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Abstract

We have developed a novel glycal-based O-glycosylation reaction, in which the substrates are not only peracetyl glycals but also perbenzyl
glucals to afford the corresponding 2,3-unsaturated-O-glycosides via Ferrier rearrangement. The reaction of the perbenzyl glucal with various
alcohols catalyzed by ferric sulfate hydrate (Fe2(SO4)3$xH2O) was successfully carried out to give 2,3-unsaturated D-O-glucosides with exclu-
sive a-selectivity and no formation of addition products 2-deoxy hexopyranosides was observed. It is the first report on peralkyl glycal efficiently
undergoing Ferrier rearrangement instead of addition of alcohols catalyzed by Lewis acids. Fe2(SO4)3$xH2O is an effective, convenient, and
environmentally benign heterogeneous catalyst. It has low catalytic loading and recyclable without significant loss of activity.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferrier rearrangement is an allylic rearrangement of glycal
esters1e3 in the presence of alcohols leading to 2,3-unsaturated
glycosides. Since Ferrier rearrangement was discovered in
1969,4 it has been routinely used in the area of carbohydrate
chemistry. The unsaturated glycosides obtained through Ferrier
rearrangement play an important role in the transformation of
these compounds into other interesting carbohydrates.5e7 2,3-
Unsaturated glycosides8 have a unique place in carbohydrate
chemistry, since they can be further functionalized and serve
as chiral intermediate8a,9 in the synthesis of biologically active
compounds, such as glycopeptide blocks,10 oligosaccharides,11

and modified carbohydrates.12 In addition, 2,3-unsaturated
glycosides have also been employed in the synthesis of some
important antibiotics,13 nucleosides,14 natural product-like
compounds,2b and various natural products.15

The catalysts for the synthesis of 2,3-unsaturated glycosides
via Ferrier rearrangement have continuously received extensive

attention. Awide range of catalysts have been employed to form
2,3-unsaturated glycosides, such as BF3$OEt2,16 SnCl4,17

FeCl3,18 Sc(OTf)3,19 InCl3,20 Montmorillonite K-10,21 BiCl3,22

Dy(OTf)3,23 CeCl3$7H2O,24 ZnCl2,25 DDQ,26 NIS,27 K5Co-
W12O40,

28 I2,29 CAN,30 HClO4eSiO2,31 Bi(NO3)3$5H2O,32

Fe(NO3)3$9H2O,32b and NbCl5.33 These catalysts included Lewis
acid catalysts and redox reagents. The acid catalysts, usually em-
ployed in sub-stoichiometric amount, generally provide good
anomeric selectivity for the product under ambient conditions.
However, they often suffer from the limited use of acid-labile
glycal donors and acceptors. The oxidants are often required in
stoichiometric amount, and long reaction time and/or high tem-
perature are unavoidable. In addition, the reactions under these
conditions usually give low anomeric selectivity for the product.
Moreover, some of the catalysts are moisture sensitive and expen-
sive. As a result, most of those methods do not satisfy the rule of
green chemistry, and entail the problems of tedious work-up
procedures and expensive reagents and equipment. Therefore,
searching for environmentally benign and more economic
synthetic methods with greater efficiency and more convenient
procedures is still in strong demand.

In general, the substrates of Ferrier rearrangement are per-
acyl glycals or the glycals at least with 3-O-acyl group.
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Perbenzyl glycals typically undergo addition reaction to form
the corresponding addition products 2-deoxy O-glycosides
instead of 2,3-unsaturated-O-glycosides. Benzyl is a very im-
portant protecting group in carbohydrate chemistry. To obtain
benzyl-protected 2,3-unsaturated-O-glycosides via Ferrier
reaction, 3-O-acyl-4,6-di-O-benzyl glycal was used as the Fer-
rier reaction substrate.34 In this strategy, the hydroxy groups of
the substrate should be protected selectively with benzyl and
acyl groups. To date, convenient and effective approaches to
benzyl-protected 2,3-unsaturated-O-glycosides directly from
perbenzyl glycal have not been reported. CAN (ceric ammo-
nium nitrate) was the only known reagent providing Ferrier
rearrangement compounds as by-products from perbenzyl gly-
cals. When CAN was applied, the reaction of perbenzyl glycal
and alcohols led to the formation of 2-deoxy-glycoside (3)
along with the Ferrier rearrangement product (2) due to the
competition (Scheme 1).30b It was found that in the reaction
of perbenzyl glucal with methanol, allyl alcohol, and cyclohex-
anol in the presence of 2 mol % of CAN, 2-deoxy products
were formed as the major products along with the Ferrier prod-
ucts in the yields of 38%, 23%, and 18%, respectively (Table
1). Therefore, the development of a new glycal-based glycosyl-
ation method, in which the substrates include both peracyl and
perbenzyl glucals, would represent an important advance.
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Scheme 1. Reaction of perbenzyl glucal promoted by CAN.

In our efforts to develop highly efficient methods for func-
tional group transformations, we found Fe2(SO4)3$xH2O as an
effective, reusable, operationally simple, and environmentally
benign catalyst for tetrahydropyranylation35 and preparation
of acylals from aldehydes.36 To further explore the potential
of this reagent, we studied its behavior on both peracetyl

glucal and perbenzyl glucal. The reaction of peracetyl glucal
with alcohols catalyzed by Fe2(SO4)3$xH2O, as we anticipated,
gave the Ferrier rearrangement products 2,3-unsaturated gluco-
sides. However, this reaction was carried out with perbenzyl glu-
cal, which, to our surprise, was also found to undergo Ferrier
reaction instead of addition reaction. Both peracetyl and perben-
zyl glucals reacted with alcohols catalyzed by Fe2(SO4)3$xH2O
to afford 2,3-unsaturated-O-glucosides in high yields with
exclusive a-selectivity, no formation of 2-deoxy hexopyrano-
sides (addition products) was observed. Encouraged by this re-
sult, we have explored Fe2(SO4)3$xH2O as an efficient catalyst
for Ferrier reaction of both peracetyl and perbenzyl glucals to
synthesize the corresponding 2,3-unsaturated glucosides
(Scheme 2).

2. Results and discussion

To obtain some preliminary information on this syntheti-
cally useful reaction, initial experiments were performed
with peracetyl glucal as the donor and ethanol as the acceptor.
We first examined the reaction between glucal and ethanol
in various solvent systems. Tri-O-acetyl-D-glucal (0.1360 g,
0.5 mmol) was treated with ethanol (1.5 mmol) and Fe2-
(SO4)3$xH2O (0.025 g, 0.005 mmol)37 in CH2Cl2, MeCN,
DMF, (CH3)2CO, or THF at 60 �C to give ethyl 2,3-unsatu-
rated glycopyranoside. Anhydrous acetonitrile was shown to
be superior to the other solvents in terms of yields and reaction
time. To study the effect of the catalyst, the reactions were car-
ried out in acetonitrile in the presence of 10, 5, 2, 1, and
0.5 mol % of Fe2(SO4)3$xH2O. The results showed that
1 mol % of Fe2(SO4)3$xH2O was enough for a fairly high
yield. With 0.5 mol % of Fe2(SO4)3$xH2O, a lower yield was
observed under same reaction period. Meanwhile, we also
tested the effect of reaction temperature on the catalyzed reac-
tion. When the reaction was carried out at room temperature,
the reaction was sluggish. When it was carried out at 60 �C,
the maximum yield was obtained in a short reaction period.
This success encouraged us to study the scope of the reaction
under the optimized condition: in the presence of 1 mol % of
catalyst, anhydrous acetonitrile as reaction solvent, and at
60 �C. The results of using Fe2(SO4)3$xH2O as a catalyst in
the glycosylation are summarized in Table 2 (condition I).

Treatment of 3,4,6-tri-O-acetyl-D-glucal with various alco-
hols under the optimized conditions led to the corresponding
2,3-unsaturated alkyl glycosides (condition I, entries 1e9).
The 1H NMR data of the glycosides confirmed the a-configura-
tion of the glycosyl products formed in the above reactions by
comparison with the literature data. According to the published
results, most of the Ferrier reactions of 3,4,6-tri-O-acetyl-D-
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Scheme 2. Reactions of glucals catalyzed by Fe2(SO4)3$xH2O.

Table 1

Comparison of reaction results of Fe2(SO4)3$xH2O with CAN

Glycal Alcohol Catalyst Yields (%)

2 (a/b) 3 (a/b)

O

OBn

BnO

BnO

MeOH
Fe2(SO4)3$xH2O 81 (a only) d

CAN 38 (5:1) 56 (1.7:1)

HO Fe2(SO4)3$xH2O 86 (a only) d
CAN 23 (4.7:1) 60 (1.1:1)

HO
Fe2(SO4)3$xH2O 82 (a only) d

CAN 18 (a only) 65 (11.5:1)
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