety of
secretions, as well as on the outer surface of cells, where they
are essential for cell–cell communication, cell growth and
fixation of enzymes, hormones and antibodies.1 In the bio-
synthesis and processing of these glycoproteins a class of
enzymes called glycosidases plays an important role by “trim-
ming” the oligosaccharide chains.2 Glycosidase inhibitors 3 thus
have interesting biological potential and exhibit antibacterial,
antiviral (including HIV),4 antitumor 5 and antidiabetic activity.6

Molecules that imitate the naturally occurring substrates
have proved to be highly effective glycosidase inhibitors. The
polyhydroxylated pyrrolidines, piperidines, pyrrolizidines and
indolizidines† are the most important class of inhibitors.7 These
monosaccharide analogues,8 often referred to as aza- or imino
sugars,9 can be derived from the furanoid and pyranoid sugars
by replacement of the oxygen in the ring by nitrogen. They can
be protonated within the active site of the enzyme and thus bear
resemblance to glycosyl cations, the proposed intermediates in
the hydrolytic cleavage of the oligosaccharides.10

In our continuing work on the synthesis of sugar analogues,11

we were interested in the development of new types of imino
sugars on the basis of polyhydroxylated pyrrolidines. Examples
related to structure A (Fig. 1) are 1,4-dideoxy-1,4-imino--
arabinitol (R = H) and 1,4-dideoxy-1,4-imino--mannitol (R =
CH2OH); both are potent and specific inhibitors of α-
glucosidases and α-mannosidases.12 The 2,5-iminoglycitols of
structure B, e.g. 2,5-dideoxy-2,5-imino--mannitol (R = CH2-
OH) and 2,5,6-trideoxy-2,5-imino--altritol (R = CH3) have
also been investigated in this respect and found to be highly
active against various glycosidases.12a,13

On comparing the two structures A and B we realised that no
known polyhydroxylated pyrrolidine derivatives possessed two
vicinal side chains (C, Fig. 1).14 Attracted by this observation,
we focused our efforts on the development of a flexible and
straightforward synthesis for this new type of 2,2-disubstituted
pyrrolidine based imino sugar.

† The IUPAC name for pyrrolizidine is hexahydropyrrolizine and the
IUPAC name for indolizidine is octahydroindolizine.

Results and discussion
The synthesis started from methyl N-Boc-pyrrolecarboxylate 1
(Scheme 1), which can easily be prepared on a large scale from
pyrrole by aromatic substitution, ester formation and sub-
sequent protection of the amino function.15 Having already
gained some insight into the reduction of five-membered hetero-
cycles under Birch conditions for the synthesis of sugar ana-
logues, we wanted to use this approach to introduce the second
side chain at the 2-position.16 To accomplish the reductive
alkylation of the pyrrole nucleus, a modified procedure recently
developed by Donohoe et al. was used.17 In iodomethyl piv-
alate 18 an electrophilic C1-synthon was chosen that can easily
be converted into the desired hydroxymethyl side chain. Birch
reduction of the ester 1 was best accomplished with 2.2 eq. of
lithium at �78 �C. After 30 min the iodomethyl pivalate was
added, and the mixture was allowed to warm to room temper-
ature. Standard work up followed by flash chromatography
yielded the 2,2-disubstituted 2,5-dihydropyrrole (±)-2 in 83%
yield. The 1H-NMR spectrum reveals the presence of two

Fig. 1
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preferred amide rotamers about the C–N bond. As a result,
the methylene protons of the new side chain appear as an
AB-system and a pseudo singlet in a ratio of 3 : 7.

The next step was to reduce the ester moieties of the 2,5-
dihydropyrrole derivative (±)-2. The use of LAH in diethyl
ether gave low and varying yields, presumably because the N-
Boc protecting group is insufficiently stable toward the reducing
agent. However, the use of lithium borohydride–methanol in
diethyl ether turned out to be an excellent alternative.19 By this
procedure the diol 3 can be obtained in nearly quantitative yield
as colourless needles.

cis-Dihydroxylation of the corresponding acetate 4 with
osmium tetraoxide, followed by acetylation, yielded the tetra-
acetate (±)-5 in a total of 79% yield for the two steps (Scheme 2).

Finally, the synthesis of the 2,2-bis(hydroxymethyl)pyrrol-
idine imino sugar (±)-6 was completed by acidic deprotection
with HCl in methanol prepared in situ by the addition of acetyl
chloride to methanol.20 This procedure afforded the target
molecule in six steps and in 56% overall yield. The spectral data
of (±)-6 were consistent with the molecular structure; especially
noteworthy are the two slightly shifted AB spin systems for
the methylene protons of the side chains due to the lack of
symmetry compared with structures 3 and 4.

Scheme 1 Reagents and conditions: i, Li (2.2 eq.), NH3–THF then
ICH2OCOBut–THF, �78 �C; ii, LiBH4, MeOH–Et2O, rt.

Scheme 2 Reagents and conditions: i, Ac2O, pyridine, DMAP, rt; ii,
OsO4, acetone–water, NMO, rt; iii, HCl, MeOH, AcOMe, 0 �C to rt.

In order to extend this concept to the synthesis of a vicinal
bis(hydroxymethyl)pyrrolizidine, we investigated the 1,3-dipolar
cycloaddition of an allylic alcohol with the corresponding
cyclic nitrone derived from the symmetric diol 3.21 Such an
approach had proved successful in various cases; the first
systematic work in this field was undertaken by Tufariello’s
research group.22

Attempts to protect the hydroxy groups with benzyl bromide
by the use of sodium hydride in DMF failed because of partial
intramolecular cyclisation and formation of an oxazolidinone.
In the end, the reaction was best accomplished by solvent-free
reaction with potassium hydroxide in the presence of a phase-
transfer catalyst (Scheme 3). Thus, the dibenzyl ether 7 could be

obtained in 91% yield. The cis-dihydroxylation of 7 with a cat-
alytic amount of osmium tetraoxide yielded the diol as a thick
yellowish oil that could be benzylated under the conditions
described below without any further purification. Deprotection
of the carbamate (±)-8, achieved with dry hydrogen chloride in
methanol, led to the pyrrolidine hydrochloride (±)-9�HCl. After
some experimentation we found that the best way to oxidise the
amine was to use the aprotic 2-(phenylsulfonyl)-3-phenylox-
aziridine (Davis’ reagent).23 With this easy-to-handle reagent
the oxidation was completed within two hours, and after flash
chromatography the racemic nitrone 10 was obtained in 54%
yield. In the 1H-NMR spectrum the methine proton of the
cyclic nitrone at 7.0 ppm is separate from the aromatic protons.
A peak at m/z = 537 was observed in the mass spectrum.

Cycloaddition of (±)-10 and allyl tert-butyldiphenylsilyl
ether in refluxing toluene led to the highly diastereoselective
formation of two cycloadducts in a ratio of 11 : 1 and in a
combined yield of 58%. The major isomer was assigned struc-
ture (±)-11 on the basis of detailed NMR experiments, in par-
ticular by its NOESY spectrum, in which an NOE signal was
observed between 2-H and 4-H/5-H as well as between 3β-H
and 4-H/5-H (Fig. 2). This outcome corresponds to the addition
to the more sterically accessible face of (±)-10 via an exo-
transition state that is well documented for the cycloaddition of
cyclic nitrones.24

Scheme 3 Reagents and conditions: i, BnBr, KOH, PTC, 0 �C to rt;
ii, OsO4, acetone–water, NMO, rt; iii, HCl, MeOH, AcOMe, 0 �C to rt;
iv, 2-(phenylsulfonyl)-3-phenyloxaziridine (2.1 eq.), CHCl3, rt.
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Desilylation of the major cycloadduct (±)-11 with tetrabutyl-
ammonium fluoride in THF at room temperature gave the
corresponding alcohol, which was converted into the mesylate
(±)-12 in excellent yield (Scheme 4). Hydrogenolysis of the iso-
xazolidine with palladium on charcoal resulted in the reduction
of the N–O bond together with the removal of all benzyl
groups and was accompanied by intramolecular recyclisation to
the pyrrolizidine (±)-13 as its methanesulfonate. Application to
a Dowex 50W-X8 column (H� form), washing with water and
elution with 1 M ammonia produced the free pyrrolizidine base
(±)-13 as a colourless solid. All spectral data were consistent
with the molecular structure, and the stereochemistry was fur-
ther established by a NOESY spectrum, in which a significant
NOE was present between 5β-H and 1-H/2-H and between 6-H
and 7a-H (Fig. 2).

In conclusion, starting from methyl N-Boc-pyrrolecarboxyl-
ate we have developed a general synthesis of the hitherto unknown
polyhydroxylated vicinal bis(hydroxymethyl)pyrrolidines and
pyrrolizidines. The symmetric diol 3, which was accessible by
reductive alkylation of pyrrole with iodomethyl pivalate, proved
to be a valuable and flexible building block for our synthetic
strategy. Further functionalisation and the development of an

Fig. 2

Scheme 4 Reagents and conditions: i, CH2��CHCH2OTBDPS, toluene,
reflux; ii, TBAF, THF, rt; iii, MsCl, NEt3, CH2Cl2; iv, Pd/C, H2, MeOH;
v, Dowex 50W-X8.

enantiopure derivative of 3 is currently under investigation in
our laboratories.

Experimental

General details

IR spectra were taken with a Perkin-Elmer 1420 Ratio Record-
ing spectrometer as KBr disks or neat oils, as appropriate. The
1H- and 13C-NMR spectra were obtained on a Bruker ARX 400
spectrometer. J-values are given in Hz. ψ stands for pseudo.
Mass spectra were obtained on a Varian MAT 311A operating
in the electron impact mode (70 eV). Elemental analyses were
performed on a Perkin-Elmer Mikroelementar Analysator
240B. Optical rotations were recorded on a Perkin-Elmer 241
polarimeter and are given in 10�1 deg cm2 g�1. GC studies were
performed with a Shimadzu GC-14A equipped with a SE-52-
CB-0.25 column (25 m). HPLC was performed on a Shimadzu
6A with a Shimadzu UV-Detector SPD-6A (220 nm) on a
Merck Hibar RT column with heptane–propan-2-ol 95 : 5.
Merck silica gel plates (60 F254) were used for the thin-layer
chromatography, and spots were visualised with UV light
(254 nm) and/or phosphomolybdic acid in methanol. Flash
chromatography was performed on Merck silica gel (F 60) with
a pressure of 0.2–0.6 bar. All solvents were purified by the fol-
lowing standard literature methods and stored under argon:
diethyl ether was dried over LAH, methanol over magnesia and
THF over potassium. Cyclohexane, tert-butyl methyl ether,
ethyl acetate and acetyl chloride were distilled before use. All
reactions were run in flame-dried glassware under an argon
atmosphere unless otherwise stated.

N-(tert-Butoxycarbonyl)-2-methoxycarbonyl-2-(2,2-dimethyl-
propionyloxymethyl)-2,5-dihydropyrrole 2

A solution of N-Boc-pyrrolecarboxylate methyl ester 1 (6.50 g,
28.7 mmol) in THF (50 cm3) was added rapidly to a well stirred
mixture of liquid ammonia (700 cm3), THF (250 cm3) and
lithium (439 mg, 63.2 mmol) at �78 �C. After 30 min, a solution
of iodomethyl pivalate (8.34 g, 1.2 eq.) in THF (20 cm3) was
added over a period of 10 min. After another 90 min, NH4Cl
(excess) was added. The mixture was slowly warmed to room
temperature, and THF was removed under reduced pressure.
Saturated NaHCO3 solution was added and the product
extracted with dichloromethane (3 × 350 cm3), washed with
brine (100 cm3), dried (MgSO4), filtered and concentrated under
reduced pressure. Flash chromatography (eluting with cyclo-
hexane–tert-butyl methyl ether 17 : 3) afforded the dihydro-
pyrrole 2 (8.13 g, 83%) as a colourless oil (Found: C, 59.87;
H, 8.02; N, 3.83. Calc. for C17H27NO6: C, 59.81; H, 7.97;
N, 4.10%); νmax(film)/cm�1 3085, 2955, 2849, 1728, 1697 and
1385; δH (400 MHz, CDCl3) 6.01 (1 H × 0.7, dt, J 6.1 and 2.0,
CH2-CH), 5.93 (1 H × 0.3, dt, J 6.3 and 1.9, CH2-CH), 5.53
(1 H, dt, J 6.1 and 2.3, CH��CH), 4.76 (1 H × 0.3, JAB 11.5,
CH2O), 4.65 (1 H × 0.3, JAB 11.5, CH2N), 4.60 (1 H × 0.7, ψs,
CH2O), 4.35 (1 H × 0.7, dt, J 15.8 and 2.0, CH2N), 4.27 (1 H ×
0.3, dt, J 15.4 and 2.2, CH2N), 4.14 (1 H × 0.7, dt, J 15.8 and
2.0, CH2N), 4.09 (1 H × 0.3, dt, J 15.3 and 2.0, CH2N), 3.70
(3 H, s, OCH3), 1.44 (9 H × 0.3, s, OCMe3), 1.40 (9 H × 0.7, s,
OCMe3) and 1.12 (9 H, s, COCMe3); δC (100 MHz, CDCl3)
177.7, 177.6, 170.5, 170.1, 153.1, 152.7, 129.3, 129.2, 127.5,
80.7, 80.1, 74.8, 74.1, 63.2, 62.2, 54.7, 54.6, 52.3, 52.2, 38.7,
38.6, 28.3, 28.1, 27.0 and 27.0; m/z (70 eV) 341 (M�, 4%), 282
(14), 182 (18), 126 (36), 80 (50), 57 (100) and 41 (27).

N-(tert-Butoxycarbonyl)-2,2-bis(hydroxymethyl)-2,5-dihydro-
pyrrole 3

A solution of the 2,5-dihydropyrrole 2 (1.00 g, 2.93 mmol) in
8 cm3 diethyl ether was added to a mixture of LiBH4 (127 mg,
5.83 mmol) and methanol (235 µL) in diethyl ether (7 cm3) at
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room temperature. After disappearance of the diester (mon-
itored by TLC) water was added, and the product was extracted
with diethyl ether (5 × 40 cm3), dried (MgSO4), filtered and
concentrated under reduced pressure. Flash chromatography
(eluting with cyclohexane–tert-butyl methyl ether 1 : 3) afforded
the diol 3 (645 mg, 96%) as a colourless solid (Found: C, 57.49;
H, 8.14; N, 6.18. Calc. for C11H19NO4: C, 57.63; H, 8.35;
N, 6.11%); νmax(film)/cm�1 3370, 2941, 2858, 1665, 1625, 1394,
1165 and 1045; δH (400 MHz, CDCl3) 5.83 (1 H, dt, J 6.6 and
2.0, CH2-CH), 5.62 (1 H, dt, J 6.6 and 2.0, CH��CH), 4.12 (2 H,
ψs, CH2N), 3.90 (2 H, JAB 11.7, CH2OH), 3.82 (2 H, JAB 11.7,
CH2OH), and 1.48 (9 H, s, COCMe3); δC (100 MHz, CDCl3)
155.9, 130.3, 126.7, 80.7, 75.1, 64.6, 55.5 and 28.3; m/z (70 eV)
198 (M� � CH2OH, 36%), 181 (8), 156 (14), 142 (51), 125 (18),
98 (59), 80 (25), 68 (74) and 57 (100).

2,2-Bis(acetoxymethyl)-N-(tert-butoxycarbonyl)-2,5-dihydro-
pyrrole 4

The diol 3 (600 mg, 2.62 mmol) was dissolved in pyridine
(4.0 cm3) and acetic anhydride (2.0 cm3) and stirred for 24 h at
room temperature. The mixture was diluted with diethyl ether
(25 cm3), washed sequentially with aqueous HCl (2 M; 2 ×
25 cm3), saturated NaHCO3 (25 cm3) and brine (20 cm3), dried
(MgSO4), filtered and concentrated under reduced pressure.
Flash chromatography (eluting with cyclohexane–tert-butyl
methyl ether 5 : 2) provided the diacetate 4 (772 mg, 94%) as a
colourless liquid (Found: C, 57.38; H, 7.37; N, 4.36. Calc. for
C15H23NO6: C, 57.50; H, 7.40; N, 4.47%); νmax(film)/cm�1 2960,
2858, 1745, 1690, 1630, 1375, 1220, 1165, 1105, 1045 and 735;
δH (400 MHz, CDCl3) 5.93 (1 H × 0.55, d, J 6.6, CH2-CH), 5.85
(1 H × 0.45, d, J 6.6, CH2-CH), 5.59 (1 H, d, J 6.1, CH��CH),
4.55 (1 H, JAB 11.0, CH2OAc), 4.49 (1 H, JAB 11.0, CH2OAc),
4.39 (1 H, JAB 10.9, CH2OAc), 4.36 (1 H, JAB 10.9, CH2OAc),
4.18 (2 H × 0.5, ψt, J 2.0, CH2N), 4.11 (2 H × 0.5, ψt, J 2.0,
CH2N), 2.03 (6 H × 0.5, s, COCH3), 2.02 (6 H × 0.5, s, COCH3),
1.50 (9 H × 0.55, s, COCMe3) and 1.47 (9 H × 0.45, s,
COCMe3); δC (100 MHz, CDCl3) 170.4, 170.4, 153.3, 153.2,
129.2, 127.1, 126.9, 80.9, 79.8, 71.5, 70.4, 64.5, 63.7, 55.4, 55.2,
28.4 and 20.7; m/z (70 eV) 313 (M�, 2%), 256 (3), 240 (39), 212
(3), 198 (14), 184 (19), 156 (9), 140 (35), 96 (7), 80 (13) and
57 (100).

3,4-Diacetoxy-2,2-bis(acetoxymethyl)-N-(tert-butoxycarbonyl)-
pyrrolidine (±±)-5

The diacetate 4 (705 mg, 2.25 mmol) and NMO (580 mg,
4.95 mmol) were dissolved in acetone (6.0 cm3), and a solution
of OsO4 in water (5.5 cm3, 2 mg cm�3) was added. The mixture
was kept for 12 days at room temperature, and after the reaction
was completed (monitored by TLC) a saturated solution of
Na2S2O3 was added, and the solvent was completely removed
under reduced pressure. Pyridine (3.5 cm3) and acetic anhydride
(1.7 cm3) were added and stirred overnight at room temper-
ature. The mixture was diluted with diethyl ether (20 cm3),
washed sequentially with HCl (2 M; 2 × 20 cm3), saturated
NaHCO3 (20 cm3) and brine (15 cm3), dried (MgSO4), filtered
and concentrated under reduced pressure. Flash chromato-
graphy (eluting with cyclohexane–ethyl acetate 8 : 2) provided
the tetraacetate (±)-5 (767 mg, 79%) as a colourless oil (Found:
C, 52.90; H, 6.79; N, 3.37. Calc. for C19H29NO10: C, 52.89; H,
6.77; N, 3.25%); νmax(CCl4)/cm�1 2965, 1742, 1695, 1360 and
1214; δH (400 MHz, CDCl3) 5.48–5.42 (2 H, m, CH(OAc)-
CH(OAc)), 4.78 (1 H × 0.5, JAB 11.2, CH2OAc), 4.64 (1 H, m,
CH2OAc), 4.49 (3 H × 0.5, m, CH2OAc), 4.31 (1 H × 0.5,
JAB 11.2, CH2(OAc)), 4.16 (1 H × 0.5, d, J 11.2, CH2(OAc)),
3.75 (1 H, m, CH2N), 3.54 (1 H × 0.5, d, J 10.5, CH2N), 3.44
(1 H × 0.5, d, J 10.7, CH2N), 2.07, 2.05, 2.03, 2.00 (3 H × 4, s,
4 × COCH3), 1.45 (9 H × 0.5, s, COCMe3) and 1.43 (9 H × 0.5,
s, COCMe3); δC (100 MHz, CDCl3) 169.9, 169.8, 169.2, 153.0,
81.7, 80.6, 74.2, 73.5, 68.4, 67.9, 64.8, 63.9, 63.2, 62.8, 62.3,

52.6, 49.8, 28.2, 20.7, 20.6, 20.5 and 20.3; m/z (70 eV) 371
(M� � CH3CO2H, 14%), 358 (56), 302 (6), 271 (82), 258 (97), 96
(100), 57 (100) and 43 (87).

3,4-Dihydroxy-2,2-bis(hydroxymethyl)pyrrolidine hydrochloride
(±±)-6

The tetraacetate (±)-5 (320 mg, 0.742 mmol) was dissolved
in methanol (4.0 cm3) and added to a solution of HCl in
methanol–methyl acetate (freshly prepared by addition of AcCl
(5.2 cm3) to methanol (14.4 cm3) at 0 �C); the mixture was
allowed to warm to room temperature and stirred for a further
30 min. After removal of the volatiles in vacuo the pyrrolidine
(±)-6 (141 mg, 95%) was isolated as a colourless solid. δH

(400 MHz, D2O) 4.66 (OH), 4.48 (1 H, dt, J 4.3 and 4.1, CH2-
CH(OH)), 4.31 (1 H, d, J 4.6, CH2-CH(OH)-CH(OH)), 3.96
(1 H, JAB 12.5, CH2OH), 3.83 (1 H, JAB 12.2, CH2OH), 3.77
(1 H, JAB 12.5, CH2OH), 3.74 (1 H, JAB 12.2, CH2OH), 3.45 (1
H, JAB 12.7 and JAX 4.6, CH2N) and 3.36 (1 H, JAB 12.7 and
JBX 3.0, CH2N); δC (100 MHz, D2O) 74.8, 72.8, 72.1, 62.7, 61.1
and 51.1; m/z (70 eV) 163 (M�, 2%), 133 (41), 115 (17) and 36
(100) (Found: m/z 164.0916 (M� � H). C6H14O4N requires
164.0923).

2,2-Bis(benzyloxymethyl)-N-(tert-butoxycarbonyl)-2,5-dihydro-
pyrrole 7

A mixture of the diol 3 (3.00 g, 13.1 mmol) and Aliquat-336
phase-transfer-catalyst (540 mg) was stirred well, and potas-
sium hydroxide was added (218 mg, 0.3 eq.) with cooling at 0 �C
in an ice bath. First benzyl bromide (3.4 cm3, 2.2 eq.) was added
dropwise and then again potassium hydroxide (1.96 g, 2.7 eq.)
in small portions. The resulting mixture was slowly warmed up
and stirred for 12 h at room temperature, and then stirred for
24 h at 50 �C. After the disappearance of the diol (monitored by
TLC), methanol (16 cm3) and ethyl acetate (8 cm3) were added
at room temperature and stirred for 4 h. The slurry was filtered
through a pad of silica gel, washed with ethyl acetate and the
filtrate concentrated under reduced pressure. Flash chrom-
atography (eluting with cyclohexane–ethyl acetate 9 : 1)
afforded the benzyl ether 7 (4.88 g, 91%) as a colourless oil.
νmax(film)/cm�1 3080, 3060, 3020, 3005, 2960, 2910, 2850, 1690,
1635, 1540, 1450, 1385, 1360, 1325, 1250, 1170 and 730; δH

(400 MHz, CDCl3) 7.39–7.27 (10 H, m, Ar), 5.94–5.86 (2 H, m,
olefin), 4.50 (1 H, JAB 11.5, CH2Ph), 4.49 (2 H, ψs, CH2Ph), 4.49
(1 H, JAB 11.5, CH2Ph), 4.20 (2 H × 0.5, ψs, CH2N), 4.14 (2 H ×
0.5, ψs, CH2N), 3.94 (2 H × 0.5, JAB 9.3, CH2-Cq), 3.80 (2 H ×
0.5, JAB 9.3, CH2-Cq), 3.71 (2 H × 0.5, JAB 9.4, CH2-Cq), 3.69
(2 H × 0.5, JAB 9.4, CH2-Cq), 1.49 (9 H × 0.5, s, tBu) and 1.40
(9 H × 0.5, s, tBu); δC (100 MHz, CDCl3) 153.7, 153.5, 138.6,
138.3, 131.3, 131.2, 128.6, 128.4, 127.8, 127.7, 127.4, 127.3,
125.4, 125.4, 79.8, 79.1, 73.6, 73.4, 73.1, 72.1, 71.9, 71.1, 55.5,
28.5 and 28.4; m/z (70 eV) 409 (M�, 4%), 288 (42), 188 (77), 158
(50), 91 (99) and 57 (100) (Found: m/z 410.2365 (M� � H).
C25H32O4N requires 410.2331).

3,4-Bis(benzyloxy)-2,2-bis(benzyloxymethyl)-N-(tert-butoxy-
carbonyl)pyrrolidine (±±)-8

The dibenzyl ether 7 (3.81 g, 9.30 mmol) and NMO (4.37 g,
32.3 mmol) were dissolved in acetone (30 cm3), and a solution
of osmium tetraoxide in water (48 cm3, 2 mg cm�3) was added
at room temperature. The mixture was stirred for 2 days; after
the disappearance of the olefin (monitored by TLC) a saturated
solution of Na2S2O3 was added and stirred for 30 min. The
organic solvent was removed, and the product was extracted
with diethyl ether (3 × 100 cm3). The combined organic layers
were dried (MgSO4), filtered and concentrated under reduced
pressure. Without any further purification the diol (ca. 3.7 g)
was again benzylated according to the procedure described
above. Flash chromatography (eluting with cyclohexane–ethyl
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acetate 9 : 1) provided the tetrabenzyl ether (±)-8 (4.66 g, 75%)
as a colourless oil. νmax(film)/cm�1 3025, 2960, 2920, 2860, 1690,
1605, 1585, 1494, 1450, 1385, 1365, 1165, 1100, 1050, 735 and
695; δH (400 MHz, CDCl3) 7.35–7.21 (20 H, m, Ar), 4.82–3.25
(14 H, m, CH2Ar, Cq-CH2, CH2N), 1.48 (9 H × 0.55, s, tBu) and
1.48 (9 H × 0.45, s, tBu); δC (100 MHz, CDCl3) 154.1, 153.9,
138.3, 138.1, 137.8, 137.1, 128.4, 128.3, 128.3, 128.2, 127.8,
127.8, 127.7, 127.5, 127.4, 127.3, 127.3, 126.8, 80.6, 79.8, 79.3,
73.7, 73.7, 73.3, 73.2, 71.9, 71.3, 70.4, 69.4, 68.2, 67.0, 66.8,
66.4, 66.2, 66.1, 65.8, 65.5, 65.0, 55.0, 28.4 and 28.3; m/z (70 eV)
623 (M�, 2%), 502 (5), 476 (1), 432 (2), 403 (34), 312 (3), 220 (2),
181 (6), 91 (100) and 57 (72) (Found: m/z 624.3344 (M� � H).
C39H46O6N requires 624.3325).

3,4-Bis(benzyloxy)-2,2-bis(benzyloxymethyl)pyrrolidine
hydrochloride (±±)-9�HCl

The tetrabenzyl ether (±)-8 (780 mg, 1.25 mmol) was dissolved
in methanol (2.0 cm3) and added to a solution of HCl in
methanol–methyl acetate (freshly prepared by addition of AcCl
(5.5 cm3) to methanol (18 cm3) at 0 �C), and the mixture was
allowed to warm to room temperature and stirred for a further
60 min. The volatiles were removed in vacuo to afford the pyr-
rolidine hydrochloride (±)-9�HCl (693 mg, 99%) as a colourless
solid. δH (400 MHz, d4-MeOH) 7.37–7.19 (20 H, m, Ar), 4.71 (1
H, JAB 11.4, CH2Ar), 4.61–4.53 (3 H, m, CH2Ar), 4.60 (1 H, JAB

11.4, CH2Ar), 4.41 (1 H, d, J 11.5, CH2Ar), 4.31–4.37 (4 H, m,
CH2Ar, CH(OBn)), 3.99 (1 H, JAB 10.7, CH2-Cq), 3.86 (1 H, JAB

9.9, CH2-Cq), 3.59 (1 H, JAB 10.7, CH2-Cq), 3.51 (1 H, d, J 12.2,
CH2N), 3.45 (1 H, JAB 9.9, CH2-Cq) and 3.19 (1 H, dd, J 12.2
and 3.2, CH2N); δC (100 MHz, D2O) 138.9, 138.8, 138.7, 138.5,
129.5, 129.5, 129.4, 129.2, 129.2, 129.1, 129.0, 128.9, 80.7, 76.9,
74.7, 74.6, 73.3, 70.1, 69.6, 69.0 and 48.8; m/z (70 eV) 523 (M�,
1%), 432 (9), 416 (2), 402 (100), 312 (8), 181 (14) and 91 (67).

3,4-Bis(benzyloxy)-2,2-bis(benzyloxymethyl)-3,4-dihydro-
2H-pyrrole 1-oxide (±±)-10

The pyrrolidine hydrochloride (±)-9�HCl (535 mg, 0.955 mmol)
was dissolved in methanol (10 cm3) and water (10 cm3) and
adjusted to pH 8 with 1 M ammonia. The solvent was com-
pletely removed under reduced pressure and the residue
redissolved in methanol (3 cm3), filtered and concentrated to
dryness. The remaining amine was then dissolved in chloroform
(7 cm3), and 2-(phenylsulfonyl)-3-phenyloxaziridine (524 mg,
2.1 eq.) was added at room temperature. The mixture was
stirred for 2 h, filtered and concentrated under reduced pres-
sure. Flash chromatography (eluting with cyclohexane–ethyl
acetate 65 : 35) provided the pure nitrone (±)-10 (280 mg, 54%)
as a colourless syrup. νmax(film)/cm�1 3058, 3020, 2915, 2855,
1715, 1565, 1492, 1445, 1090, 730 and 694; δH (400 MHz,
CDCl3) 7.36–7.23 (20 H, m, Ar), 7.00 (1 H, ψs, CHN), 4.72–
4.42 (10 H, m, CH2Ar, CH(OBn)), 4.18 (1 H, JAB 10.5, CH2-
Cq), 4.04 (1 H, JAB 10.1, CH2-Cq), 3.93 (1 H, JAB 10.1, CH2-Cq)
and 3.80 (1 H, JAB 10.5, CH2-Cq); δC (100 MHz, CDCl3) 137.0,
136.8, 136.7, 127.5, 127.4, 127.4, 127.3, 126.9, 126.9, 126.8,
126.7, 126.6, 126.5, 80.0, 74.6, 73.9, 72.7, 72.5, 72.4, 71.4, 68.0
and 67.0; m/z (70 eV) 537 (M�, 0.6%), 520 (4), 446 (3), 430 (5),
416 (9), 338 (9), 181 (30), 105 (77) and 91 (100) (Found:
m/z 538.2569 (M� � H). C34H36O5N requires 538.2593).

4,5-Bis(benzyloxy)-6,6-bis(benzyloxymethyl)-2-(tert-butyl-
diphenylsilyloxymethyl)hexahydropyrrolo[1,2-b]isoxazole (±±)-11

The nitrone (±)-10 (420 mg, 0.781 mmol) and allyl tert-
butyldiphenylsilyl ether (370 mg, 1.6 eq.) were dissolved in
toluene (21 cm3) and heated at reflux for 18 h. After the reaction
was completed (monitored by TLC) the solvent was removed
under reduced pressure and the residual oil purified by flash
chromatography (eluting with cyclohexane–ethyl acetate 95 : 5).
The exo-cycloadduct (±)-11 (345 mg, 53%) was eluted first as a

colourless oil, and in a second fraction the endo-product was
obtained (33 mg, 5%). νmax(film)/cm�1 3060, 3030, 2930, 2855,
1500, 1452, 1460, 1110, 745 and 695; δH (400 MHz, CDCl3) 7.65
(4 H, ψd, J 7.1, SiPh), 7.41–7.24 (26 H, m, Ar), 4.70 (1 H, d,
J 11.2, CH2Ar), 4.62–4.45 (7 H, m, CH2Ar), 4.30 (1 H, d, J 5.1,
Cq-CH(OBn)), 4.11 (1 H, ψquint., J 6.4, CH2-CHO), 3.97 (1 H,
dd, J 5.9 and 5.3, Cq-CH(OBn)-CH(OBn)), 3.94–3.86 (4 H, m,
Cq-CH2, CHN), 3.73 (1 H, JAB 10.4 and JAX 5.9, CH2OTB-
DPS), 3.61 (1 H, m, Cq-CH2), 3.58 (1 H, JAB 10.4 and JBX 5.3,
CH2OTBDPS), 2.11 (1 H, m, CH2-CHN) and 1.97 (1 H, ddd,
J 12.3, 6.2 and 2.4, CH2-CHN); δC (100 MHz, CDCl3) 138.7,
138.2, 135.6, 133.6, 133.4, 129.6, 128.3, 128.1, 127.8, 127.6,
127.5, 127.3, 127.2, 82.5, 81.4, 78.9, 74.9, 73.8, 73.4, 73.3, 72.4,
71.2, 69.4, 67.3, 65.4, 36.3, 26.8 and 19.2; m/z (70 eV) 772 (M�

� 62, 2%), 740 (2), 711 (23), 637 (2), 564 (4), 520 (5), 444 (11),
414 (6), 336 (10), 296 (9), 241 (68), 199 (75), 163 (85) and 91
(100) (Found: m/z 834.4178 (M� � H). C53H60O6NSi requires
834.4190).

Methanesulfonic acid 4,5-bis(benzyloxy)-6,6-bis(benzyloxy-
methyl)hexahydropyrrolo[1,2-b]isoxazol-2-ylmethyl ester (±±)-12

To a solution of (±)-11 (296 mg, 0.355 mmol) in anhydrous
THF (6.0 cm3) was added tetrabutylammonium fluoride
(112 mg, 1.0 eq.) and the mixture was stirred for 60 min at room
temperature. The solvent was removed under reduced pressure;
water (6 cm3) was added to the residue and the mixture was
extracted with diethyl ether (3 × 8 cm3). The combined organic
layers were dried over MgSO4, filtered and concentrated to dry-
ness. The crude alcohol was directly converted into the mesylate
by dissolving the residue in anhydrous CH2Cl2 (5.5 cm3) at 0 �C
followed by addition of anhydrous triethylamine (0.062 cm3,
1.2 eq.) and dropwise methanesulfonic acid chloride (0.029 cm3,
1.15 eq.) dissolved in anhydrous CH2Cl2 (0.30 cm3). The mix-
ture was allowed to warm to room temperature and was stirred
for 120 min. After the reaction was completed (monitored by
TLC) water (12 cm3) was added and extracted with CH2Cl2

(3 × 8 cm3). The combined organic layers were dried (MgSO4),
filtered and concentrated under reduced pressure. The crude
product was purified by flash chromatography (eluting with
cyclohexane–ethyl acetate 7 : 3) to yield (±)-12 (214 mg, 97%) as
a colourless oil (Found: C, 67.36; H, 6.36; N, 2.00; S, 4.92. Calc.
for C38H43NO8S: C, 67.73; H, 6.43; N, 2.08; S, 4.76%);
νmax(film)/cm�1 3075, 3035, 2935, 2870, 1495, 1450, 1355, 1170,
1090, 985, 960, 825, 735 and 695; δH (400 MHz, CDCl3) 7.33–
7.24 (20 H, m, Ar), 4.67 (1 H, JAB 11.7, CH2Ar), 4.59 (1 H,
JAB 12.0, CH2Ar), 4.58 (1 H, JAB 11.7, CH2Ar), 4.53 (1 H,
JAB 12.0, CH2Ar), 4.50 (2 H, ψs, CH2Ar), 4.46 (1 H, JAB 12.0,
CH2Ar), 4.42 (1 H, JAB 12.0, CH2Ar), 4.27 (1 H, d, J 4.6,
Cq-CH(OBn)), 4.23 (1 H, dddd, J 6.7, 6.7, 6.7 and 3.2, CH-
CH2OMs), 4.16 (1 H, JAB 10.9, JAX 6.7, CH2OMs), 4.16 (1 H,
JAB 10.9 and JBX 3.0, CH2OMs), 3.92 (2 H, m, CHN-
CH(OBn)), 3.83 (2 H, ψs, Cq-CH2), 3.82 (1 H, JAB 9.9, Cq-
CH2), 3.58 (1 H, JAB 9.9, Cq-CH2), 2.92 (3 H, s, OMs), 2.07
(1 H, m, CHN-CH2) and 1.99 (1 H, ddd, J 12.2, 6.9 and 2.3,
CHN-CH2); δC (100 MHz, CDCl3) 138.5, 138.4, 138.0, 137.9,
128.4, 128.2, 127.8, 127.7, 127.6, 127.5, 127.4, 82.3, 81.3, 75.6,
74.9, 73.9, 73.6, 73.5, 72.5, 71.0, 70.1, 69.3, 67.2, 37.4 and 35.1;
m/z (70 eV) 582 (M� � Bn, 0.4%), 578 (M� � OMs, 2), 559 (2),
458 (63), 380 (7), 360 (7), 352 (2), 333 (3), 290 (3), 105 (87), 91
(84), 77 (100) and 51 (99).

rac-(1S,2R,6S)-3,3-Bis(hydroxymethyl)hexahydropyrrolizine-
1,2,6-triol (±±)-13

To a solution of the isoxazole (±)-12 (136 mg, 0.202 mmol) in
anhydrous methanol (15 cm3) 135 mg palladium on charcoal
(10%, Fluka) was added at room temperature. The resultant
suspension was stirred under hydrogen (ca. 0.1 bar) for 3 days.
After Pd/C was filtered off, the filtrate was concentrated. The
residue was dissolved in a small amount of water and added
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onto a column filled with Dowex 50W-X8 (H� form). After
washing with water (2 × 25 cm3) and propan-2-ol (15 cm3) the
imino sugar was eluted with 1 M aqueous ammonia, and the
eluent was lyophilised to yield (±)-13 (34 mg, 76%) as a colour-
less solid. δH (400 MHz, D2O) 4.66 (OH), 4.33 (1 H, ψqi, J 6.4,
CH(OH)-CH2N), 4.16–4.11 (2 H, m, CH(OH)-CH(OH)-Cq),
3.80 (2 H, ψs, CH2OH), 3.73 (1 H, JAB 11.2, CH2OH), 3.61
(1 H, JAB 11.2, CH2OH), 3.45 (1 H, q, J 7.1, CHN), 3.00 (1 H,
JAB 10.2, JAX 5.6, CH2N), 2.87 (1 H, JAB 10.2, JBX 7.1, CH2N),
2.32 (1 H, ψqi, J 6.7, CH2-CHN) and 1.64 (1 H, ddd, J 13.2, 6.6
and 6.9, CH2-CHN); δC (100 MHz, D2O) 78.4, 77.8, 74.0, 72.2,
69.0, 64.5, 63.5, 55.3 and 39.1; m/z (70 eV) 219 (M�, 4%), 202
(4), 189 (100), 159 (10), 142 (14), 129 (12), 96 (32), 86 (91) and
79 (30) (Found: m/z 218.0955 (M� � H). C9H16O5N requires
218.1028).
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