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We have developed a new procedure based on the random glycosyl reaction of a partially benzoylated
glycosyl acceptor with a glycosyl donor containing a 4,6-O-(4-methoxycarbonylbenzylidene) protecting
group as a masked/caged ion-tag. Glycosylated products are ionically tagged by saponification of the
methyl ester and the use of this anion-tag greatly simplifies the separation of the desired oligosaccharides
from unreacted or excess glycosyl acceptors as well as from over-glycosylated oligosaccharides. In addi-
tion, the use of partially benzoylated acceptors greatly improves their solubility in dichloromethane
increasing the yield of product formation and, also, of altering the distribution of positional isomers in
favor of products derived by reaction of the donors at hydroxyl groups which otherwise would be con-
siderably less reactive. Using this new approach in random glycosyl reactions, several oligosaccharide
libraries were readily prepared in overall yields of 60–70% and the individual positional isomers present
in the libraries were identified using the ‘reductive-cleavage’ method.

� 2009 Elsevier Ltd. All rights reserved.
Oligosaccharides are thought to play essential roles in coding
for the vast amount of information required in various biological
recognition processes. For example, inside a cell, oligosaccharides
promote the folding of proteins1 and O-GlcNAc modification of
nuclearcytoplasmic proteins initiates a dynamic signaling mecha-
nism in concert with phosphorylation.2 On the cell surface, they
are the key surface molecules that communicate with neighboring
molecules, constituting a dense information storage system.3 This
‘carbohydrate code’ serves as recognition elements and thus also
induces immunological responses to both bacterial and viral infec-
tions.4,5 Abnormalities in oligosaccharide display are closely asso-
ciated with several human diseases such as immune dysfunction6

and cancer.7 Therefore, gaining insight into how carbohydrates
function as recognition signals and developing efficient ways to
prevent undesirable interactions between carbohydrates and their
protein signals are very important. Toward this end, the synthesis
of oligosaccharides and the screening of their biological activities
are often the first steps to be accomplished. However, the discrete
synthesis and biological screening of individual oligosaccharides is
extremely laborious. While combinatorial chemistry is well suited
to the generation of a large number of chemicals (libraries) in a
short time and has already seen successful application to the prep-
aration of peptides,8 oligonucleotides,9 and small organic mole-
cules,10 the application of such technology to the synthesis of
ll rights reserved.
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oligosaccharide libraries is much more challenging due to the
inherent chemical complexity of carbohydrates.

Spurred by the recent explosion of interest in glycobiology, tre-
mendous progress has been made in the synthesis of oligosaccha-
rides through the development of new glycosyl donors11 and
advanced protecting group chemistry.12 However, little work has
been reported on the development of technology for the combina-
torial synthesis of oligosaccharides. Kahne and co-workers used a
protocol of splitting and mixing beads during the synthesis in com-
bination with the use of chemical tagging at each combinatorial
step.13 By screening the library prepared in this combinatorial
fashion against a flower lectin, they discovered new carbohydrate
ligands with a higher affinity to the protein than the natural
ligand.13 On the other hand, a straightforward oligosaccharide
library synthesis was reported by Kanie et al., which involves an
orthogonal glycosylation method on a polymeric support.14 These
methods use the solid-phase technique which presents several
limitations such as decreased glycosylation reaction rates com-
pared to solution methods and incomplete coupling. Also, inconve-
nient monitoring of reaction progress and product identification in
each step of multistep oligosaccharide synthesis would greatly re-
duce the efficiency of this technique because it is customary to
cleave the products from the polymer to check the reaction of each
step. Different from these solid support methods, Hindsgaul et al.
developed a solution method called ‘random glycosylation’.15 In
the random glycosylation approach, a fully protected glycosyl
donor is reacted with an excess of an unprotected acceptor under
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Table 1
Mole fractions of products formed by the reaction of glycosyl donor 1 with partially
benzoylated acceptors 2–5

Glycosyl Positional isomer (mole fraction)

Acceptor 2 3 4 6 20 30 40 60

2 (ds 1.7) 0.173 0.725 0.068 0.034 — — — —
3 (ds 1.7) 0.591 0.219 0.014 0.176 — — — –
4 (ds 1.7) 0.031 0.528 0.282 0.159 — — — —
5 (ds 2.7) 0.336 0.014 — 0.051 0.171 0.040 0.268 0.120
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conditions where all possible positional isomers are hopefully
produced. This procedure suffers, however, from the low yield of
product formation, due to limited solubility of the unprotected
glycosyl acceptor, as well as the extensive purification required
for product isolation. In particular, this approach requires removal
of excess oligosaccharide acceptor as well as over-glycosylated
oligosaccharides if a pure mixture of oligosaccharides of defined
size is to be obtained.

In order to overcome the difficulties inherent in the random
glycosylation approach, we have developed a new procedure based
on the reaction of a partially benzoylated glycosyl acceptor with a
glycosyl donor containing a masked/caged ion-tag. Thus, a glycosyl
donor (1) containing a 4,6-O-(4-methoxycarbonyl-benzylidene)
protecting group was reacted with a slight excess (20%) of the par-
tially and randomly benzoylated glycosyl acceptors 2–5 [degree of
substitution (ds) 1.7 for 2–4 and 2.7 for 5] in dichloromethane in
the presence of boron trifluoride etherate. Upon completion, the
reactions were neutralized and evaporated to dryness. After de-
O-acylation and saponification of the methyl ester, the crude prod-
ucts were applied to a DEAE-Sephadex A-25 column. Elution with
water to remove neutral material (unreacted glycosyl acceptor)
followed by elution with a 0.0–0.15 M gradient of NH4HCO3 affor-
ded a mixture of the negatively charged disaccharides (from 2 to 4)
and trisaccharides (from 5) as a single peak as detected by the phe-
nol–sulfuric acid assay.16 After lyophilization to remove NH4HCO3

and debenzylidenation, the crude disaccharide and trisaccharide li-
braries were subjected to gel-permeation chromatography on a
column of Bio-Gel P-2 in water to remove any monomers arising
from the unreacted glycosyl donor. Fractions containing the
respective disaccharides (from 2 to 4) and trisaccharides (from 5)
were lyophilized to yield the pure oligosaccharide libraries in over-
all yields of 60–70%.
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Analysis of the pure libraries by 1H NMR spectroscopy revealed
that the newly formed glycosidic linkages were b due to the neigh-
boring group participation of the acetamido group at C2 as ex-
pected, but this analysis did not reveal the content of the
libraries with regard to the positional isomers that were formed.
However, analysis of the individual libraries by the reductive-
cleavage method17 readily established the mole fraction of each
of the constituent positional isomers. In this method, the oligosac-
charides were methylated fully18 and all glycosidic linkages were
reductively cleaved by treatment with triethylsilane and trimeth-
ylsilyl trifluoromethanesulfonate in dichloromethane.19 The resul-
tant mixtures of methylated and partially methylated 1,5-anhydro-
D-glucitol, -D-mannitol, and -D-galactitol derivatives were acety-
lated and analyzed by gas–liquid chromatography combined with
chemical ionization (NH3) and electron ionization mass spectrom-
etry and the peaks were identified by comparison of their mass
spectra with those of authentic standards.20 Integration of the
peaks and correction for molar response by the effective carbon-re-
sponse method21 gave the mole fraction of each product in each of
the libraries. From these values, the mole fractions of the individ-
ual positional oligosaccharide isomers in each library were deter-
mined (Table 1).

As is evident in Table 1, all possible positional isomers were
formed for each of the glycosyl acceptors. As expected, however,
the positional isomers were not formed in equimolar proportions.
In particular, products arising by reaction of the glycosyl donor at
the 6-positions were formed in lower proportions as a consequence
of prior benzoylation of the more reactive primary hydroxyl groups
of the acceptors. Although prior benzoylation alters the distribution
of products, it has the advantage of rendering the glycosyl acceptor
soluble in dichloromethane, thus decreasing the amount of acceptor
required and increasing the glycosylation yield in comparison to
reactions employing underivatized acceptors in DMF.15 The use of
dichloromethane as a solvent is also advantageous in comparison
to DMF because of its ease of removal. Should greater proportions
of products arising by glycosylation at the more reactive hydroxyl
groups be desired, the ionically tagged glycosyl donor could always
be reacted with an excess of the unprotected acceptor as described
by Hindsgaul et al.15

In summary, the use of ionically masked/caged glycosyl donors
in random glycosylation reactions greatly simplifies the separation
of the desired oligosaccharides from unreacted or excess glycosyl
acceptors as well as from oligosaccharides arising as a consequence
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of reaction of the donors with the acceptors at two or more sites
(over glycosylation). Furthermore, the use of partially benzoylated
acceptors has the advantage of rendering them soluble in dichloro-
methane and, also, of altering the distribution of positional isomers
in favor of products derived by reaction of the donors at hydroxyl
groups which otherwise would be considerably less reactive. This
novel strategy using glycosyl donors having a masked/caged ion-
tag and partially protected glycosyl acceptors in random glycosyl
reactions will greatly facilitate the generation of oligosaccharide
libraries.
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