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1.1
Introduction

Research directed toward revealing the functions of oligosaccharides is currently
the subject of great attention, and so the synthesis of oligosaccharides as probes
for functional investigation is being widely investigated. After decades of efforts
since the first synthesis of the disaccharide sucrose [1], it has now become possi-
ble to synthesize a variety of oligosaccharides. For the successful synthesis of oli-
gosaccharides, both chemical reactions and tactics are important concerns. This
chapter focuses on the strategic aspect of oligosaccharide synthesis.

1.2
Tactical Analysis for Overall Synthetic Efficiency

For the efficient synthesis of oligosaccharides, both stepwise and convergent
methods have to be employed (Fig. 1.1). The former format can be further divided
into two subclasses: one in which synthesis starts from the reducing end (A),
which has classically been used, and another in which synthesis starts from the
non-reducing end (C). Format A has traditionally been used in oligosaccharide
synthesis as it was difficult to transform anomeric protecting groups into the leav-
ing groups required for the C format. The recent development of new anomeric
protecting groups and some substituent groups that can be directly used as the
leaving groups, however, have enabled the alternative format (C) to be used. The
concept of stepwise synthesis is especially important for the construction of rela-
tively small oligomers, but the convergent format (B) has to be employed for the
synthesis of larger saccharides. This can be easily understood by simple tactical
analysis in the cases of the synthesis of large oligosaccharides or oligosaccharides
possessing repeating units in their structures.
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tageous for the synthesis of oligosaccharide

1.3
Methodological Improvements

One of the most important improvements in oligosaccharide synthesis is the dis-
covery of the use of “stable” leaving groups that can function as protecting groups
until exposed to certain activation conditions. This type of “potential leaving
group” at the anomeric position is an ideal candidate intermediate in flexible syn-
thetic strategies for oligosaccharides [2] (Scheme 1.1). The chemoselective glycosy-
lation strategy that has emerged is based on tactical analysis aiming at efficient
oligosaccharide synthesis [3-6, 7-23] (see Section 1.3.3).

The advancement of oligosaccharide synthesis is largely based on the develop-
ment of good anomeric leaving groups and methods to control stereochemistry
[24-26]. Regardless of the method used to control the stereochemistry of a given
newly formed glycosidic linkage, one of the key factors is the reactivities and the
stabilities of the leaving groups and the conditions used to activate one over an-
other selectively.
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1.3.1
Chemistry

The first species to be recognized as a form of protected carbohydrate synthetic
unit were alkyl- or phenylthio glycosides, the use of which allows anomeric cen-
ters to be readily converted into halides [3-5, 27] (Scheme 1.1). This so-called two-
stage activation (see Section 1.3.3) is possible thanks to the stabilities of these
compounds towards the acidic conditions generally used for glycosylation reac-
tions and protecting group manipulations. In addition, they can be activated di-
rectly, which allows extremely flexible synthetic schemes for oligosaccharide syn-
thesis, including the “armed and disarmed” concept [28], orthogonal strategy [29],
the “active and latent” concept [30], and one-pot glycosylation [6, 21]. Thioglyco-
sides can also be converted into more reactive sulfoxides, which have been shown
to be useful both in solution and in solid-phase reactions [6, 31, 32].

One of the most powerful and popular anomeric leaving groups is the trichloro-
acetimidate group, which has been used for the synthesis of oligosaccharides in so-
lution [33, 34]. One special characteristic of this group is its applicability for transfer-
ring large oligosaccharides onto aglycon moieties, such as in the case of azido sphin-
gosine, a commonly used ceramide precursor, to afford a ganglioside precursor [35—
37] (Scheme 1.2). Glycosyl trichloroacetimidates have also been shown to react in
highly polar solvents such as DMF, which has allowed the glycosylation of unpro-
tected glycosyl acceptors in a random manner [38-40]. Activation of the imidate do-
nor can be achieved by use of BF; - OEt,, trimethylsilyl triflate (TMSOTY), triethylsi-
lyl triflate (TESOTY), or silver triflate (AgOTf) [41]. TESOTT was introduced to avoid
by-product formation (glycosyl fluoride in the case of BF; - OEt, [42], or TMS ethers
of the acceptor in the case of TMSOTI). Recently, the use of dibutylboron triflate
(DBBOTT) to address both problems has been reported [43]. Trichloroacetimidate
is also used in polymer-supported oligosaccharide synthesis and has been shown
to be compatible with a variety of supports, including PEG [43, 44] (see Section
1.4.1), Merrifield-type resin [45-48], and CPG [49] (see Section 1.4.3).
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Mukaiyama, in 1981, used SnCl,/AgClO, as an activation system for glycosyl
fluorides in ether to form glycosidic linkages [50]. Generally, however, it was the
case that glycosyl fluorides were too stable to act as glycosylating agents in com-
plex oligosaccharide syntheses. The situation changed after Suzuki’s discovery of
mild conditions with the use of Cp,MCl,/AgClO,, where M is Hf or Zr [51, 52]
(Scheme 1.3). Under these conditions, glycosyl fluorides can usually be activated
at lower temperatures.

Glycals act as 1,2-protected sugars and are used as glycosylating agents. Tradi-
tionally, glycals were used to synthesize glycosides of 2-deoxy sugars by Fisher gly-
cosylation or through 2-halo intermediates. Glycals were also used to produce or-
dinary glycosides via epoxides as the active agents. The advantage of glycals is
their flexibility in the synthetic scheme, as has been shown in Danishefsky’s re-
search [53, 54] [see Section 1.4.3.5]. 2-Deoxy halosugars can be transformed into 2-
amino-2-deoxy sugars by substitution reactions, which makes the glycals more
useful strategically.

Other leaving groups (n-pentenyl, phosphite, phenylselenyl, etc.) have also been
used for successful oligosaccharide synthesis [25, 26, 55]. In recent methods of
synthesis of complex oligosaccharides, selective activation of a certain leaving
group among others has allowed highly efficient syntheses [2, 56].

1.3.2
Protecting Group Manipulations

In oligosaccharide synthesis, particular sets of protecting groups have to be used,
due to the multifunctional nature of carbohydrates (Scheme 1.4). The incorpora-
tion of protecting groups on functional groups needing to be protected and the or-
der of deprotection have to be considered before the synthesis.

A general term “selectivity” has been used to describe these complex protecting
group manipulations, but in 1977 a concept of chemical distinctiveness was intro-
duced. The idea of orthogonal protection was defined by Baranay and Merrifield
as “a set of completely independent classes of protection groups, such that each
class can be removed in any order and in the presence of all other classes” [57].
Orthogonal protecting group manipulations are widely accepted, not only in pep-
tide chemistry, but also in other fields including carbohydrate chemistry. The con-
cept is summarized in Fig. 1.2. When individual hydroxy groups (two to five OHs)
are protected with A, B, C, and D, respectively, and individual protecting groups
can be removed in any order under certain conditions, the protecting groups can
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Fig. 1.2 Orthogonal protecting group manipulations. Protecting groups A-D
can be removed in any order, eliminating tedious protecting group manipula-
tions during complex oligosaccharide syntheses.
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be said to be in an orthogonal relationship. The use of the concept is described
well in Wong’s work. As a representative set of orthogonal hydroxy protecting
groups in carbohydrate chemistry, one combination of protecting groups and cor-
responding orthogonal deprotection conditions to have been used successfully [58]
is A: chloroacetyl (a: NaHCO;/MeOH/H,0), B: methoxybenzyl (b: TFA/CH,Cl,),
C: levulinyl (c: NH,NH,/AcOH/THF/MeOH), and D: TBDPS (d: HF/Pyr/AcOH/
THF). Other sets are being investigated [59].

133
Modulation of the Reactivity of Glycosyl Donors

The reactivity of glycosyl donors can be controlled either through protecting
groups or by anomeric leaving groups. Through the use of a set of molecules
with suitable reactivities, oligosaccharides can be synthesized in the minimum
possible number of operations.

The “armed and disarmed” concept, which employs a single potential leaving
group (the n-pentenyloxy group) at the anomeric positions both of the donor and
of the acceptor was developed from the observation that the reactivities of glycosyl
donors are affected by the protecting groups (i.e., ether or ester) [28] (Scheme
1.5). The utility of this methodology is obvious, since small fragments of oligosac-
charides can be systematically synthesized in short steps, in which a “disarmed”
unit can be transformed into an “armed” unit by exchanging the protecting
groups. Alternatively, the coupling product can be directly used as a donor if ex-
posed to slightly stronger activation conditions. The armed and disarmed concept
has also proven to be applicable to glycals [8], thioglycosides [60], selenyl glyco-
sides [61], and glycosyl phosphoroamidates [62]. Furthermore, it has also been
shown that the reactivities of these potential glycosyl donors can be controlled by
selection of protecting groups at positions other than O-2 [61, 63-65].

A strategically related but conceptionally independent method, orthogonal glyco-
sylation, has been developed. The key feature of the orthogonal coupling concept
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is the combined use of two chemically distinct glycosylation reactions [29, 66, 67]
(Scheme 1.6). A set of potential leaving groups and activation conditions for each
group — phenylthio group and fluoride, and NIS/AgOTf and Cp,HfCl,/AgClO, —
were used. Since the reactions of the set are mutually distinct, there is no need
for reactivity control, so this methodology is conceptionally different from reactivity
modulation methods. In addition, it has also been shown that the strategy can be
applied to a polymer-supported oligosaccharide synthesis [67]. Another set of poten-
tial leaving groups with orthogonal reactivities has also been investigated [68].
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Another tactic in oligosaccharide synthesis is the so called “active and latent”
method. This method may be regarded as an extension of the traditional method
without cleavage of the group but its transformation into an active species. One of
the technique’s successes is in the use of an allyloxy group as the protecting
group at anomeric centers. It is later converted into a vinyl ether, which is readily
activated in the glycosylation reaction [30, 69] (Scheme 1.7). However, this method
is more likely related to the two-stage method discussed below.

The phenylthio group has commonly been used as a precursor of glycosyl do-
nors such as glycosyl fluorides. The glycosyl fluorides can be activated chemose-
lectively without affecting the parent thioglycoside [3-5] (Scheme 1.8). In this way,
extremely efficient syntheses of oligosaccharides possessing repeating sequences
have been achieved in a convergent manner.

1.3.4
Block Synthesis

The importance of the convergent method (Fig. 1.1) is obvious in the synthesis of
larger oligosaccharides (see also Section 1.2). This section covers several examples
of oligosaccharide synthesis with special emphasis on the tactics. Because of the
structural heterogeneity of the oligosaccharides involved, block synthesis is more
suitable term than convergent synthesis to describe the synthesis.

The first example is the synthesis of a heptasaccharide reported by Boons et al.,
based on profound knowledge of carbohydrate chemistry [70] (Scheme 1.9).

The target heptasaccharide was first retrosynthetically taken into four blocks as
shown in Scheme 1.9, the key feature of the synthesis being a reduced number of
chemical steps after having four synthetic units. Sequential glycosylation reactions
involving a 4,6-di-O-tritylated n-pentenyl glycoside derivative of glucosamine as a
key unit were carried out with a methylthio glycoside, a cyanoethylidene, and an
n-pentenyl glycoside as glycosyl donors. Another tactical ploy employed in this in-
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vestigation is the use of least protected acceptors. It is obvious that the use of
least protected acceptors in a synthetic strategy involving multifunctional compo-
nents as in carbohydrate synthesis is advantageous because one can eliminate
time-consuming protective group manipulations [71]. In addition, the coupling re-
action is free from any influence of nearby bulky protecting groups.

The issue, however, is the regiospecificity. One of the regiospecific glycosyla-
tions was carried out in the synthesis of sialyl galactose donor. A N-diacetylated
methylthio glycoside of sialic acid and 4,6-benzylidene TMS ethyl galactoside were
used as the donor and acceptor. The advantage of the diacetylated sialyl donor is
the enhanced reactivity of thioglycoside due to the long range electronic effect
[72]. It was reported that a higher yield than with N-acetyl derivative was obtained
in a shorter reaction time, the stereochemistry being controlled through solvent
effects.

The coupling product was further transformed into a thioglycoside. The second
glycosylation was between the sialyl galactose donor and the 4,6-di-O-tritylated
monosaccharide. The large steric hindrance of the 4-O-trityl group gave rise to po-
larization of the C—O bond of the secondary trityl ether, which enhanced reactivity
and enabled regioselective glycosylation at the 4-O position. The neighboring par-
ticipating effect of the 2-O-acetyl group permitted f-stereoselective glycosylation.
The coupling product bearing a 6-O-trityl group was directly used as an acceptor
for the next glycosylation reaction with cyanoethylidene lactosyl donor. Further-
more, since the anomeric position of the GlcN derivative was protected as an n-
pentenyl glycoside, the formed pentasaccharide could again be directly used as a

9
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donor to couple with another lactose derivative. In this glycosylation reaction, re-
gioselectivity toward the equatorial 3-O position was achieved. After removal of all
protecting groups, the introduced amino functionality at the reducing terminal
was used to incorporate the saccharide onto polyacrylamide for biological assays.

When the target is a series of oligosaccharides, a more systematic and unified
strategy is required. Common building blocks have to be carefully designed and
used in the synthesis of multiple target saccharides. Excellent examples of this
kind of research can be found in a course of synthetic work carried out by Hase-
gawa and Kiso [73] and by Schmidt [74].

As a representative systematic oligosaccharide synthesis, we focus on a synthe-
sis of a ganglioside known as GQ1ba [75-77] (Scheme 1.10). In this synthesis, the
synthetic plan is carefully designed on the basis of the frequency of the existence
of a certain unit in oligosaccharide, and also on its natural abundance generally,
which affects on availability of a unit. The lactose unit, which is always found as

OH_oBn

° Ba#
0Bz

o SMe —>1 A: stereoselective glycosidation
NPhth

debenzoylation

I B:regio (6")- and stereoselective glycosidation

C: stereoselective glycosidation

hydrolysis of acetonide

D: regio (3")- and stereoselective glycosidation

1. debenzylation

2. acetylation

3. removal of SE

4. trichloroacetamidation

Ny

HOM/613H27

OBz

COOH

———>L E: stereoselective glycosidaton
L]
AcHN .
L]

HO HO HO. COOH OH
OH ’é& NHCOC 7Has
AcHN < ‘o) o O o ~ CyaH.
d Vo \/\‘/\/ 13H27
OH

HO
COOH o ACHN OH
ACHN < 0

(o)
HO HO H OH HO

AcHN"
COH

Scheme 1.10



1.4 Accessibility |11

the reducing terminal of mammalian glycolipids, is therefore used. A commer-
cially available a-2-8-linked dimer of sialic acid was utilized, eliminating difficult
problems in constructing an a-2-8 sialyl sialic acid linkage. Sialyl a-2-3 Gal was se-
lected as a donor unit for the reason that it is commonly found in a variety of
gangliosides. Indeed, the disaccharide was used as the donor in the synthesis of
GM1Db, GD1a, GD1a, GT1aa etc. A stepwise method was applied for the introduc-
tion of the sialyl 2-6 GalNAc sequence, since it is a special case for the so-called a-
series gangliosides. The 2-(trimethylsilyl)-ethyl group was used as a persistent pro-
tecting group for the anomeric position of the lactose unit. The stability of the
group, together with the mild and selective conditions needed for its removal, en-
abled multiple glycosylation reactions and other protecting manipulations to be
performed. Thioglycosides were used as the glycosyl donors throughout synthesis,
except for the coupling of the octasaccharide unit and azidosphingosine. The tri-
chloroacetimidate approach was used for this particular glycosylation, as it has
been shown to be very successful for construction of this type of glycosidic link-
age.

1.4
Accessibility

When a biologist wants to investigate the functions of oligosaccharides, one of the
most important issues will be the accessibility of particular oligosaccharides. The
strategic considerations described above are thus very important. To this end,
automation in the synthesis of oligosaccharides strongly deserves consideration,
as in the cases of functional investigations of oligonucleotides and oligopeptides.
One evident approach for automation is based on solid-phase synthesis, through
which tedious workup and chromatographic purification after every reaction are
eliminated. This, however, can only be achieved once a reliable synthetic method
— especially for the glycosylation reaction — has been developed, because there is
only one chance for the purification. For this reason, strategic analysis with re-
gard to the overall reaction yield is also required. PEG-based polymer-supported
chemistry and also the recently developed fluorous-phase chemistry may be alter-
natives [78]. One-pot reactions can be considered to be advantageous if smaller
numbers of coupling reactions are in mind, although in this case a different
approach has to be taken to access larger oligosaccharides [6, 21]. Convergent syn-
thesis is very useful in this instance.

1.4.1
Solution-based Chemistry

Polyethyleneglycol monomethyl ether (MPEG) of molecular weight of approxi-
mately 5000 has been used as a support in oligosaccharide synthesis [43, 44, 67,
79-81]. A unique characteristic of this soluble polymer is that it can be precipi-
tated by addition of tert-butyl methyl ether, facilitating isolation of polymer-bound
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substances from the glycosylating agents and reagents used in the coupling reac-
tion. In addition, since MPEG is soluble in various solvents used in solution-
phase oligosaccharide synthesis, these reactions are solution-phase reactions, and
so reaction conditions used for solution-phase oligosaccharide synthesis can be
employed (Scheme 1.11). Alternatively, relatively short-chain MPEG can be used
to facilitate rapid chromatographic isolation [82, 83]. Another advantage of the use
of MPEG is that reaction progress can be monitored either by NMR or by mass
spectrometric methods [83, 84] without cleavage from the support.

The recent target molecule in oligosaccharide synthesis is a heptasaccharide
phytoalexin elicitor [80, 85]. A successful approach to the synthesis by use of the
MPEG approach was reported in 1993 [79]. The MPEG was attached at the 4-OH
group of a glucose unit through an ester linkage [80] (Scheme 1.12). On the basis
of retrosynthetic analysis, three synthetic blocks were prepared. All glycosyl do-
nors were synthesized as thioglycosides; protecting groups used were the mini-
mum. After four coupling and deprotection reaction cycles, the heptasaccharide
was synthesized in 18% overall yield. The synthetic scheme is very simple, which
in turn indicates the strength of the method. In another case, an amino function-
ality was also used as an anchoring point [86].

Use of the orthogonal strategy [29, 66] described in Section 1.3.3 has also been
reported [67] (Scheme 1.13). The synthetic plan also takes advantage of introduced
hydrophobicity at the end of polymer supported synthesis, which facilitates the
isolation of desired products, in addition to the advantage of the self-correction ef-

™Y o \(Ao}

n

OBn Soluble polymer support
Oc/;\c
Glycosylate
BB oSy

O\H/CCI3 Dry @ Deacylate
NH

Precipitate
Raney nickel W2
OH

OH Scheme 1.11



1.4 Accessibility

Scheme 1.12 o OH
0. O o}
/< \%szoéﬁ
BzO Ph’vo
% le Tf H
CICH,CH,CI-Et,0

BzO Ph’V

Mw&w

OMe
HCI, MeOH-CHCl,

HO 0
B20 qQ HO o
BzO o

TBDMSO OMe
BzO 0 NIS-TfOH
BzO SEt CICH,CH,CI-Eto,0
Acy0, Pyr.
then HCI, MeOH-CH,Cl,

L]
L]
L]
HO Q o NaOMe, MeOH
Qo
OH

HO
OH OH 1) Acz0, Pyr. and purify
2) NaOH, MeOH
Ho—\-d'% )
He HO! Q
OH
HO o]
O/Héh\/
OH o
HO OH
OH HO Q
H

fect described in Section 1.4.3.5. In addition, thanks to the use of orthogonal sets
of potential donors such as thioglycoside and glycosyl fluoride with leaving groups
already installed, there is no need for activation on the support. It was later
shown that the method can be used in combination with intramolecular aglycon
delivery system [87-90] for the construction of f-mannopyranosides [91].

1.4.2
One-Pot Glycosylation

One of the important applications of methods based on anomeric reactivity modu-
lation is the one-pot glycosylation method. If the reactivities of leaving groups at
the anomeric centers of glycosyl units are differently controlled, a series of glyco-
sylation reactions can be performed either all-in-one (A) [6] or sequentially (B) [20,
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21, 92-101]. Despite its limitations arising from the identification and acquisition
of glycosylating units with differently modulated reactivities, the method allows
multiple coupling reactions to be performed in one-pot fashion, with obvious ad-
vantages over standard methods. Because this method eliminates the need for
workup and purification steps during the operations, it should be regarded as
equally as important as solid-phase synthesis. Careful purification must be per-
formed after the reaction since there is no way to prevent the formation of dele-
tion compounds. In an example of Format A, a phenylsulfoxide and a methoxy-
phenylsulfoxide were used as leaving groups. The reactivities of the acceptor mole-
cules were also controlled by silylation of one of the hydroxy groups in the system
[6] (Scheme 1.14).

One-pot sequential glycosylation (B) typically uses a series of leaving groups, re-
quiring either that they can be activated under the same conditions or that a pro-
moter used for the first coupling does not affect the other potential glycosyl do-
nors [20, 21] (Scheme 1.15) (see also Section 1.4.6).

O
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143
Solid-Phase Chemistry

The advantage of solid-phase reactions is the quick and simple workup process.
Because only the growing molecule is attached on the support, other reagents
used can be washed away by simple filtration. Higher reaction yields can gener-
ally be achieved by use of excess amounts of reagents. Furthermore, because of
the simplicity of the process, it can be automated, allowing non-specialists to
synthesize oligosaccharides.

There are basically two methods employed for solid-phase oligosaccharide syn-
thesis. They differ in the direction of chain elongation: one starts from the reduc-
ing sugar (A) and the other is the opposite (B) (Fig. 1.3). Approach A is generally
advantageous when both the polymer-supported glycosyl acceptor and the glycosyl
donor are reactive enough to ensure completion of all glycosylations. The applica-
tion of Approach B, on the other hand, is less straightforward, due to the follow-
ing considerations. Firstly, every glycosylation inevitably gives rise to side reac-
tion(s) (elimination, hydrolysis, etc.) together with the formation of the desired O-
glycoside. These products arise largely from the glycosyl donor, so all products are
accumulated on the support. In addition, transformation of the reducing-end
anomeric position into a particular leaving group is required after each glycosyla-
tion. Nevertheless, it is necessary to make the choice of which method is to be
used throughout the synthesis, because the synthetic schemes are completely re-
versed and so the choice of leaving group and protecting groups, including the
linker, are different. Polymer-supported oligosaccharide syntheses appearing to
date have been categorized in this context (Tab. 1.1).

1.4.3.1 Fundamentals of Solid-Phase Oligosaccharide Synthesis

To facilitate solid-phase oligosaccharide synthesis, several issues have to be ad-
dressed. The support may have a major influence on the reactions because of the
demanding steric bulk close to the reaction site as well as physical properties. The
choice of a suitable linker and protecting groups are important factors for the syn-
thesis of multifunctional molecules such as oligosaccharides. Decisions regarding
requirements for the reducing anomeric position after cleavage from the resin
(i.e., hydroxy free or with a linker for further conjugation etc.) have to be made
before the synthesis.

1.4.3.2 The Support

Polystyrene divinylbenzene cross-linked (PS) resins are mostly used, not only in
carbohydrate chemistry but also in the synthesis of peptides and other small or-
ganic molecules. The main reason for this is their chemical stability toward a vari-
ety of chemical reaction conditions. However, there is room for improvement in
areas such as swelling properties, which sometimes restrict the synthetic plan. Be-
cause of the multifunctionality of carbohydrates, it is to be expected that, for the
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Fig. 1.3 Schematic representation of solid-
phase oligosaccharide synthesis. A: A reduc-
ing sugar is attached on the support. The
method typically operates in three steps for a
cycle. B: A non-reducing end sugar is at-

X = linker

L = leaving group

P = protecting group
0= support

tached on the support, two examples being
shown. One involves activation and glycosyla-
tion steps as a cycle and the other uses an
orthogonal set of leaving groups, enabling a
single step per cycle.
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Tab. 1.1 Structures of linkers and the conditions of cleavage.
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Tab. 1.1 (cont.)

Category Structure of linkers Condition Product Support Ref.
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synthesis of an oligosaccharide, many reactions will have to be performed on the
support. The suitability of the resin under various reaction conditions therefore
has to be taken into account [102].

Merrifield-type polystyrene (PS) resins have most often been used in oligosac-
charide synthesis [45-48, 85, 103-113]. Their chemical stability and compatibility
in organic synthesis are the reasons for this choice. The commonly used PS resin
is cross-linked with divinyl benzene (~2%) with a relatively large “active” reaction
surface (up to 3 mmol g™'), depending on the type of functional group and linker.
Solvent-dependent swelling properties and the steric bulk of the polymer may af-
fect reactivity and stereochemical outcome.

In order to address problems with PS resins, polyethyleneglycol (PEG) has been
incorporated into PS resins, allowing reactions to proceed under quasi-solution
conditions. In addition, PEG is compatible with reactions that require polar sol-
vents. PEG-PS resins can also directly be used in biological assays, which is im-
portant for high-throughput screening [32].

To improve the polymer further, PEG-based polyether-type resins have been de-
veloped, eliminating the swelling problem seen in PS-based supports [114, 115].
Large pore sizes facilitate enzymatic reactions, receptor-ligand binding studies,
and so on, thus enabling biological assay after the completion of synthesis.
Furthermore, some PEG cross-linked polymers do not contain any UV-absorbing
components, and so can be used effectively in photometric assays.
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Although controlled pore glass (CPG) has been used extensively in oligonucleo-
tide synthesis, it has seldom been used in the field of oligosaccharide synthesis
[49, 102, 116]. It has recently been shown, though, that CPG can serve as a solid
support in oligosaccharide synthesis, glycosyl trichloroacetimidate and TMSOTf
being successfully used as the glycosyl donor and activator, respectively.

1.4.3.3 Linkers to the Support

A variety of linkers have been used to connect protected carbohydrate units to the
support. Some of the linkers used are categorized by the position of the func-
tional group on the sugar unit (i.e., anomeric position and others; Tab. 1.1), since
a linker at the anomeric position may have to be cleaved when the completely de-
protected oligosaccharide is the target (A), while in other cases the aglycon part of
the linker may be converted into a potential leaving group or other protecting
group to be used in the synthesis to follow (B). A spacer may be left and can be
used to connect the formed oligosaccharide with other materials (C). A linker at
other hydroxy functions can be regarded as one of the protecting groups (D, E).

1.4.3.4 Protecting Groups used in Solid-Phase Oligosaccharide Synthesis

The basic combination of protecting groups consists of one for the anomeric posi-
tion, one for the hydroxy group involved in chain-elongation, and “persistent” pro-
tecting groups for the others. Selective sequential reactions of these protecting
groups are the minimum requirement not only in solid-phase oligosaccharide syn-
thesis but also in solution-phase synthesis. When branching structures have to be
constructed on the support, an orthogonal protection scheme has to be employed
(see Section 1.3.2).

As long as this requirement is fulfilled, any kind of protecting groups can be
used if deprotection is planned after cleavage from the support. If, however, de-
protection is completed while the oligosaccharide is still attached to the support,
the beads can be used in screening assays directly [31, 117]. For this approach,
acid- and base-sensitive protecting groups are frequently used. In addition, substi-
tuted benzyl groups have been introduced not only to provide more flexibility in
the synthetic scheme but also to compensate the problem of inability of removing
the benzyl-protecting group frequently used in solution-phase synthesis [118-123].
Removal of benzyl-protecting groups cannot be achieved by catalytic hydrogenoly-
sis, probably due to steric problems. To address this, it was shown recently that
palladium nanoparticles can be used for the catalytic hydrogenolysis of solid-sup-
ported compounds [124].

1.4.3.5 Solid-Phase Oligosaccharide Synthesis

There is a choice in the positions of hydroxy groups that can be used to anchor a
synthetic unit onto a polymer support. The majority of researchers have selected
the anomeric position to be connected to the support (Fig. 1.3A). Attachment of
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the first sugar through the anomeric position is much more straightforward, since
attachment and protection of the anomeric position are achieved at once. Substi-
tuted benzyl-, ethyl-, pentenyl-, and ester-type linkers have been used to attach re-
ducing sugars to the support (Tab. 1.1A-C). However, linking of sugars through
the other hydroxy groups offers a number of advantages. One can install tempo-
rary anomeric protecting groups to facilitate transformation of the oligosaccharide
bound to the support into a glycosyl donor [79, 80, 86, 116, 125, 126]. More op-
tions in the synthetic scheme gives flexibility in the synthesis of oligosaccharides,
glycoconjugates, and libraries. When, however, the donor is attached to the sup-
port (Fig. 1.3B), several improvements have to be employed for this method to be
useful or advantageous.

Synthesis Starting from the Reducing Terminus

Glycosyl trichloroacetimidates have been shown to be powerful glycosyl donors in
solid-phase oligosaccharide synthesis [45-48, 127]. These donors appear to be un-
affected by the polymer support used in the synthesis, so PS resins [45-48], PEG
[43, 44], and CPG [49] have all been used as supports. Scheme 1.16 illustrates one
approach, in which it was shown that this leaving group could be used on CPG.
A very straightforward synthesis of an a-(1 — 2)-linked trimannoside has been re-
ported. In order to push the reaction to consume unreacted acceptor, the glycosy-
lation reaction was carried out twice per cycle, and over 95% yield was achieved
for each coupling step. The reducing terminus was coupled to the support
through a thioglycosidic linkage, which was cleaved the last stage. The phenoxy-
acetyl group was used as a temporary protecting group and removed by treatment
with guanidine in the presence of benzyl groups as the persistent protecting
group.

Glycosylation reactions with a carbohydrate monomer already attached to a pep-
tide sequence constructed on a PEGA resin have been investigated [127] (Scheme
1.17). A solid-phase-bound glycosylated octapeptide, the sequence of which is a
part of mucin MUC 2 protein, was used as an acceptor and coupled with a glyco-
syl trichloroacetimidate. Di- and trisaccharide portions were constructed through
the use of mono- and disaccharide donors. In addition, the removal of the benzyli-
dene group in one of the products followed by further glycosylation of the diol
was achieved in stereo- and regiospecific manner. The glycosyl acetimidates were
activated by TMSOTf throughout the synthesis, but interestingly it was reported
that only freshly distilled reagent was effective, which is unlike the observation in
solution-phase chemistry. Some influence of the support on the stereochemical
outcome was also reported.

A solid-phase synthesis of one of the most complex oligosaccharide structures is
depicted in Scheme 1.18 [103]. In this scheme, two cleavage sites were introduced
in an extremely flexible and powerful approach. The linker consists of a nitroben-
zyl group and an ester function. The reducing ester linkage was cleaved upon acti-
vation by a Lewis acid in the presence of a thiol to provide an oligosaccharide gly-
cosyl donor for the convergent synthesis, and the other part of the linker is a



22 | 1 Synthetic Methodologies

@ Scheme 1.16

(0]
HS
BnO L \/O
o O
o]

BnO TMSOTf
BnO CHoCly
O._CCl3
T

NH 0
OBn
OJ\/O\©
BnO le)
BnO

s QO

guanidine
DMF
0OBn

OH

4,6-di-t-butylpyridine
THF

L]
L]

@
lNBS-MeOH

photolabile group [85, 104, 128], so the constructed oligosaccharide can be re-
leased at the end of the chain-elongation without affecting other protecting
groups. This helps in determining of the structure of the constructed oligosac-
charide, since anomerically pure compounds are released. Suitably protected thio-
glycosides were utilized as glycosylation agents throughout the synthesis. After
iterative coupling and deprotection reactions, the trisaccharide was released as a
thioglycoside, which was used in the following convergent synthesis (see
Fig. 1.1B). Thus, a dodecasaccharide was synthesized on PS resin.

Glycosyl sulfoxides have also been used in the solid-phase synthesis of oligosac-
charides (Scheme 1.19). A f-(1 — 6)-galacto-trioside was synthesized [32]. A combi-
nation of an acid-labile trityl group as a temporary protecting group, pivaloyl
groups as persistent protecting groups and also as auxiliaries for f-selectivity, and
a phenylsulfonyl group were used for the synthesis on PS resin. Anchoring was
achieved through a thioglycoside, which was cleaved by the action of
Hg(OCOCEF;), at the end of the synthesis.
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One challenge in oligosaccharide synthesis is the sialylation reaction, and this
has been addressed through solid-phase synthesis. The general strategy is the use
of benzyl groups as the persistent protecting group, the acetyl group as a short-
term protecting group, and thioglycosides as general glycosyl donors. Sialyl LeX
tetrasaccharide was successfully synthesized, together with all possible anomers.
The tetrasaccharides have carboxylic acid functionalities at the reducing terminus,
and these can be used to form conjugates with various materials. In addition, the
reaction process was monitored nondestructively by a gated decoupling *C NMR
technique (Scheme 1.20; see Section 1.4.3.6).
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Pentenyl glycosides have also been used successfully as glycosyl donors in com-
bination with PS resin as the support. The synthesis of a branched trimannoside
was achieved through a chemoselective deprotection scheme [104]. An overall
yield of 42% was achieved, an average yield of 87% per step.

Synthesis Starting from the Non-Reducing Terminus

The assembly of oligosaccharides through the use of glycals as precursors of gly-
cosyl donors has been investigated intensively [112, 129]. A characteristic of this
method is the reversed synthetic direction (Fig. 1.1C), the glycosyl donor being at-
tached to the support (Fig. 1.3 B). As stated in the literature, a major advantage of
the reversed method is the self-suppressing effect of formation of sequence dele-
tion compounds. When the activation step to obtain a highly active epoxy or



1.4 Accessibility |25

Scheme 1.19 PO _OTr
(\"
OPiv \Q‘o/\o
TFA
CHoCly
PivO OH
PIvO s
\
OPiv @‘o/\O
PivQO _OTr

o o]
PivO g Tf,0
ey \© ——>1 4,6-di-t-butyl-4-methylpyridine

CHoCly
PivO _OTr
Q
PivogA/o
PivO
PivO

Q

PIVO s
Piv O‘o/\o

...4——0

PivO OAc
PivO o Hg(OCOCF3),
PivO CHyClp-Ho0
i
PivO (o]
PivO
PivO
Q:ps v
PivO
PivO
OH

equivalent donor is complete, the donor undergoes a glycosylation reaction, pro-
ducing only the coupling product and the hydrolyzed donor. Since the formed by-
product can be neither a substrate for the next activation reaction nor an acceptor
for the next coupling, because of steric factors, these by-products do not affect
further reactions. Therefore, regardless of the coupling yields, no capping step is
required. Scheme 1.21 illustrates the glycal method [105, 112], by which a homo-
tetrasaccharide was synthesized. The first carbohydrate was attached to a PS resin
by silylation, and the double bond was oxidized with 2,2-dimethyldioxirane. The
1,2-epoxide produced was coupled with the primary OH group of a galactal accep-
tor to afford a f-galactosyl-linked disaccharide. Iterative reactions gave the tetrasac-
charide in 32% overall yield. The f-stereocontrol of glycosylation with galacto-gly-
cals notwithstanding, difficulty was reported in the case of gluco-type species, re-
sulting in a-glycoside formation. To overcome this problem, the epoxide was con-
verted into a thioglycoside with subsequent acylation, which acts as auxiliary to
enhance f-stereoselectivity [110].
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A route to 2-amino sugars was addressed by transformation of the glycal into a
2-phenylsulfonamido-thioglycoside by rearrangement-displacement of 2-iodo-1-
phenylsulfonamide [111]. A structure found in the reducing terminus of N-linked
oligosaccharide was also synthesized, the oligopeptide part being incorporated on
the support at the final stage of the coupling process. This is one of the advan-
tages of the strategy, since diversity other than carbohydrate in nature can be
added after completion of the oligosaccharide synthesis [108].

1.4.3.6 Monitoring of Reaction Progress

Monitoring of reaction progress in solid-phase synthesis is very important, espe-
cially for the optimization of reaction conditions, because cleavage of the product
from a support to analyze the reaction by TLC negates the advantage of solid-
phase synthesis. Gravimetric analysis has classically been used, but resin break-
down and difficulties associated with incomplete “dryness” for analysis prevents
quantitative measurements. For qualitative analysis, IR [45], gel-phase *C NMR
[130], and MALDI TOF MS [49] have been used.

Methods based on nuclear magnetic resonance (NMR) are nondestructive and
reliable techniques widely used in oligosaccharide synthesis. '"H NMR spectrosco-
py is one of the most informative analytical methods, frequently used in organic
chemistry. However, the spectra typically obtained for solid-bound compounds are
broadened and it is difficult to obtain quantitative or even qualitative information,
due to the short relaxation time of the macromolecule. An exception is found,
however, in the case of the soluble polymer MPEG (see Section 1.4.1). Reaction
progress in this case can be monitored easily by standard experimental techniques
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Scheme 1.21
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[67, 78]. Monitoring of the reaction progress of MPEG-based synthesis can also be
performed by use of MALDI TOF MS [83, 131] (Fig. 1.4). Alternatively, high-reso-
lution magic angle spinning NMR (HR-MAS) has also been used [106], and it has
been shown that TOCSY is useful for obtaining coupling constants [132, 133]
(Fig. 1.5).

To analyze the molecular structure of a product attached on the support, HR-
MAS is probably the only method. Although the “high resolution” required for the
coupling constants was not achieved by 'H NMR, a trisaccharide bound to PS re-
sin was analyzed on the basis of the chemical shifts of the anomeric protons and
carbons after 'H, *C, and HMQC experiments.

A conceptionally important and useful monitoring approach making use of *C
NMR to monitor reaction progress focusing at a '*C-enriched carbon center has
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Fig. 1.4 Monitoring of MPEG-based oligosaccharide synthesis. MALDI-
TOF mass spectrometry is used to monitor reaction progress in MPEG-
supported oligosaccharide synthesis.

been reported [135] (Fig. 1.6; see Sections 1.4.3.5 and 1.4.4). In order to allow
quantitative analysis of the solid-phase reaction by the so-called gel-phase *C
NMR [130], the gated decoupling technique was used [136, 137]. *C-enriched tem-
porary protecting groups and an internal *C marker have also been used, as well
as a relaxation agent to obtain a short T; value. The method is particularly useful
when only a small quantity of material has been synthesized and quantitative in-
formation is required. Through the use of gated decoupling techniques, the reac-
tion progress can be monitored quantitatively without cleavage of the molecule
from the resin. Since the yields are always given relative to an internal integral
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Fig. 1.5 Monitoring of solid-phase synthesis with HR-MAS. A TOCSY spectrum
obtained by HR-MAS even gives anomeric coupling constants while the oligosac-
charide is attached on the Merrifield resin.

marker, the chemical yields are determined regardless of the isolated yield, which
is important for optimization of solid-phase reactions.

A more practical method, comparable to a Kaiser test in peptide synthesis, has
been investigated [83]. In this method, a chloroacetyl group was used as a short-
term protecting group for a hydroxy function for the next coupling reaction. Se-
quential treatment at the chloroacetyl stage with 4-(4-nitrobenzyl)pyridine and pi-

peridine formed a zwitterion possessing a red color. Reaction progress could thus
be monitored colorimetrically.

1.4.4
Automation

The emerging area of automation of oligosaccharide synthesis should contribute
greatly not only to glycobiology but also to cell biology in general [59, 92, 93]. Ac-
cess to structurally defined complex oligosaccharides has been very laborious, con-
trary to the needs for biological investigations. The final stage of a chemical syn-
thetic method is the development of an automated system, and this has been ad-
dressed recently.

Seeberger used a modified peptide synthesizer equipped with a temperature-
controlled reactor [135] (see Sections 1.4.3.5 and 1.4.4). The method was demon-
strated in the cases of trichloroacetimidate and phosphate as the leaving groups;
the trichloroacetimidate method is depicted in Fig. 1.7, which shows the sequen-
tial process program. In this way, non-specialists may soon be able obtain particu-
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Fig. 1.6 Monitoring of solid-phase synthesis by >*C NMR. In-
verse gated decoupling >*C NMR spectra with conventional NMR
and use of a *C-enriched integral marker provide non-destructive
monitoring of resin-bound (TentaGel) oligosaccharide synthesis.

lar oligosaccharides, although one issue pertinent for this type of system is the
carbohydrate synthetic units. A variety of units have to be prepared one by one in
a laboratory, and this matter still has to be resolved.

A different approach for automation by sequential one-pot glycosylation has also
been developed (Fig. 1.8; see Section 1.4.2). A key issue in this approach is the use of
a program to determine the glycosyl units needed in the synthesis of oligosaccha-
ride. The basis of the method lies in analysis of the relative reactivities of carefully
chosen suitably protected synthetic blocks in association with the armed and dis-
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Fig. 1.7 Automation of oligosaccharide syn- mated for the first time with trichloroacetimi-
thesis based on solid-phase operations. Solid- date and phosphate being successfully used
phase oligosaccharide synthesis was auto- as leaving groups.

armed concept [92, 93] (see Section 3.3). The choice of building blocks is stored in a
database, from which researchers can select “suitable combinations” of glycosylating
agents to be used in the one-pot sequential glycosylation. Expansion of the database
is crucial for the success of this method, since estimation of the anomeric reactivities
of differently protected carbohydrates is difficult. Another related problem can be
seen when alkylthio and arylthio groups are used as glycosyl donor and acceptor.
In some cases the former is preferentially activated, while in other cases the reactiv-
ity is reversed [137]. However, as long as a single substituent group at the anomeric
position is used, the “programmable” oligosaccharide synthesis is considered effec-
tive since it has been shown that the relative reactivity number correlates with the
chemical shift of the anomeric proton in the '"H NMR [93].
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Fig. 1.8 A computer-assisted approach to the ities of synthetic units assists chemists in
sequential one-pot synthesis of oligosaccha- synthesizing target oligosaccharides.

rides. A database containing relative reactiv-

1.5
Concluding Remarks

A variety of probes are needed for biological investigation of oligosaccharide func-
tions. Methodological investigation is necessary for this purpose. Organic synthe-
sis, enzymatic synthesis, isolation from natural sources, and/or combinations of
each method can be utilized. This review summarizes the status of the organic
synthesis of oligosaccharides, focusing on tactical aspects. The method best to be
relied upon is an often debated matter, but it is important to obtain oligosaccha-
rides by taking advantages of individual methods. One of the advantages of the
synthetic method is that it is possible to access non-natural structures. Combina-
torial oligosaccharide synthesis represents challenging but very important re-
search in connection with approaches addressing infectious diseases. One has to
take account of every aspect of current methods in oligosaccharide synthesis and
to develop synthetic and engineering methods further in order for oligosaccharide
probes to be available to all researchers.
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