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Abstract—Examples of a new type of inhibitor of human b-glucocerebrosidase based on imino-disaccharides as glycosylceramide
mimetics have been synthesized by way of the glycosylation of 1-deoxynojirimycin derivatives with 2,3,4,6-tetra-O-acetyl-a-DD-gluco-
pyranosyl bromide.
� 2007 Elsevier Ltd. All rights reserved.
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Gaucher disease1 is one of the most prevalent lysosomal
storage disorders. This relatively rare inherited disease
is due to the deficiency of b-glucocerebrosidase, also
named glucosylceramide b-glucosidase (GCase), an
enzyme involved in the catabolism of glycosphingolipids
in lysosomes.2 Defects in the catalytic activity of GCase
lead to the accumulation of un-degraded glucosylcer-
amides (GlcCer) mainly in macrophages and to severe
symptoms including skeletal lesions, anemia and liver
damage. Two pharmacological approaches3 have re-
cently emerged: Substrate Reduction Therapy (SRT),4

which is based on the limitation of the GCase substrate
by inhibiting GlcCer biosynthesis, and Pharmacological
0008-6215/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Figure 1.
Chaperone Therapy (PCT),5 which is based on the use
of competitive inhibitors of GCase capable of enhancing
its residual hydrolytic activity at sub-inhibitory concen-
trations. The SRT approach has led to Zavesca� (N-Bu-
DNJ, 1),4 the first marketed drug for Gaucher disease
(Fig. 1). This iminosugar acts as a potent inhibitor of
glucosylceramide synthase, the enzyme that catalyses
the transfer of a glucose moiety from UDP-glucose to
the primary hydroxyl group of ceramide to yield b-
GlcCer.

The PCT approach may be explained by the fact that,
even though the defective enzyme is predisposed to mis-
folding and/or instability, it is still catalytically active.5b
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Reversible competitive inhibitors positively influence the
folding state of the abnormal enzyme, thus preventing
its degradation by quality control in the endoplasmic
reticulum (ER) and ER-associated degradation before
trafficking to lysosomes.6 In 2002, Kelly et al. disclosed
that the addition of sub-inhibitory concentrations
(10 lM) of N-nonyl-1-deoxynojirimycin (NN-DNJ, 2)
to the culture medium leads to a two-fold increase in
the activity of N370S fibroblast GCase, the most com-
mon mutation causing Gaucher disease.7 This result
demonstrated that GCase inhibitors may constitute
new targets for drug design. However, because NN-
DNJ and related analogs are known to be potent glyco-
sidase inhibitors, serious side effects similar to those
observed for Zavesca� may be expected.3a We recently
reported that a-1-C-alkyl derivatives of DNJ and of
1,5-dideoxy-1,5-imino-DD-xylitol (DIX) were promising
candidates for the treatment of Gaucher disease without
the side-effects associated with a-glucosidase inhibi-
tion.8,9 In connection with these studies and our recent
work on the SRT approach,10 we turned our attention
to the design of selective inhibitors of GCase as poten-
tial active-site-specific chaperones based on imino-disac-
charides. It is known that GCase cleaves the b-glycosidic
bond of GlcCer to release the ceramide and glucose with
retention of configuration (Scheme 1).11

Based on previous SRT studies using Zavesca� (1), we
designed the pseudo b-linked disaccharides 3 as sub-
strate mimics of GCase based on the replacement of
the ceramide moiety with DNJ derivatives (Fig. 1). In-
deed, Butters et al. showed that the inhibition of gluco-
sylceramide synthase by 1 is competitive with respect to
ceramide and not to UDP-glucose and that this com-
pound could, somewhat unexpectedly, be a mimic of
ceramide and not of the glucose moiety.12,4b Molecular
modelling has revealed a strong structural homology
between 1 and the ceramide structure. The N-alkyl chain
and three chiral centres (C-2, C-3 and C-5) of imino-
sugar 1 show structural similarity with the N-acyl chain
and the C-1 0–C-3 0 backbone of ceramide respectively.
This model suggests that 1 would be a better ceramide
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Scheme 1.
mimic if a second alkyl chain was present at O-2 to sim-
ulate the second hydrophobic chain of the ceramide.
However, quite surprisingly, N-alkyl DNJ derivatives
bearing a second alkyl chain at O-2 were found to
display much lower inhibition than N-butyl DNJ
(1) towards glucosylceramide synthase.10 We further
challenged the hypothesis of NB-DNJ being a ceramide
mimic by designing glycosylated derivatives 3a and 3b as
substrate-like inhibitors of GCase. In this paper, we
report the synthesis of two iminodisaccharides 3a and
3b and their properties as GCase inhibitors.

Beyond the biological interest of pseudo-disaccharides
3, the synthetic challenge was to devise a direct glycosyl-
ation strategy to obtain glycosides of iminosugars 6,
which contain a reactive endocyclic amino function.
Few examples have been published dealing with the cou-
pling of iminosugars with sugar derivatives.13,14 In those
studies, the endocyclic amino function of the iminosugar
acceptors were always replaced by a less reactive carb-
amate group except in a reaction reported by Banwell
et al., which involved the glycosylation of the primary
6-OH group of 1-deoxymannojirimycin derivatives.13h

We found that coupling of iminosugar 6a10 and
2,3,4,6-tetra-O-acetyl-a-DD-glucopyranosyl bromide (5)
could be achieved in the presence of a stoichiometric
amount of silver triflate (Scheme 2). As expected under
Koenigs–Knorr conditions, the b-glucoside 7 was ob-
tained in 55% yield with a very high diastereoselectivity.
The stereochemistry and purity of the anomeric centre
was established by 1H, 13C NMR and 2D NMR experi-
ments. In particular, characteristic signals for the b-
linkage were observed (C-1 0 d 100.1; J1 0,2 0 = 7.8 Hz).
Removal of the acetate groups with sodium methoxide
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Scheme 2. Reagents and conditions: (a) AgOTf (2.2 equiv), 2,3,4,6-
tetra-O-acetyl-a-DD-glucopyranosyl bromide (1.5 equiv), molecular
sieves 4 Å, CH2Cl2, �78 �C to rt, 24 h, 55%. (b) MeONa, MeOH,
2 h, quant. (c) (i) H2, Pd/C, iPrOH/AcOH (20/1), 5 h, (ii) Dowex 1-X2
(OH� form).
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Figure 2. Inhibition of b-glucocerebrosidase (GCase).
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to afford 8 and subsequent hydrogenolysis of the benzyl
groups gave the expected pseudo-disaccharide 3a. It is
important to note that the order of deprotection steps
matters as hydrogenolysis of benzyl groups in 7 under
slightly acidic conditions (MeOH/AcOH 10/1) afforded
a mixture of partially deprotected pseudo-disaccharides
along with small amounts of monosaccharide
derivatives.

Following the same synthetic strategy, we prepared
pseudo-disaccharide 3b from suitably protected imino-
sugar 6b15 and 2,3,4,6-tetra-O-acetyl-a-DD-glucopyran-
osyl bromide (5). The glycosylation reaction afforded
b-glucoside 9 in 34% yield (22% of starting material 6b

was recovered after purification on silica gel). Sequential
removal of the protecting groups provided the expected
pseudo-disaccharide 3b,16,17 a cellobiose mimic (Scheme
3).

The inhibitory effect of pseudo-disaccharides 3 on
GCase was then examined (Fig. 2). For the purpose of
comparison, iminoglycolipid 410 was also evaluated
along with N-butyl DNJ (1). Iminoglycolipid 4 dis-
played no inhibitory activity (less than 50% of inhibition
at 1 mM). The addition of a glucosyl moiety at C-4 to
give 3a resulted in a marked improvement of affinity
for GCase (IC50 56 lM). In contrast, despite the fact
that N-butyl DNJ (1) displayed better inhibition than
4,8b pseudo-disaccharide 3b showed no inhibitory activ-
ity at 100 lM against GCase. TLC experiments per-
formed with GCase indicated that 3b is not a substrate
of the enzyme at concentrations in the mM range. In
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Scheme 3. Reagents and conditions: (a) AgOTf (2.2 equiv), 2,3,4,6-
tetra-O-acetyl-a-DD-glucopyranosyl bromide (1.5 equiv), molecular
sieves 4 Å, CH2Cl2, �78�C to rt, 24 h, 34%. (b) n-Bu4NF (1.5 equiv),
THF, 0 �C to rt, 18 h, 70%. (c) MeONa, MeOH, 2 h, 86%. (d) (i) H2,
Pd/C, iPrOH/AcOH (20/1), (ii) Dowex 1-X2 (OH� form), 44%.
addition, 3b did not inhibit almond and Caldocellum

saccharolyticum b-glucosidase.
In conclusion, we have synthesized a new type of

GCase inhibitor based on iminodisaccharides as glyco-
sylceramide mimetics. Our strategy takes advantage of
a direct glycosylation reaction of protected N-butyl-
DNJ 6 with a-DD-glucopyranosyl bromide 5. The biolog-
ical results obtained with compounds 4 and 3a partly
validate our initial design hypothesis and demonstrate
that the conjugation of a DD-glucose moiety with an imi-
nosugar mimetic of ceramide could enhance the binding
towards GCase. Following these lines, further research
towards the discovery of potent iminosugar-based inhib-
itors of human GCase are underway in our laboratory.18
1. Experimental

1.1. General methods

Unless otherwise stated, all reactions requiring anhy-
drous conditions were carried out under Argon. Dichlo-
romethane was distilled from calcium hydride. Optical
rotations were measured with a Jasco DIP-370 digital
polarimeter. 1H NMR (500 MHz) and 13C NMR
(125 MHz) spectra were recorded at 25 �C on a JEOL
ECP-500 spectrometer. 1H NMR (250 MHz) and 13C
NMR (62.9 MHz) spectra were recorded at 25 �C on a
Bruker DPX 250 Advance (250 MHz) spectrometer.
High-resolution mass spectra (HRMS) were recorded
with a Micromass ZABSpec TOF in the electrospray
ionization (ESI) mode and using glycerol as a matrix
on a JEOL JMS-700 spectrometer (FAB).

1.2. 4-O-(2,3,4,6-Tetra-O-acetyl-b-DD-glucopyranosyl)-

3,6-di-O-benzyl-N-butyl-2-O-butyl-1,5-dideoxy-1,5-

imino-DD-glucitol (7)

To a solution of 6a10 (105 mg, 0.23 mmol) in CH2Cl2
(7 mL) at �78 �C was added activated 4 Å molecular
sieves and bromide 5 (143 mg, 0.35 mmol). The reaction
mixture was stirred for 15 min at �78 �C and silver tri-
flate (130 mg, 0.51 mmol) was added. The reaction was
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warmed up slowly to rt and stirred in the dark for 24 h.
The reaction mixture was washed with saturated aque-
ous NaHCO3 (2 · 10 mL) and saturated aqueous NaCl
(10 mL). The organic layer was dried over MgSO4 and
concentrated under reduced pressure. The resulting
crude product was purified by silica gel chromatography
(petroleum ether/AcOEt, 2/1 to 1/1) to afford 7 (99 mg,
55%) as a syrup. [a]D �11.0 (c 0.9, CHCl3); 1H NMR
(500 MHz, CDCl3): d 0.84 (t, 3H, J = 7.4 Hz), 0.89 (t,
3H, J = 7.3 Hz), 1.26 (m, 4H), 1.47 (m, 4H), 1.96 (s,
3H), 1.99 (s, 6H), 2.00 (s, 3H), 2.10 (t, 1H,
J = �11.0 Hz, H-1ax), 2.23 (br d, 1H, H-5), 2.55 (m,
1H, CHN), 2.68 (m, 1H, CHN), 3.07 (dd, 1H, J = 4.7,
�11.0 Hz, H-1eq), 3.26 (t, 1H, J = 8.8 Hz, H-3), 3.31
(m, 1H, H-5 0), 3.42 (m, 1H, H-2), 3.53 (t, 2H,
J = 6.7 Hz, CH2O), 3.53 (br d masked by the signal of
CH2O, 1H, H-6A), 3.66 (br d, 1H, J = 9.9 Hz, H-6B),
3.85 (t, 1H, J = 9.1 Hz, H-4), 3.87 (dd, 1H, J = 2.2,
12.1 Hz, H-6A 0), 4.03 (dd, 1H, J = 4.8, 12.2 Hz, H-
6B 0), 4.48 (d, 1H, J = 12.1 Hz, CH benzyl), 4.51 (d,
1H, J = 7.8 Hz, H-1 0), 4.64 (d, 1H, J = 12.1 Hz, CH
benzyl), 4.72 (d, 1H, J = 11.7 Hz, CH benzyl), 4.88–
4.98 (m, 4H, CH benzyl, H-2 0,3 0,4 0), 7.22–7.39 (m,
10H); 13C NMR (62.9 MHz, CDCl3): d 14.0, 14.1,
19.4, 20.7, 20.8, 20.9, 26.2, 29.8, 32.4, 52.1 (CH2N),
54.6 (C-1), 62.1 (C-6 0), 64.0 (C-5), 64.2 (C-6), 68.6 (C-
3 0), 70.9 (CH2O), 71.6 (C-5 0), 72.3 (C-2 0), 73.5 (C-4 0),
73.6, 74.5, 78.3 (C-4), 78.4 (C-2), 84.8 (C-3), 100.1 (C-
1 0), 127.1, 127.3, 128.1, 128.5, 128.8, 137.6, 139.9,
169.2, 169.6, 170.4, 170.8; HRMS (ESI): m/z 786.4073
[M+H]+ (C42H60NO13 requires 786.4065).

1.3. 4-O-(b-DD-Glucopyranosyl)-3,6-di-O-benzyl-N-butyl-

2-O-butyl-1,5-dideoxy-1,5-imino-DD-glucitol (8)

Sodium (4 mg, 0.17 mmol) was added to anhydrous
MeOH (2 mL) at rt. After 0.5 h, a solution of 7

(32 mg, 0.041 mmol) in anhydrous MeOH (2 mL) was
added. The reaction mixture was stirred for 2 h, filtered
through a pad of Celite� and concentrated under re-
duced pressure to afford 8 (100% conversion as judged
by NMR spectroscopy). The yellowish solid obtained
was used without further purification in the next step.
1H NMR (250 MHz, CD3OD): d 0.84 (t, 3H,
J = 7.2 Hz), 0.89 (t, 3H, J = 7.2 Hz), 1.25–1.55 (m,
8H), 2.12 (t, 1H, J = 9.7 Hz, H-1ax), 2.32 (br d, 1H,
H-5), 2.52 (m, 2H, CH2N), 3.04 (dd, 1H, J = 4.7,
11.6 Hz, H-1eq), 3.15–3.90 (several m, 13H), 4.41 (d,
1H, J = 11.6 Hz, CH benzyl), 4.42 (d, 1H, J = 6.9 Hz,
H-1 0), 4.57 (d, 1H, J = 11.6 Hz, CH benzyl), 4.68 (d,
1H, J = 10.4 Hz, CH benzyl), 4.93 (d, 1H,
J = 10.6 Hz, CH benzyl), 7.23–7.40 (m, 10H); 13C
NMR (62.9 MHz, CD3OD): d 14.3, 20.4, 21.6, 26.8,
33.5, 52.8 (CH2N), 55.5 (C-1), 63.2 (C-6 0), 65.0 (C-6),
65.4 (C-5), 71.7 (CH2O), 72.2 (C-3 0), 73.9, 75.8 (C-5 0),
77.0, 77.2 (C-2 0), 78.1 (C-4 0), 78.9 (C-4), 79.0 (C-2),
86.6 (C-3), 103.8 (C-1 0), 128.9, 129.0, 129.2, 129.5,
129.6, 129.9, 139.1, 139.7; MS (IS): m/z 618.5
[M+H]+, 640.5 [M+Na]+.

1.4. 4-O-(b-DD-Glucopyranosyl)-N-butyl-2-O-butyl-1,5-

dideoxy-1,5-imino-DD-glucitol (3a)

To a �0.1 M solution of precursor 8 (22.8 mg) in a 20:1
(v/v) i-PrOH/AcOH mixture was added 10% Pd/C
(�0.2 equiv). The flask was purged 3· with Ar then filled
with H2. The reaction mixture was stirred at rt. After 6 h,
the solids were removed by filtration and washed with i-
PrOH. The filtrate was concentrated under reduced pres-
sure to afford 3a (100% conversion as judged by NMR
spectroscopy). A pure analytical sample of 3a was
obtained after purification by filtration on Dowex 1-X2
(OH�) ion-exchange resin (elution with 1/1 (v/v)
MeOH/H2O mixture). The fractions containing the
product were concentrated under reduced pressure and
lyophilized to afford 3a as a colourless powder. [a]D
+7.5 (c 0.3, H2O); 1H NMR (500 MHz, D2O): d (ppm
from TSP) 0.93 (t, 3H, J = 7.3 Hz), 0.94 (t, 3H, J =
7.3 Hz), 1.31 (m, 2H), 1.39 (m, 2H), 1.49 (m, 2H), 1.59
(m, 2H), 2.28 (t, 1H, J = 11.0 Hz, H-1ax), 2.43 (m, 1H,
H-5), 2.68 (m, 1H, CHN), 2.77 (m, 1H, CHN), 3.21
(dd, 1H, J = 4.6, 11.9 Hz, H-1eq), 3.37 (dd, 1H,
J = 7.8, 9.6 Hz, H-2 0), 3.41 (ddd, 1H, J = 4.6, 10.1,
10.5 Hz, H-2), 3.47 (t, 1H, J = 10.5 Hz, H-3), 3.47 (dd,
1H, J = 9.0, 9.6 Hz, H-4 0), 3.55 (dd, 1H, J = 9.0,
9.6 Hz, H-3 0), 3.55 (m, 1H, H-5 0), 3.64 (dd, 1H, J =
10.1, 10.5 Hz, H-4), 3.66 (m, 1H, CHO), 3.71 (m, 1H,
CHO), 3.78 (dd, 1H, J = 5.5, 12.4 Hz, H-6A 0), 3.94 (dd,
1H, J = 2.3, 12.4 Hz, H-6B 0), 3.97 (m, 2H, H-6), 4.63
(d, 1H, J = 7.8 Hz, H-1 0); 13C NMR (125 MHz, D2O):
d 15.9, 16.0, 21.4, 23.0, 27.9, 34.0, 54.3 (CH2N), 55.2
(C-1), 59.3 (C-6), 63.3 (C-6 0), 66.7 (C-5), 72.2 (C-4 0),
73.4 (CH2O), 76.1 (C-2 0), 78.4 (C-3 0), 78.6 (C-3), 78.8
(C-5 0), 79.6 (C-2), 83.3 (C-4), 105.6 (C-1 0); HRMS
(FAB): m/z 438.2702 [M+H]+ (C20H40NO9 requires
438.2703).

1.5. 4-O-(2,3,4,6-Tetra-O-acetyl-b-DD-glucopyranosyl)-

3,6-di-O-benzyl-N-butyl-2-O-(tert-butyldimethylsilyl)-

1,5-dideoxy-1,5-imino-DD-glucitol (9)

To a solution of 6b (99.4 mg, 0.19 mmol) in CH2Cl2
(8 mL) at �78 �C was added activated 4 Å molecular
sieves and bromide 5 (118 mg, 0.29 mmol). The reaction
mixture was stirred for 15 min at �78 �C and silver tri-
flate (107 mg, 0.42 mmol) was added. The reaction was
warmed up slowly to rt and stirred in the dark for
24 h. The reaction mixture was washed with saturated
aqueous NaHCO3 (2 · 10 mL) and saturated aqueous
NaCl (10 mL). The organic layer was dried over MgSO4

and concentrated under reduced pressure. The resulting
crude product was purified by silica gel chromatography
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(petroleum ether/AcOEt, 7/3) to afford 9 (53.8 mg, 34%)
as a colourless oil. [a]D �20.0 (c 1.0, CHCl3); 1H NMR
(250 MHz, CDCl3): d �0.1 (s, 3H), 0.01 (s, 3H), 0.81 (s,
9H), 0.90 (t, 3H, J = 7.3 Hz), 1.14–1.52 (m, 4H), 1.92 (s,
3H), 1.97 (s, 3H), 1.98 (s, 3H), 1.99 (s, 3H), 2.15–2.23
(m, 2H, H-1ax, H-5), 2.46–2.73 (m, 4H), 2.90 (dd, 1H,
J = 5.2 Hz, 11.2 Hz, H-1eq), 3.15 (t, 1H, J = 8.7 Hz,
H-3), 3.31 (dt, 1H, J = 3.4 Hz, J = 9.8 Hz, H-5 0), 3.52
(br d, 1H, H-6A), 3.66 (br d, 1H, H-6B), 3.75 (m, 1H,
H-4), 3.83–3.90 (m, 2H, 2 H-6 0), 4.45–4.50 (m, 2H, H-
3 0, CH benzyl), 4.61–4.69 (m, 2H, H-2 0, CH benzyl),
4.81–4.98 (m, 4H, H-4 0, H-1 0, CH2 benzyl), 7.16–7.46
(m, 10H); 13C NMR (62.9 MHz, CDCl3): d �4.7,
�4.6, 14.1, 18.1, 20.7, 20.8, 20.9, 21.2, 25.9, 26.3, 51.8
(CH2N), 57.6 (C-1), 62.3, 63.9, 64.3, 68.8, 71.2, 71.5,
72.3, 73.5, 73.7 (CH2 benzyl), 74.6 (CH2 benzyl), 78.4,
85.7, 100.1 (C-1 0), 126.7, 126.8, 127.8, 128.3, 128.6,
128.8, 128.9, 129.1, 137.4, 139.9, 169.2, 169.5, 170.3,
170.8; MS (IS): m/z 844.5 [M+H]+.

1.6. 4-O-(2,3,4,6-Tetra-O-acetyl-b-DD-glucopyranosyl)-

3,6-di-O-benzyl-N-butyl-1,5-dideoxy-1,5-imino-DD-glucitol

(10)

To a solution of 9 (217 mg, 0.26 mmol) in THF (10 mL)
was added n-Bu4NF (401 lL, 0.4 mmol) at 0 �C and the
reaction was warmed up slowly to rt and stirred for
18 h. The reaction mixture was extracted with AcOEt
(20 mL) and washed with water (3 · 20 mL). The organic
layer was dried over MgSO4 and concentrated under re-
duced pressure. The resulting crude product was purified
by silica gel chromatography (petroleum ether/AcOEt, 4/
6) to afford 10 (120 mg, 70%) as a colourless oil. [a]D�4.5
(c 0.85, CHCl3); 1H NMR (250 MHz, CDCl3): d 0.89 (t,
3H, J = 6.9 Hz), 1.14–1.48 (m, 4H), 1.97 (s, 3H), 1.99
(s, 3H), 2.00 (s, 3H), 2.02 (s, 3H), 2.26 (dd, 1H, J = 8.5,
11.0 Hz, H-1ax), 2.40–2.65 (m, 3H, H-5, CH2N), 3.01
(dd, 1H, J = 4.2, 11.2 Hz, H-1eq), 3.26 (t, 1H,
J = 7.7 Hz, H-3), 3.47 (m, 1H, H-5 0), 3.55–3.71 (m, 3H,
H-2, 2 H-6), 3.96 (t, 1H, J = 7.5 Hz, H-4), 4.00 (dd, 1H,
J = 2.2, 12.5 Hz, H-6 0A), 4.17 (dd, 1H, J = 4.7,
12.3 Hz, H-6 0B), 4.44–4.54 (m, 3H, H-1 0, 2CH benzyl),
4.64 (d, 1H, J = 12.0 Hz, CH benzyl), 4.91–5.08 (m,
4H, CH benzyl, H-2 0,3 0,4 0), 7.22–7.46 (m, 10H); 13C
NMR (62.9 MHz, CDCl3): d 14.1, 20.6, 20.70, 20.73,
20.8, 27.2, 52.4 (CH2N), 53.9 (C-1), 62.0 (C-6 0), 63.5
(C-5), 63.6 (C-6), 68.6, 71.7 (C-5 0), 71.9, 73.1 , 73.6
(CH2 benzyl), 74.0 (CH2 benzyl), 77.13 (C-4), 83.6 (C-
3), 100.0 (C-1 0), 127.7, 128.5, 128.6, 128.8, 137.5, 139.1,
169.1, 169.5, 170.3, 170.7; MS (IS): m/z 730.5 [M+H]+.

1.7. 4-O-(b-DD-Glucopyranosyl)-3,6-di-O-benzyl-N-butyl-

1,5-dideoxy-1,5-imino-DD-glucitol (11)

Sodium (6 mg, 0.26 mmol) was added to anhydrous
MeOH (2 mL) at rt. After 15 min, a solution of 10
(50 mg, 0.068 mmol) in anhydrous MeOH (2 mL) was
added. The reaction mixture was stirred for 2 h, filtered
through a pad of Celite� and concentrated under re-
duced pressure. The mixture was filtered through a
pad of C18-silica gel (Water 100% to MeOH 100%)
and the resulting crude product was purified by silica
gel chromatography (CH2Cl2/AcOEt/MeOH, 6/6/1) to
afford 11 (33 mg, 86%) as a colourless oil. [a]D �10.5
(c 1.1, CHCl3); 1H NMR (250 MHz, MeOD): d 0.88
(t, 3H, J = 6.9 Hz), 1.10–1.50 (m, 4H), 2.27 (t, 1H,
J = 10.8 Hz, H-1ax), 2.45 (m, 1H, H-5), 2.61 (m, 2H,
CH2N), 2.99 (dd, 1H, J = 5.0, 11.2 Hz, H-1eq), 3.10–
3.22 (m, 2H, H-3 0, H-5 0), 3.23–3.39 (m, 3H, H-2 0, H-3,
H-4 0), 3.45 (dd, 1H, J = 6.2 Hz, 11.7 Hz, H-6 0A), 3.60–
3.82 (m, 3H, H-6 0B, H-6A, H-2), 3.90–4.05 (m, 2H, H-
6B, H-4), 4.40–4.53 (m, 2H, H-1 0, CH benzyl), 4.61 (d,
1H, J = 11.7 Hz, CH benzyl), 4.76 (d, 1H,
J = 10.6 Hz, CH benzyl), 4.98 (d, 1H, J = 10.6 Hz, CH
benzyl), 7.21–7.58 (m, 10H); 13C NMR (62.9 MHz,
MeOD): d14.3, 21.6, 27.04, 52.9 (CH2N), 57.7 (C-1),
63.1 (C-6 0), 64.9 (C-6), 65.5 (C-5), 70.2 (C-2), 72.2 (C-
5 0), 73.9 (CH2 benzyl), 75.8 (C-2 0 or C-4 0), 76.7 (CH2

benzyl), 77.0 (C-4), 78.1 (C-2 0 or C-4 0), 78.9 (C-3 0),
87.1 (C-3), 103.7 (C-1 0), 128.8, 129.0, 129.1, 129.6,
129.8, 139.1, 139.8.

1.8. 4-O-(b-DD-Glucopyranosyl)-N-butyl-1,5-dideoxy-1,5-

imino-DD-glucitol (3b)

To a �0.1 M solution of precursor 11 (30 mg) in a 20:1
(v/v) i-PrOH/AcOH mixture was added 10% Pd/C
(0.2 equiv). The flask was purged 3· with Ar then filled
with H2. The reaction mixture was stirred at rt until
complete conversion of starting material. The solids
were removed by filtration and washed with i-PrOH.
The filtrate was concentrated under reduced pressure
and the resulting crude product was purified by filtration
on Dowex 1-X2 (OH�) ion exchange resin (elution with
1/1 (v/v) MeOH/H2O mixture). The fractions contain-
ing the product were concentrated under reduced pres-
sure and lyophilized to afforded 3b as a colourless
powder (9 mg, 44%). [a]D +9.5 (c 0.4, H2O); 1H NMR
(500 MHz, D2O): d (ppm from TSP) 0.99 (3H, t,
J = 7.3 Hz), 1.36 (2H, m), 1.55 (2H, m), 2.40 (1H, t,
J = 11.0 Hz, H-1ax), 2.51 (1H, dt, J = 2.7, 9.0 Hz, H-
5), 2.72 (1H, m, CHN), 2.83 (1H, m, CHN), 3.11 (1H,
dd, J = 5.0, 11.0 Hz, H-1eq), 3.43 (1H, dd, J = 7.8,
9.6 Hz, H-2 0), 3.49 (1H, m, H-2), 3.49 (1H, t,
J = 9.0 Hz, H-3), 3.52 (1H, dd, J = 9.2, 9.6 Hz, H-4 0),
3.61 (1H, t, J = 9.6 Hz, H-3 0), 3.60 (1H, m, H-5 0), 3.70
(1H, t, J = 9.0 Hz, H-4), 3.83 (1H, dd, J = 5.9,
12.4 Hz, H-6A 0), 3.91 (1H, dd, J = 2.7, 12.8 Hz, H-
6A), 3.99 (1H, dd, J = 2.7, 12.8 Hz, H-6B), 4.00 (1H,
dd, J = 2.3, 12.4 Hz, H-6B 0), 4.68 (1H, d, J = 7.8 Hz,
H-1 0); 13C NMR (125 MHz, D2O): d 16.1, 23.0, 28.0,
54.3 (CH2N), 58.2 (C-1), 59.5 (C-6), 63.4 (C-6 0), 66.9
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(C-5), 71.5 (C-2); 71.5 (C-4 0), 72.3 (C-2 0), 78.5 (C-3 0),
79.7 (C-3), 78.9 (C-5 0), 83.3 (C-4), 105.7 (C-1 0); HRMS:
m/z 382.2076 [M+H] (C16H32NO9 requires 382.2077).

1.9. Inhibitory activity

Human b-glucocerebrosidase (glucosylceramide b-glu-
cosidase, Ceredase) was purchased from Genzyme (Bos-
ton, MA) and assayed at pH 5.2. The reaction mixture
consists of 50 lL of 0.15 M sodium phosphate-citrate
buffer, 50 lL of 2% Triton X-100 (Sigma Chemical
Co.), 30 lL of the enzyme solution, and 20 lL of an
inhibitor solution or H2O. The reaction mixture was
pre-incubated at 0 �C for 10 min and started by the
addition of 50 lL of 6 mM 4-methylumbelliferyl glyco-
side (Sigma Chemical Co.), followed by incubation at
37 �C. The reaction was stopped by the addition of
2 mL of 0.1 M glycine buffer (pH 10.6). Liberated 4-
methylumbelliferone was measured (excitation 362 nm,
emission 450 nm) with a F-4500 fluorescence spectro-
photometer (Hitachi, Tokyo, Japan).
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