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ABSTRACT

Efficient ring closure of stable crystalline 3,5-di-O-triflates of pentofuranosides with amines to form azetidines allowed preliminary evaluation of
four-ring iminosugars as glycosidase inhibitors; significant and specific inhibition of nonmammalian R-glucosidases is shown by L-xylo- and L-
arabino-iminosugar azetidines.

There are over 200 naturally occurring iminosugars1 in
which the oxygen of the sugar ring is replaced by nitrogen.
For example, the pyrrolidine DAB 1D [Scheme 1] is a 1,4-
dideoxy-1,4-imino-pentitol formally derived from a reduc-
tive amination from a nitrogen at C4 with the C1 aldehyde

of D-arabinose. DAB 1D, first isolated from Angylocaly
boutiqueanus and Arachnoides standishii,2 has been found
in a wide range of plants and is a potent competitive
inhibitor of R-D-glucosidases and of glycogen phos-
phorylase;3 its enantiomer LAB 1L is a more potent and

†Chemistry Research Laboratory, University of Oxford.
‡Oxford Glycobiology Institute, University of Oxford.
§University of Toyama.

)Chinese Academy of Sciences.
^Dextra Laboratories Limited.
(1) (a) Asano, N.; Nash, R. J.; Molyneux, R. J.; Fleet, G. W. J.

Tetrahedron: Asymmetry 2000, 11, 1645–1680. (b) Watson, A. A.; Fleet,
G. W. J.; Asano, N.; Molyneux, R. J.; Nash, R. J. Phytochemistry 2001,
56, 265–295.

(2) (a) Jones, D. W. C.; Nash, R. J.; Bell, E. A.; Williams, J. M.
Tetrahedron Lett. 1985, 26, 3125–3126. (b) Nash, R. J.; Bell, E. A.;
Williams, J. M. Phytochemistry 1985, 24, 1620–1622.

(3) (a) Andersen, B.; Rassov, A.; Westergaard, N.; Lundgren, K.
Biochem. J. 1999, 342, 545–550. (b) Fosgerau, K.; Westergaard, N.;
Quistorff, B.; Grunnet, N.; Kristiansen, M.; Lundgren, K. Arch. Bio-
chem. Biophys. 2000, 15, 274–284. (c) Minami, Y.; Kuriyama, C.; Ikeda,
K.;Kato,A.; Takebayashi,K.; Adachi, I.; Fleet,G.W. J.;Kettawan,Q.;
Okamoto, T.; Asano, N. Bioorg. Med. Chem. 2008, 16, 2734–2740.



Org. Lett., Vol. 13, No. 21, 2011 5835

specific noncompetitive inhibitor of R-D-glucosidases4

and an equally potent competitive inhibitor of an R-L-
arabinofuranosidase.5 The D-iminoxylitol 2D, isolated
from Angylocalyx pynaertii, shows no significant glycosi-
dase inhibition;6 there are many syntheses of both xylitol
enantiomers 2D and 2L.7 Because of the biological proper-
ties of iminosugars and their promise as chemotherapeutic
agents,8 many pyrrolidine, piperidine, and azepane carbo-
hydrate mimics have been studied. In contrast, there are
few examples of carbohydrate azetidines;9 there is only one
report of any glycosidase inhibition studies on azetidines in
which 1,3-dideoxy-1,3-imino-L-xylitol 4L [Scheme 2] was
shown to be a specific inhibitor of amyloglucosidases.10

This paper reports the syntheses of both enantiomers of
the azetidine analogues 3 and 4 of the arabinose 1 and
xylose 2 pyrrolidines. Formation of the azetidine ring by
nucleophilic displacement by nitrogen of triflate leaving
groups at C5 and C3 (with inversion) of a protected D-
arabinose gave azet-DAB 3D, whereas a corresponding
derivative of L-arabinose gave azet-LAB 3L [Scheme 2]. A

similar sequenceonprotectedderivatives of D- and L-ribose
gave the L-iminoxylitol azetidine 4Land its enantiomer4D,
respectively.

For the synthesis of azet-DAB 3D, D-arabinose was
converted to the diol 5D11 in three steps in an overall yield
of 33%aspreviously described [Scheme 3].12 Esterification
of 5D with triflic anhydride in dichloromethane in the
presence of pyridine gave the stable crystalline ditriflate 6D
[mp 67�68 �C; [R]D25 þ7.2 (c 1.1, CHCl3)] in 95% yield.
Reaction of 6D with benzylamine in acetonitrile in the
presence of diisopropylethylamine (DIPEA) afforded the
azetidine 7Da [mp 60�63 �C; [R]D25�74.6 (c 1.0, CHCl3)]
in 86%yield. On selective triflation at the primary alcohol,
an oxetane cannot be formed as it would be trans-fused to
the THF ring. Successful cyclizations of ditriflates by
double displacements by amines have been reported
for the formation of azetidine,13 pyrrolidine,14 and
piperidine15 rings. Removal of the acetonide protecting
group in 7Da with aqueous trifluoroacetic acid gave the
lactol which on reduction by sodium borohydride gave the
azetidine triol 8Da [mp 96�97 �C; [R]D25 �66.2 (c 0.39
in H2O)]. Hydrogenolysis of the benzyl group in 8Da

with 10% Pd/C and ammonium formate in anhydrous
methanol16 gave the parent azet-DAB 3D17 [for the HCl
salt [R]D

25 �32.4 (c 0.37 in H2O)] in 99% yield. A similar
sequence of reactions on the enantiomeric diol 5L derived

Scheme 1. Azetidine and Pyrrolidine Iminosugars

Scheme 2. Strategy for the Formation of Azetidines from Pro-
tected Pentoses
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from L-arabinose gave azet-LAB 3L [for the hydrochloride
salt [R]D25 þ31.7 (c 0.31 in H2O)].

N-Alkylation of iminosugars significantly modifies the
glycosidase inhibition profile of the parent iminosugar,18

so a series ofN-alkyl azetidines was prepared. Reaction of
the ditriflate 6D with methylamine, butylamine, nonyla-
mine, and p-methoxybenzylamine gave the corresponding
azetidines 7Db [65%], 7Dc [54%], 7Dd [69%], and 7De

[88%] which on subsequent hydrolysis and reduction
afforded the N-methyl- 8Db [92%], N-butyl- 8Dc [76%],
N-nonyl- 8Dd [84%], andN-p-methoxybenzyl- 8De [88%]
azetidines, respectively, for biological assays. The corre-
sponding enantiomers were prepared from the L-arabinose
ditriflate 6L.
The protected ribofuranoses 12L and 12D were the key

intermediates for the respective syntheses of the azetidine
xylitols 4D and 4L [Scheme 4]. For the synthesis of 4D, 12L
was prepared from diacetone L-glucose 9L, readily avail-
able from D-glucoheptonolactone.19 Oxidation of 9L with
Dess-Martin periodinane gave the corresponding ketone
which, on reduction with sodium borohydride, formed
diacetone L-allose 10L [91% yield]. Selective hydrolysis
of the terminal isopropylidene group with methanol and
aqueous sulfuric acid gave the monoacetonide 11L which

was subjected to oxidation by sodium periodate, followed
by borohydride reduction, to afford the 1,2-acetonide 12L
[mp 88�89 �C; [R]D25 �60.2 (c 0.5, MeOH), 82% over
three steps; 75% from 9L]. The protected enantiomer 12D
was prepared by a similar sequence of reactions from
diacetone glucose 9D.20 Reaction of benzylamine in the
presence of DIPEAwith the stable crystalline ditriflate 13L
[mp 41�42 �C; [R]D25 �93.2 (c 0.55, CHCl3)], from ester-
ification of the diol 12L by triflic anhydride in 93% yield,
afforded the protected azetidine 14La [oil, [R]D25 �52.7
(c 0.51, CHCl3), 95%]. Hydrolysis of the isopropylidene
protecting group with aqueous trifluoroacetic acid, fol-
lowed by reduction of the resulting lactol with sodium
borohydride in water, produced the N-benzyl-azetidine
15Da [mp 182�183 �C; [R]D25 þ106.8 (c 0.23, MeOH)] in
87% yield. The structure of the enantiomeric L-iminoxyli-
tol 15La [mp 179�180 �C; [R]D25�103.0 (c 0.23, MeOH)]
was firmly established by X-ray crystallographic analysis.21

Removal of the benzyl group in 15Da by transfer hydro-
genation with ammonium formate and 10% Pd/C in
methanol gave the D-iminolyxitol 4D22 [for the hydro-
chloride salt [R]D

25 �6.9 (c 0.29, H2O)] in 82% yield; the
overall yield of 4D from the L-ribose diol 12L was 63%.
The enantiomeric D-iminolyxitol 4D [for the hydrochlor-
ide salt [R]D25 þ3.2 (c 0.50, H2O)] was similarly prepared
from 12D.
Both enantiomers of the N-methyl- 14b, N-butyl- 14c,

and N-p-methoxybenzyl- 14d azetidines were prepared by
efficient cyclizations of the ditriflates 13withmethylamine,
butylamine, and p-methoxybenzylamine (14Lb78%,14Db

67%, 14Lc 91%, 14Dc 82%, 14Ld 86%, 14Dd 96%). Acid
hydrolysis and subsequent borohydride reduction gave
the corresponding unprotected iminopentitols 15b, 15c,
and 15d (15Db 79%, 15Lb 85%, 15Dc 65%, 15Lc 98%,
15Dd 80%, 15Ld 89%) allowing preliminary biological
evaluation.
The inhibition profiles of the parent iminopentitols 3

and 4 against a range of glycosidases were investigated
[Table 1]; the effect of N-alkylation is shown in the tables
in the Supporting Information. The specific inhibition
reported by Jager10 by L-iminoxylitol azetidine 4L was
confirmed, showing good inhibition against Rhizopus sp.
and A. niger amyloglucosidase [IC50 25 and 414 μM,
respectively]; 4L, which also inhibited bacterial (A. niger)
R-glucosidase, did not inhibit mammalian or plant glyco-
sidases and thus was highly specific for bacterial enzymes.
The D-xylo-azetidine enantiomer 4D did not inhibit any
glycosidases. azet-LAB 3Lwas a good inhibitor ofA. niger
R-glucosidase, rat intestinal lactase, and Rhizopus sp.

Scheme 3. Synthesis of azet-DAB 3D and azet-LAB 3L
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amyloglucosidase, with IC50 values of 39, 70, and 19 μM,
respectively. The inhibition profile of 3Lwasnot as specific
as that of 4L. azet-DAB 3D also showed broad, but

weaker, inhibition of a number of enzymes. In particular,
3Dwas aweak inhibitor ofR-D-mannosidase in contrast to
the weak inhibition of R-L-rhamnosidase by the enantio-
mer 3L; enantiomers of inhibitors of R-D-mannosidase are
usually equally potent inhibitors of R-L-rhamnosidase.23

N-Alkylation of 3D preserved the inhibition of R-D-man-
nosidase but significantly increased the specificity.
In summary, the reaction of amines with stable ditri-

flates allowed the efficient formationof 1,3-iminopentitols;
the scope and limitation of the formation of iminosugar
azetidines by this method has yet to be determined. While
other biological properties are under investigation, it is
clear that azetidine iminosugars may be easily accessible
and are worthy of further investigation.
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Table 1. Concentration of Iminosugars Giving 50% Inhibition
of Various Glycosidases

Scheme 4. Synthesis of Azetidine-xylitols 4D and 4L
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