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Abstract: Dialkyl imidazolium benzoates, room temperature ionic
liquids including 1-ethyl-3-methyl imidazolium benzoate, 1-butyl-
3-methyl imidazolium benzoate and 1-hexyl-3-methyl imidazolium
benzoate were used in the peracetylation and perbenzoylation of
several simple and sulfated carbohydrates. Organic solvents and
catalysts were not required in the syntheses and these ionic liquids
gave excellent yields in short reaction times.
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Glycosaminoglycans (GAGSs), a family of structurally
complex, highly sulfated, polydisperse, linear polysac-
charides are of particular interest to our laboratory asthey
display a wide array of important biological properties.t
Simple sulfated monosaccharides have proven useful in
devel oping new GAG chemistry.? Peracetylation and per-
benzoylation play vital rolesin protection strategies, sep-
aration and characterization of carbohydrates. Acetic
anhydride is the most widely used reagent for peracetyla-
tion and benzoyl chloride, well-known for its corrosive-
ness and pungent smel, for benzoylation of
carbohydrates. Pyridine, toxic and odoriferous, is widely
used as solvent/catalyst in these reactions. DMAP and so-
dium acetate are other common acetylation catalysts,? as
arethe Lewisacids, TaCl; and TaCls-silicagel* and boron
trifloride.®

Room Temperature lonic Liquids (RTILS) are liquids at
room temperature composed entirely of ions. RTILs are
fast becoming an alternative for environmentally harmful,
volatile, organic solvents. RTILs are finding a place in
modern chemistry due to their desirable properties, in-
cluding almost no vapor pressure, making RTILsnon-vol-
atile, odorless, recyclable, non-flammable and thermally
stable. RTILs can dissolve many complex polar mole-
cules, and while their high viscosity can be an advantage
in coating materials,® it can complicate their use as reac-
tion solvents. Their use with polar reactants can avoid the
processes of solvolysisand solvation, which often compli-
cate reactions in which aqueous and organic solvents are
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used. The hazardous flammable nature and toxicity of
many organic solvents have also resulted in environmen-
tal concerns motivating the development of these alternate
environmentally ‘greener’ solvents. Many reviews on
RTILs and their usesin modern chemistry have appeared
recently in the literature.”® Dicyanamide ionic liquids
([bmim][dca] and [emIm][dca]) had also been recently
demonstrated to afford clean and mild method for O-
acetylation of simple saccharides.® For these reasons, we
decided to investigate the use of RTILsin the peracetyla-
tion and perbenzoylation of the simple, underivatized and
sulfated monosaccharides.

1-Ethyl-3-methyl imidazolium benzoate [emIm][ba] was
first reported'®in 1994 asanionic liquid useful in electro-
chemistry. In this communication, we introduce
[emim][ba], 1-butyl-3-methyl imidazolium benzoate
[bmIm][ba] and 1-hexyl-3-methyl imidazolium benzoate
[hmim][ba] (Figurel) as good solvent/catalysts in the
peracylation of simple and sulfated carbohydrates.
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Figurel (@) 1-Ethyl-3-methyl imidazolium benzoate, (b) 1-butyl-

3-methyl imidazolium benzoate and (c) 1-hexyl-3-methyl imidazoli-
um benzoate.

Since many of the RTILs used in this study are commer-
cialy unavailable, conventional methods relying on using
silver oxide'®! were first used for their preparation.
While this approach afforded reasonable yields, a silver
colloid contaminated all the RTILs synthesized by this
method. A recently devel oped approach using microwave
irradiation'? was next investigated, which yielded clean
[emIm][ba], [bmIm][ba] and [hmIm][ba] without the re-
guired use of any metal. In a typical reaction procedure
(Equation 1), a household microwave was used to heat 1-
ethyl-3-methyl imidazolium chloride (1 mmol) mixed
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with ammonium benzoate (1 mmol). The contents were
microwaved in atest tube for 45 swith 20 sof intermittent
mixing (20s+ 10s+20s+ 10s+ 5s) on avortex stirrer.
The by-product, ammonium chloride, precipitated on the
sides of the test tube resulting in the easy recovery of a
clear solution of [emIm][ba]. The RTIL was dried under
vacuum at 70 °C prior to being used in acylation reactions.
The purity of the RTIL was confirmed by using H
NMR.2 The yields obtained in the synthesis of the three
RTILsaregivenin Table 1.

ClI- -
/ \ Microwave  / \ -
N @ N_ + CeHsCOONHs — g @ CeHsCOO
R/ \/ \CH irradiation /N N\ + NH,CI
3 N\ CH3

R=C;Hs, C4Hg, CeH13

Equation 1 Synthesis of RTILs [emIm][ba], [bmIm][ba] and
[hmIm][ba].

Tablel Synthesisof RTILsUsing Microwave Energy

RTIL Starting material Yield (%)
[emIm][ba] [emIm][Cl], anmonium benzoate 87
[bmIm][ba] [bmIm][CI], ammonium benzoate 86
[hmIm][ba] [hmIm][CI], ammonium benzoate 87

Peracetylation of various simple saccharides including 8-
D-glucose, a-D-glucose, D-mannose (o, B mixture), and D-
galactose (a, p mixture), and sulfated saccharides, phenyl
4-O-sulfo-B-D-glucopyranoside (1) and phenyl 6-O-sulfo-
B-D-glucopyranoside (2), was achieved using [emIim][ba]
as asolvent/catalyst. It isimportant to note that acetic an-
hydride and RTIL act as co-solvents in these reactions.
Various diakyl imidazolium benzoate ionic liquids
(Figure 1) were found to give good to excellent isolated
yields in short reaction times (Table 2). The conversions
were quantitative in most cases based on the disappear-
ance of the starting material by TLC.

The sugar reactants were not completely soluble in the
[emIm][ba], [bmIm][ba] and [hmIm][ba] RTILs. Despite
the biphasic nature of the reactions, acetylation took less
than 24 h for completion. No organic solvents were re-
quired for any of the reactions, and only a stoichiometric
amount of acetic anhydride was required for complete re-
action. The anomeric ratio of products, corresponding to
reaction selectivity, was determined by using *H NMR.

The recovered yields of peracetylation products varied.
For both B-D-glucose (Equation 2) and a-D-glucose, the
yield was quantitative, but was found to decrease to 78%
and 71% for mannose and galactose, respectively. In
the cases of a-D-glucose and -D-glucose, the selectivity
was found to favor the B-product, but in the cases of D-
mannose (a, B mixture) and D-galactose (o, B mixture),
the a-product was favored. The higher yields for the pure
anomeric forms might result from their increased crystal-
linity.

Peracetylation of B-D-glucose was next attempted by us-
ing commercialy available RTILs, 1-butyl-3-methylimi-
dazolium hexafluorophosphate [bmIm][PFg] and 1-butyl-
3-methyl imidazolium tetrafluoroborate [bmIim][BF,]. In
both cases, no product was observed and only starting ma-
terial was recovered after 24 h. The basic nature of the
benzoate ions in the RTILs shown in Figure 1 apparently
represents an important catalytic component in these
acylation reactions.

The peracetylation yield was found to decrease signifi-
cantly with theincreasein the alkyl chain length of theim-
idazole moiety (Table 1, entries 1, 7 and 8). In addition,
the reaction time also increases with the increased alkyl
chain length in the imidazole component of the ionic lig-
uid, from 4 h to 5 h to 7 h, when using [emIm][ba],
[obmIm][ba] and [hmIm][ba], respectively. This might re-
sult from the increased viscosity of the ionic liquids con-
taining longer chain lengths in the alkyl groups of the
imidazole moiety. Reaction selectivity was also atered
with a change in the akyl chain length. For both
[emIm][ba] and [bmIm][ba], the selectivity completely
favored the B-anomer, but for [hmim][ba], a-anomeric
product was also formed.

The sodium salts of sulfated sugars are insoluble in most
organic solvents and are difficult to peracetylate.!* Cur-
rently only water and formamide can serve as solventsfor
these sulfated carbohydrates.®® The sodium salts of both 1
and 2 were found to be soluble in [emIm][ba] facilitating
their peracetylation. This property of benzoate RTILSs to
dissolve sulfated sugars makes these solvents potentially
very important for future use in the chemical modification
of GAGs. By using [emIm][ba] as a solvent/catalyst, phe-
nyl 2,3,4-tri-O-acetyl-4- and 6-O-sulfo-B-D-glucopyrano-
side (8) and (9) could be easily obtained in high yield.
Diakyl imidazolium benzoate RTILs were aso found to
be effective solvents for perbenzoylation of simple sac-
charides (Table 3). Initia studies using benzoyl chloride
failed to afford the desired product. In subsequent studies,
benzoic anhydride was used to afford completely benzoy-
lated products 10-12. Recovered yields of perbenzoylated
products, ranging from 53% to 55%, were obtained using
[emIm][ba]. In contrast to the peracetylation reactions, 3-
D-glucose, and D-mannose (a,  mixture) favored a-prod-
ucts while a-D-glucose favored p-products.

Following each reaction, RTILs were recovered by filtra-
tion and subsequent evaporation of the permeate. The pu-
rities of the recovered RTILs were assessed by 'H NMR.
In the acetylation reactions, the acetate product formed
could replace the benzoate ion in the ionic liquid destabi-
lizing it and further complicating its recovery. Destabili-
zation of the RTIL might also result from the use of water
to recover product.

While the eventual purpose of using the RTILsisto elim-
inate the use of volatile organic solvents, it isimportant to
understand the stability of RTILs when mixed with vari-
ous organic solvents. The stability of [emIm][ba] was ex-
amined when combined with various organic solvents
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including, acetone, acetonitrile, methanol, chloroform and
ethyl acetate. 'H NMR spectra of RTIL taken before and
after washing with these solvents revealed the loss of a
portion of its anionic component, benzoate. [EmIm][ba]
was only found to be stable when washed with anhydrous
diethyl ether. Additional efforts are currently underway to
improve the recovery and recycling of theseionic liquids.

/ @\ CgHsCOO™
OH NN OCOR
o CHs CHs o
HO » ROCO
HO OH ROCO OCOR
OH (RCO)20 OCOR

(3), (4) R=CHj,

R=CHs, CeHs (10), (11) R = CgHs

Equation 2 Peracylation of p-D-glucose in 1-ethyl-3-methyl imid-
azolium benzoate.

In atypical acetylation reaction procedure (Equation 2),
acetic anhydride (5.33 mmol) was added to a suspension
of B-D-glucose (1.08 mmoal) and [emIim][ba] (2.16 mmoal).
The reaction mixture was stirred at room temperature until
the completion of the reaction, monitored by the disap-
pearance of the starting materialson TLC. Water wasthen
added to the reaction mixture to precipitate the product,
which was recovered by filtration and purified by silica
gel chromatography (petroleum ether:ethyl acetate, 9:1 —
3:1) to afford 3 (416mg, 100%). The purity of the final
product was confirmed by *H NMR.

The phenyl 4-O-sulfo--D-glucopyranoside (1) and phenyl
6-O-sulfo-pB-D-glucopyranoside (2) were synthesized
from phenyl B-D-glucopyranoside (200 mg, 0.78 mmol)
by selective 6-silylation with tert-butyldimethylsilyl chlo-
ride (180 mg, 1.17 mmol) in pyridine (4 mL). After 40
min, acetic anhydride (450 uL, 4.77 mmol) was added and
the reaction mixture was stirred overnight at room temper-
ature, concentrated and co-evaporated with toluene. The
peracetylated 6-silylated derivative (302 mg, 78%), ob-

tained by recrystallization (petroleum ether:ethyl acetate),
was treated with trifluoroacetic acid (500 pL) for 5 min-
utes. The solution was co-evaporated with water to give
an inseparable mixture of 4- and 6-hydroxyl derivatives
(227 mg, 98%). Sulfonation using sulfur trioxide-trimeth-
ylamine complex (238 mg, 1.71 mmol) in DMF at 50 °C
overnight afforded the 4- and 6-O- sulfo derivatives that
were purified by silicagel chromatography (ethyl acetate/
methanol/water, 10:2:1 + triethylamine 0.5%). De-acety-
lation of both the 4- and 6-O-sulfo derivatives (500 mg,
1.08 mmol) was carried out with catalytic sodium meth-
oxide in methanol (5 mL). After 4 hours, neutralization
with Amberlite IR-120H*, concentration and purification
by silicagel chromatography (ethyl acetate/methanol /wa-
ter 16:2:1) followed by ion-exchange chromatography on
Sephadex C-25 (Na") (methanol/water 1:1) afforded as
sodium salts the 6-O-sulfo (198 mg, 54%) and the 4-O-
sulfo compounds (96 mg, 27%).

A representative peracetylation procedure for the sulfated
sugars (Equation 3) involved the addition of acetic anhy-
dride (0.77 mmol) to a suspension of 1 (0.26 mmol) and
[emIm][ba] (1.34 mmol). The reaction was followed by
TLC until the starting material disappeared. Water was
added to extract the peracetylated product from the reac-
tion and was evaporated to recover the product, which was
purified by silicagel chromatography (ethyl acetate/meth-
anol/water 6:2:1) to afford 8 (46mg, 74%). The structure
of the final product was confirmed by both *H NMR*® and
mass spectroscopy.t’

In a representative perbenzoylation reaction procedure
(Equation 2), B-D-glucose (0.34 mmol) was added to a
suspension of benzoic anhydride (1.70 mmol) in
[emim][ba] (1.35 mmoal). In this case additional
[emIm][ba] was required (because benzoic anhydrideisa
solid in contrast to liquid acetic anhydride). The reaction
was followed until completion as determined by the dis-
appearance of the starting material using TLC. The prod-

Table2 Peracetylation of Various Unsubstituted and Sulfated Saccharidesin RTILs at Room Temperature

Entry Compound Ac,0O (equiv) Solvent (equiv) Time(h) Products Yield (%) Anomeric
ratio (o:p)?
1 B-D-glucose 5 [emIm][ba](2) 4.0 3 100 0:1
2 a-D-glucose 5 [emIm][ba](2) 4.0 3,4 100 2:1
3 D-mannose (a:f = 1:0.5) 5 [emIm][ba](2) 3.0 5 78 1.0
4 D-galactose (a:p = 1:2) 5 [emIm][ba](2) 45 6,7 71 11
5 phenyl-4-O-sulfo-B-D-glucopyranose (1) 3 [emIm][ba](2) 2.0 8 74 0:1
6 phenyl-6-O-sulfo-B-D-glucopyranose (2) 3 [emIm][ba](4.4) 1.0 9 73 0:1
7 f-D-glucose 5 [bmIm][ba] (2) 5.0 3 82 0:1
8 B-D-glucose 5 [hmIm][ba] (2) 7.0 3,4 68 1:.0.2
9 B-D-glucose 5 [bmIm][PF](2) 24.0 - 0 -
10 3-D-glucose 5 [bmIm][BF,4](2) 24.0 - 0 -

aThe anomeric ratio of the starting materials was determined by using *H NMR in D,0 immediately after dissolution.
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Table3 Preliminary Results of Perbenzoylation of Simple Saccharides

Entry  Compound (PhCO),0 (equiv) Solvent (equiv) Time(h) Products  Yield (%) Anomeric ratio (a:f)
1 -D-glucose 5 [emIm][ba](4) 55 10, 11 55 1:12

2 a-D-glucose 5 [emIm][ba](4) 5.0 10, 11 54 1.0.8

3 D-mannose (o.:p = 1:0.5) 5 [emIm][ba](4) 6.0 12 53 1.0

uct was precipitated by adding water, recovered by
filtration, and purified by silica gel chromatography
(petroleum ether: ethyl acetate 9:1 — 3:1) to afford anin-
separable mixture of 10 and 11 (213mg, 55%). The iden-
tity and purity were confirmed by *H NMR.16

/@\ C6H5COU
OH NN OAc
o CoHs CH3 o
NaO3S0 Na0;S0
HO OCeHs ——— > AcO OCgHs
OH Ac,0O OAc

® ®

Equation 3  Peracetylation of phenyl-4-O-sulfo-B-D-glucopyranose
(1) using 1-ethyl-3-methyl imidazolium benzoate.

In summary, acetylation and benzoylation of unsubstitut-
ed and sulfated monosaccharides have been successfully
accomplished in RTILs. While some a, 3 selectivity was
observed, at present we are unableto explain this selectiv-
ity.

Future studies will examine these issues as well as extend

the application of these reactions to other sulfated reac-
tants such as GAGs and GAG-derived oligosaccharides.

Acknowledgment

We thank Ms. Erin Steenblock, for her help in preparing ionic li-
quids and conducting some of the reactions. We a so acknowledge
the support of the NIH in the form of grant # HL 62244,

References

(1) Capila, I.; Linhardt, R. J. Angew. Chem. Int. Ed. 2002, 41,
390.

(2) Kerns, R. J; Vlahov, I. R,; Linhardt, R. J. Carbohydr. Res.
1995, 267, 143.

(3) Vogd, A.l.Vogel’stextbook of practical organic chemistry,
5th ed.; Wiley: New York, 1984, 644.

(4) Horton, W. J.; Stout, M. G. J. Org. Chem. 1962, 27, 830.

(5) Chandrasekhar, S.; Ramachander, T.; Takhi, M.
Tetrahedron Lett. 1998, 39, 3263.

(6) Dupont, J.; Consorti, C. S.; Spencer, J. J. Braz. Chem. Soc.
2000, 11, 337.

(7) Seddon, K. R. J. Chem. Tech. Biotechnol. 1997, 68, 351.

(8) Sheldon, R. Chem. Commun. 2001, 2399.

(9) Forsyth, A. S,; MacFarlane, D. R.; Thomson, R. J.; Itzstein,
M. V. Chem Commun. 2002, 714.

(10)
(11)
(12)

(13)

(14)

(15)

(16)

(17)

Carlin, R. T.; DeLong, H. C.; Fuller, J.; Trulove, P. C. J.
Electrochem. Soc. 1994, 141, L73.

Holbrey, J. D.; Seddon, K. R. J. Chem. Soc., Dalton Trans.
1999, 2133.

Namboodiri, V. V.; Varma, R. S. Tetrahedron Lett. 2002,
43, 5381.

NMR data: [emIm][ba]: *H NMR (DM SO, 400 MHz) §
1.39(3H,t, CH,), 3.84(3H, s, CH,), 416 (2H, g, CH,),
7.44 (2H, m, Ph), 7.54 (1H, m, Ph), 7.70 (1 H, t,J=1.7 Hz,
Im), 7.79 (1 H, t,J=18Hz,Im), 7.92 (2 H, m, Ph), 9.25 (1
H, s, Im). [lomIm][ba]: *"H NMR (DM SO, 400 MHz) § 0.91
(3H,t, CHy), 1.28 (2H, m, CH,), 1.78 (2H, m, CH,), 3.88
(3H,s,CH,), 4.20 (2 H, t, CH,), 7.49 (2 H, m, Ph), 7.60 (1
H, m, Ph), 7.77 (1H,t,J=17Hz,1m), 7.84 (1 H,t,J=1.7
Hz, Im), 7.96 (2 H, m, Ph), 9.36 (1 H, s, Im). [hmIm][ba]:
IH NMR (DM SO, 400MHz) § 0.84 (3H, t, CH,), 1.24 (6 H,
m,3CH,), 1.76 (2H, m, CH,), 3.84 (3H, s, CH;), 4.14 (2H,
t,CH,),7.16 (1H,t,J=1.7Hz,1m), 7.47 (2H, m, Ph), 7.59
(A H, m, Ph),7.87 (1H,t,J=1.8Hz, Im), 7.93 (2H, m, Ph),
9.24 (1H,s, Im)..

Foley, K. M.; Griffin, C. C.; Amaya, E. US. Pat. App,
898124, 1990.

Petitou, M.; Coudert, C.; Levd, N.; Lormeau, J.-C.; Zuber,
M.; Simenel, C.; Fournier, J.-P.; Choay, J. Carbohydr. Res.
1992, 236, 107.

NMR data: Compound (1): *H NMR (D,0, 400 MHz) & 3.58
(1H,dd,J=7.8Hz,9.2Hz H-2),3.62 (1H, ddd, J=2.1 Hz,
5.6 Hz, 9.8 Hz, H-5), 3.80 (2 H, m, H-3, H-6b), 3.95 (1 H,
dd,J=2.1Hz, 12.5Hz, H-6a), 4.24 (1 H, dd, J=9.0Hz, 9.8
Hz, H-4),4.97 (1H, d, J=7.9Hz, H-1), 7.01-7.32 (5H, m,
Ph). Compound (2): *H NMR (D,0, 400 MHz) § 3.43-3.51
(3H, m, H-2, H-3, H-4), 3.69 (1 H, ddd, J= 2.0 Hz, 5.8 Hz,
7.6 Hz, H-5),4.18 (1 H, dd, J=5.8 Hz, 11.0 Hz, H-6b), 4.39
(1H,dd,J=2.0Hz,11.0Hz, H-6a),4.91 (1H,d,J=7.4Hz,
H-1), 7.00-7.32 (5 H, m, Ph). Compound (8): *H NMR
(D,0, 400 MHz) 5 2.04 (3 H, s, OACc), 2.05 (3 H, s, OAC),
2.06 (3H, s, OAc), 498 (1 H, ddd, J=2.5Hz, 6.6 Hz, 9.7
Hz, H-5), 4.37 (1 H, dd, J= 6.6 Hz, 12.2 Hz, H-6b), 4.42—
4.49 (2H, m, H-4, H-6a), 5.14 (1 H, dd, J = 8.0 Hz, 9.7 Hz,
H-2),5.27 (1H,d,J=8.0Hz, H-1),5.38 (1 H, t,J=9.7 Hz,
H-3), 7.00~7.32 (5 H, m, Ph). Compound (9): *H NMR
(D,0, 400 MHz) § 2.03 (3H, s, OAC), 2.08 (3H, s, OAC),
2.09 (3H, s, OAc), 4.09-4.21 (3 H, m, H-5, H-6a, H-6b),
512 (1H,t,J=9.5Hz, H-4),5.21 (1H, dd, J=8.0Hz, 9.5
Hz,H-2),5.33(1H, d,J=8.0Hz H-1),5.42(1H,t,J=95
Hz, H-3), 7.05-7.36 (5 H, m, Ph). Compounds (10) and (11):
IH NMR (D,0, 400 MHz) § 4.39-4.69 (5.25 H, m, H-5a,B,
H-6aa,, H-6ba,B), 5.69 (1 H, dd, J = 3.7 Hz, 10.3 Hz, H-
2a), 5.80-5.90 (2.5 H, m, H-4a, H-28, H-48), 6.05 (0.75 H,
t,J=9.4Hz, H-3p),6.30(0.75H, d, J=7.9 Hz, H-1B), 6.33
(1H,t,J=10.0Hz, H-3a), 6.85 (1 H, d, J= 3.7 Hz, H-1a),
8.18-7.27 (25 H, m, Ar).
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