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1,3-Dipolar cycloaddition of N-benzyl nitrone 2 to D-threo d-lactone 15 proceeded with
excellent stereoselectivity to provide only one adduct 16. Cycloadduct 16 was sub-
sequently subjected to a sequence of reactions involving rearrangement to g-lactone,
glycolic cleavage/reduction, protection of the terminal hydroxymethyl group, reduction
of the lactone, desilylation/mesylation, and hydrogenolysis of the N-O bond providing
(2)-isofagomine and its N-substituted derivatives. The biologic activity of N-substituted
(2)-isofagomines toward commercially available a- and b-glucosidases, a-D-mannosi-
dase, a-L-fucosidase, b-D-glucuronidase, and b-D-galactosidase was tested.
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INTRODUCTION

Glycosidases and glycosyl transferases play an important role as carbohydrate-
modifying enzymes. Carbohydrate mimics, such as iminosugars, carbasugars,
or C-glycosides, display properties as specific and competitive inhibitors of
these enzymes.[1] Consequently, they display many interesting biologic and
therapeutic activities such as antiviral, anticancer, antidiabetic, and antihy-
perglycemic.[1–7] The discovery of isofagomine (1) by a Danish group[8] as one
of the most potent b-glucosidase inhibitors has propelled, during the past
years, a growing interest of many laboratories in the synthesis of iminosugars
with nitrogen at the anomeric position.[9–21]
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Recently we reported on 1,3-dipolar cycloaddition of N-benzyl nitrone 2 to
D-glycero g-lactone 3, L-erythro d-lactone 4, and D-threo d-lactone 5.[22] The
cycloaddition performed with 4 afforded two stereoisomers 7 and 8 in a ratio
of about 2.5:1. Cycloaddition of the same nitrone 2 to lactones 3 and 5

yielded, in each case as a sole product, 6 and 9, respectively (Chart 1).
Cycloadducts 6–9 were subsequently subjected to a sequence of reactions

involving hydrogenolysis of the N-O bond and intramolecular alkylation of
the nitrogen atom by the C-4 or C-5 carbon atom of the sugar backbone to
afford iminosugars 10–14 with a hydroxymethyl group at the C-2 carbon
atom.[23] This strategy proceeded with inversion of configuration at the second-
ary carbon atom (C-4 or C-5) of the starting sugar. In addition, the interchange
of the C-1 carbon atom by the aminomethyl group caused inversion of configur-
ation (according to the carbohydrate nomenclature) at the tertiary carbon atom
(C-2).[16]

RESULTS AND DISCUSSION

In all cases, the high preference for the anti addition of the nitrone to the
terminal methyl or substituted methyl groups in lactones was observed.[22–25]

Low stereoselectivity of cycloadditions of simple nitrones to erythro lactones

Chart 1
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compared to threo congeners caused by the 4-O-benzyloxy group diminished the
attractiveness of the former in the target-oriented synthesis. On the other hand,
cycloadducts involving threo lactones provide a wide range of synthetic possibi-
lities, particularly as the d-lactone fragment can be rearranged into the g one
and the terminal carbon atom of the adduct can be easily removed (Scheme 1).

By a such strategy, (2)-isofagomine 1-ent, the enantiomer of the natural
compound 1, can be synthesized. Adduct 16, obtained by the cycloaddition of
the acetylated lactone 15 and the nitrone 2, was rearranged to the g-lactone
by deacetylation to afford diol 17. Subsequent cleavage of the terminal diol in
17 followed by the reduction of the aldehyde group gave compound 18, which
was silylated yielding 19.

Subsequently, compound 19 was reduced to the diol 20, and both hydroxyl
groups were protected by the isopropylidene residue and provided bicyclic
compound 21, which was subsequently desilylated to afford the alcohol 22.
The primary hydroxy group in 22 was mesylated to give compound 23. Sub-
sequent deprotection of hydroxy groups caused immediate intramolecular
alkylation of the nitrogen atom. The crude ammonium salt 24 was subjected
to hydrogenolysis of the N-O bond to provide iminosugar 25, which was charac-
terized as its triacetate 26. The relative configuration of 26 was proven by trans
diaxial coupling constants between H-2, H-3, H-4, H-5, and H-6 protons equal
to 9.7, 8.9, 10.1, and 11.0 Hz. The hydrogenolysis of 26 followed by acetylation/

deacetylation sequence provided (2)-N-acetyl-isofagomine (28). Deacetylation

Scheme 1
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of 26 followed by hydrogenolysis of the N-benzyl substituent afforded (2)-iso-
fagomine (1-ent). Compound 1-ent and its N-benzyl derivative 25 have been
synthesized before from 1-tert-butoxycarbonyl-1,2,3,6-tetrahydropyridyl-3-
methanol[13] and (þ)-L-tartaric acid (Scheme 1).[15b]

The biologic activity of compounds 1-ent, 25 and 28, toward commercially
available a- and b-glucosidases, a-D-mannosidase, a-L-fucosidase, b-D-glucur-
onidase, and b-D-galactosidase were tested. (2)-N-Acetyl-isofagomine (28)
was found to be a better inhibitor of tested enzymes than (2)-isofagomine
(1-ent). It showed moderate/weak activity against bovine kidney a-L-fucosi-
dase (50% inhibition required 3.5 mM), bovine liver b-D-galactosidase (50%
inhibition required at 6.6 mM), and bovine liver b-D-glucuronidase (50% inhi-
bition required at 9.1 mM), and little or no activity against rice a-, almond
b-D-glucosidases, and jack bean a-D-mannosidase. (2)-Isofagomine (1-ent)
showed moderate/weak activity against a-L-fucosidase, b-D-galactosidase,
and b-D-glucuronidase, and a little or no activity against a-D-glucosidases
and a-D-mannosidase. (2)-N-Benzyl-isofagomine (25) showed only inhibition
of a-L-fucosidase (50% inhibition at 5.1 mM).

CONCLUSION

It was demonstrated that 1,3-dipolar cycloaddition of the simple N-benzyl
nitrone to unsaturated threo 1,5-lactone 15 proceeded exclusively anti to
the substituents in the sugar. The adduct 16 after rearrangement to the
g-lactone 17 and removal of the terminal hydroxymethyl group could be
the attractive substrate for the synthesis of enantiomer of natural isofago-
mine (1-ent). Examination of the glycosidases’ inhibitory activity showed
that (2)-N-acetyl-isofagomine (28) was a better inhibitor of tested enzymes
than (2)-isofagomine (1-ent).

EXPERIMENTAL

Melting points were determined on a Koefler hot-stage apparatus. 1H NMR
spectra were recorded using Bruker Avance 500 and Varian Mercury 400
instruments. Absorptions of aromatic protons were not reported. IR spectra
were recorded on a Perkin-Elmer FTIR Spectrum 200 spectrophotometer.
Mass spectra were recorded using AMD-604 Inectra GmbH and HPLC-MS
with Mariner and API 356 detectors. Optical rotations were measured using
a JASCO P 3010 polarimeter at 22 + 38C. Column chromatography was per-
formed using E. Merck Kiesel Gel (230–400 mesh).

(3aR, 6R, 7R, 7aS)-7-Acetoxy-6-acetoxymethyl-2-benzyl-4-oxo-tetrahy-
dropyrano[3,4-d]isoxazolidine (16). Compound 16 was obtained according
to the procedure described earlier.[22] Syrup; [a]D þ 44.2 (c 1.5, CH2Cl2); IR
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(film): 1748 cm21; 1NMR (500 MHz, toluene-d8, 1008C) d: 5.09 (ddt, 1H, J 1.6,
3.3 Hz, H-7), 4.88 (dt, 1H, J 1.6, 6.3 Hz, H-6), 4.11 (dd, 1H, J 3.3,
8.0 Hz, H-7a), 4.11 (dd, 1H, J 6.3, 11.4 Hz, CHHOAc), 4.09 (dd, 1H, J 6.3,
11.4 Hz, CHHOAc), 3.69, 3.63 (2d, 2H, J 13.3 Hz, NBn), 3.22 (dt, 1H, J 5.4,
8.0 Hz, H-3a), 2.89 (bs, 1H, H-2), 2.83 (bt, 1H, H-20); HRMS (ESI) m/z
[MþNa]þ, Calcd. for C18H21NO7Na: 386.1210. Found: 386.1230.

(3aR, 6R, 6aS, 10R)-2-Benzyl-6-(10,20-dihydroxyethyl)-4-oxo-isoxazoli-
dino[4,5-c]tetrahydrofurane (17). Adduct 16 (0.36 g, 1 mmol) was dissolved
in methanol (10 mL) containing 1.5% of ammonia and left at rt for 24 h. Sub-
sequently, solvent was evaporated and the crude product was purified by
chromatography using AcOEt as an eluent to afford 17 (0.26, 95%). m.p. 95–
978C; [a]D þ 25.2 (c 0.5, CH2Cl2); IR (film): 3588, 1777 cm21; 1H NMR
(500 MHz, CDCl3) d: 4.99 (bt, 1H, H-6a), 4.65 (dd, 1H, J 3.7, 6.5 Hz, H-6),
4.10, 3.89 (2d, 2H, J 12.4 Hz, NBn), 4.06 (dd, 1H, J 5.1, 9.6 Hz, CHHOH),
3.74–3.56 (m, 4H, CHOH, CHHOH, H-3, H-3a), 2.82 (bm, 1H, H-30); HRMS
(LSIMS) m/z [MþH]þ, Calcd. for C14H18NO5: 280.1185. Found: 280.1197.

(3aR, 6R, 6aS, 10R)-6-(10,20-Diacetoxyethyl)-2-benzyl-4-oxo-isoxazolidino
[4,5-c]tetrahydrofurane (17Ac). Syrup, [a]D þ 1.15 (c 0.8, CH2Cl2); IR (film):
1779, 1744 cm21; 1H NMR (500 MHz, toluene-d8) d: 5.50 (ddd, 1H, J 3.1, 4.2,
8.9 Hz, CHOAc), 4.22 (dd, 1H, J 3.1, 12.4 Hz, CHHOAc), 4.20 (dd, 1H, J 5.4,
7.1 Hz, H-6a), 4.16 (dd, 1H, J 5.4, 8.9 Hz, H-6), 4.10 (dd, 1H, J 4.2, 12.4 Hz,
CHHOAc), 3.63, 3.58 (2d, 2H, J 13.2 Hz, NBn), 3.17 (bd, 1H, J 9.3 Hz, H-3),
2.74 (t, 1H, J 7.1 Hz, H-3a), 2.33 (bt, 1H, H-30) 1.76, 1.70 (2s, 6H, 2Ac); HRMS
(ESI) m/z [MþNa]þ, Calcd. for C18H21NO7Na: 386.1210. Found: 386.1232.

(3aR, 6R, 6aR)-2-Benzyl-6-hydroxymethyl-4-oxo-isoxazolidino[4,5-c]
tetrahydrofurane (18). Compound 17 (0.36 g, 1.0 mmol) was dissolved in
methanol/water 2:1 v/v (15 mL) and treated with sodium metaperiodate at
rt (0.24 g, 1.1 mmol). After 1.5 h the reaction was completed. After evaporation
of the solvent, water was added into the flask and the resulting solution was
extracted with AcOEt. Subsequently, the extract was evaporated and the
residue was dissolved in dry CH2Cl2(15 mL) and reduced with 1.5 molar
equiv. of NaBH(OAc)3(0.29 g). Standard workup provided the product, which
was purified on a silica gel column using AcOEt as an eluent to afford 18

(0.16 g, 60%). Syrup; [a]D þ 31.0 (c 0.84, CH2Cl2); IR (film): 3564, 1778 cm21;
1H NMR (500 MHz, CDCl3) d: 4.94 (bt, 1H, H-6a), 4.22 (dt, 1H, J 5.1, 5.8,
5.8 Hz, H-6), 3.99, 3.95 (2bd, 2H, J 12.9 Hz, Bn), 3.89 (dd, 1H J 4.7, 12.3 Hz,
CHHOH), 3.83 (dd, 1H J 5.6, 12.3 Hz, CHHOH), 3.66–3.54 (m, 2H, H-3,
H-30), 2.80 (bs, 1H, H-3a); HRMS (EI) m/z Mþ, Calcd. for C13H15NO4:
249.1001. Found: 249.1007.

(3aR, 6R, 6aR)-6-Acetoxymethyl-2-benzyl-4-oxo-isoxazolidino[4,5-c]

tetrahydrofurane (18Ac). m.p. 108–1108C; [a]D 2 5.14 (c 1.0, CH2Cl2); IR
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(film): 1778, 1741 cm21; 1H NMR (500 MHz, toluene-d8, 1008C) d: 4.32 (dd, 1H,
J 4.1, 12.2 Hz, CHHOAc), 4.24 (dd, 1H, J 7.6, 12.2 Hz, CHHOAc), 4.15 (ddd,
1H, J 4.1, 5.5, 7.6 Hz, H-6), 4.11 (dd, 1H, J 5.5, 7.2 Hz, H-6a), 3.66, 3.58 (2d,
2H, J 13.2 Hz, NBn), 3.14 (bd, 1H, J 9.3 Hz, H-3), 2.71 (dt, 1H, J 1.6 7.2 Hz,
H-3a), 2.31 (bt, 1H, H-30), 1.69 (s, 3H, Ac); HRMS (LSIMS) m/z [MþH]þ,
Calcd. for C15H18NO5: 292.1185. Found: 292.1192.

(3aR, 6R, 6aR)-2-Benzyl-6-t-butyldiphenylsiloxymethyl-4-oxo-isoxazo-

lidino[4,5-c]tetrahydrofurane (19). Compound 18 (0.25 g, 1 mmol) dis-
solved in CH2Cl2(15 mL) was treated with t-butyldiphenylchlorosilane
(0.302, 1.1 mmol) and DMAP (1.1 mmol). The mixture was left overnight. Sub-
sequently, the solvent was evaporated and the residue was purified by chrom-
atography using hexane/AcOEt 4:1 v/v as an eluent to give 19 (0.35 g, 73%).
Syrup, [a]D þ 26.3 (c 0.9, CH2Cl2); IR (film): 1772 cm21; 1H NMR (500 MHz,
toluene-d8, 1008C) d: 4.22–4.16 (m, 2H, H-6, H-6a), 4.03 (dd, 1H, J 6.4,
11.1 Hz, CHHOTBDPS), 3.98 (dd, 1H, J 5.1, 11.1 Hz, CHHOTBDPS), 3.57,
3.54 (2d, 2H, J 13.3 Hz, NBn), 3.13 (bd, 1H, J 9.3 Hz, H-3), 2.73 (dt, 1H,
J 1.7, 7.0 Hz, H-3a), 2.33 (bt, 1H, H-30), 1.14 (s, 9H, t-Bu); HRMS (ESI) m/z
[MþH]þ, Calcd. for C29H33NO4Si: 488.2252. Found: 488.2251.

(3aR, 8R, 8aR)-2-Benzyl-8-tert-butyldiphenylsiloxymethyl-6,6-dimethyl-

5,7-dioxa-isoxazolidino[4,5]cycloheptane (21). Compound 18 (0.49 g,
1 mmol) was dissolved in dry THF and treated with LiAlH4(0.04 g, 1 mmol).
The mixture was stirred for 0.5 h and then, consecutively, AcOEt (1 mL) and
water (1 mL) were added. Subsequently, the mixture was filtered through
Celite and solvents were evaporated. The residue was dissolved in brine
(5 mL) and extracted with AcOEt. The extract was dried and evaporated.
The residue (crude 20) was dissolved in dimethoxypropane (10 mL), treated
with catalytic amount of p-TsOH, and refluxed for 2 h. Subsequently, the
mixture was neutralized with Na2CO3 and evaporated. The crude product
was purified by chromatography using hexane/AcOEt 7:3 v/v as an eluent to
afford 21 (0.38 g, 71%). m.p. 84–868C; [a]D þ 24.5 (c 1.0, CH2Cl2); 1H NMR
(500 MHz, toluene-d8, 1008C) d: 4.17–4.12 (m, 2H, H-8, H-8a), 3.95 (d, 2H,
CH2OTBDPS), 3.87 (t, 1H, J 10.4, 11.9 Hz, H-4), 3.84, 3.82 (2d, 2H,
J 13.1 Hz, NBn), 3.20 (dd, 1H, J 5.2, 11.9 Hz, H-40), 2.76 (bt, 1H, J 7.8,
9.1 Hz, H-3), 2.38 (m, 1H, H-3a), 2.19 (bdd, 1H, H-30), 1.31, 1.29 (2s, 6H,
2CH3), 1.14 (s, 9H, t-Bu); HRMS (ESI) m/z [MþH]þ, Calcd. for
C32H42NO4Si: 532.2878. Found: 532.2860.

(3S,4S,5S) N-Benzyl-3,4-diacetoxy-5-(acetoxymethyl)piperidine [(2)-
N-Benzyl-tri-O-acetyl-isofagomine] (26). Compound 21 (0.266 g,
0.5 mmol) was dissolved in THF (10 mL), treated with TBAF (0.16 g,
0.5 mmol), and stirred at rt for 3 h. The reaction mixture was evaporated and
crude product was passed through a silica gel column using AcOEt as an
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eluent. Subsequently, the solvent was evaporated and the product (22, 0.13 g,
90%) was dissolved in CH2Cl2(10 mL), treated with Et3N (0.06 g) and mesyl
chloride (0.06 g, 0.5 mmol), and left for 1 h at rt. The mixture was then
washed with water and evaporated. The product was dissolved in methanol
(10 mL) and acetic acid (2 mL) was added, the resulting solution was
refluxed for 10 min and evaporated, and the residue acetylated with acetic
anhydride/pyridine 1:1 mixture (2 mL). After standard workup and evapor-
ation, the crude mixture was dissolved in methanol (15 mL), treated with
K2CO3(20 mg), and hydrogenated using Degussa 10% Pd/C at rt for 24 h.
The mixture was filtered through Celite, evaporated, and acetylated using
1:1 acetic anhydride/pyridine mixture. After standard workup, the crude
product was purified by chromatography using hexane/AcOEt 1:1 v/v
mixture to afford 26 (0.07 g, 50%). Syrup, [a]D 2 10.5 (c 0.9, CH2Cl2); IR
(CHCl3): 1738 cm21; 1H NMR (500 MHz, toluene-d8, 1008C) d: 5.07 (ddd, 1H,
J 5.0, 8.9, 9.7 Hz, H-3), 4.91 (dd, 1H, J 8.9, 10.1 Hz, H-4) 3.98 (dd, 1H, J 6.2,
11.4 Hz, CHHOAc), 3.83 (dd, 1H, J 3.8, 11.4 Hz, CHHOAc), 2.96 (ddd, 1H, J
2.1, 5.0, 10.9 Hz, H-2), 2.68 (ddd, 1H, J 2.1, 4.1, 11.5 Hz, H-6), 2.02 (m, 1H,
H-5), 1.97 (dd, 1H, J 9.7, 10.9 Hz, H-20), 1.87 (t, 1H, J 11.1 Hz, H-60), 1.74,
1.68, 1.67 (3s, 12H, 3Ac); HRMS (ESI) m/z [MþH]þ, Calcd. for C19H26NO6:
364.1755. Found: 364.1748.

(2)-N-Benzyl-isofagomine (25). Deacetylation of 26 with 1% of ammonia in
methanol gave 25 (90%). Colorless crystals; m.p. 147–1508C; [a]D 2 16.5 (c 0.4,
CH2Cl2), lit.[15b] [a]D 2 13.2 (c 1.1, ethanol); 1H NMR (400 MHz, methanol-d4) d:
3.78 (dd, 1H, J 3.7, 11.0 Hz, CHHOH), 3.58, 3.53 (2d, 2H, J 12.8 Hz, Bn), 3.51
(m, 1H, H-3), 3.49 (dd, 1H, J 6.9 11.0 Hz, CHHOH), 3.07 (dd, 1H, J 8.8, 10.3 Hz,
H-4), 3.01 (ddd, 1H, J 2.3, 3.8, 11.4 Hz, H-2), 2.96 (ddd, 1H, J 2.3, 4.8, 10.8 Hz,
H-3), 1.89 (t, 1H, J 11.4 Hz, H-20), 1.86 (t, 1H, J 10.8 Hz, H-30), 1.76 (m, 1H,
H-5); HRMS (ESI) m/z [MþH]þ, Calcd. for C13H20NO3: 238.1438. Found:
238.1428.

(2)-N-Acetyl-tri-O-acetyl-isofagomine (27). Compound 26 was hydrogen-
ated in methanol under standard condition. After evaporation of the solvent,
the residue was acetylated with acetic anhydride pyridine mixture, which
after evaporation was purified on a silica gel column using AcOEt/MeOH 4:1
v/v as an eluent to afford 27 (90%) as a mixture of two rotamers in a ratio of
about 2:1. Colorless crystals; m.p. 89–908C; [a]D 2 14.7 (c 0.9, CH2Cl2); IR
(film): 1774, 1649 cm21; 1H NMR (500 MHz, CDCl3) d: major rotamer 5.03
(bm, 1H, H-3), 4.73 (bm, 1H, H-4), 4.49 (bd, 1H, CHHOAc), 4.09 (m, 1H,
CHHAc), 4.03 (bm, 1H, H-2), 4.01 (bm, 2H, H-2, H-6), 3.11 (m, 1H, H-20), 2.81
(bt, 1H, H-60), 2.05 (m, 1H, H-5), 2.13, 2.11, 2.06, 2.05 (4s, 12H, 4Ac); minor
rotamer 5.02 (bs, 1H, H-3), 4.84 (bm, 1H, H-4), 4.38 (bm, 1H, CHHOAc), 4.11
(m, 1H, CHHOAc), 3.77 (bm, 1H, H-3), 3.21 (m, 1H, H-6), 3.08 (bm, 1H,
H-30), 3.05 (m, 1H, H-60), 1.56 (bm, 1H, H-5), 2.10, 2.09, 2.08, 2.03 (4s, 12H,
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4Ac); HRMS (ESI), for the mixture of rotamers, m/z [MþNa]þ, Calcd. for
C14H21NO7Na: 338.1210. Found: 338.1226.

(2)-N-Acetyl-isofagomine (28). Deacetylation of compound 27 with 1% of
ammonia in methanol gave 28 (90%) as a mixture of two rotamers in a ratio
of about 1:1. Colorless crystals; m.p. 60–628C; [a]D 2 8.7 (c 0.7, methanol); IR
(film): 1637 cm21; 1H NMR (500 MHz, methanol-d4) d: 4.53, 4.50 (2 m, 1H,
H-4a and b), 3.95, 3.89 (2ddd, 1H, J 2.4, 4.4, 13.8 Hz, H-2a and b), 3.86, 3.78
(2dd, 1H, J 3.7, 11.1 Hz, CHHOHa and b), 3.60 (2dd, 0.5H, J 6.7, 11.1 Hz,
CHHOHa), 3.55 (2dd, 0.5H, J 7.5, 11.0 Hz, CHHOHb), 3.39 (ddd, 0.5H, J 4.8,
8.3, 10.1 Hz, H-6a), 3.35–3.24 (m, 1.5H, H-4a and b, H-6b), 2.96 (dd, 0.5H,
J 10.3, 13.3 Hz, H-20a), 2.93 (2dd, 0.5H, J 11.5, 13.1 Hz, H-20b), 2.56 (dd,
0.5H, J 11.5, 13.1 Hz, H-60a), 2.47 (dd, 0.5H, J 10.3, 12.7 Hz, H-60b), 2.11,
2.10 (2s, 3H, Ac a and b), 1.64, 1.55 (2 m, 1H, H-5a and b); HRMS (ESI), for
the mixture of rotamers, m/z [MþNa]þ, Calcd. for C8H15NO4Na: 212.0893.
Found: 212.0890.

(2)-Isofagomine (1-ent). Compound 1-ent was obtained from 25 by hydro-
genation in methanol in the presence of 10% Pd/C (Degussa). Standard
workup and purification on a silica gel column using i-PrOH/NH3aq 3:1 v/v
as an eluent afforded 1-ent in 90% yield. Syrup; [a]D 2 17.8 (c 0.5, methanol),
lit.[15b] [a]D 2 15.7 (c 0.19, ethanol); IR (film): 3631, 3533, 3415 cm21; 1H
NMR (500 MHz, methanol-d4) d: 3.78 (dd, 1H, J 3.8, 11.0 Hz, CHHOH), 3.55
(dd, 1H, J 6.8, 11.0 Hz, CHHOH), 3.40 (ddd, 1H, J 5.0, 8.7, 10.6 Hz, H-3),
3.20 (dd, 1H, J 8.8, 10.2 Hz, H-4), 3.08 (m, 2H, H-2, H-6), 2.39 (dd, 1H,
J 11.8, 12.8 Hz, H-20), 2.37 (dd, 1H, J 10.7, 12.4 Hz, H-60), 1.64 (m, 1H, H-5);
HRMS (EI) m/z Mþ, Calcd. for C6H13NO3: 147.0895. Found: 147.0892.

Measurements of Enzymes Inhibition
The following hydrolases were used: a-L-glucosidase from rice (type V,

63.43 U/mg, 1.34 mg/mL, Sigma), b-D-glucosidase from almonds (25.8 U/mg,
95.4% protein, Sigma), a-D-mannosidase from jack bean (6.2 mg prot./mL,
22 U/mg, Sigma), a-L-fucosidase from bovine kidney (28.0 U/mg, 0.55 mg
prot./mL, Sigma), b-D-galactosidase from bovine liver (0.148 U/mg, Sigma)
solution (0.562 U/mL) and b-D-glucuronidase from bovin liver (2630 U/mg,
Sigma) solution (4909 U/mL) (Table 1).

These enzymes were assayed with appropriate p-nitrophenyl glycoside
substrates (phenolphthalein b-glucuronide for b-glucuronidase), which were
purchased from Sigma. Hydrolase activities were measured by modification
of the procedures described previously.[24–29] The reaction mixtures (for each
enzyme) consisted of 25 mL of 16.5 mM p-nitrophenyl a-D-glucopyranoside,
403 mL of 0.1 M acetate buffer (pH 4.0), 50 mL of inhibitor solution (water or
methanol), and 22 mL of a-L-glucosidase solution (10 � diluted) for
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a-glucosidase activity; 100 mL of 14 mM p-nitrophenyl b-D-glucopyranoside,
250 mL of 0.2 M acetate buffer (pH 4.6), 50 mL of inhibitor solution, and
100 mL of b-D-glucosidase solution (30 mg/mL) for b-D-glucosidase activity;
5 mL of 20 mM p-nitrophenyl a-D-mannopyranoside, 200 mL of 0.1 M acetate
buffer (pH 4.5), 25 mL of inhibitor solution, and 20 mL of a-D-mannosidase
solution (100 � diluted) for a-D-mannosidase activity; 20 mL of a-L-fucosidase
solution (100 � diluted), 25 mL of inhibitor solution, 155 mL of 0.1 M acetate
buffer (pH 5.0), and 50 mL of 20 mM 4-nitrophenyl-a-L-fucopyranoside for a-L-
fucosidase activity; 90 mL of 4 mM phenolphthalein b-D-glucuronide, 95 mL of
0.1 M acetate buffer (pH 5.0), 25 mL of inhibitor solution, and 40 mL of b-D-glu-
curonidase solution for b-D-glucuronidase activity; 25 mL of 20 mM 4-nitrophe-
nyl b-D-galactopyranoside, 195 mL of 0.1 M acetate buffer (pH 5.0), 25 mL of
inhibitor solution, and 5 mL of b-D-galactosidase solution for b-D-galactosidase
activity. Generally, enzyme and inhibitor were mixed in buffer and reaction
was started by the addition of the substrate. Each reaction mixture was incu-
bated for 30 min (a- and b-glucosidases for 15 min) at 378C and was terminated
by adding 0.250 mL of 2% sodium carbonate. The absorbance of liberated
p-nitrophenol was measured at 405 nm (liberated phenolphthalein at 540 nm).

(2)-N-Benzyl-isofagomine (25) showed 50% inhibition of a-L-fucosidase
activity in concentration 5.1 mM, trace inhibition of b-D-glucosidase activity
in concentration 18 mM, and lack of inhibition of a-D-glucosidase, b-D-galacto-
sidase, b-D-glucuronidase, and a-D-mannosidase.
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a glycosyl cation mimic that strongly inhibits glycosidases. J. Am. Chem. Soc. 2001,
123, 5116–5117.

[11] (a) Ichikava, Y.; Igarashi, Y.; Ichikava, M.; Suhara, Y. 1-N-Iminosugars: potent and
selective inhibitors of b-glycosidases. J. Am. Chem. Soc. 1998, 120, 3007–3018;
(b) Ichikava, Y.; Igarashi, Y.; Ichikava, M. Facile synthesis of glucose-type 1-N-imi-
nosugars: new inhibitor of glycolipid biosynthesis. Tetrahedron Lett. 1995, 36,
1767–1770; (c) Ichikava, Y.; Igarashi, Y. An extremely potent inhibitor for b-galac-
tosidase. Tetrahedron. Lett. 1995, 36, 4585–4586; (d) Igarashi, Y.; Ichikava, M.;
Ichikava, Y. Synthesis of a potent inhibitor of b-glucuronidase. Tetrahedron Lett.
1996, 37, 2707–2708; (e) Igarashi, Y.; Ichikava, M.; Ichikava, Y. Synthesis of a
new inhibitor of a-fucosidase. Bioorg. Med. Chem. Lett. 1996, 6, 553–558;
(f) Kim, Y.J.; Ichikava, M.; Ichikava, Y. Highly selective synthesis of 1-N-iminosu-
gars of the D-glucose and -glucuronic acid types. J. Org. Chem. 2000, 65,
2599–2602.

I. Panfil et al.682



[12] (a) Hansen, A.; Tagmose, T.M.; Bols, M. Synthesis of a new potent a-fucosidase
inhibitor. J. Chem. Soc., Chem. Commun. 1996, 2649–2650; (b) Hansen, A.;
Bols, M. Synthesis of (+)-isofagomine and its stereoisomers from arecoline.
J. Chem. Soc. Perkin Trans. 1, 2000, 911–915; (c) Bols, M.; Hazell, R.G.;
Thomsen, I. 1-Azafagomine: a hydroxyhexahydropyridazine that potently inhibit
enzymatic glycosidase cleavage. Chem. Eur. J. 1997, 3, 940–947; (d) Liang, X.;
Lohse, A.; Bols, M. Chemoenzymatic synthesis of isogalactofagomine. J. Org.
Chem. 2000, 65, 7432–7437; (e) Anders, J.; Bols, M. Efficient synthesis of isofago-
mine and Noeuromycin. Chem. Eur. J. 2001, 7, 3744–3747.

[13] Jakobsen, P.; Lundbeck, J.M.; Kristiansen, M.; Breinholt, J.; Demuth, H.;
Pawlas, J.; Torres Candela, M.P.; Andersen, B.; Westergaard, N.; Lundgren, K.;
Asano, N. Iminosugars: potential inhibitors of liver glycogen phosphorylase.
Bioorg. Med. Chem. 2001, 9, 733–744.

[14] (a) Nishimura, Y.; Satoh, T.; Kudo, T.; Kondo, S.; Takeuchi, T. Synthesis and
activity of 1-N-iminosugar inhibitors, siastatin B analogues for a-N-acetylgalacto-
saminidase and b-N-acetylglucosaminidase. Bioorg. Med. Chem. 1996, 4, 91–96;
(b) Nishimura, Y.; Shitara, E.; Adachi, H.; Toyoshima, M.; Nakajima, M.;
Okami, Y.; Takeuchi, T. Flexible synthesis and biological activity of uronic acid-
type gem-diamine 1-N-iminosugars: a new family of glycosidase inhibitors.
J. Org. Chem. 2000, 65, 2–11; (c) Shitara, E.; Nishimura, Y.; Kojima, F.;
Takeuchi, T. gem-Diamine 1-N-iminosugars of L-fucose-type, the extremely
potent L-fucosidase inhibitors. Bioorg. Med. Chem. 2000, 8, 343–352.

[15] (a) Pandey, G.; Kapur, M. A general strategy towards the synthesis of 1-N-iminosu-
gar type glycosidase inhibitors: demonstration by the synthesis of D- as well as
L-glucose type iminosugars (isofagomines). Tetrahedron Lett. 2000, 41,
8821–8824; (b) Pandey, G.; Kapur, M. A novel approach to both the enantiomers
of potent glycosidase inhibitor Isofagomine via PET-promoted cyclization of 1-[ben-
zyl(trimethylsilyl-methyl)amino]-1,4,5-trideoxy-2,3-O-(1-methylethylidene)-threo-
pent-4-ynitol. Synthesis. 2001, 1263–1267; (c) Pandey, G.; Kapur, M.; Khan, M.I.;
Gaikwad, S.M. A new access to polyhydroxy piperidines of the azasugar class: syn-
thesis and glycosidase inhibition studies. Org. Biomol. Chem. 2003, 1, 3321–3326.

[16] Mehta, G.; Mohal, N. A norbornyl route to azasugars: stereoselective synthesis of
isofagomine analogues. Tetrahedron Lett. 2000, 41, 5747–5751.

[17] Zhao, G.; Deo, U.C.; Ganem, B. Selective fowler reductions: asymmetric total
syntheses of isofagomine and other 1-azasugars from methyl nicotinate. Org.
Lett. 2001, 3, 201–203.

[18] Best, W.M.; MacDonald, J.M.; Skelton, B.W.; Stck, R.V.; Tilbrook, D.M.G.;
White, A.H. The synthesis of a carbohydrate-like dihydrooxazine and tetrahy-
drooxazine as putative inhibitors of glycoside hydrolases: a direct synthesis of iso-
fagomine. Can. J. Chem. 2002, 80, 857–865.

[19] Guanti, G.; Riva, R. Asymmetrized tris(hydroxymethyl)methane as precursor of
iminosugars: application to the synthesis of Isofagomine. Tetrahedron Lett.
2003, 44, 357–360.

[20] Ouchi, H.; Mihara, Y.; Watanabe, H.; Takahata, H. A short and concise synthesis of
Isofagomine, Homoisofagomine, and 50-Deoxyisofagomine. Tetrahedron Lett. 2004,
45, 7053–7056.

[21] Altenbach, H.-J.; Blanda, G. A novel building block for the synthesis of isofagomin
analogues. Tetrahedron: Asymm. 1998, 9, 1519–1524.

Synthesis of (2)-Isofagomine 683
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