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1-Deoxythioglyconojirimycins were synthesized by using a
protecting group-free strategy, starting from readily avail-
able carbohydrates, in good overall yield. Use of benzyl-
triethylammonium tetrathiomolybdate, [BnEt3N]2MoS4, as
a sulfur transfer reagent and borohydride exchange resin
(BER) reduction of a lactone enabled the efficient synthesis
of the title compounds.

Glycosidases are essential biological enzymes found in all
domains of life that catalyze the hydrolysis of glycosidic
linkage. Hence, their function or dysfunction implicates
different disease states like viral infections such as influenza
and HIV, lysosomal storage disorders, cancer and diabetes,
and mutational diseases (Gaucher and Fabry disease etc.),1

and the activity of glycosidase can be controlled by glycosidase

inhibitors. Many of the clinically used and the naturally
occurring glycosidase inhibitors are aza-sugars. Acarbose,
miglitol, deoxynojirimycin, and swainsonine are a few notable
examples.2 On the other hand, thio-sugars isolated from nat-
ural sources also possess promising inhibiting activity against
glycosidase.3 But, only limited examples such as 5-thio-man-
nose 1, salacinol 2, kotalanol 3, and some side chain derivatives
of salacinol are known (Figure 1). Tounderstand the activity of
thio-sugars as glycosidase inhibitors and to elucidate the
structure-activity relationship (SAR), considerable efforts have
been devoted to the synthesis of thio-sugars based on the natural
templates.4 In addition, replacement of nitrogen with sulfur in
aza-sugars toobtain the thio-analoguesof aza-sugarsalsogained
much attention for comparing the bioactivities.5

The vital steps in the synthesis of thio-sugars or thio-sugar
analogues are the introduction of sulfur and protection and
deprotection of functional groups, and these steps always
make the synthesis of thio-sugars or thio-sugar analogues
difficult and more challenging. Traditional methods of in-
troducing sulfur for the synthesis of thio-sugars include the
nucleophilic displacement of the leaving groupwithNa2S

6 or

FIGURE 1. Representative examples of thio-sugars as potent gly-
cosidase inhibitors.
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KSAc,7 NaSH,8 (NH2)2CS,
9 and AcSH,10 and they have

been utilized earlier in the synthesis of targeted thio-sugars,
deoxythionojirimycin (8),6c deoxythiomannojirimycin (13),7a

and deoxythiotalonojirimycin (17).10b

Our long-standing interest in the use of benzyltriethylammo-
niumtetrathiomolybdate, [BnEt3N]2MoS4 (5), as a sulfur transfer
reagent11 and our recent success in the synthesis of conformation-
ally locked thio-levomannosan 4 as mannosidase inhibitor12

prompted us to develop an efficient synthesis of various thio-
sugars utilizing the same.Additionally, benzyltriethylammonium
tetrathiomolybdate (5) was shown tobeamild reagent andmore
specific toward certain kinds of functional groups.11 Herein,
we disclose the protecting group-free synthesis of thio-analogues
of deoxyglyconojirimycins using tetrathiomolybdate 5.

Weenvisioned that the synthesisof thio-analoguesof1-deoxy-
glyconojirimycins 6 can be readily achieved starting from
commercially available carbohydrates, one of the functionally
richest building blocks (Scheme 1). Thus, conversion of carbo-
hydrate into suitably positioned dibromide 7 followed by reac-
tion with benzyltriethylammonium tetrathiomolybdate (5) was
expected to yield the 1-deoxythioglyconojirimycins.

Initially, synthesis of 1-deoxythionojirimycin (8) was visua-
lized from commercially available L-gulonic acid-γ-lactone (9).
Thus, bromination of 9 with HBr in acetic acid yielded 2,6-
dibromo-2,6-dideoxy-D-idono-1,4-lactone (10) in excellent
yield.13 Dibromolactone 10 on reduction with sodium borohy-
dride in the presence of Amberlite 120 Hþ resin gave the
required dibromide 11,14 the precursor for the synthesis of
1-deoxythionojirimycin (8), in 20% yield.15 Subsequently, the
reaction of 11with tetrathiomolybdate 5 in acetonitrile/ethanol
(1:1) mixture provided the expected 1-deoxythionojirimycin (8)
in 38%yield.15Although the synthesis of8wasachieved in three
steps starting from readily available 9, the overall yield was low
(Scheme 2). To improve the overall yield, the synthetic strategy
wasmodified slightly andwe decided to use the dibromolactone
10 as the precursor for the sulfur transfer reaction.

To our delight, 2,6-dibromo-2,6-dideoxy-D-idono-1,4-lac-
tone (10) on reaction with benzyltriethylammonium tetra-
thiomolybdate (5) smoothly furnished the axially enriched

1-deoxy-5-thio-D-glucopyrano-3,6-lactone (12) in good yield
(56%).16 The structure and stereochemistry of 12 was un-
ambiguously confirmed by X-ray analysis (see the Support-
ing Information). Reduction of bicyclic thialactone 12 with
borohydride exchange resin (BER)17 in methanol furnished
the 1-deoxythionojirimcin (8) in good yield with excellent
purity.

Similarly, synthesis of 1-deoxythiomannose (1-deoxythio-
mannojirimycin) (13) was started from D-mannose (14).
D-Mannose (14) was converted to mannono-1,4-lactone, fol-
lowedby reactionwithHBr/acetic acid to yield the 2,6-dibromo-
2,6-dideoxy-D-glucono-1,4-lactone (15).18 Reaction of dibromo
lactone15withbenzyltriethylammoniumtetrathiomolybdate (5)
(DMSO, rt, 30 min) afforded the 1-deoxy-5-thio-D-mannopy-
rano-3,6-lactone (16) in 59% yield (Scheme 3). Subsequent
reduction of bicyclic thialactone 16 with BER furnished the
1-deoxythiomannose (13) in good yield.

Next, the synthesis of 1-deoxythiotalonojirimycin (17) was
accomplished starting from D-ribose 18. Accordingly, one

SCHEME 1. Retrosynthesis of Thio-Analogues of 1-Deoxygly-

conojirimycin

SCHEME 2. Synthesis of 1-Deoxythionojirimycin (8)a

aReaction conditions: (a) HBr/AcOH, 30 �C, 4.5 h, 86%; (b) NaBH4,
MeOH, Amberlite 120 Hþ, 20%; (c) [BnEt3N]2MoS4, CH3CN:EtOH
(1:1), rt, 30 min, 38%; (d) [BnEt3N]2MoS4, DMSO, rt, 30 min, 56%;
(e) BER, MeOH, 0 �C-rt, 18 h, 62%.

SCHEME 3. Synthesis of 1-Deoxythiomannojirimycin (13)a

aReaction conditions: (a) (i) Br2/BaCO3, 2 h, (ii) HBr/AcOH, 4 h, rt,
27% in two steps; (b) [BnEt3N]2MoS4, DMSO, rt, 30 min, 59%; (c) BER,
MeOH, 0 �C-rt, 4 h, 74%.
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carbon extension of D-ribose using NaCN under Kiliani-
Fischer synthesis conditions produced altronolactone,19

which on subsequent bromination with HBr in acetic acid
afforded the 2,6-dibromo-2,6-dideoxy-D-allono-1,4-lactone (19).
Double displacement of dibromide in 19 with benzyltriethylam-
monium tetrathiomolybdate 5 inDMSOsmoothly furnished the
bicyclic thialactone 20 in 63% yield. BER reduction of
1-deoxy-5-thio-D-talopyrano-3,6-lactone (20) in methanol
yielded the required 1-deoxythiotalonojirimycin 17 in good
yield (Scheme 4).

In our opinion the reaction of dibromo lactone 10 with
benzyltriethylammonium tetrathiomolybdate 5 leads to the
intermediate A via SN2 displacement of the more reactive
bromide with sulfide anion.20 Intermediate A can then
undergo an internal redox process21a,b with the oxidation
of the ligand and concomitant reduction of the metal center
to give the disulfideB. On the basis of our own earlier work11

and that of Stiefel,21c,d B can undergo reductive cleavage of
the disulfide bond with tetrathiomolybdate 5 to give thiolate
intermediate C.21c,d Finally an intramolecular displacement
of primary bromide with sulfide anion in C results in the
formation of bicyclic thialactone 12 in a stereospecific man-
ner (Scheme 5).

In conclusion, efficient synthesis of 1-deoxythioglycono-
jirimycins is accomplished in good overall yield employing a
protecting group-free strategy. Effective utilization of ben-
zyltriethylammonium tetrathiomolybdate, [BnEt3N]2MoS4
(5), as sulfur transfer reagent and borohydride exchange
resin (BER) as reducing reagent are notable features of the
methodology.

Experimental Section

Typical Procedure for the Synthesis of 1-Deoxy-5-thio-D-glucopyr-

ano-3,6-lactone (12) from2,6-Dibromo-2,6-dideoxy-D-idono-1,4-lactone

(10). A solution of dibromolactone 10 (0.320 g, 1.05 mmol) in
DMSO(2mL)wasadded toa solutionofbenzyltriethylammonium

tetrathiomolybdate ([BnEt3N]2MoS4 (5), 1.411 g, 2.3 mmol) in
DMSO (15mL) over a period of 15min.After the reactionmixture
was stirred for 30min,DMSOwas removedunder reducedpressure
and the residuewas repeatedly extractedwithTHF(5� 10mL) and
filtered over a Celite pad. The solvent was concentrated to give the
crude product, whichwas subjected to column chromatography on
silica gel (elution with hexanes:ethyl acetate 1:1) furnishing a white
solid. It was then recrystallized from acetone to afford colorless
crystals of thebicyclic thialactone 12 (0.104g, 56%).Mp156-157 �C;
[R]Dþ13.0 (c 1.0,MeOH); IR (neat) 3422, 1430, 1288, 1170, 1116,
1054 cm-1; 1H NMR (400 MHz, CD3COCD3) δ 2.68 (d, J =
15 Hz, 1H), 3.20 (dd, J= 14.5, 3.3 Hz, 1H), 3.41 (d, J= 5.5 Hz,
1H), 4.36 (br s, 1H), 4.55 (t, J=5.4 Hz, 1H), 4.60 (br s, 1H), 5.43
(d,J=5.3Hz, 1H), 5.63 (d,J=4.5Hz, 1H); 13CNMR(100MHz,
CD3COCD3) δ 31.5, 44.6, 66.7, 69.0, 74.5, 171.8; HRMS for
C6H8O4S þ Na calcd 199.0041, found 199.0043. Anal. Calcd: C,
41.01; H, 5.08; S, 17.98. Found: C, 40.90; H, 4.58; S, 18.2. Crystal
structure data CCDC 774511; C6 H8 O4 S1; mol wt = 176.18,
crystal dimensions 0.26� 0.21� 0.18,T=293(2) K, orthorhombic,
space group P 21 21 21, a = 5.7460(18) Å, b = 11.149(4) Å, c =
11.329(4) Å,R=β=γ=90.00�,Z=4,V=725.8(4) cm3,Fcalcd=
1.61 g/cm3, Mo KR radiation (λ� = 0.71073 Å), μ = 4.06 mm-1,
2θ = 2.60-28.0�; of 3594 reflections collected, 1623 were inde-
pendent (R(int) = 0.0337); refinement method full matrix least-
squares on F2, 102 refined parameters, absorption correction
(SADABS, Bruker, 1996 software, Tmin 0.9019 and Tmax

0.9306), GooF= 1.221,R1= 0.0620, wR2 = 0.1907 (σ>2σ(I )),
absolute structure parameter 0.00(2), residual electron density
0.553/-0.739 eÅ-3. The structure was solved and refined with the
programs WinGXv1.64.05, Sir92, and SHELXL-97.

Typical Procedure for the Synthesis of 1-Deoxythionojirimycin

(8) from 1-Deoxy-5-thio-D-glucopyrano-3,6-lactone (12). To a
stirred solution of bicyclic thialactone 12 (0.100 g, 0.587 mmol)
in drymethanol (6mL) at 0 �Cwas added borohydride exchange
resin (0.782 g, 2.34 mmol) and the solution was stirred for 18 h.
The reaction mixture was filtered and methanol (10 mL) was
added to the resin and the mixture was sonicated (ultrasonic
cleaning bath, 20 kHz) for 5 min at room temperature. To the
sonicated resin glacial acetic acid was added to neutralize then
the solution was filtered. The solution was then concentrated in
vacuo to afford the crude product which was subjected to
column chromatography on silica gel eluting with methanol/
chloroform 1.5:8.5 to furnish 1-deoxythionojirimycin (8) as a
gummy solid (0.063 g, 62%). [R]D þ78.6 (c 1.0, MeOH) [lit.6c

[R]Dþ50.0 (c 1.39, H2O)]; IR (neat) 3368, 2925, 1430, 1103, 1043
cm-1; 1H NMR (400 MHz, CD3OD) δ 4.27 (quint, J= 2.0 Hz,

SCHEME 4. Synthesis of 1-Deoxythiotalonojirimycin (17)a

aReaction conditions: (a) (i) Reference 19, (ii) HBr/AcOH, 2 h, rt, 49%;
(b) [BnEt3N]2MoS4, DMSO, rt, 30 min, 63%; (c) BER, MeOH, 0 �C-rt,
4 h, 58%.

SCHEME 5. Proposed Mechanism for the Double Displacement

of Dibromolactone 10 with [BnEt3N]2MoS4 (5)
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1H), 4.01 (t, J= 3.2 Hz, 1H), 3.71-3.62 (m, 2H), 3.61-3.53 (m,
1H), 3.31 (quint, J=1.6Hz, 1H), 3.19 (dd, J=11.3, 4.4 Hz, 1H),
2.67 (dd, J = 11.3, 1.2 Hz, 1H), 2.11-2.00 (m, 1H), 1.86-1.75
(m, 1H); 13C NMR (100 MHz, CD3OD) δ 34.2, 36.7, 47.8, 62.2,
79.4, 80.0; HRMS for C6H12O4S þ 1 calcd 181.0535, found
181.0526.
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