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ABSTRACT: The first examples of S-thiophosphate
derivatives of 2-bromo-2-deoxy sugars 7–12 were syn-
thesized by reacting alkyl ammonium salts 1–4 of thio-
phosphoric acids with a-1,2-cis (5) or a-1,2-trans di-
bromo sugars (6) and addition of free thiophosphoric
acids 1a or 2a to 2-bromo-D-glucal (13). It was ob-
served that the solvent determines formation of either
the O- or S-glycosyl compound. b-Thiophosphates can
be transformed to the a-configuration in the presence
of acid in quantitative yield. The structures of the syn-
thesized derivatives of 7–12 were confirmed by spec-
troscopic methods. q 1999 John Wiley & Sons, Inc.
Heteroatom Chem 10: 465–470, 1999

INTRODUCTION

Phosphorylated sugars represent a class of deriva-
tives of high biological importance; they participate
in the metabolism of nucleotides [1] and are known
as mediators of glycosyl transfer [2] and as regula-
tors of the cellular metabolism of D-glucose [3]. Di-
thiophosphates of 2-deoxy-D-glucose and fully acet-
ylated D-glucose are interesting compounds from
both a biological and chemical point of view. These
derivatives as glycosylating donors are valuable for
the synthesis of other classes of sugars, for example,
O-alkyl glycosides [4], O-aryl glycosides [5], disac-
charides [6] and 1-O-acyl esters [7]. The reaction of
salts of thio acids with a-bromides afforded b-S- and
b-O-thiophosphates of fully acetylated sugars in high
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yields. The effect of a salt cation on forming either
S- or O-thiophosphate has already been noted [8].
Also, the conditions of the reaction can determine
the formation of either S- or O-glycosyl derivatives,
as it was shown by means of glycosylation of an alkyl
ammonium salt of a thio acid with 1-unprotected
benzylated D-glucose. The use of BF3 •Et2O as a pro-
moter leads to the S-glycosyl derivative [9]. If tetra-
butyl-ammonium chloride is used as a catalyst in a
phase transfer system, the reaction leads to the for-
mation of the O-glycosyl derivative [10]. Only one
example of a phosphate with a halogen atom bound
to the C-2 of the sugar ring (a-2-deoxy-2-iodoglycosyl
phosphate), as obtained in the N-iodosuccinimide
procedure, is known [11].

This article presents two independent routes of
the synthesis of a- and b-thiophosphates of 2-bromo-
2-deoxy sugars.

RESULTS

The reaction of stoichiometric amounts of 1–4, alkyl
ammonium salts of thiophosphoric acid [12–14],
with either 3,4,6-tri-O-acetyl-2-bromo-2-deoxy-a-D-
glucopyranose bromide (5) [15] or 3,4,6-tri-O-acetyl-
2-bromo-2-deoxy-a-D-mannopyranose bromide (6)
[16] in dichloromethane under reflux for several
hours leads to either a- or b-thiophosphates, 7–12,
of the 2-bromo-2-deoxy sugars in quantitative yields
(Scheme 1). The details of reaction conditions and
the ratio of anomers observed by 31P NMR are in-
cluded in Table 1 (entries 1–6). When reacted with 5
or 6, the alkyl ammonium salts of 1–4 (triethylam-
monium or dicyclohexylammonium), which have
ambident anions of phosphorus thio acids gave S-
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SCHEME 1 Glycosylation of alkyl ammonium salts 1–4 of thiophosphoro acids by a-1,2-dibromo sugar 5 or 6 in dichloro-
methane as a solvent.

TABLE 1 S- and O-Thiophosphates of 2-Bromo-2-deoxy-a/b-D)-hexopyranose (7–12): Reaction Time and 31P NMR Data

31P NMR (CDCl3), d (ppm)

Reaction Time at Boiling
S-Glycosyl O-Glycosyl

Entry Salt a-1,2- Dibromide Glycosyl Point (in CH2Cl2) a(%) b(%) a/b(%)

1 1 5 7 10 h 14.97
(88)

58.41
(12)

2 2 5 8 12 h 23.13
(22)

22.10
(62)

59.10
(17)

3 3 5 9 25 h 19.58
(100)

4 4 5 10 15 h 22.59
(15)

22.33
(70)

57.21
(15)

5 2 6 11 10 h 21.10
(100)

6 3 6 12 12 h 19.42
(65)

19.10
(19)

57.17
(16)

7 1 5 7a 90 mina 14.97
(10)

59.02 (a)
(27)

58.41 (b)
(63)

aReaction was performed at boiling point in butanone-2.

glycosyl derivatives of 7–12 in yields of 85–100%.
These major products were accompanied by small
amounts of the O-glucosyl derivatives (7a,8a,
10a,12a), as shown in Table 1 (entries 1, 2, 4, 6). The
spectroscopic data (31P NMR) show the highest ste-
reoselectivity (100%) for forming the b-S-glycosyl de-
rivative of 9 and the a-S-glycosyl of 11 (Table 1, en-
tries 3, 5). Monitoring (31P NMR) of the reaction
revealed that the O-glycosyl derivative (d 4 57–59)
as the initial product was rapidly converted to the

more thermodynamically stable S-glycosyl deriva-
tive with the chemical shift the range of d 4 15–23
(rearrangement thiono → thiolo). Based on the data
in the literature [8] and the results of the study pre-
sented previously (see Table 1, entries 1, 2, 4, 6), I
expected to find compounds O–(9,11a) and S-glyco-
syl derivatives (9,11) in the reaction mixture (using
31P NMR). The stereoselective course of the reaction
toward S-glycosyl derivatives 9b and 11a was
unexpected.
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SCHEME 2 Glycosylation of triethylammonium salt 1 by 5 in butanone-2 as a solvent.

The 1H NMR spectral analysis, chemical shift,
and coupling constants (H-1/H-2, J1,2 ' 9.0 Hz, and
H-1/P, 3JHP ' 10.0 Hz) for the anomeric proton in-
dicate the b-gluco configuration of 7–9 (Table 1, en-
tries 1–4). The downfield signal of H-1 (d 4 6.43, as
dd) and the coupling constant with H-2 (J1,2 ' 1.0
Hz) and P (3JHP ' 12.5 Hz) show that the synthesis
of 11 and 12 leads to the formation of a-anomers,
which have the manno configuration at C-2 (Table 1,
entries 5,6).

The reaction of salt 1 with 5 under reflux in bu-
tanone-2 gave the O-thiophosphate of 7a as a mix-
ture of a- and b-anomers in 90% yield (Scheme 2).
Under the above-mentioned conditions, the S-gly-
cosyl (7b) derivative was formed in as low as a 10%
yield (Table 1, entry 7). By means of column chro-
matography on a silica gel, it was possible to sepa-
rate pure 7a (with 67% yield) as a mixture of a/b
anomers in a ratio of 35%:65%. The same results
were observed spectroscopically (31P NMR) in an al-
ternative reaction of the silver salt of thio acid 1a
with 5 performed in boiling benzene for 3 hours. The
use of butanone-2 as a solvent in the reaction of 1
with 5 offers a better route for the synthesis of 7a.

In the presence of a catalytic amount of acid, b-
S-thiophosphate (7b) in dichloromethane was trans-
formed in a few hours into the a-anomer of 7a in
quantitative yield. This reaction led to a crystalline
form of 7a that was stable for several months at 5–
108C.

It was found that thiophosphates of 2-bromo-2-
deoxy sugars can be obtained by the addition of a
stoichiometric amount of free thiophosphoric acid
1a or 2a (separated from alkyl ammonium salts 1 or
2) to 2-bromo-D-glucal 13 [15] under reflux in ben-
zene, as shown in Scheme 3. Regioselective addition
afforded the S-glycosyl derivatives of 7 and 8 as the
main products. Spectroscopic data of 7 and 8 ob-
tained by this route were the same as for glycosyla-
tion of salt 1 or 2 by dibromides 5 or 6.

In conclusion, this work presents stereoselective
syntheses of b-S-gluco and a-S-manno thiophos-
phates of 2-bromo-2-deoxy-D-hexopyranose, com-
pounds which provide interesting models for inves-
tigations in sugar chemistry.

EXPERIMENTAL

Instruments and Starting Materials

Melting points were determined with a Boetius
PHMK 05 apparatus and are uncorrected. The 1H,
13C, and 31P NMR spectra were recorded in CDCl3

with a Bruker AC 200 spectrometer operating at
200.11 MHz, 50.33 MHz, and 81.01 MHz, respec-
tively. The 1H and 13C chemical shifts are reported in
parts per million (d) downfield from tetramethylsi-
lane (1%) as an internal standard, while the 31P
chemical shifts are relative to external 85% H3PO4.
Specific rotations were measured in chloroform (Po-
lamat A polarimeter). With benzene/chloroform/ac-
etone in the ratio of 3:1:1 as the developing solvent,
thin-layer chromatography (TLC) was performed on
silica plates (Kieselgel 60 F254, Merck). The detection
was done by exposure to iodine vapors. Column
chromatography was performed on a silica gel (35–
70 mesh, Merck). Elemental analyses were per-
formed by the Microanalytical Laboratory, Institute
of Chemistry, Medical University of Łódź, and the
Microanalytical Laboratory of the Center of Molec-
ular and Macromolecular Studies of the Polish Acad-
emy of Science, Łódź. All reactions were performed
in dry solvents that were prepared by standard
techniques.

All of the starting materials of the 1–4 salts, free
acids 1a, 2a, and a-1,2-dibromides 5 and 6 were pre-
pared according to procedures described earlier. As
phosphorylating agents, we have used the triethyl-
ammonium salt of 2-hydroxy-2-thio-5,5-dimethyl-
1,3,2-dioxaphosphorinane 1 [12] and its free acid 1a
[12], the triethylammonium salt of acid O,O-dineo-
pentyl-thiophosphate 2 [13] and its free acid 2a [13],
dicyclohexylammonium salts O,O-diisopropyl-thio-
phosphate 3 [14], and O,O-dibutyl-thiophosphate 4
[14]. 3,4,6-Tri-O-acetyl-2-bromo-2-deoxy-a-D-gluco-
pyranosyl bromide 5 and 3,4,6-tri-O-acetyl-2-bromo-
D-glucal 13, were obtained from a-acetobromoglu-
cose. 3,4,6-Tri-O-acetyl-2-bromo-2-deoxy-a-D-man-
nopyranosyl bromide 6 was synthesized by a method
described by Descotes et al. [16].
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SCHEME 3 Addition of free thiophosphoro acids (1a or 2a) to 3,4,6-tri-O-acetyl-2-bromo-D-glucal.

General Procedure for Syntheses of a/b
Thiophosphates of 3,4,6-Tri-O-acetyl-2-bromo-2-
deoxy-D-gluco and Mannopyranose 7–12

Stoichiometric amounts of alkyl ammonium salts 1–
4 and a-1,2-dibromide of either 5 or 6 were heated
under reflux in dichloromethane (for duration see
Table 1, entries 1–7). When the reaction had stopped
(monitored by TLC and 31P NMR), the amine hy-
drobromide was filtered off (yield was about 100%).
The organic layer was washed three times with water
and dried with CaCl2. Concentration in vacuo gave
syrupy residues of 7–12. The ratio of anomers was
confirmed spectroscopically (31P, 1H, and 13C NMR).
Pure thiophosphates of the 2-bromo sugars were
separated from crude reaction mixtures by means of
crystallization or column chromatography on a sil-
ica gel.

S-(3,4,6-Tri-O-acetyl-2-bromo-2-deoxy-b-D-gluco-
pyranosyl )-thio-2-oxo-5,5-dimethyl-1,3,2-dioxophos-
phorinane (7b). Salt 1 (0.28 g, 1 mmol) and 5 (0.43
g, 1 mmol), were reacted with the solvents and with
the conditions shown in Table 1. Crystallization from
carbon tetrachloride/petroleum ether and recrystal-
lization from carbon tetrachloride afforded (0.34 g,
63%) of 7b as colorless crystals, m.p. 152–1548C.

4 `15 (c 4 0.1, CHCl3). 31P NMR see Table 1.27[a]578
1H NMR (CDCl3) d:0.89 and 1.29 (2s, 6 H, 2 CH3),
2.04, 2.06, 2.08 (3s, 9 H, 3 CH3CO), 3.78–3.96 (m, 4
H, 2 CH2), 4.06–4.15 (m, 1 H, 5-H), 4.16–4.29 (m, 2
H, 6-Ha, 6-Hb), 4.31–4.38 (m, 1 H, 2-H), 5.08 (dd, J3,4

4 10.3 Hz, J4,5 4 9.7 Hz, 1 H, 4-H), 5.18 (dd, J2,3 4
11.5 Hz, J3,4 4 10.2 Hz, 1 H, 3-H), 5.54 (dd, J1,2 4 9.2
Hz, 3JHP 4 10.8 Hz, 1 H, 1-H). 13C NMR (CDCl3): d:
20.03, 20.29, 20.37, (3s, C:H3CO), 21.59 (s, CH3CO),
21.59 (s, CH3, eq), 21.72 (s, CH3, ax), 32.08 [d, 3JC,P 4
6.0 Hz, C(CH3)3], 49.27 (d, 3JCP 4 9.6 Hz, C-2), 60.74
(s, C-6), 68.02 (s, C-4), 75.23 (s, C-5), 76.43 (s, C-3),
78.19 (dd, 2JCP 4 9.8 Hz, CH2O), 88.75 (d, JCP , 1 Hz,
C-1), 169.15, 170.11, 170.21 (3s, 3 CH3CO). Anal.

calcd. for C17H26BrO10PS (532.02): C, 38.34; H, 4.93.
Found: C, 37.96; H, 4.69.

S-(3,4,6-Tri-O-acetyl-2-bromo-2-deoxy-a-D-gluco-
pyranosyl )-thio-2-oxo-5,5-dimethyl-1,3,2-dioxaphos-
phorinane (7a). Two drops of acetic acid were
added to a solution of 7b (0.53g 1 mmol) in CH2Cl2

(7 mL), and the mixture was heated at the boiling
point of the solvent for 12 hours. The crude product
was purified by crystallization from carbon tetra-
chloride/petroleum ether and recrystallized from
carbon tetrachloride to afford (0.36 g, 68%) of pure
7a as colorless crystals, m.p. 170–1728C. 426[a]578

`16 (c 4 1.3, CHCl3). 31P NMR (CDCl3): d: 15.20. 1H
NMR (CDCl3) d; 0.91 and 1.29 (2s, 6 H, 2 CH3), 2.01,
2.04, 2.06 (3s, 9 H, 3 CH3CO), 3.83–3.99 (m, 4 H, 2
CH2), 4.02–4.14 (m, 1 H, 5-H), 4.26–4.29 (m, 2H, 6-
Ha, 6-Hb), 4.31–4.37 (m, 1 H, 2-H), 5.04 (dd, 1 H, J3,4

4 10.2 Hz, J4,5 4 10.2 Hz, 1 H, 4-H), 5.35 (dd, J3,4 4
9.1 Hz, J2,3 4 8.9 Hz, 1 H, 3-H), 6.07 (dd, J1,2 4 4.9,
3JHP 4 8.2 Hz, 1 H, 1-H). 13C NMR (CDCl3) d: 20.60,
20.75, 20.85 (3s, CH3CO), 22.11 (s, CH3, eq), 22.50 (s,
CH3, ax), 32.69 [d, 3JCP 4 6.4 Hz, C(CH3)2] 47.08 (d,
3JC-2,P 4 8.7 Hz, C-2), 61.58 (s, C-6), 69.21 (s, C-4),
75.29 (s, C-5), 76.62 (s, C-3), 78.46 (dd, 2JCP 4 8.4 Hz,
OCH2), 85.72 (d,2JCP , 1 Hz, C-1), 169.56, 169.87,
170.76, (3s, 3 CH3CO). Anal. calcd for C17H26BrO10PS
(532.02): C, 38.34; H, 4.93; P, 5.82. Found: C, 38.53;
H, 5.20; P, 5.86.

O-(3,4,6-Tri-O-acetyl-2-bromo-2-deoxy-a/b-D-glu-
copyranosyl)-oxo-2-thiono-5,5,-dimethyl-1,3,2-dioxa-
phosphorimnan (7a). Salt 1 (0.35g, 1 mmol) and 5
(0.43 g, 1 mmol) were reacted with the solvents and
with the conditions, shown in Table 1. The crude
product was purified by chromatography on a silica
gel (eluent:diethyl ether/hexane in the ratio of 1:1),
and afforded 7a (0.35 g, 67%) as a mixture of an-
omers, 31P NMR d: 58.41 and 59.02 in a ratio of 65%
(b): 35% (a). -10 (c 4 0.1, CHCl3). 1H NMR27[a]578
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(CDCl3) d: 0.85 and 1.18 (2s, 6 H, 2 CH3), 2.05 (s, 3
H, CH3CO), 2.07 (s, 6 H, 2 CH3CO), 3.40–3.51 (m, 4
H, 2 CH3), 4.04–4.36 (m, 3 H, 5-H, 6-Ha, 6-Hb), 4.80–
4.97 (m, 1 H, 2-H), 5.15–5.23 (m, 1 H, 4-H), 5.37–
5.40 (m, 1 H, 3-H), 5.48 (dd, J1,2 4 8.4 Hz, 3JHP 4 11.2
Hz, 1 H, 1-Hb), 6.45 (dd, J1,2 4 3.3 Hz, JHP 4 11.2 Hz,
1 H, 1-Ha). 13C NMR (CDCl3) d: 20.35 (s, 4 CH3CO,
a/b), 20.64 (s, 2 CH3CO, a/b), 31.80 [d, 3JCP 4 6.0 Hz,
C(CH3)2], 61.03, 61.72 (2s, C-6, a/b), 95.29 (d, 2JCP ,
1 Hz, C-1a), 98.62 (d, 2JCP , 1 Hz, C-1b), 168.97,
169.27, 169.55, 170.11, 170.28, 170.40 (6s, 6 CH3CO,
a/b). Anal. calcd. for C17H26BrO10PS (532.02): C,
38.34; H, 4.93. Found: C, 38.57; H, 5.18.

S-(3,4,6-Tri-O-acetyl-2-bromo-2-deoxy-b-D-gluco-
pyranosyl )-O,O-diisopropylthiophosphate (9b).
Salt 3 (0.38 g, 1 mmol) and 5 (0.43 g, 1 mmol) were
reacted with the solvents and with the conditions
shown in Table 1. Chromatography was performed
twice on a silica gel column with diethyl ether/hex-
ane in the ratio of 1:1 as the eluent to afford (0.31 g,
58%) of 9b as a light straw-colored oil. 26[a] 4 `578

(c 4 0.2, CHCl3). 31P NMR, see Table 1. 1H NMR19
(CDCl3) d: 1.36 (dd, 3JHP 4 3.2 Hz, 12 H, 4 CH3), 2.00,
2.05, 2.06 (3s, 9 H, 3 CH3CO), 3.80–3.94 (m, 1H, 5-
H), 4.08–4.38 (m, 3H, 2-H, 6-Ha, 6-Hb), 4.73–4.81 [m,
1 H, CH(CH3)3], 4.90 (dd, J3,4 4 11.4 Hz, J4,5 4 10.8
Hz, 1 H, 4-H), 5.15 (dd, J2,3 4 10.2 Hz, J3,4 4 10.7 Hz,
1 H, 3-H), 5.30 (dd, J1,2 4 9.3 Hz, 3JHP 4 9.5 Hz, 1 H,
1-H). 13C NMR (CDCl3) d: 20.22 (s, 2 CH3CO), 20.33
(s, CH3CO), 23.14 (d, 3JCP 4 4.6 Hz, CH3), 23.42 (d,
3JCP 4 4.5 Hz, CH3), 49.09 (d, 3JCP 4 10.3 Hz, C-2),
61.44 (s, C-6), 68.26 (s, C-4), 73.15 (s, C-5), 73.26 (s,
C-3), 75.70 (d, 2JCP 4 6.3 Hz, CH), 85.56 (d, 2JCP , 1
Hz, C-1), 169.11, 169.16, 170.07 (3s, CH3CO). Anal.
calcd. for C18H30BrO10PS (549.36): C, 39.41; H, 5.52;
P, 5.65. Found: C, 39.19; H, 5.25; P, 5.32.

S-(3,4,6-Tri-O-acetyl-2-bromo-2-deoxy-a-D-man-
nopyranosyl )-O,O-dineopentylthiophosphate (11a):
Salt 2 (0.35 g, 1 mmol) and 6 (0.43 g, 1 mmol) were
reacted with the solvents and with the conditions
shown in Table 1. Crystallization from carbon tet-
rachloride/hexane afforded (0.40 g, 67%) of 11a as
colorless crystals, m.p. 182–1848C. (c27[a] 4 `64578

4 0.1, CHCl3). 31P NMR (see Table 1). 1H NMR
(CDCl3) d: 0.94 and 0.96 (2s, 18 H, 6 CH3), 2.01, 2.05,
2.07 (3s, 9 H, 3 CH3CO), 3.77–3.89 (m, 4 H, 2 CH2O),
4.12–4.43 (m, 3 H, 5-H, 6-Ha, 6-Hb), 4.82 (dd, J1,2 4
1.4 Hz, 3JHP 4 13.2 Hz, 1 H, 2-H) 5.27–5.41 (m, 1 H,
3-H), 5.50 (dd, J3,4 4 11.1 Hz, J4,5 4 10.8 Hz, 1 H, 4-
H), 6.43 (dd, J1,2 4 1.2 Hz, 3JHP 4 12.3 Hz, 1 H, 1-H).
13C NMR (CDCl3) d: 20.40, 20.48, 20.59 (3s, CH3CO),
25.86 (s, 6 CH3), 32.33 [d, 3JCP4 6.9 Hz, C(CH3)3],

51.63 (s, C-2), 61.13 (s, C-6), 64.95 (s, C-3), 67.23 (s,
C-4), 73.61 (s, C-5), 77.66 (d, 2JCP 4 6.9 Hz, CH2O),
85.20 (d, 2JCP , 1 Hz, C-1), 168.97, 170.01, 170.12 (3s,
CH3CO). Anal. calcd. for C22H38BrO10PS (605.47): C,
43.64; H, 6.33; P, 5.12. Found: C; 43.35; H, 6.16; P
4.89.

General Procedure for the Addition of Thiophos-
phate acids (1a, 2a) to 3,4,6-Tri-O-Acetyl-2-bromo-D-
glucal (13). Stoichiometric amounts of acid 1a or
2a dissolved in the smallest possible amount of ben-
zene were added to the solution of 13 (1 mmol). The
reaction mixtures were heated under reflux for sev-
eral hours. After completion of the reaction (TLC
and 31P NMR monitored), the organic layer was
washed with aqueous NaHCO3 and water, and were
dried (CaCl2). The organic solvent was evaporated
under reduced pressure. Syrupy residues contained
the corresponding derivatives 7 or 8 in almost quan-
titative yields.

Addition of Acid 1a to 13. Acid 1a (0.45 g, 2.5
mmol) and 13 (0.87 g, 2.5 mmol) in benzene (8 mL)
were refluxed for 20 hours to afford (1.15 g, yield
90%) of adducts 7b, 7a, 7a in the ratio of 35:55:10,
31P NMR (CDCl3) d: 14.97, 15.10, and 58.18, respec-
tively. Spectroscopic data (31P, 1H, 13C NMR) were
identical with those of derivatives of 7 (a/b) and 7a.

Addition of Acid 2a to 13. Acid 2a (0.63 g, 2.5
mmol) and 13 (0.87 g, 2.5 mmol) in benzene (8 mL)
were refluxed for 25 hours to afford (1.32 g, yield
87%) of adducts 8a, 8b, 8a in the ratio of 47:38:15,
31P NMR (CDCl3) d: 22.10, 23.13, and 59.10, respec-
tively. Spectroscopic data (31P, 1H, 13C NMR) were
identical with those of derivatives of 7 (a/b) and 7a.
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