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The sulfur linkage of B-(1—4)-thiodisaccharides was con-
structed with excellent diastereoselectivity by Michael ad-
dition of 2,3,4,6-tetra-O-acetyl-1-thio-B-D-galactose (2) or its
B-D-glucose isomer (3) to sugar-derived (2S, 6S)-6-acetoxy-
methyl-2-(2-propyloxy)-2H-pyran-3(6H)-one (1). These reac-
tions led to the per-O-acetyl glycosides of 3-deoxy-4-S-glyco-
pyranosyl-4-thiohexopyranosid-2-ulose (4 and 5, respec-
tively). Similar conjugated addition to the enone 1 of the iso-
thiouronium salts 6 or 7, precursors in the synthesis of 2 or 3,
also afforded the thiodisaccharides 4 or 5, respectively, with
exclusive formation of the isomer that has an R configuration

for the C-4 stereocenter of the reducing-end. The carbonyl
function of 4 and 5 was reduced, and the resulting products
were O-deacetylated to give the free 4-S(1—4)-thiodisacch-
arides 10, 11, 14, and 15, which have a deoxy functionality
adjacent to the thio group. These compounds were tested as
inhibitors of glycoside hydrolases. Thus 11, the 3-deoxy-4-
thiomimetic of GalB(1—4)Gal, proved to be a competitive in-
hibitor of the B-galactosidase from E. coli (K; = 0.16 mMm).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Thioglycosides are much more stable towards the action
of glycoside hydrolases than the O-glycosidic analogs, and
they can thus inhibit enzymatic hydrolysis.! owing to their
stability to hydrolysis and their close similarity to the natu-
ral O-linked counterparts, thioglycosides are seen as poten-
tial precursors of promising carbohydrate-based thera-
peutics.” Thiooligosaccharides in which at least one oxygen
atom of the interglycosidic linkage has been replaced by a
sulfur atom also act as enzyme inhibitors. They are valuable
in structural biology as they provide insight into binding,
recognition, and mechanism of action of hydrolytic en-
zymes.[?4

Considerable attention has been focused on the synthesis
of thiooligosaccharides, and chemical®® and chemoen-
zymaticl”-®! approaches have been reported. Most thiooligo-
saccharide syntheses are based on the enhanced nucleophi-
licity of sulfur relative to that of oxygen; thus, Sy2 displace-
ment of an electrophilic leaving group by a 1-thioaldose de-
rivative or glycosylation of a thiosugar acceptor with an
activated glycosyl donor are procedures that are frequently
employed.> ¢ Witczak and coworkers” studied the
Michael addition of anomeric thiolates to levoglucosenone
and isolevoglucosenone, and Thiem et al. described analo-
gous additions of per-O-acetyl-1-thioglucose to levogluco-
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senone and other sugar enones.'” Similarly, we have ex-
plored the conjugated addition of common thiols to the
o,B-unsaturated carbonyl system of dihydropyran-2-
ones,!'-12 which were readily prepared from hexoses!!! or
pentoses,!'*13 and proved to be versatile building blocks for
the synthesis of varied molecules.'®2%1 The Michael ad-
dition of thiols to dihydropyranones led to alkyl 3-deoxy-
4-thiohexopyranosid-2-uloses in high yield.['!!2l In this
work we describe the coupling reaction of 1-thioaldose de-
rivatives to a sugar enone to afford the corresponding 3-
deoxy-4-S-glycosyl-4-thiohexopyranosid-2-uloses and their
conversion, by reduction of the carbonyl group, into the
corresponding thiodisaccharides derivatives. The inhibitory
activity of the free thiodisaccharides towards glycoside hy-
drolases was also studied.

Results and Discussion

(2S,65)-6-Acetoxymethyl-2-(2-propyloxy)-2 H-pyran-3(6 H)-
one (1), readily prepared from D-galactose via 2-acet-
oxy-3,4,6-tri-O-acetyl-D-galactal,l'3] was employed as a
Michael acceptor of 2,3,4,6-tetra-O-acetyl-1-thio-p-D-galac-
topyranosel?!! (2). The addition of 2 to 1 proceeded rapidly
at 0 °C (30 min) in a CH,Cl, solution containing a catalytic
amount of triethylamine (Et3N). The '"H NMR spectrum of
the conjugated addition product 4 is in agreement with an
R configuration for the new stereocenter generated at C-4
(Scheme 1), as the small coupling constants values (/3,4 =
5.0 Hz, J5p4 = 2.7 Hz, and J4 5 = 2.0 Hz) indicate that 4-H
is equatorially oriented (gauche to 5-H) and that the C-4-4-
H bond bisects the angle formed by the methylene protons
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Scheme 1.

(3a,3b-H). The high diastereofacial selectivity in the ad-
dition reaction in favor of the D-tAreo isomer may be attrib-
uted to the stereocontrol exerted by the axially oriented iso-
propoxy group in the preferred °Hs conformation of the
dihydropyranone,'*?? which is stabilized by the anomeric
effect, that is intensified by the presence of the carbonyl
group vicinal to the anomeric center.?31 We have observed
a similar selectivity in cycloadditions!!'*!” and additions of
common thiols to 1.[''1 Furthermore, the configuration of
the C-4 stereocenter of the thiodisaccharides is opposite to
that produced by similar reactions applied to levogluco-
senone.[*-19

The Michael addition of 2,3,4,6-tetra-O-acetyl-1-thio-f3-
D-glucopyranose?!l (3) to 1 was also studied. Under the
reaction conditions employed previously, coupling of 1 with
3 led to the thiodisaccharide 5 in 81% yield. The coupling
constants in the "TH NMR spectrum of 5 (J3, 4 = 4.9 Hz and
J3b.4 = 1.5 Hz) are indicative of a D-threo configuration for
the ulose moiety.

Recently, Ibatullin and coworkers>423 described a facile
procedure for the conversion of isothiouronium salts of
sugars into thioglycosides, thiooligosaccharides, and glycos-
ylthioesters. For the synthesis of thiodisaccharides or
thiooligosaccharides,”! the triethylamine-promoted reac-
tion of the glycosyl isothiouronium bromide with a conve-
niently protected triflate derivative of a sugar was em-
ployed. As the Michael additions described above are also
promoted by triethylamine, we explored the in situ coupling
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of the glycosyl isothiouronium salts 6 and 7 with the
Michael acceptor 1. Compounds 6 and 7 were readily pre-
pared by reaction of tetra-O-acetyl-a-D-galactopyranosyl
bromide, or the respective gluco isomer, with thiourea.!]
The NMR spectra of the crude isothiouronium salts 6 and
7 reaveal that these products are obtained with a high de-
gree of purity. The signal for the anomeric proton of 6 and
7 shows a large value for J,, (= 9.8 Hz), which indicates a
B configuration for the anomeric center. The 3C NMR
spectra of 6 and 7 show, as expected,?®! the resonances for
the anomeric and isothiouronium carbon atoms at 80.1 and
166.4 ppm (for 6), and 80.1 and 166.7 ppm (for 7), respec-
tively. The enone 1 (1.0 molar equiv.) and Et;N (1.2 molar
equiv.) were sequentially added to a suspension of crude 6
or 7 (1.5 molar equiv.) in CH,Cl,. Monitoring of the reac-
tion mixture by TLC showed rapid conversion of 1 into the
thiodisaccharides 4 or 5, which were isolated by column
chromatography in 81% yield.

Both reactions of 1 with 2 and 3, or with 6 and 7, af-
forded 4 and 5, respectively, in yields higher than 80%;
however, we observed that during the chromatographic pu-
rification, B-elimination of the glycosylthiolate from 4 or 5
with concomitant formation of 1 (the retro-Michael reac-
tion) occurred to some extent. Therefore, the crude ulosides
4 and 5 were subjected to sodium borohydride reduction to
afford the corresponding 3-deoxy-4-S-glycosyl-4-thiohex-
opyranosides in overall yields higher than 90% from 1. For
example, reduction of 4 led to the isomers that have the 3-
163
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deoxy-4-thio-a-p-/yxo (8) and a-D-xylo (9) configurations
for the reducing-end in 23% and 72% isolated yields,
respectively (overall yield 95%). The structure of the re-
duction products can readily be established from the 'H
NMR spectra, as well as from 2D COSY experiments for
full assignments. Thus, the 'H spectrum (500 MHz) of 8
shows the signal for 1-H as a broad singlet, which suggests
a diequatorial orientation for 1-H and 2-H, and an S con-
figuration for the new stereocenter at C-2. This is confirmed
by the small values for J,3, (3.8 Hz) and J,3, (3.1 Hz),
which indicate that 2-H is equatorially disposed. Further-
more, the small coupling constant values measured for Js, 4
(3.8 Hz), J3p4 (3.1 Hz), and J4 5 (3.0 Hz) confirm, again, the
R configuration for the sulfur-containing stereocenter (C-
4), and hence, the 3-deoxy-4-thio-a-D-/yxo configuration for
the reducing-end of 8. Also, the J,, (4.0 Hz) and J; 3.«
(11.7 Hz) values confirm the R configuration for the C-2
stereocenter of 9.

As reverse selectivity in the reduction of uloses with L-
Selectride® has been reported;”! we performed the re-
duction of the carbonyl function of 4 with such a reducing
agent. However, in this case, in a manner similar to the
reduction of 4 with sodium borohydride, compound 9 was
obtained as the major isomer (ratio 9/8 = 3.7:1.0, estimated
by NMR spectroscopy). The isolated yield of 9 was lower
than that in the previous reduction, as partial deacylation
in the L-Selectride reaction could not be prevented. The
acetylation of the crude mixture gave the per-O-acetyl de-
rivatives (including 2-OH) of 8 and 9; in contrast to 8 and
9 these products could not be separated by column
chromatography because of their similar mobility in a
number of solvents.

Sodium borohydride reduction of crude 5 afforded the 3-
deoxy-4-S-B-p-glucopyranosyl-4-thio-o-D-lyxo- (12) and a-
D-xylo-hexopyranoside (13) derivatives in 19% and 71%
isolated yields from 1, respectively. The configuration of the
reducing-end was assigned on the basis of the NMR spec-
tra, which were also in full agreement with the spectro-
scopic data of the corresponding thiodisaccharide analogs
8 and 9. The reduction of the carbonyl function of 4 or 5
was expected to be governed by the relative steric contri-
bution of the axial thioglycosyl substituent at C-4 as well
as by the axial anomeric substituent. The fact that the re-
duction of 4 or 5 led to the a-D-xylo isomers 9 and 13,
respectively, as major products suggests that the axial iso-
propyl group at the carbon atom vicinal to the carbonyl
group induces the attack of the hydride from the opposite
face of the sugar ring. Therefore, the anomeric substituent
seems to determine the steric course of both the conjugated
addition of I-thiolate to 1 and the further reduction of the
carbonyl group.

To obtain the free thiodisaccharides, the penta-O-acetyl
derivatives 8, 9, 12, and 13 were treated with an aqueous
methanol solution of triethylamine at room temperature for
2 h. The resulting thiodisaccharides 10, 11, 14, and 15 were
purified by elution of their respective solution in water
through a column filled with a mixed-bed ion-exchange
resin and then through a reverse phase minicolumn. The S-
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disaccharides were obtained as crystalline products in 92—
93% yield.

The methodology described here is useful for the synthe-
sis of (1—4)-linked thiodisaccharides that have a deoxy
functionality adjacent to the thio group. The resulting prod-
ucts 10, 11, 14, and 15 constitute novel structures, which
involve galactose or glucose at the non-reducing end. D-
Galactose (D-Gal) is an important constituent of glycocon-
jugates involved in varied biological recognition events. For
example, terminal residues of D-Gal are found in the sugar
moieties of asialoglycoproteins.?”} Thiodisaccharide 11 is
the 3-deoxy-4-thio analog of PGal(1—4)Gal, a repeating
unit of pectic galactans isolated from plants, which are sus-
ceptible to hydrolysis by a B-(1—4)-endogalactanase.[*®]
Furthermore, the galabiose [Gala(l—4)Gal] moiety was
found in globoseries of glycolipids on uroepithelial cells and
erythrocytes, and PB-thioglycosides of galabiose have been
synthesized and have been shown to be inhibitors of adhes-
ins of bacteria.l?®3% The route described here for the syn-
thesis of 11 is highly efficient as this product was obtained
in 66% overall yield from 1.

With regard to the inhibition of glycoside hydrolases by
thiooligosaccharides, the most complete studies on S(1—4)
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Figure 1. Lineweaver—Burk plot for inhibition of E. coli B-galactos-
idase by thiodisaccharide 11 at concentrations: diamonds: 0.00,
stars: 0.10, squares: 0.25 and triangles: 0.50 mm of inhibitor.
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Figure 2. Lineweaver—Burk plot for inhibition of E. coli B-galactos-
idase by thiodisaccharide 10 at concentrations: diamonds: 0.00,
stars: 0.10, squares: 0.25 and triangles: 0.50 mm of inhibitor.
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derivatives were achieved in the cellobiose and maltose
series with cellulases and amylases of various origins.?!
Many S-disaccharides usually act as competitive inhibitors
of glycoside hydrolases,['! but mixed-type inhibition also oc-
curs frequently.[!-31]

Thiogalactosides 10 and 11 were tested as inhibitors of
B-galactosidase from E. coli under the classical conditions
described for this enzyme. The substrate employed was o-
nitrophenyl-B-D-galactopyranoside, and the released o-ni-
trophenol was measured spectrophotometrically. On the ba-
sis of the Lineweaver—Burk plot, compound 11 is a competi-
tive inhibitor, with an inhibitory activity of K; = 0.16 mm
and K, = 1.17 mMm (Figure 1). Compound 10 is a mixed-
type inhibitor with K; = 0.12 mm (Figure 2).

Thiodisaccharides 14 and 15, having glucose at the non-
reducing end, were tested as inhibitors of the B-glucosidase
from almonds. Although this B-D-glucoside hydrolase has
been shown to have a broad specificity,??) compounds 14
and 15 did not exhibit an appreciable inhibition.

Experimental Section

General: Melting points were determined with a Fisher—Johns ap-
paratus and are uncorrected. Analytical thin layer chromatography
(TLC) was performed on Silica Gel 60 F254 (Merck) aluminum-
supported plates (layer thickness 0.2 mm) with solvent systems that
are given in the text. Visualization of the spots was effected by
exposure to UV light and charring with a solution of 5% (v/v)
sulfuric acid in EtOH, containing 0.5% p-anisaldehyde. Column
chromatography was carried out with Silica Gel 60 (230-400 mesh,
Merck). Optical rotations were measured with a Perkin—Elmer 343
digital polarimeter, for solutions in CHCI; or water. Nuclear mag-
netic resonance (NMR) spectra were recorded with Bruker AC 200
or Bruker AMX 500 instruments. For solutions in CDCls, tet-
ramethylsilane was used as an internal standard. Assignments of
'H and '3C were assisted by 2D '"H COSY and 2D 'H-'3C CORR
experiments.

2-Propyl 6-0-Acetyl-3-deoxy-4-S-(2,3,4,6-tetra-O-acetyl-p-D-galac-
topyranosyl)-4-thio-a-D-threo-hexopyranosid-2-ulose (4)

a) Starting from 2,3,4,6-Tetra-O-acetyl-1-thio-p-D-galactopyranose
(2): (28, 65)-6-Acetoxymethyl-2-(2-propyloxy)-2H-pyran-3(6 H)-
one!™ (1, 63mg, 0.27mmol) and compound 2 (100 mg,
0.27 mmol) were dissolved in anhydrous CH,Cl, (0.5 mL). The re-
active vial was flushed with a stream of nitrogen, sealed, and cooled
to 0°C. A 10% solution of NEt; in CH,Cl, (0.2 mL) was added,
and the mixture was stirred at 0 °C for 30 min. TLC (EtOAc/hex-
ane, 1.5:1) showed complete conversion of the starting materials
into a major spot with Ry = 0.50. The reaction mixture was concen-
trated, and the residue purified by flash chromatography (hexane/
EtOAc, 1.5:1) to give crystalline thiodisaccharide 4 (136 mg, 83 %),
which was recrystallized from EtOH. M.p. 126 °C. [a] = +26.6 (¢
= 1.0, CHCI3). '"H NMR (500 MHz, CDCls): 6 = 5.42 (dd, 1 H,
Jy 4 =33, Jys = 1.0Hz, 4-H), 5.18 (dd, | H, Jy o = Jo3 =
10.0 Hz, 2'-H), 5.03 (dd, 1 H, 3’-H), 4.79 (ddd, J; 5 = 2.0, Js6, =
4.3, Jse» = 7.5Hz, 1 H, 5-H), 4.74 (br. s, 1 H, 1-H), 4.57 (d, | H,
1'-H), 4.29 (dd, 1 H, Jga.6» = 11.9 Hz, 6a-H), 4.25 (dd, 1 H, 6b-H),
417 (dd, 1 H, Js ¢ = 6.4, Jgueb = 11.2 Hz, 6'a-H), 4.10 (dd, 1
H, Js ¢+ = 7.0 Hz, 6'b-H), 4.00 (m, J = 6.3 Hz, 1 H, Me,CH), 3.88
(ddd, 1 H, 5'-H), 3.68 (m, 1 H, 4-H), 3.18 (dd, 1 H, J3,4 = 5.0,
J3asp = 15.1 Hz, 3a-H), 2.78 (ddd, 1 H, J3,4 = 2.7, J3p5 = 1.0 Hz,
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3b-H), 2.16, 2.08, 2.07, 2.05, 1.98 (5 s, 3 H each, CH;CO), 1.27,
1.18 [2°d, 6 H, J = 6.3 Hz, (CH3),C] ppm. *C NMR (50.3 MHz,
CDCly): § = 198.8 (C-2), 170.6, 170.4, 170.2, 170.0, 169.7 (5
CH,C0), 97.8 (C-1), 82.7 (C-1'), 74.5 (C-5'), 71.8 (x2, C-3',
Me,CH), 68.6 (C-5), 67.0 (x2, C-2', -4'), 64.9 (C-6), 61.3 (C-6"),
44.6 (C-4), 43.4 (C-3), 23.2, 21.7 [(CH;),C], 20.7, 20.6 (x3), 20.5 (5
CH;CO) ppm. CasH340,4S (592.61): caled. C 50.67, H 6.12, S 5.41;
found C 50.68, H 6.21, S 5.39.

b) Starting from 2,3,4,6-Tetra-O-acetyl-p-D-galactopyranosylisothio-
uronium Bromide (6): Tetra-O-acetyl-o-D-galactopyranosyl bromide
was treated with thiourea to give the corresponding isothiouronium
salt 6.'1 The 'H and '3C NMR spectra ([Dg]DMSO) were consis-
tent with those already described.[?®) Crude 6 (0.32 g, 0.66 mmol)
was suspended in dry CH,Cl, (1 mL) and the enone 1 (0.10 g,
0.44 mmol) was added. After addition of NEt; (73 puL, 0.52 mmol),
under nitrogen, the mixture was stirred for 30 min at room tem-
perature. The solvent was evaporated, and the residue chromato-
graphed as described above, to afford the crystalline thiodisacchar-
ide 4 (0.21 g, 81%). Compound 4 showed the same properties as
those of the product reported in part a).

2-Propyl 6-O-Acetyl-3-deoxy-4-5-(2,3,4,6-tetra-O-acetyl-p-D-gluco-
pyranosyl)-4-thio-a-D-threo-hexopyranosid-2-ulose (5)

a) Starting from 2,3,4,6-Tetra-O-hexopyranosid-1-thio-B-D-glucopyr-
anose: Enone 1 (63 mg, 0.27 mmol) reacted with 1-thiosugar 3!
(100 mg, 0.27 mmol) under the conditions used for the preparation
of 4 to give crystalline 5 (131 mg, 80%). M.p. 154-155 °C (from
EtOH). [a] = +12.3 (¢ = 0.5, CHCl;). '"H NMR (500 MHz,
CDCly): 6 = 520 (dd, 1 H, J» 3 = 9.0, J3.4- = 9.9 Hz, 3'-H), 5.08
(dd, 1 H, Jy 5 = 9.2 Hz, 4'-H), 4.99 (dd, 1 H, J;.» = 10.1 Hz, 2'-
H), 4.78 (m, 1 H, 5-H), 4.73 (s, | H, 1-H), 4.60 (d, 1 H, 1'-H),
4.27-4.14 (m, 3 H, 6a-, 6b-, 6'a-H), 4.15 (dd, 1 H, Js ¢1 = 2.0,
Joraen = 12.3 Hz, 6'b-H), 4.01 (m, J = 6.2 Hz, | H, Me,CH), 3.67—
3.63 (m, 2 H, 4, 5'-H), 3.16 (dd, 1 H, J3,4 = 4.9, J3,3, = 15.2 Hz,
3a-H), 2.80 (dd, 1 H, J3,4 = 1.5 Hz, 3b-H), 2.09, 2.08, 2.07, 2.02,
2.00 (5 s, 3 H each, 5 CH3CO), 1.27, 1.18 [2 d, 3 H each, J =
6.2 Hz, (CH3),CH] ppm. *C NMR (50.3 MHz, CDCl;): § = 198.8
(C-2), 170.6, 170.5, 170.1, 169.5, 169.3 (5§ CH;CO), 97.8 (C-1), 82.0
(C-1"), 75.8 (C-5"), 73.7 (C-4"), 71.8 (Me,CH), 69.7, 68.5, 68.0 (C-
2',-3",-5), 64.7 (C-6), 61.7 (C-6"), 44.5 (C-4), 43.5 (C-3), 23.2, 21.7
[(CH3),CH], 20.7-20.5 (CH3CO) ppm. C55H3504S (592.61): caled.
C 50.67, H 6.12, S 5.41; found C 50.84, H 6.10, S 5.37.

b) Starting from 2,3,4,6-Tetra-O-acetyl-p-D-glucopyranosyl Isothio-
uronium Bromide (7): Compound 7, prepared from acetobromoglu-
cose,?!l showed the following spectroscopic data. 'H NMR
(200 MHz, [D¢]DMSO): 6 = 9.27,9.11 (2 s, 2 H each, 2 NH,) 5.73
(d, J1,=99Hz, 1 H, 1-H), 532 (t, 1 H, J534 = J45 = 9.3 Hz, 4-
H), 5.10 (t, 2 H, 2,3-H), 4.23-4.05 (m, 3 H, 5, 6, 6'-H), 2.06, 2.02,
2.00, 1.98 (4 s, 3 H each, 4 CH;CO) ppm. '*C NMR (50.3 MHz,
[Dg]DMSO): 6 = 170.6, 170.0, 169.9, 169.8 (CH;CO), 166.7
[SC(NH,),], 80.1 (C-1), 75.7, 72.8, 69.1, 67.7 (C-2, -3, -4, -5), 62.0
(C-6), 21.0, 20.8, 20.7, 20.6 (CH3;CO) ppm.

Crude 7 (0.32g, 0.66 mmol) reacted with enone 1 (0.10g,
0.44 mmol), as described in the previous synthesis of 4, to give
the disaccharide 5 (0.21 g, 81%). Compound 5 exhibited the same
properties as those of the product reported in part a).

2-Propyl 6-0-Acetyl-3-deoxy-4-5-(2,3,4,6-tetra-O-acetyl-p-D-galac-
topyranosyl)-4-thio-a-D-lyxo- and o-D-xylo-Hexopyranosides (8 and
9, respectively)

a) Sodium Borohydride Reduction of 4: Thiodisaccharide 4 from a

crude preparation from enone 1 (0.15 g, 0.66 mmol) was dissolved
in dry MeOH (3 mL) and treated with sodium borohydride (25 mg,
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0.66 mmol) at 0 °C for 30 min. The mixture was stirred in batch
with Dowex 50W(H™) resin, filtered, and concentrated. Column
chromatography of the residue with hexane/EtOAc (1.5:1) afforded
the less polar product (Ry = 0.48, hexane/EtOAc, 1:2) first, which
was identified as 8 (90 mg, 23%). The disaccharide 8 crystallized
upon standing. M.p. 52 °C. [0] = +35.0 (¢ = 0.5, CHCl;). 'H
NMR (500 MHz, CDCl3): 6 = 543 (dd, 1 H, Jy 4 = 3.2, Jy5 =
1.0 Hz, 4’-H), 5.24 (t, | H, J;'» = J> 3 = 9.9 Hz, 2'-H), 5.06 (dd,
1 H, 3’-H), 4.86 (br. s, 1 H, 1-H), 4.65 (d, 1 H, 1’-H), 4.43 (ddd,
Jus = 3.0, Jsga = 7.2, Js o = 4.2Hz, 1 H, 5-H), 4.25 (dd, Js546, =
7.6, Jsaeo = 11.8 Hz, 1 H, 6a-H), 4.21 (dd, 1 H, Js4, = 4.4 Hz, 6b-
H), 4.16 (dd, 1 H, Js5: 5, = 6.6, Joa6» = 11.3 Hz, 6’a-H), 4.09 (dd,
1 H, Js ¢ = 6.8 Hz, 6'b-H), 3.95 (m, J = 6.2 Hz, 1 H, Me,CH),
3.92 (ddd, 1 H, 5’-H), 3.59 (m, 1 H, 2-H), 3.47 (d, J,.on = 9.7 Hz,
1 H, OH), 3.33 (m, 1 H, 4-H), 2.28 (dt, | H, Jy3, = J3,4 = 3.8,
J3a30 = 149 Hz, 3a-H), 2.23 (dt, 1 H, Jo3, = J3,4 = 3.1 Hz, 3b-
H), 2.17, 2.07, 2.06, 2.05, 1.98 (5 s, 3 H each, 5 CH;CO), 1.21, 1.16
[2 d, 3 H each, J = 6.2Hz, (CH;),CH] ppm. '3C NMR
(125.7MHz, CDCl;): ¢ = 170.6, 170.3, 170.1, 169.9, 169.5
(CH5CO), 98.9 (C-1), 82.7 (C-1"), 74.7, 71.9, 69.5, 68.2 67.7, 67.1
(x2) (C-2',-3",-4',-5",-2, -5, Me,CH), 65.1 (C-6), 61.3 (C-6"), 39.3
(C-4), 30.4 (C-3), 23.1, 21.5 [(CH3),CH], 20.7, 20.6 (x3), 20.5 (5
CH;CO) ppm. C55H3304S (594.63): caled. C 50.50, H 6.44, S 5.39;
found C 50,62, H 6.66, S 5.31.

Further fractions from the column (R; = 0.38) afforded syrupy 9
(282 mg, 72%), which crystallized upon standing. M. p. 56 °C.
[0] = +37.0 (¢ = 1.4, CHCl;3). '"H NMR (500 MHz, CDCl; +
D,0): 0 =542 (dd, 1 H, J5 4 = 3.4, Jy5 = 1.0 Hz, 4’-H), 5.20 (t,
1 H, Jy o = Jys =9.9Hz 2'-H), 5.04 (dd, 1 H, 3’-H), 4.89 (d,
J12=4.0Hz, 1 H, 1-H), 456 (d, 1 H, 1'-H), 4.28 (ddd, J45 = 2.3,
Js.6a=3.7,Js6o = 7.8 Hz, 1 H, 5-H), 4.21 (dd, 1 H, Jg, ¢» = 11.8 Hz,
6a-H), 4.17 (dd, 1 H, Js ¢, = 6.3, Joaew = 11.5Hz, 6'a-H), 4.16
(dd, 1 H, 6b-H), 4.09 (dd, 1 H, Js 61, = 6.5 Hz, 6'b-H), 3.99 (ddt,
1 H, J15 = Jo3, = 4.0, o3, = 11.7, Joon = 10.9 Hz, 2-H), 3.95
(m, J = 6.2 Hz, 1 H, Me,CH), 3.89 (ddd, 1 H, 5’-H), 3.30 (m, 1 H,
4-H), 2.16, 2.07, 2.05 (X2), 1.98 (4 s overlapped with m, 17 H, 5
CH;CO + 3-, 3’-H), 1.26, 1.19 [2 d, 6 H, J = 6.2 Hz, (CH;),C]
ppm. 3C NMR (125.7 MHz, CDCly): § = 170.6, 170.4, 170.1,
169.9, 169.4 (CH3CO), 96.7 (C-1), 83.7 (C-1"), 74.5, 71.9, 70.7,
68.1, 67.3, 67.2, 65.5 (C-2', -3', 4, -5', -2, -5, Me,CH), 64.0 (C-6),
61.4 (C-6"),43.4(C-4), 34.7 (C-3), 23.1, 21.9 [(CH;),CH], 20.7, 20.6
(%3), 20.5 (CH3CO) ppm. C,5H35014S (594.63): caled. C 50.50, H
6.44, S 5.39; found C 50.59, H 6.31, S 5.34.

b) L-Selectride Reduction of 4: A stirred solution of 4 (88 mg,
0.149 mmol) in anhydrous THF (2 mL) was cooled to —-78 °C, and
L-Selectride (1 M in THF, 0.25 mL) was added under argon. The
mixture was stirred for 6 h at —78 °C, and then glacial acetic acid
was added dropwise (pH = 6). The mixture was concentrated, the
residue dissolved in MeOH (30 mL), and the solvent evaporated.
The resulting syrup was dissolved in CH,Cl, (50 mL) and washed
with water (2 X 20 mL). The organic extract was dried (MgSQO,) and
concentrated. The NMR spectra of the crude product showed the
almost exclusive formation of 9 and 8 (3.7:1 ratio). Column
chromatography of the mixture gave compound 8 (12.9 mg, 14.5%)
and then 9 (43 mg, 48.6%).

2-Propyl 6-O-Acetyl-3-deoxy-4-5-(2,3,4,6-tetra-O-acetyl-f-D-gluco-
pyranosyl)-4-thio-o-D-lyxo- and a-D-xylo-hexopyranosides (12 and
13, respectively): Thiodisaccharide 5 from a crude preparation from
enone 1 (0.228 g, 1.0 mmol) was reduced with sodium borohydride
as described for the analogous reduction of 4. Column chromatog-
raphy (hexane/EtOAc, 1.5:1) led first to the crystalline thiodisac-
charide 12 (112 mg, 19%). Ry = 0.41, (hexane/EtOAc, 1:2). M.p. 162—
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163 °C (from MeOH). [a] = +20.6 (¢ = 0.9, CHCI3). '"H NMR
(500 MHz, CDCl3): 6 = 5.29 (t, 1 H, J» 3 = J3 4 = 9.3 Hz, 3'-H),
5.14(dd, 1 H, J4 5 = 10.0 Hz, 4'-H), 5.09 (dd, 1 H, J;-»» = 10.2 Hz,
2'-H), 491 (s, 1 H, 1-H), 4.73 (d, 1 H, 1'-H), 4.48 (ddd, J45 = 2.9,
Js6a = 7.4, Jsen = 44 Hz, 1 H, 5-H), 4.31 (dd, 1 H, Js. ¢, = 5.1,
Joaew = 12.4 Hz, 6'a-H), 4.30 (dd, 1 H, Js, 6 = 11.7 Hz, 6a-H),
4.26 (dd, 1 H, 6b-H), 4.21 (dd, 1 H, Js ¢, = 2.4 Hz, 6'b-H), 4.00
(m, J = 6.2 Hz, | H, Me,CH), 3.76 (ddd, 1 H, 5-H), 3.65 (m, 1 H,
2-H), 3.49 (d, 1 H, Jy 20 = 10.0 Hz, HO), 3.36 (m, 1 H, 4-H)
233 (dt, 1 H, Jr34 = J3a4 = 4.0, J3.3, = 14.8 Hz, 3a-H), 2.27 (dt,
1 H, J53, = J3p4 = 3.0 Hz, 3b-H), 2.14, 2.11 (X2), 2.08, 2.06 (5 s,
3 H each, 5 CH5CO), 1.27, 1.21 [2 d, 3 H each, J = 6.2 Hz, (CH3),-
CH] ppm. *C NMR (125.7 MHz, CDCls): 6 = 170.6, 170.5, 170.1,
169.4 (CH;CO), 98.9 (C-1), 82.2 (C-1"), 76.1, 73.8, 69.9, 69.6, 68.2,
68.1, 67.5 (C-2', -3', 4', -5, -2, -5, Me,CH), 65.0 (C-6), 61.9 (C-
6'), 39.3 (C-4), 30.6 (C-3), 23.1, 21.5 [(CH3),CH], 20.7, 20.6, 20.5
(CH5CO) ppm. C,5H33014S (594.63): caled. C 50.50, H 6.44, S
5.39; found C 50.42, H 6.33, S 5.38.

From the next fractions of the column (R; = 0.31), crystalline 13
was isolated (0.42 g, 71%). M.p. 159-160 °C (from MeOH). [v]
= +28.1 (¢ = 1.0, CHCl;). '"H NMR (500 MHz, Cl;CD): § = 5.21
(t, 1H, Jy 5 = Jy 4 =9.3Hz, 3'-H), 5.08 (dd, 1 H, J4 5 = 10.0 Hz,
4'-H), 5.00 (dd, 1 H, J;.»» = 10.2 Hz, 2'-H), 4.89 (d, J;, = 4.0 Hz,
1 H, 1-H), 4.59 (d, 1 H, 1'-H), 4.27 (ddd, J4 5 = 2.4, Js 6, = 3.5,
Jseo = 8.0Hz, 1 H, 5-H), 422 (dd, 1 H, Js ¢, = 5.1, Joasb =
12.4 Hz, 6'a-H), 4.19 (dd, 1 H, Jg, 6, = 11.8 Hz, 6a-H), 4.16 (dd, 1
H, Js ¢, = 2.4 Hz, 6'b-H), 4.14 (dd, 1 H, 6b-H), 3.98 (dt, 1 H, J,,
= Jr3. = 4.0, Jo3, = 11.5Hz, 2-H), 3.95 (m, J = 6.2Hz, 1 H,
Me,CH), 3.67 (ddd, 1 H, 5'-H), 3.29 (m, 1 H, 4-H), 2.16 (ddd, 1
H, J3,4 = 3.3, J3.30 = 13.1 Hz, 3a-H), 2.09, 2.07, 2.04, 2.03, 2.00
(5s,3Heach + 1 H, 5 CH;CO + 3b-H), 1.25, 1.19 [2 d, 3 H each,
J = 6.2 Hz, (CH;),CH] ppm. '3C NMR (50.3 MHz, CDCl;): § =
170.7-169.4 (CH;CO), 96.7 (C-1), 83.1 (C-1"), 75.9, 73.8, 70.8,
70.0, 68.2, 68.0, 65.5 (C-2', -3', 4', -5', -2, -5, Me,CH), 64.0 (C-
6), 62.0 (C-6'), 43.2 (C-4), 34.8 (C-3), 23.2, 21.9 [(CH;),CH], 20.8,
20.7, 20.6, 20.5 (CH;CO) ppm. C,s5H33014S:0.5H,O (603.63):
caled. C 49.75, H 6.47, S 5.34; found C 49.62, H 6.46, S, 5.33.

General Procedure for the O-Deacetylation of Thiodisaccharides 8,
9, 12, and 13: A solution of the acetylated thiodisaccharides 8, 9,
12, or 13 (0.10 mmol) in MeOH/Et;N/H,O (4:1:5, 10 mL) was
stirred at room temperature for 2 h. The mixture was concentrated,
and the residue, dissolved in water (1 mL), was eluted through a
column filled with a Dowex MR-3C mixed-bed ion-exchange resin.
The deionized solutions were concentrated, and the free thiodisac-
charides were purified by dissolution in water (1 mL) and filtration
through an octadecyl C18 minicolumn (Amprep, Amersham Bio-
sciences). Evaporation of the solvent afforded the crystalline free
thiodisaccharides.

2-Propyl 3-Deoxy-4-S-(p-D-galactopyranosyl)-4-thio-a-D-/yxo-hex-
opyranoside (10): Deacetylation of 8 (101 mg, 0.17 mmol) gave 10
(61 mg, 93%). M.p. 88-90 °C. [0]y = +48.1 (¢ = 0.6, H,0). 'H
NMR (500 MHz, D,0): 6 = 4.68 (d, J,, =2.5Hz, 1 H, 1-H), 4.32
(d, 1 H, Jy» = 9.8Hz, 1’-H), 4.07 (ddd, J45 = 3.2, Js6, = 4.8,
Jsep = 7.7Hz, 1 H, 5-H), 3.91 (m, J = 6.2 Hz, 1 H, Me,CH), 3.79
(br. d, Il H, J5 4 = 3.2, Jy 5 < 1 Hz, 4'-H), 3.72 (dd, Js6, = 4.8,
Joaso = 11.9 Hz, 1 H, 6a-H), 3.66 (dd, 1 H, Js4, = 7.7 Hz, 6b-H),
3.59 (dd, 1 H, Js ga = 7.6, Jgaev = 11.4 Hz, 6'a-H), 3.54 (dd, 1
H, Js ¢ = 4.1 Hz, 6'b-H), 3.53-3.50 (m, 2 H, 2, 5’-H), 3.48 (dd,
1 H, Jy 3 =9.5,J34 =3.2Hz, 3'-H), 3.35 (t, | H, 2’-H), 3.18 (m,
1 H, 4-H), 2.21 (dt, 1 H, Jy3, = J304 = 4.3, J3.30 = 14.8 Hz, 3a-
H), 1.97 (dt, 1 H, J53, = J3p4 = 5.0 Hz, 3b-H), 1.08, 1.02 [2 d, 3
H each, J = 6.2 Hz, (CH;),C] ppm. 3C NMR (50.3 MHz, D,0):
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5 =98.1 (C-1), 87.9 (C-1"), 79.7, 74.6, 72.6, 71.2, 70.7, 69.4, 67.3
(C-27, -3', 4", -5, -2, -5, Me,CH), 62.4, 61.9 (C-6', -6), 41.3 (C-
4), 32.8 (C-3), 23.0, 21.2 [(CH5),C] ppm. C,sHa500S.H,0 (402.44):
caled. C 44.78, H 7.46, S 7.96; found C 44.40, H 7.09, S 7.96.

2-Propyl 3-Deoxy-4-S-(p-D-galactopyranosyl)-4-thio-a-D-xylo-hex-
opyranoside (11): The general procedure for the O-deacetylation
was applied to 9 (221 mg, 0.372 mmol) and this led to 11 (131 mg,
92%). M.p. 156 °C. [a]5 = +40.2 (¢ = 0.9, H,0). '"H NMR
(500 MHz, D,0): 6 = 4.85(d, J,, = 3.6 Hz, 1 H, 1-H), 441 (d, 1
H, Jiy 5 = 9.8 Hz, 1'-H), 4.12 (ddd, Jy5 = 1.9, J56, = 5.0, Js6p =
7.1Hz, 1 H, 5-H), 3.99 (ddd, 1 H, J,3, = 11.6, J53, = 4.5, 2-H),
3.88 (m, J = 6.2 Hz, 1 H, Me,CH), 3.84 (d, 1 H, J3 o = 3.4, Jy 5
< 1 Hz, 4'-H), 3.66-3.54 (m, 5 H, 5', 6a, 6b, 6’a, 6'b-H), 3.52 (dd,
1 H, Jy 3 =93, Jy4 = 3.4Hz, 3'-H), 3.42 (t, | H, 2’-H), 3.40
(m, 1 H, 4-H), 2.05 (ddd, 1 H, J3,4 = 3.6, J3..3, = 13.0 Hz, 3a-H),
1.99 (ddd, 1 H, J3,4 = 4.5 Hz, 3b-H), 1.13, 1.06 [2 d, 3 H each, J
= 6.2 Hz, (CH3),CH] ppm. '3C NMR (50.3 MHz, D,0): § = 96.9
(C-1), 86.2 (C-1"), 79.8, 74.7, 71.3, 71.1, 70.6, 69.5, 64.8 (C-2', -
3", -4, -5, -2, -5, Me,CH), 63.4 (C-6), 61.9 (C-6"), 43.8 (C-4), 33.3
(C-3), 23.2, 21.3 [(CH3),CH] ppm. C;sH250S (384.44): caled. C
46.86, H 7.34, S 8.34; found C 46.70, H 7.40, S 8.09.

2-Propyl 3-Deoxy-4-S-(B-D-glucopyranosyl)-4-thio-a-D-Iyxo-hexopy-
ranoside (14): The thiodisaccharide 12 (118 mg, 0.198 mmol) was
deacetylated as described above to afford 14 (70 mg, 92%). M.p.
73 °C. [a]E = +21.6 (¢ = 0.5, H,0). '"H NMR (500 MHz, D,0): 6
=470 (d, J1, =25Hz, 1 H, 1-H), 441 (d, 1 H, J,-»» = 9.8 Hz,
1'-H), 4.08 (ddd, J4 5 = 3.2, Js6, = 4.8, Js»b = 7.7Hz, 1 H, 5-H),
391 (m, J = 6.2Hz, 1 H, Me,CH), 3.73 (dd, 1 H, Js ¢, = 2.0,
Joaen = 12.5 Hz, 6'a-H), 3.68 (m, 2 H, 6a, 6b-H), 3.54 (dd, 1 H,
Js o = 5.7Hz, 6'b-H), 3.52 (m, 1 H, 2-H), 3.32 (t, l H, J» 5 =
Jy 4 = 8.9 Hz, 3'-H), 3.28 (ddd, 1 H, J4 5 = 9.8 Hz, 5'-H), 3.23
(dd, 1 H, 4’-H), 3.17 (m, 1 H, 4-H), 3.12 (dd, 1 H, 2’-H), 2.22 (dt,
1 H, Jr3, = J304 = 4.0, J3,3, = 14.6 Hz, 3a-H), 1.96 (dt, 1 H, J»3;
=~ J3,4 = 4.6 Hz, 3b-H), 1.08, 1.03 [2 d, 3 H each, J = 6.2 Hz,
(CH3)C] ppm. '*3C NMR (125.7 MHz, D,0): 6 = 98.3 (C-1), 87.4
(C-1"), 80.7, 78.1, 75.5, 72.8, 71.4, 70.3, 67.5 (C-2', -3', -4', -5',
-2, -5, Me,CH), 62.6, 61.7 (C-6, -6"), 41.4 (C-4), 32.9 (C-3), 23.2,
21.3 [(CH;),C] ppm. C;5H2509S.H,O (402.44): caled. C 44.78, H
7.46, S 7.96; found C 44.39, H 7.06, S 7.57.

2-Propyl 3-Deoxy-4-S-(B-D-glucopyranosyl)-4-thio-a-D-xylo-hexopy-
ranoside (15): Deacetylation of 13 (123 mg, 0.207 mmol) gave 15
(74 mg, 93%). M.p. 174-175 °C. [0] = +19.4 (¢ = 0.6, H,0). 'H
NMR (500 MHz, D,0): 6 =4.92 (d, J;, = 3.6 Hz, 1 H, 1-H), 4.54
(d, 1 H, Jy» = 9.8Hz, 1’-H), 4.20 (ddd, Jy5 = 2.1, Js6, = 4.6,
Jseo = 7.1 Hz, 1 H, 5-H), 4.06 (dt, Jo3, = 11.6, J53, = 4.4 Hz, |
H, 2-H), 3.95 (m, J = 6.2 Hz, 1 H, Me,CH), 3.84 (dd, 1 H, Js ¢,
= 2.0, Jyaevp = 12.3Hz, 6’a-H), 3.69 (dd, Js6, = 4.6, Jeaob =
11.8 Hz, 1 H, 6a-H), 3.66-3.61 (m, 2 H, 6b-, 6'b-H), 3.47 (m, 1 H,
4-H), 344 (t, 1 H, Jy 5 = 9.1, J3.4 = 8.7 Hz, 3'-H), 3.40 (ddd, 1
H, Jy 5 =98, Jsga = 2.0, J5 ¢, = 5.4 Hz, 5'-H), 3.35 (dt, 1 H,
4'-H), 3.25 (dt, 1 H, 4’-H), 2.13 (ddd, 1 H, J3,4 = 3.4, J3.3p =
13.0 Hz, 3a-H), 2.05 (ddd, 1 H, J3,4 = 3.2 Hz, 3b-H), 1.20, 1.13 [2
d, 3 H each, J = 6.2 Hz, (CH;),C] ppm. '*C NMR (125.7 MHz,
D,0): 0 = 97.0 (C-1), 85.7 (C-1"), 80.8, 78.1, 73.3, 71.4, 71.2, 70.4,
64.9 (C-2', -3, 4", -5, -2, -5, Me,CH), 63.6, 61.7 (C-6, -6"), 43.8
(C-4), 33.4 (C-3), 23.2, 21.4 [(CH;),C] ppm. C;5H»300S (384.44):
caled. C 46.86, H 7.34, S 8.34; found C 46.65, H 7.58, S 7.94.

Enzymatic Assay

Inhibition of p-Galactosidase: The inhibitory activity of compounds
10 and 11 towards E. coli B-galactosidase (grade VIII, Sigma, EC
3.2.1.23, 117 U/mg) was determined under the following condi-
tions: The enzyme (0.3 U; 1 U = 1 enzyme unit hydrolyzes 1 pmol
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of the appropriate nitrophenyl glycoside per minute) was incubated
with o-nitrophenyl-B-D-galactopyranoside (concentration range:
0.3-5.0 mm) in sodium phosphate buffer (100 mm, pH 7.3, MgCl,:
1.2 mm, 2-mercaptoethanol: 100 mm) in the absence or presence of
compounds 10 or 11 (concentrations used: 0.10, 0.25 and 0.50 mm);
the final volume was 0.50 mL. After 20 min at 37 °C, the reaction
was terminated by adding sodium borate buffer 0.2 M (2.0 mL, pH
10.0). The concentration of the released o-nitrophenol was mea-
sured by visible absorption spectroscopy at 410 nm. The K; and K,
values were determined from the Lineweaver—Burk plot (Figure 1
and Figure 2).

Inhibition of B-Glucosidase: Inhibitory activity studies of com-
pounds 14 and 15 towards B-glucosidase from almonds (Bioch-
emika, EC 3.2.1.21, 12.4 U/mg) were conducted. The enzyme
(0.01 U) was incubated with p-nitrophenyl-B-p-glucopyranoside
(concentration range: 0.4 to 2.0 mM) in sodium acetate buffer
(50 mM, pH 5.6) in the absence or presence of compounds 14 or 15
(concentrations used: 0.3 to 2.4 mm); the final volume was 0.50 mL.
After 30 min at 37 °C, the reaction was terminated by adding so-
dium borate buffer (0.2 M, pH 10.0, 2 mL), and the solution was
analyzed by visible absorption spectroscopy at 400 nm. As the ab-
sorbance values in the presence or absence of 14 or 15 were similar,
an inhibition control was performed by using the same substrate
at a concentration of 0.65 mm and d§-gluconolactone as inhibitor
(concentration range: 0.2 to 3.0 mm).?? As expected, a decrease in
the absorbance was observed for increasing concentrations of -
gluconolactone.
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