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Abstract: Regioselective, tin-free sulfation of a number of un-
protected glycopyranosides derived from L-fucose, L-rhamnose,
D-arabinose, D-glucose, D-galactose, and D-trehalose was
achieved by using phenylboronic acid for masking the hydroxy
groups and a 2,2,2-trichloroethyl-protected sulfurylimidazolium
salt as the sulfating reagent. The formation of phenylborate es-

ter remarkably improved the solubility of the carbohydrates in
organic solvents and indicated high reactivity and regioselectiv-
ity in the sulfation reactions. This methodology was successfully
adapted to result in a one-pot procedure that did not require
separation or purification of the reaction intermediates.

Introduction

Sulfated carbohydrates have been found to play important roles
in a wide range of biological events such as blood coagulation,
pathogen infection, tumor growth and metastasis, neurite out-
growth, and amyloidogenesis.! Their biological activities are
affected by the positions and the degree of sulfation as well as
the nature of the carbohydrate backbone. To better understand
these biologically important roles, structurally homogeneous
forms of sulfated carbohydrates are in great demand. This has
led to the development of several synthetic methods for the
synthesis of sulfated carbohydrates. Sulfated carbohydrates
have conventionally been synthesized by treating precursors in
which only the hydroxy groups to be sulfated are unprotected
with a sulfur trioxide-amine complex such as SOs;—pyridine,
SOs-triethylamine, or SOs-trimethylamine in a later synthetic
stage.? This synthetic approach requires an extensive protec-
tion/deprotection process by using orthogonal protecting
groups, which results in a lengthy and impractical synthetic pro-
cedure and a lower overall yield. To overcome this problem,
direct regioselective sulfation reactions involving the reaction
of a sulfur trioxide-amine complex with unprotected carbo-
hydrates by formation of stannylene acetals have been investi-
gated.B4 Although this pathway is an effective method that
allows the sulfation of a specific hydroxy group, the unavoid-
able use of toxic and environmentally hazardous organotin rea-
gents, such as Bu,SnO, in stoichiometric quantities is a definite
limitation for practical syntheses. Therefore, there still remains
room for improvement in the available methods for regioselect-
ive sulfation of carbohydrates. Recently, we and others demon-
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strated the regioselective glycosylation of fully unprotected
hexopyranoside by molecular recognition of the hydroxy
groups at specific positions by arylboronic acids.>"? In this con-
text, we report here a highly regioselective tin-free sulfation
based on the masking of hydroxy groups with phenylboronic
acid (Scheme 1).
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Scheme 1. Regioselective O-sulfation of unprotected carbohydrates by using
arylboronic acid.

In the syntheses of sulfated carbohydrates, the choice of sulf-
ating reagent is another challenge. A conventional method for
the direct transformation of hydroxy groups into sulfate groups
is the use of sulfur trioxide—amine complexes. However, incom-
plete sulfation of the free hydroxy groups and problems are
often encountered during the isolation of a highly polar sulf-
ated product from the reaction mixture. Moreover, further
chemical transformations of nonprotected sulfated carbo-
hydrates are difficult. To overcome these problems, protected
sulfurylimidazolium salts (SISs) with a 2,2,2-trichloroethyl (TCE)
group were developed by Taylor's group as a new class of sulf-
ating reagents.[®®! This reliable TCE-protected reagent enables
not only easy handling, separation, and purification of the sulf-
ated product, but also permits a broad range of synthetic strate-
gies to be applied to sulfated carbohydrates, as the protected
sulfate groups are introduced at an early synthetic stage. We
therefore chose Taylor's reagent 184 as a sulfating reagent for
regioselective sulfation reactions by using phenylboronic acid.

Results and Discussion

We initially examined the sulfation of methyl a-L-fucopyran-
oside (2), which bears three contiguous secondary hydroxy
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groups in different orientations (Scheme 2).[61%11 Treatment of
a suspension of methyl a-L-fucopyranoside (2) in CH,Cl, with
1.1 equiv. of phenylboronic acid at room temperature for 24 h
afforded a clear colorless solution of 3,4-O-phenyboronate ester
3 without the addition of any other additives. Clearly, the for-
mation of cyclic boronate esters of nonprotected carbohydrates
remarkably improves their solubility in organic solvents. After
removal of the solvent, the residue was treated with 1.1 equiv.
of the sulfurylimidazolium salt 1 in the presence of 1.1 equiv.
of 1,2-dimethylimidazole (1,2-dMelm) and molecular sieves (MS)
(4 A) in CH,Cl, for 24 h. Subsequent treatment with 2.5 equiv.
of pinacol to remove the boronate esterl’? gave the 2-O-mono-
sulfated product 5 as a single regioisomer in 82 % vyield.
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Scheme 2. Regioselective sulfation of methyl a-L-fucopyranoside (2) by using
phenylboronic acid.

Encouraged by this result, we examined the regioselective
sulfation of methyl (3-p-galactopyranoside (6), which bears four
hydroxy groups, including a primary hydroxy group (Table 1).
The treatment of methyl 3-p-galactopyranoside (6) with phenyl-
boronic acid, followed by sulfation with sulfurylimidazolium salt
1 (1.1 equiv.) and 1,2-dMelm (1.1 equiv.) in CH,Cl, under the
conditions employed in Scheme 1 gave both the 3-O-mono-
sulfated product 8 and the 2,3-O-disulfated product 9 in 63 %

Table 1. Regioselective sulfation of methyl $-p-galactopyranoside (6) by using
phenylboronic acid.

Ph_
HO __oH PhB(OH), B\\O sulfuryl imid?zolium
o (1.1 equiv.) (e] salt 1 (x equiv.)
Ho OMeCHCI (0.1 M) 0 1,2-dMelm ( iv.)
HCly (0.1 M HO oM ,2-dMelm (y equiv.
HO rt,24h °l Ms (4 A), solvent
6 then 7 HO 0°Cthenrt., 24h
concentration
pinacol HO _ on HO oy
(2.5 equiv.) o o)
JPempe—— i (0] =(o M o Me + TCEO...O OMe
CH,Cl, (0.1 M) s OMe S .
rt,20h o’ o HO [0)Ne) é
8 TCEO™ R ©
[e]
9
Entry  Solvent Sulfuryl imidazolium salt1 1,2-dMelm Yield (%)
(x equiv.) (y equiv.) 8 9
1 CH,Cl 1.1 1.1 63 12
2 THF 1.1 1.1 80
3 CH,Cl, 5.0 5.0 — 82
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and 12 % yield, respectively, after treatment with pinacol (En-
try 1).

The regioselectivity observed for the sulfation of the 4,6-O-
boronate ester 7 is consistent with that reported during glyc-
osylation reactions in which arylboronic acid was used to tem-
porarily mask hydroxy groups.® A hydroxy group in which both
substituents at adjacent positions are oriented equatorially is
less reactive, due to steric hindrance. Conversely, if at least one
of the adjacent substituents is oriented axially, a hydroxy group
is more reactive, because there would be sufficient space to
permit reaction. Changing the solvent from CH,Cl, to THF pro-
vided the 3-O-monosulfated product 8 as the sole product in
80 % vyield (Entry 2). In contrast, the 2,3-O-disulfated product 9
could be obtained in 82 % yield as a sole product when an
excess of sulfurylimidazolium salt 1 (5.0 equiv.) and 1,2-dMelm
(5.0 equiv.) in CH,Cl, was used (Entry 3). These results indicate
that the use of CH,Cl, as a solvent increases the reactivity in
the sulfation reaction for boronate esters, when compared to
THF.[8d]

Under the optimized conditions, we applied the sulfation re-
action, following the regioselective masking of the hydroxy
groups with phenylboronic acid, to several nonprotected carbo-
hydrates (Table 2). The monosulfation of methyl a-b-glucopyr-
anoside (10), methyl a-L-rhamnopyranoside (12), and methyl
[-p-arabinopyranoside (14) was accomplished with complete
regioselectivity and high yield to provide 11 (72 %), 13 (76 %),
and 15 (72 %), respectively (Entries 1, 2 and 3). a-D-Galactopyr-
anoside 16 bearing an allyl side-chain, serving as a latent leav-
ing group, at the anomeric position!'3! was exclusively sulfated
at the C3 hydroxy group to give 17 in 74 % yield (Entry 4).
The regioselective sulfation of propargyl a-p-galactopyranoside
(16), suitable as a substrate for the Huisgen cycloaddition in
click chemistry,l'¥ was synthesized in 70 % yield without loss
of the terminal alkyne (Entry 5).['>] The use of an excess amount
of sulfurylimidazolium salt 1 in reactions with methyl o-p-
glucopyranoside (10) and methyl a-pD-galactopyranoside (21) in
CH,Cl, gave the 2,3-O-disulfated products 20 in 76 % yield and
22 in 85 % yield, respectively (Entries 6 and 7). The 2,2’-O-se-
lective disulfation of p-trehalose (23), included as a structurally
complicated substrate with very poor solubility in organic sol-
vents, was achieved in 69 % yield (Entry 8).

To demonstrate the utility of our methodology, a one-pot
sequential procedure was applied to the regioselective sulfation
of an unprotected carbohydrate by means of the transient
masking of hydroxy groups with phenylboronic acid
(Scheme 3). After methyl a-L-fucopyranoside (2) was stirred with
1.0 equiv. of phenylboronic acid in the presence of MS (4 A) in

o Me o
TCEO-S-N"SN*-Me
OMe  PhB(OH), o \= pinacol OMe
(1.0 equiv.) 1 (1.1 equiv.) (2.5 equiv.)
Q7 on MS (4 A) 1,2-dMelm (1.1 equiv.) rt, 16h WOSOJCE
OH CH,Cl, (0.1 M) 0 °C then r.t. OH
HO%S r.t,2242h( ) 24h O™

" ; " 93%
one-pot sequential procedure

Scheme 3. Regioselective sulfation of methyl a-L-fucopyranoside (2) by using
phenylboronic acid in a one-pot sequential procedure.
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Table 2. Regioselective sulfation of unprotected carbohydrates by using phenylboronic acid.

Ph, 1. sulfuryl imidazolium (HO),
B~o salt 1 (x equiv.) \—O
0 PhB(OH), 1
(HO) =, CH,Cl, OS\/O 1,2-dMelm (y equiv.) \' “OR
ORr b 51 oen v MS (4 A), solvent TCEO. O
- HO OR -~ 20-24h,0°Ctort. %y L ioe
2. pinacol, CH,Cl,
Entry Substrate Solvent Xy Product Yield
(equiv.) (%)
OH OH
1 HO THF 1.1;1.1 72
HO : TCEO,S0
10 OMe " OMe
OMe OMe
0 0
2 HO@*Z‘ CHCl, 11,14 TCEO;SO 76
OH oy OH oy
12 13
OH 0SO,TCE
3 HO O ome CHCl,  1.1;1.1 Hoﬂome 66
HO 14 HO 15
HO  on HO oy
o) . o)
4 Ho O THF 3.0;3.0  TCEO,SO O~ ™
HO HO
ik 17
HO
’ og 1111 "o
HO o7 THF 7 TCEO0,80 Qo _Z n
HO HO
18 19
OH OH
o} HO O
6 Hﬁoéﬁ CH,Cl, 5.0;5.0 TCEO5SO 63
TCEO,S0
10 Hwme o0 3®~OMe
HO __on HO oy
7 HO & CH.Cl, 3.0;3.0 TCEO,SO g 85
21 HO TCEO;SO
OMe 22 OMe
OH OH
HO 0 HO 0
HO HO
8 HOG THF  40;100  TCEOsSO, 69
OH OH
HE S;O_;\S OH TCE0:50 NS~ —0H
23 oK 24 OH

CH,Cl,, 1,2-dimethylimidazole (1.1 equiv.) and sulfurylimidaz-
olium salt 1 were added to the mixture, followed by treatment
with pinacol (2.5 equiv.), to give methyl 2-O-(2,2,2-trichloro-
ethyl)sulfo-a-L-fucopyranoside (5) in 93 % yield."® Note that
this procedure did not involve any concentrations and extrac-
tions during the sequential reactions.

Conclusions

We have demonstrated an efficient method for the regioselect-
ive sulfation of unprotected carbohydrates by using phenylbor-
onic acid. This methodology is applicable to fully unprotected
carbohydrates, including those which display very poor solubil-
ity in organic solvents. By this method, not only can simple
monosaccharides be regioselectively sulfated, but structurally
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complicated disaccharides like p-trehalose are also suitable sub-
strates. Studies on further applications of our methodology to
the synthesis of complex sulfoglycolipids are now in progress.

Experimental Section

Representative Procedure for the Regioselective Sulfation of
Methyl o-L-Fucopyranoside (2). Methyl 2-0-(2,2,2-Trichloro-
ethyl)sulfo-o-L-fucopyranoside (5): A suspension of methyl o-L-
fucopyranoside (2) (35.6 mg, 0.20 mmol, 1.0 equiv.) and phenylbor-
onic acid (26.4 mg, 0.22 mmol, 1.1 equiv.) in CH,Cl, (2.0 mL, 0.10 m)
was stirred at room temperature under N, for 24 h. After concentra-
tion under reduced pressure, MS (4 A) (350 mg) and 1,2-dimethyl-
imidazole (1.0 m in CH,Cl,, 0.22 mL, 0.22 mmol, 1.1 equiv.) were
added. The resultant mixture was stirred at 0 °C under N, for 10 min,
and then sulfurylimidazolium salt 189 (100.6 mg, 0.22 mmol,

9204 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1.1 equiv.) was added. The reaction mixture was warmed to room
temperature and stirred for 24 h. The reaction mixture was filtered
through a Celite pad®, which was further rinsed with CH,Cl,. The
combined filtrates were washed with aqueous HCl (0.5 m in H,0),
followed by water. The organic layer was dried with Na,SO, and
concentrated under reduced pressure. The residue was dissolved in
CH,Cl, (2.0 mL) and treated with pinacol (59.2 mg, 0.50 mmol,
2.5 equiv.) at room temperature for 16 h. After the mixture had
been concentrated under reduced pressure, the residue was puri-
fied by silica gel column chromatography (CHCl;/AcOEt, 3:1) to give
methyl 2-0-(2,2,2-trichloroethyl)sulfo-a-L-fucopyranoside (5) as a
colorless white solid (63.7 mg, 0.16 mmol, 82 % yield).
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