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Glycoside Bonds

I ncreased understanding of the important roles that oligosaccharides
and glycoconjugates play in biological processes has led to a demand
for significant amounts of these materials for biological, medicinal,
and pharmacological studies. Therefore, tremendous effort has been
made to develop new procedures for the synthesis of glycosides,
whereby the main focus is often the formation of the glycosidic bonds.
Accordingly, quite a few review articles have been published over the
past few years on glycoside synthesis;, however, most are confined to
either a specific type of glycoside or a specific strategy for glycoside
synthesis. In this Review, new principles for the formation of glycoside
bonds are discussed. Developments, mainly in the last ten years, that
have led to significant advances in oligosaccharide and glycoconjugate
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synthesis have been compiled and are evaluated.

1. Introduction

Most carbohydrates found in nature exist as polysaccha-
rides, glycoconjugates, or glycosides, in which sugar units are
attached to one another or to aglycones through O-glycosidic
bonds. Thus, the stereoselective formation of O-glycosidic
bonds is the key process in most glycoside syntheses. Since the
first glycoside syntheses by Michael and Fischer,™ followed
by the seminal studies of Koenigs and Knorr,”) a very large
number of glycosidation methods have been developed. In
this Review, advances in the formation of O-glycoside bonds
are examined, with emphasis placed on developments in the
last ten years. A detailed discussion of new glycosidation
methods is preceded by an overview of the general principles
for the formation of glycoside bonds.

The chemical synthesis of glycosides usually involves the
transformation of a sugar into a fully protected glycosyl donor
with a leaving group at its anomeric center. Glycosylation of a
suitably protected glycosyl acceptor, which generally contains
only one free hydroxy group, then follows. (In other words,
the “glycosyl donor” transfers the glycosyl moiety (generally
as an electrophile) to the “glycosyl acceptor” (generally the
nucleophile)).®! Hence, the leaving group of the glycosyl
donor and the protecting groups are the most fundamental
parameters with respect to the yield and anomeric selectivity
of glycosidation reactions (as outlined in Sections 2 and 3).

Often used methods for the generation of glycosyl donors
are oxygen-exchange reactions at the anomeric position of the
hemiacetal moiety of pyranoses and furanoses.**”* The
Fischer-Helferich method (Figure 1, A), an acid-catalyzed
reaction for the direct replacement of the anomeric oxygen
atom, has been applied successfully to the synthesis of many
glycosylation substrates. However, the reversibility of the
reaction limits its usefulness in the synthesis of complex
oligosaccharides and glycoconjugates. For irreversible
exchange of the anomeric oxygen atom, preactivation of the
anomeric center through the introduction of a good leaving
group is necessary.

The best known of these irreversible methods is the
Koenigs—Knorr method (Figure 1, B), in which an a-halo
ether is generated as the glycosyl donor (see Section 2.1). This
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intermediate is further activated by halophilic promoters in
the glycosylation step. Generally, between one and four
equivalents of the promoter (for this reason, the term
“catalyst” should not be used) and often additional reagents
(for example, a sterically hindered base) are used in the
reaction, which results in an irreversible transfer of the
glycosyl moiety to the acceptor. The obvious limitations of
this method prompted the search for alternative meth-
0ds-[43,5,7—10]

Other approaches closely related to the Koenigs—Knorr
method have been investigated extensively. The exchange of
the anomeric oxygen atom for a fluorine, alkylthio, or arylthio
leaving group found great interest, as these groups are not
affected by manipulations of orthogonal protecting groups
(see Section 2.2). Also, one-pot consecutive glycosylation
reactions of acceptors are possible (new developments are
discussed in Sections 2.1-2.6). However, the advantages and
the fundamental drawbacks of the Koenigs—Knorr method
are also associated with these activation systems.

In the methods described above, the anomeric carbon
atom of the sugar residue to be coupled serves as the
electrophile and the alcohol as the nucleophile. A useful
alternative would be the base-mediated deprotonation of the
anomeric hydroxy group of a pyranose or furanose moiety to
generate an anomeric oxide, which would undergo direct and

[] Dr. X. Zhu
Centre for Synthesis and Chemical Biology, UCD School of Chemistry
and Chemical Biology, University College Dublin
Belfield, Dublin 4 (Ireland)
Fax: (+353)1-716-2501
E-mail: xiangming.zhu@ucd.ie
Prof. Dr. R. R. Schmidt
Fachbereich Chemie, Universitidt Konstanz, Fach 725
78457 Konstanz (Germany)
Fax: (+49) 7531-883-135
E-mail: richard.schmidt@uni-konstanz.de

SR, WWILEY R
) InterScience*

Chemie

1901



Reviews

OR
RO Q
ACID ACTIVATION RO OH
exchange of anomeric

oxygen atom

RO
substrate
%
OR
RO o M
RO O\+ A

RO H

Koenigs—Knorr Fischer—

(X=Cl, Br)and ! Helferich
related methods MX HOR
(text)
HA + H,0
H,0 + MA
B
OR
RO Q
RO X
RO HOR! MY MX + BH' X product

glycosyl donor
X = leaving group
(Hal, SR, etc.)

MY = promoter/coactivator
(equivalent amounts)
HOR! = glycosyl acceptor

Figure 1. Generation of glycosidic and saccharide bonds.

irreversible anomeric O-alkylation to give a glycoside
(Figure 1, C). Surprisingly, this simple “anomeric O-alkyla-
tion” method, as termed by us,'**”-* had not been used for the
synthesis of complex glycosides and glycoconjugates prior to
our own studies. The direct anomeric O-alkylation of
variously protected and even totally unprotected sugars in
the presence of a base with triflates or Michael acceptors as
alkylating agents has become a very convenient method for
glycoside-bond formation.""'¥l The high anomeric stereose-
lectivity that is often observed with pyranoses results from the
enhanced nucleophilicity of equatorial oxygen atoms (owing
to steric effects and the stereoelectronic kinetic anomeric
effect due to repulsions of lone electron pairs, dipole effects,
or both)#*78 and from the higher stability of products with an
axial anomeric oxygen atom (owing to the thermodynamic
anomeric effect due to no*-orbital interactions, favorable
dipole effects, or both). Chelation effects can also be used to
promote anomeric stereoselectivity. The availability and to
some extent the stability of the carbohydrate-derived alkylat-
ing agents preclude the general applicability of this simple
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method to the synthesis of complex oligosaccharides and

glycoconjugates.

There are three main requirements for an efficient
glycosylation method:

— Small amounts of the reagents must be used; that is, the
glycosyl donor must be generated in a simple process and
the donor activated by a catalytic amount of a reagent;

— the glycosylation step must be stereoselective and high-
yielding;

— the method must be applicable on a large scale.

These demands are not met by any of the methods
described above. However, the general strategy for glycoside-
bond formation is reasonable: The first step (generation of
the glycosyl donor) should consist of the preactivation of the
anomeric center with the formation of a stable glycosyl donor,
ideally through a catalytic reaction to attach a leaving group
to the anomeric hydroxy group. The second step (activation of
the glycosyl donor) should consist of a sterically uniform high-
yielding glycosyl transfer to the glycosyl acceptor on the basis
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of activation of the glycosyl donor with a catalytic amount of a
promoter (that is, a catalyst) and covalent binding of water
released in this condensation reaction to the leaving group. In
this way, the required amounts of reagents can be minimized.

Experience with direct anomeric O-alkylation showed
that these demands can essentially be fulfilled with a simple
base-catalyzed transformation of the anomeric oxygen atom
into a leaving group and the acid-catalyzed activation of this
group in the glycosylation step. These orthogonal activation
and glycosylation steps should also satisfy the demand for
simplicity in combination with efficiency, which are critical for
general acceptance.

Electron-deficient nitriles, such as trichloroacetonitrile
(Figure 1, D: X=Y = CCI;C=N), undergo direct and reversi-
ble base-catalyzed addition of the anomeric hydroxy group to
provide O-glycosyl trichloroacetimidates. The bulky and
strongly electron withdrawing trichloromethyl group, and
the glycosyl group, which facilitates the formation of an
oxocarbenium ion at the anomeric center through the
o oxygen atom, provide the driving force for the acid-
catalyzed release of trichloroacetamide as the leaving group.
Trichloroacetamide does not exhibit acid or base properties
under the reaction conditions, which makes acid catalysis
possible. Hence, upon acid-catalyzed activation, O-glycosyl
trichloroacetimidates exhibit excellent glycosyl-donor prop-
erties (see Section 2.7).

Closely related methods are the activation of the anome-
ric hydroxy group by trifluoroacetonitrile, dichloromaloni-
trile, and dichloroacetonitrile.”>*® Ketenimines, which
undergo addition of the anomeric hydroxy group under
base catalysis, provide another important class of glycosyl
donors. However, as only a few examples have been inves-
tigated to date, the potential of these glycosyl donors has not
yet been established.">*? Another interesting class of
compounds is that of imide halides with electron-withdrawing
carbon substituents and their heterocyclic equivalents. Fol-
lowing some earlier studies,">?'"* imide halides have recently
found increased interest and been used glycosylation reac-
tions with excellent results (see Section 2.7).

Other related methods include the activation of the
anomeric hydroxy group, for example, through sulfate,
sulfonate, phosphate, or phosphite formation, as described
in Section 2.8 for O-glycosyl phosphates. However, beside the
drawbacks associated with activation through the formation
of an imide halide, a further disadvantage is the increase in
the acidity of the reaction mixture in the glycosylation step
upon the release of these leaving groups.

Glycals, which are readily available from sugars, are also
attractive substrates for the formation of glycoside bonds
(Figure 2). Their nucleophilicity at C2 enables reactions, for
example, with oxygen, nitrogen, and sulfur electrophiles, to be
carried out with high substrate stereoselectivity, generally
with the formation of a three-membered ring; ring opening
with alcohols as acceptors under acid catalysis, either directly
by method Ea or by method Eb with Y as a promoter,
furnishes the corresponding glycosides.’*>*) With an appro-
priate electrophile X, this method can also be employed for 2-
deoxyglycoside synthesis.
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Figure 2. Glycals as intermediates for the generation of glycosidic
bonds.

Glycals can also be transformed into derivatives with an
electron-withdrawing group at C2, for example, into 2-
nitroglycals, which may undergo Michael addition. Thus,
glycoside-bond formation under base catalysis (method F)
leads to 2-deoxy-2-nitroglycosides.® These intermediates are
readily converted into 2-amino-2-deoxyglycosides, which are
constituents of almost all glycoconjugates. Recently, this 2-
nitroglycal concatenation was investigated extensively, in
particular with 2-nitrogalactal derivatives (see Section 2.9).

Besides substrates and leaving groups, promoters also
have a significant influence on glycosidation selectivity by
affecting the formation of reaction intermediates. Therefore,
careful optimization of the promoter in accord with the
reaction partners is crucial for stereoselective glycoside-bond
formation;*® it is sometimes quite a challenge to find a
promoter system that leads to high stereoselectivity and a
high yield in a particular glycosidation. The promoter system
is also very important with respect to performing the
glycosidation reaction on an industrial scale. In this regard,
O-glycosyl trichloroacetimidates!'”! have great advantages.
They are among the most widely used glycosyl donors in
contemporary carbohydrate chemistry.

Glycoside-bond formation often leads to a mixture of two
anomeric stereoisomers, that is, 1,2-cis and 1,2-trans glyco-
sides. Neighboring-group participation in 2-O- or 2-N-acyl-
protected glycosyl donors or glycosyl donors with sterically
demanding protecting groups at the 2-position leads reliably
to 1,2-trans glycosides. Accordingly, the presence of a steri-
cally nondemanding, nonparticipating group at the 2-position
is often used for the synthesis of 1,2-cis glycosides. However,
the effect of the presence of nonparticipating groups is often
insufficient to guarantee stereoselective cis glycosylation
reactions because most glycosidation reactions proceed by
an Sy1 mechanism via oxocarbenium ion intermediates, which
acceptors can attack at either the o or the f§ face. As insight
into the nature of Sy1 reactions is still limited,® we focus our
discussion on the influence of protecting groups on anomeric
stereocontrol (see Section 3).
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Other means are also often used to achieve high anomeric
stereocontrol in glycoside syntheses.**! The concept of in
situ anomerization of halogenoses with axial halide to
halogenoses with equatorial halide introduced by Lemieux
et al.*” in early studies proved to be a major breakthrough in
the synthesis of cis glycosides: The activation of relatively
stable o-glycosyl halides in the presence of quaternary
ammonium halides leads to the establishment of an equilib-
rium with the more reactive -glycosyl halides. The energy
barrier to the nucleophilic substitution of 3-glycosyl halides to
give cis glycosides is lower than the corresponding trans-
formation of a-glycosyl halides into trans glycosides; the net
result is the preferred formation of cis glycosides. The
influence of solvents on anomeric stereocontrol was also
recognized very early on. In particular, the ether effect* and
the nitrile effect® play a major role in terms of the
selectivity of the transformation.

Other parameters, such as temperature, pressure, concen-
tration, and even the sequence of addition of the reactants,
also have significant effects on the glycosidation selectivity.!
Thus, optimization of the reaction conditions is frequently
required for a particular glycosidation reaction for it to
proceed with high stereoselectivity. Recent advances are
highlighted in the appropriate context in this Review.

Efficient one-pot glycosylation protocols that enable the
convenient assembly of oligosaccharides from appropriately
protected building blocks in a minimum number of
synthetic steps have received much attention in the
past few years (see Section 4).! In combination
with computational tools, this technique has been
further developed into a programmable one-pot
synthesis.!l Solid-phase oligosaccharide synthesis  b)
is also an area of active investigation,* as it
enables the rapid assembly of structures of interest
with only a single purification step necessary
(Section 5). A few research groups use this tech-
nique for the automated synthesis of oligosacchar-
ides."™! Enzymatic glycosidation is closely related to
an intramolecular glycosyl transfer to the acceptor.
Therefore, this concept has been investigated
extensively in recent years (see Section 6).*+1,

In spite of all these promising techniques in
combination with other new techniques, such as
product separation with the help of fluorous
chemistry, there is still no general procedure for the stereo-
selective synthesis of glycosides and complex glycoconjugates.
Therefore, the synthesis of these compounds often requires
substantial know-how and systematic research.!

a)

AcO
A(:O

2. Glycosyl Donors and Activation Conditions
2.1. Glycosyl lodides

Glycosyl halides were introduced as glycosylating agents
by Koenigs and Knorr in 1901.°! Glycosyl iodides were first
prepared by the treatment of glycosyl bromides with sodium
iodide in acetone more than half a century ago,” and new
preparative procedures are still emerging.*® Although glyco-
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syl iodides have generally been considered too reactive to be
of synthetic utility, several research groups have demon-
strated that iodide donors display unique properties in
glycosylation reactions and often offer advantages over
glycosyl chlorides and bromides in terms of reaction time,
efficiency, and the stereochemical outcome.*”! Various glyco-
sides have been synthesized by using iodides as glycosyl
donors, most notably by Gervay-Hague and co-workers, who
also carried out mechanistic studies on the stereoselective
formation of a,B-glycosyl iodides.™ In general, iodide donors
can be activated under basic conditions to give -glycosides
with high selectivity;”! alternatively, in situ anomerization
can be used for the selective synthesis of a-glycosides.F? All
glucosyl, galactosyl, and mannosyl iodides showed high
reactivity towards strained oxacycloalkane acceptors in the
presence of magnesium oxide. The corresponding glycosides
were formed with high B selectivity.™

a-Glycosyl iodides have been shown to undergo in situ
anomerization upon treatment with TBAI and Hiinig base
under standard conditions; the a-glycosides can then be
prepared, even with sterically demanding acceptors, by
nucleophilic substitution of the (-glycosyl iodide intermedi-
ates or through axial attack on the oxocarbenium ion
intermediates. The utility of iodide donors was also demon-
strated in the highly stereoselective synthesis of aryl 2-deoxy-
[B-glycosides, such as 3 (synthesized from 1 and 2, Scheme 1a).
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Glycoside syntheses with glycosyl iodides as donors.

Direct S\2 displacement of the anomeric iodide circumvented
the need to introduce at C2 temporary stereodirecting groups
that would require subsequent removal.®¥ The fully silylated
galactosyl iodide 4 was also prepared and used to construct
the biologically active a-glycolipid 6 in a highly selective
fashion (Scheme 1b).”% To date, most glycosyl iodides used
for glycoside synthesis have been protected with arming
(activating) protecting groups (typically O-benzyl or electron-
donating groups), although disarmed (deactivated) glucur-
onyl iodides, with electron-withdrawing groups on the pyr-
anose ring, also proved to be efficient donors in f3-glucur-
onylation reactions of a range of steroidal alcohols.’ The
reaction of the pivaloylated glucuronyl iodide 7 with 3-O-
pivaloylmorphine (8) in the presence of iodine afforded the
1,2-trans glycoside stereospecifically in 55% yield; subse-
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quent deprotection gave morphine-6-glucuronide (9;
Scheme 1¢).*8¢13%] The synthesis of glucuronides of a drug
candidate is often necessary to provide both an analytical
standard for the quantification of metabolite levels in clinical
samples and material for further pharmacological evaluation.

Recently, mannosyl iodides with participating groups at
C2 were used to synthesize oligomannosides in the presence
of AgOTf as an activator.’”l This process complements
glycosidation with in situ anomerization. It demonstrates
that iodide donors acylated at C2 are equally efficient and
that the common base-induced side reaction of glycosyl
iodides (i.e. elimination) can be suppressed.’*! Glycosyl
iodides have clearly become very useful glycosylating agents;
in many cases, however, they can only be generated in situ
owing to their high reactivity. Therefore, the stability of
glycosyl iodides will need to be increased and other activation
conditions developed before these compounds become widely
used glycosyl donors.

2.2. Thioglycosides

Thioglycosides are frequently used as glycosyl donors in
glycoside synthesis. Since the first report in 1909, thioglyco-
side chemistry has been explored constantly. Numerous
protocols have been reported for the preparation and
activation of thioglycosides over the past century.”” The
advantage of thioglycosides lies in their great stability under a
wide range of conditions for protecting-group manipulation.
Anomeric thioether groups can thus act themselves as
temporary protecting groups. Therefore, thioglycosides can
serve not only as glycosyl donors, but also as glycosyl
acceptors. This feature, combined with the tunable reactivity
of thioglycosides, has often been exploited for the efficient
synthesis of complex oligosaccharides.[*”)

Thioglycosides are usually prepared by treating peracety-
lated sugars with the appropriate thiol in the presence of a
Lewis acid, typically BF;-OEt,.!! An alternative synthetic
route involving S-glycosyl isothiouronium intermediates®
was reinvestigated for the preparation of alkyl thioglycosides:
The intermediates were prepared from the corresponding
glycosyl bromides and thiourea, and then converted into
thioglycosides by S-alkylation in the presence of a mild base
and an appropriate alkyl halide.[¥ Thioglycosides have also
been prepared by the treatment of glycosyl bromides with
nucleophilic thiolates generated in situ through the zinc-
mediated reduction of disulfides.!*!

Thioglycosides can be activated by a wide range of
promoters of variable reactivity. In all cases, at least a
stoichiometric amount of the reagent is needed. A key
contribution was made in 1990 by van Boom and co-work-
ers,® who first reported the use of a stoichiometric amount or
an excess of N-iodosuccinimide (NIS) in conjunction with a
catalytic amount of triflic acid as a promoter to activate
thioglycosides. The use of NIS/AgOTf was reported soon
afterwards.* Since then, the efficacy of the iodonium system
has been proven by numerous successful applications, and
many variants have been developed (Table 1).! For
example, the use of HCIO, immobilized on silica as an
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Table 1: Typical thiophilic promoters reported between 1998 and 2007.

Promoter Ref.
NIS/Sn(OTf), or Cu(OTf), [67]
NIS/HCIO,silica [68]
NIS/TrB(CeFs)s [69
IPy,BF,JHOTF [70]
IX/AgOTF [72]
NBS/Bi(OTf), [73]
1-fluoropyridinium triflate [74]
EtSNPhth/TrB (CoFs), [75]
N-(phenylthio)-g-caprolactam/Tf,0 [76]
S-(4-methoxyphenyl) benzenethiosulfinate/Tf,O [77a]
BSP/TF,0 [77b,78]
Ph,SO/TF,0 [77¢,80]
BSM/TF,O [77¢]
Me,S,/TH,O 81]

alternative to HOTT for the activation of thioglycosides led to
comparable results.*®! Mukaiyama and co-workers introduced
the combined use of a stoichiometric amount of either NIS or
NBS and a catalytic amount of TrB(C4Fs), as a promoter
system.”) Recently, another iodonium system, IPy,BF,/
HOTH{, proved to be effective for B-selective glycosidation
reactions of perbenzylated armed thioglycosides. It was found
to be compatible with one-pot sequential glycosylation
reactions.””! Furthermore, armed thioglycosides cospotted
with sugar alcohols onto alumina TLC plates were converted
into glycosides on exposure to I, vapor. The product was then
purified by conventional elution with a solvent."" Interhal-
ogen compounds (ICI or IBr) can be used in combination with
AgOTf as a convenient and efficient promoter system for the
activation of thioglycosides. High-yielding sialylation reac-
tions with this system were described.” Thioglycosides have
also been activated with other halonium systems; for exam-
ple, a cheap bromonium system (stoichiometric NBS and
catalytic Bi(OTf);) was used to activate various thioglycoside
donors.™! Commercially available 1-fluoropyridinium tri-
flates successfully promoted the transformation of thioglyco-
sides into O-glycosides.[

In the past decade, organosulfur compounds have become
valuable promoters for thioglycoside activation: Early studies
were devoted to sulfonium or sulfenyl triflates, such as
DMTST, MeSOT{, and PhSOTT; more recently, sulfenamide
activators in combination with Lewis acids such as EtSNPhth—
TrB(CFs),[™ and  N-(phenylthio)-e-caprolactam—Tf,0OU!
were proposed. Sulfinates in combination with Tf,0 have
also received much attention as thioglycoside activators.”’].
For example, the system 1-benzenesulfinylpiperidine (BSP)/
Tf,0 proved very useful for the synthesis of the Salmonella
type E, core trisaccharide.” Ph,SO/T£,0 has been employed
successfully for the synthesis of challenging sialic acid glyco-
sides™ and hyaluronic acid oligomers.® Recently, another
powerful system, namely Me,S,/Tf,0, was developed for the
activation of thioglycosides.®! An important feature of these
sulfinyl systems is their capacity to preactivate thioglycosides
at low temperatures.*”) Thus, one thioglycoside can be
activated in the presence of another. Glycosylation reactions
mediated by sulfinyl derivatives have been used to advantage
in this way in the efficient synthesis of numerous complex
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structures. For example, the tetrasaccharide 14 was con-
structed in less than 2 h from the thioglycoside building blocks
10-13 with benzenesulfinyl morpholine/Tt,0O as the promoter
by use of the preactivation strategy (Scheme 2).I""!
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Scheme 2. Oligosaccharide synthesis with thioglycosides as donors.
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Other conditions for thio-
glycoside activation, such as the
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activation are available. Thus, not only thiophilic reagents,
such as NIS/TMSOTHY, but conventional promoters for the
activation of glycosyl thioimidates, such as BF;-Et,O, have
been used to activate thioimidate donors (Scheme 3). For
example, a number of mannosyl thioimidates, including the S-
benzoxazolyl (SBox) glycoside 15 and an S-benzothiazolyl
glycoside, were prepared and activated effectively with NIS/
TMSOTS for the synthesis of P-mannosides, such as 17,
through an intramolecular glycosylation (Scheme 3a).* §-
Benzoxazolyl glycosides have also been activated with an
excess of MeOTf or AgOTf (>2.0 equiv) in the synthesis of
both 1,2-trans” and 1,2-cis®" glycosides. Glycosylation of the
galactosyl acceptor 19 with the SBox donor 18 in the presence
of AgOTf afforded the disaccharide 20 with complete
stereoselectivity in 97 % yield (Scheme 3b).”"! Interestingly,
recent mechanistic studies indicated that both MeOTf and
AgOTf activate this type of donor at the anomeric sulfur
atom.”” S-Thiazolinyl (STaz) glycosides, such as 21, are also
efficient glycosyl donors upon activation with AgOTf, Cu-
(OTf),, MeOTf, NIS/TfOH, or other promoter systems.”’]
Their reaction with a variety of acceptors provided the

HCH

use of AgPF/® and electro- ng;e“;;;gﬂ
chemical oxidation,® have BnO 00 HO CHCL RT. Brno H,, Pd(C)
. BnO BnO 2Ll o Manp(1-4)GlcOMe
also been reported in the past BnO B0 o 78% Bno BnO 17
N e BnO om

few years. 15 s D e

In summary, numerous new 0 OAc
methods for the preparation and AcO Q
activation of thioglycosides OAc B20 OH 20 equiv Bnd

. o
have been reported in the past A0 v AgOTF
PO the p AcO S_< o CH,Cl,, RT B20
decade. As thioglycosides are o7% Q
. BzO

among the best Koenig—Knorr- 20 OBz OMe
type glycosyl donors, they will OBn
continue to play an important ¢ OBz OBn 3.0 equiv BnO Q
role in glycoside-bond forma- BZO&/ 4 BnO MeOT? B3
L E . Bz0 S_< + PEo DCE.RT 0 OMe
tion in spite of the large quanti- 21 OBz 99% BzO

ties of highly reactive reagents
required for their activation.

2.3. Glycosyl Thioimidates

Glycosyl thioimidates are glycosides that contain an
SCR'=NR? aglycone. Their preparation was first described
more than 40 years ago,®™ and their use as glycosyl donors
dates back to the late 1970s, when Woodward et al. used N-
heterocyclic thioglycosides as glycosylating agents in the total
synthesis of erythromycin (this synthesis was not published
until 1981).%°1 The glycosyl-donor properties of glycosyl
thioimidates have since been investigated extensively."’]
Two classical routes to glycosyl thioimidates involve the
Lewis acid promoted displacement of anomeric acetoxy
groups with thiol aglycones or the displacement of anomeric
halogen substituents with thiolate anions.® Both procedures
are frequently used and high yielding.

As thioimidate donors have the properties of both a
thioglycoside and an imidate, conceptually different modes of
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Scheme 3. Glycoside syntheses with glycosyl thioimidates as donors.

corresponding glycosides in high yields (Scheme 3c¢). Fur-
thermore, it was possible to activate one STaz leaving group
chemoselectively in the presence of another by engaging one
of the leaving groups in a stable palladium(IT) complex.” In
all of these reactions, it was absolutely necessary to use a
stoichiometric amount of the promoter. The most common
thiophilic reagent system, NIS with catalytic TfOH, did not
even initiate the glycosylation with STaz donors. This reaction
was only driven to completion by NIS in combination with
stoichiometric TFOH.!

An advantage of thioimidate donors is their high stability.
In general, they withstand the rather harsh reaction con-
ditions often required for protecting-group manipulations, for
example, through acetylation, benzylation, benzylidenation,
or deacetylation. Therefore, glycosyl thioimidates containing
different protecting groups can be prepared readily.”
Unprotected hexofuranosyl thioimidates were also prepared
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and found application in the synthesis of the corresponding
glycosyl phosphates®™ and hexofuranosides.””! Thioimidate
donors can withstand reaction conditions associated with the
activation of other glycosyl donors, such as thioglycosides,
glycosyl bromides, and O-glycosyl trichloroacetimidates;
thioimidates themselves can be activated selectively in the
presence of thioglycosides and n-pentenyl glycosides (NPGs).
These possibilities were used to develop rapid synthetic
routes to oligosaccharides, as illustrated by the synthesis of
trisaccharide 28 (Scheme 4a).”®! A conventional glycosylation

BnO OBn BnO _-OBn
0 Cu(OTf),
&,saox HO Taz ~ggy  BNO
24 OBn 25
BnO _-OBn
0 Ph/voo 0
BnO o AgOTf BzO
Bz 82% BzO
BnO BnO BzO Et
28 OBz
OBn O%n
Bno’% 520 AT oo o
z _AgOTf _ Bn
BnO STaz + STaz “ago, ™ D Br0 o
BzO STaz
31
OBn
OBn BnO o)
BnO Cu(OTf), BnO
BnO SBox BzO SBox W’ BnO

OBn
BnO Q
BnO Cu(OT),
BnO O~ HOTf _Bz0
BzO o BzO SBox
70%
BZO

BzO BzO
BzO SBox

Scheme 4. Chemoselective activation of thioimidate donors.

strategy with armed and disarmed reaction partners has also
been used with thioimidate donors,” whereby perbenzylated
(armed) thioimidates, such as 29, were activated chemo-
selectively in the presence of acylated (disarmed) thioimi-
dates, such as 30 (Scheme 4b). Recently, an unusual reactivity
pattern was observed for SBox glycosides: 3,4,6-Tri-O-acyl 2-
O-benzyl SBox glycosides are significantly less reactive than
even “disarmed” peracylated derivatives. This finding was
then exploited with the “armed-disarmed” strategy to
synthesize oligosaccharides of different linkage patterns,
such as trisaccharide 36 (Scheme 4c).””) Further investigation
is required to determine the precise mechanistic details
underlying these results; however, the absence of neighbor-
ing-group assistance probably accounts for the low reactivity
of 3,4,6-tri-O-acyl 2-O-benzyl SBox glycosides in the presence
of a relatively weak promoter.'”’) Thioimidate donors have
also been activated chemoselectively in the synthesis of
sialosides"™ and galactofuranosides.'*?

Overall, glycosyl thioimidates are good glycosyl donors
for which interesting applications have been found in
oligosaccharide synthesis. As is the case for most glycosyl
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donors, a reduction in the required amount of the promoter
should be the focus of future research.

2.4. 1,2-Orthoesters of Aldoses

1,2-Orthoesters are often intermediates in glycosylation
reactions. Their reversible formation is related to the Fischer—
Helferich method. On acid-catalyzed anomeric activation of
the glycosyl donor, the 2-O-acyl group undergoes dioxole-
nium formation. However, an acylative attack by
the resonance-stabilized carbenium ion then takes
place instead of an alkylative attack by the electro-
philic anomeric carbon atom of the acceptor. The
orthoester intermediates thus obtained can be
transformed in situ into the desired glycosides by
the addition of more of the catalyst, by extending
the reaction time, or by other means.'”! This
rearrangement usually leads to 1,2-trans glycosides
through different possible pathways'™! and was
used to develop new strategies for the regio- and
stereoselective synthesis of oligosaccharides.!'*”
Nevertheless, additional studies, most notably by
Wu and Kong, revealed that the rearrangement can
also give 1,2-cis-linked products!'® in a transforma-
tion that does not conform with the classical concept
of neighboring-group participation.'’”’! It is not yet
clear how the unusual rearrangement proceeds, but
a mechanism involving the formation of a 3-glycosyl
triflate was proposed (Scheme 5).1%! Also, remote
stereochemical control was observed in the rear-
rangement of orthoesters; that is, the glycosidic
bonds originally present in either the donor or the
acceptor had a decisive influence on the configu-
ration of the newly formed glycosidic linkage.[%®>!%]

Q
RO% R'OH
A

cO OTfCC'3 TMSOTf

SEt

#—-OTf
O O__»TMS+
NH ] OR

0]
AcO

<O oRr'

RO

2 Zote
O)QOR-

Lotms
Scheme 5. Proposed rearrangement of orthoesters to form a-glyco-
sides.

For example, the stereochemical outcome of (1—3) glucosy-
lation reactions (37438 or 40+38) could be controlled by
varying the configuration of the glycosidic linkage present in
the donor (Scheme 6). Orthoesters can not always be
converted into the desired glycosides; sometimes they are
isolated in high yield as by-products.!'"!

In this section, we discuss the utility in glycoside synthesis
of orthoesters activated as glycosyl donors according to the
principles of the Koenigs—Knorr method. In the past, major
improvements in this field resulted from the use of 1,2-
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thioorthoesters'!!! and cyanoethylidene ana-
logues!"'? as glycosylation agents that can be
activated chemoselectively with an equimolar
amount of a reagent specific for the thio or
cyano group, respectively. However, these glyco-
syl donors did not gain wide application owing to
the formation of by-products during the glyco-

b) Ph
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HO o) OBz
TBSO o) ?50 1. NIS/Yb(OTF, —L\VO
- :V + k J LNISVb©OT, - o0

X. Zhu and R. R. Schmidt

Another clear advantage of NPOE donors is that
they can replace disarmed NPGs in glycoside synthesis
and often perform better in terms of yield and
selectivity.""”! Furthermore, disarmed NPGs are much
less reactive and also prone to addition across the
double bond, a problem never encountered with
NPOE donors."® Even more interestingly, NPOE
donors often exhibit much better regioselectivity than
other glycosyl donors and sometimes even opposite
regioselectivity in the glycosidation of a particular diol
acceptor."” The cyclic-ketal-protected glucose diol 49
was glycosylated regioselectively with the mannosyl
NPOE donor 48 to give only the 6-O-linked disacchar-
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sidation and the highly toxic reagents used in B20— OBz " D
their preparation. Therefore, for a long time, BEOO Q
. . 2!
orthoesters have not been viewed as ideal glyco- BzO
. BzO U + NIS/BF;EL,0  OMe 0
syl donors. Results of Fraser-Reid and co-workers BzO - 0w o
. HO QOMe (]
with n-pentenylorthoesters (NPOEs) may change o
this view.'"¥l However, NPOE activation requires o8 OMe 59 OOMe
at least an equimolar amount of a pentenyl- 9 : OBn OBz
. BzO R o o 0Bn
group-activating reagent. BzO + HB?10 _AuBry Béo&/o o
. . 9 2
NPOEs were used originally as versatile 51 Pho><0 / 52 BnOye 45% 3 0OBZ BnO
synthetic intermediates which could undergo 0 B0 owme

protecting-group manipulations under non-
acidic conditions and be transformed afterwards
into other glycosyl donors, in particular n-pen-
tenyl glycosides (NPGs).['" Soon these orthoest-
ers derived from pentenyl alcohols were investigated thor-
oughly as glycosyl donors with different promoters and
acceptors.'™ A major advantage of these donors is that
activation with NIS leads through reaction with the iodonium
ion to the liberation of the pentenyl moiety as iodomethylte-
trahydrofuran, which can therefore not compete with the
acceptor with respect to the formation of the glycosidic bond.

Various Lewis acid/NIS combinations have been exam-
ined as promoters for the activation of NPOE donors;"! in
general, Yb(OTf),/NIS gave the best results in terms of the
yield and regioselectivity of glycosidation reactions and
compatibility with protecting groups. For example, the myo-
inositol diol acceptor 43 was mannosylated regiospecifically
with the NPOE donor 42 in the presence of NIS/Yb(OTf); to
give the monomannosylated product 44 in almost quantitative
yield (Scheme 7a). Both the selectivity and the yield dropped
when other Lewis acids were used.'*?! Acid-labile protecting
groups, such as cyclic acetals, were also preserved completely
under NIS/Yb(OTHY); conditions."™**l Moreover, this promoter
system activated neither armed nor disarmed NPGs. NPGs
could thus serve as acceptors towards NPOE donors, as
illustrated by the synthesis of 47 (Scheme 7b)."%
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Scheme 7. Glycoside synthesis with NPOEs as glycosyl donors.

ide 50 in reasonable yield (Scheme 7 c), whereas coupling with
the corresponding phenylthioglycoside donor under the same
conditions gave a mixture of 6-O- and 3-O-linked disacchar-
ides, whereby the 6-O-linked isomer was produced in much
lower yield.!'" NPOEs glycosylate the equatorial hydroxy
group of cyclic syn 1,3-diol acceptors specifically, whereas
armed NPGs glycosylate predominantly the axial hydroxy
group. Hence, the simultaneous treatment of the diols with
both NPOE and armed-NPG donors led to only one
trisaccharide of four possible products of double glycosida-
tion."* Rationalization of these regioselectivities led to the
birth of the concept of reciprocal donor—acceptor selectivity
(RDAS)," which is related to the concept of donor/acceptor
matching introduced by Paulsen.”!

The versatility of NPOE donors was further demonstrated
recently in the efficient assembly of a pentadecamannan.!'?!]
In this synthesis, NPOEs served not only as donors, but also as
convenient intermediates in the generation of other glycosyl
donors, such as trichloroacetimidates, thioglycosides, and
NPGs. Propargyl 1,2-orthoesters, such as 51, have also been
reported recently as glycosyl donors (Scheme 7d)."? The
propargyl orthoester could be activated effectively with
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AuBr; and gave different glycoside products in modest to
good yields upon glycosidation with a series of acceptors.

2.5. Carboxybenzyl Glycosides
In 2001, Kim et al. reported a new type of glycosyl donor,

2-carboxybenzyl (CB) glycosides, which underwent glycosy-
lation with high stereoselectivity in high yield (Scheme 8).

(CB) k o]
o
.
Q acceptor-OH C< “OTf
RO - RO
O—acceptor

Scheme 8. Proposed mechanism for the activation of CB glycosides.

Previously, CB glycosides had been used to construct
pentadienyloxy systems with very good glycosyl-donor prop-
erties.!'” In general, CB donors can be prepared readily by
selective hydrogenolysis of their precursors, 2'-(benzyloxy-
carbonyl)benzyl (BCB) glycosides, even in the presence of
other hydrogenation-sensitive protecting groups, such as
benzyl and benzylidene groups. The BCB glycosides can in
turn be synthesized from glycosyl bromides by the
Koenigs—Knorr method, which increases the total
amount of reagent required for glycoside synthesis. Alter-
natively, the anomeric O-alkylation method can be
employed for the synthesis of BCB glycosides.

Conceptually, the glycosylation method described by
Kim et al. is a variation of the method with n-pentenyl
glycosyl donors. The driving force for the generation of
oxocarbenium ions is the release of stable phthalide
lactone through the action of Tf,O/DTBMP, which must
be used in at least equimolar amounts (Scheme 8).!**!

Unlike most glycosyl donors, CB glycosides can be
activated in the presence of both acids and bases. In this
way, many Lewis acid induced side reactions can be
avoided.”™ Another advantage is that the latent-active
glycosylation strategy can be used successfully in combi-
nation with this method, because anomeric BCB groups
are fairly stable under glycosidation reaction conditions
but can be converted readily into CB leaving groups, as
mentioned above. Thus, oligosaccharides could be assem-
bled rapidly by employing latent BCB glycosides and
active CB glycosides, as illustrated by the synthesis of
trisaccharide 59 (Scheme 9).'*"!

The utility of CB donors has also been demonstrated in
the construction of numerous glycosidic bonds, including
challenging (-mannoside and (-arabinofuranoside link-
ages. The B-mannoside 62 was produced exclusively and in
high yield when the 4,6-O-benzylidene-protected CB
mannoside 60 was used as the glycosyl donor with the
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Scheme 9. Oligosaccharide synthesis with CB glycosides as donors.

acceptor 61 (Scheme 10a),'*! whereas glycosylation with the
corresponding 4,6-O-benzylidene-protected CB glucoside 63
provided only a-linked glycosides, such as 64, regardless of
what kind of acceptor was used (Scheme 10b).*! CB 2-
deoxyglycosides have also been used as donors for the
stereoselective synthesis of both a- and 3-2-deoxyglycosides.
In the synthesis of 66, protecting groups on the donor played a
pivotal role in the stereocontrol (Scheme 10c). The glyco-
sylation properties of CB arabinofuranosides were also
investigated, and high f selectivity was observed with glycosyl
acceptors with 2-O-acyl protecting groups.'?’’ A stereospe-
cific a-galactofuranosylation was used to form 71 in the total
synthesis of agelagalastatin, an antineoplastic glycosphingo-
lipid (Scheme 10d). CB glycosides were again employed as
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Scheme 10. Glycoside syntheses with CB glycosides as donors.
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glycosylating agents in this synthesis.'*! 2'-(Allyloxycarbo-
nyl)benzyl (ACB) glycosides have also been synthesized as
latent glycosyl donors and used to construct complex
oligosaccharides via the active CB glycosides." In general,
the anomeric configuration of CB glycosides did not affect the
stereochemical outcome of their glycosidation.

2.6. Other Glycosyl Donors and Promoters

Since no single method is universally applicable and able
to address all the issues associated with glycoside-bond
formation, many other glycosyl donors, such as telluroglyco-
sides, ™ glycosyl carbonates,'®!! various heteroaryl glyco-
sides,>21"%:132] yarious N-substituted glycosyl carbamates,!'*!
methyl 3,5-dinitrosalicylate (DISAL) glycosides,** 13 glyco-
syl disulfides, > glycosyl sulfimides,'*”) N-glycosyl amides,'**!
glycosyl phthalates,**! 2-allyloxyphenyl glycosides,'*"! glyco-
syl S5-hexynoates,'*!l and propargyl glycosides!*? have also
been devised in the past decade. Furthermore, the develop-
ment of new activation systems for existing donors propels
carbohydrate chemistry forward. A variety of activation and
promoter systems have been developed in the last decade
(Table 2), some to simplify glycoside synthesis and others to
improve glycosidation stereoselectivity. Of particular interest
is the dehydrative glycosylation introduced by Gin and co-
workers. This procedure starts, like the Fischer—Helferich
method, directly from hemiacetals, which undergo irreversi-
ble in situ activation with a sulfonic acid anhydride and a
sulfoxide in the presence of a base. It was applied successfully
to various glycosidation reactions, including the synthesis of a
complex saponin.!'"**4 However, the majority of the systems
summarized in Table 2 still require a stoichiometric amount

Table 2: Promoters for other typical donors reported between 1998 and
2007.

Donor Promoters (activation systems) Ref.
glycosyl acetate  TMSI/Ph;P=0 [143a]
activated carbon fiber (ACF) [143b]
1-hydroxy sugar ~ Ph,SO/Tf,0/2-Cl-Pyr [144a]
Me,S/Tf,O/TTBP [144b]
nBu,SO/(PhSO,),0/TTBP [144c]
Cucl,/dppf/AgClO,/CasO, [144e]
CBr,/PPh, [144f,g]
Rh"—triphos catalyst [144h]
glycosyl fluoride  LiClO, [145a,b]
TfOH/S-A molecular sieves [145¢]
SnCl, or SnCl,/AgB(CsFs), [145d,e]
HB(CeFs). [146]
sulfated ZrO, [145f]
glycosyl bromide 1,/K,CO4 [71b]
InCl; [147a]
tri(1-pyrrolidino) phosphine oxide [147b]
glycosyl sulfoxide Tf,0/DTBMP/4-allyl-1,2-dimethoxy- [148a]
benzene
[Cp,ZrCl;]/AgClO, [148b]
nafion-H or sulfated ZrO, [148¢]
selenoglycoside  Br, [149a]
electrochemical activation [149b]
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or even an excess of the promoter, and only a few applications
have been reported.

2.7. O-Glycosyl Imidates with Electron-Withdrawing Groups

Of the various synthetic strategies developed to date,
glycoside syntheses based on O-glycosyl imidates, particularly
trichloroacetimidates (often termed “Schmidt glycosida-
tion”), are probably the most popular. O-Glycosyl trichlor-
oacetimidates, introduced by Schmidt and Michel in 1980,"!
exhibit outstanding donor properties in terms of ease of
formation, reactivity, and general applicability. High product
yields and high anomeric stereocontrol are usually observed.
The anomeric configuration of the product glycoside derives
from the anomeric configuration of the O-glycosyl trichlor-
oacetimidate (inversion or retention), anchimeric assistance,
the influence of solvents, and/or thermodynamic or kinetic
effects.’! In 1984, Schmidt et al. reported another type of
glycosyl imidate, namely, trifluoroacetimidates,>! as glyco-
syl donors. Later, a series of N-substituted O-glycosyl
trihaloacetimidates were also prepared from the correspond-
ing glycosyl hemiacetals and N-substituted trihaloacetimidoyl
chlorides.”" Initial experiments revealed that glycosylation
reactions with trifluoroacetimidates were generally less
efficient than those with trichloroacetimidates in terms of
product yield. Yu and Tao"™” and Iadonisi and co-workers!'>!!
explored the application of O-glycosyl N-phenyltrifluoroace-
timidates and reported particularly good reactivity for some
specific glycosylation reactions. On the whole, trifluoroaceti-
midate donors are less reactive than the corresponding
trichloroacetimidate donors, presumably as a result of the
lower basicity of the nitrogen atom, the presence of a
substituent on the nitrogen atom, and/or the smaller con-
formational changes caused by the trifluoromethyl group.*
Recently, dichlorocyanoacetimidates were introduced as a
new type of glycosyl donor with similar glycosylation proper-
ties to those of trichloroacetimidate donors.!"”¥!

O-Glycosyl trichloroacetimidates can be prepared readily
by a base-catalyzed addition of the anomeric hydroxy group
to CI;CCN in the presence of either an inorganic or an organic
base (generally NaH or DBU is used as the base; NaH is
especially useful for the synthesis of donors with temporary
Fmoc protecting groups, which would be cleaved by DBU).
Recently, two research groups reported independently that
polymer-supported DBU!* and TBD!"** (1,5,7-triazabicyclo-
[4.4.0]dec-5-ene) are efficient reagents for the preparation of
trichloroacetimidates, which were obtained in excellent yield
in pure form after simple filtration and evaporation. This
method is particularly useful when the trichloroacetimidate
donors formed are highly labile.'*! It was found in another
investigation that polymer-bound DBU is most efficient
under substoichiometric conditions and therefore the reagent
of choice for the preparation of this important class of
glycosyl donors.>!

Trifluoroacetimidates in their N-unsubstituted form are
more difficult to prepare than the trichloroacetimidates, as
the corresponding reagent, trifluoroacetonitrile, is gaseous
(b.p.: —64°C) and toxic.'™! N-Phenyltrifluoroacetimidates
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(PTFA)P7 have received much more attention and become
the most common and most widely investigated trifluoroace-
timidates. PTFA donors are usually prepared from anomeric
hemiacetals in an irreversible reaction by treatment with N-
phenyltrifluoroacetimidoyl chloride in the presence of a
stoichiometric amount of a base. The use of K,CO; as the
base generally favors the formation of o-PTFA ™" whereas
the use of NaH?! or DIPEA™®! yields mainly p products;
however, more commonly, o/f3 mixtures are produced. Draw-
backs of this method are the generation of an equimolar
amount of a salt with the glycosyl donor and the irreversibility
of glycosyl-donor generation; furthermore, structural assign-
ments by NMR spectroscopy are difficult owing to the
possible presence of invertomers and splitting of the signals of
neighboring carbon atoms by fluorine.

TMSOTf and BF;-OEt, are the most commonly used
catalysts for glycosidation reactions of trihaloacetimidates.
Several new catalysts for the activation of trichloroacetimi-
date donors have been reported in the past decade. Catalytic
amounts of Sm(OTf); activated armed O-glycosyl trichlor-
oacetimidates under very mild conditions,"™ whereas dis-
armed trichloroacetimidates were activated effectively by
Yb(OTY),.'% These trivalent lanthanide triflates are gener-
ally stable salts that can be stored easily without particular
precautions. AgOTf was also reinvestigated as a catalyst and
found to be a mild and in some cases more efficient catalyst in
TMSOTf-sensitive glycosylation reactions.'® Beside the
solvent, the nature of the counteranion in the catalyst has a
major influence on the stereoselectivity of Schmidt glycosi-
dation (see Table 3, entries 1-4 for the formation of 74).114!
The reason behind this anion effect has not yet been
elucidated.

Appropriately functionalized acyl sulfonamides were also
employed as catalysts for glycosidation reactions with tri-
chloroacetimidates.'®  More recently, silica-supported
perchloric acid (HClIO,~SiO,) was used as a convenient and
efficient promoter in various glycosylation reactions with
trichloroacetimidates as glycosyl donors (Scheme 11a).l%!
Also, the use of HCIO,-SiO, for “on-column” glycosylation
and subsequent in situ separation provided a novel and robust

Table 3: Effects of catalysts on the stereoselectivity of Schmidt glyco-
sidation.

OBS
BnO
Bnmo\mcch

72 0OBn NH
1.2 equiv
OBn
Bno% conditions B"O%
BnO Bn S e BnO Bno%
BnO opme

1.0 equiv
Entry Conditions Yield [%] a/p
1 HClO,, Et,0O 99 91:9
2 HB(CFs) 4 EL,O 97 43:57
3 HClO,, PhCF;—tBuCN 95 54:46
4 HB(CgFs)4 PhCF;—tBuCN 97 10:90
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Scheme 11. New activation conditions for O-glycosyl trichloroacetimidates.

method for glycoside synthesis."* Reusable solid superacid
in supercritical carbon dioxide (Scheme 11b)!%) and amber-
lyst 150! were also employed successfully as activators. The
direct and stereoselective synthesis of (3-linked 2-deoxyoligo-
saccharides was achieved by the oxidative activation of
glycosyl imidates. Glycosylation with 2-deoxyglycosyl tri-
chloroacetimidates and HI generated in situ from I, and a
catalytic amount of triethylsilane in toluene proceeded
smoothly to provide the corresponding [-2-deoxyglycosides
in excellent yield and with excellent selectivity
(Scheme 11¢).""! The air- and moisture-stable Lewis acid
catalyst [Pd(CH;CN),](BF,), was also used recently to access
a variety of glycosides in good yields with excellent stereo-
selectivity. Notably, this catalyst directed p-glucosylation
reactions without classical neighboring-group participation
(Scheme 11d).'!1" Trichloroacetimidate donors were also
activated by precise microwave heating in the absence of
strong Lewis acids; the desired glycosides were formed in
good yields."* A few studies were devoted to the use of ionic
liquids as solvents (Scheme 11e¢). The reactions proceeded at
room temperature under mild conditions in these solvents,
and the use of a Lewis acid catalyst could be avoided in some
cases.!'®

The “inverse procedure” developed by Schmidt and
Toepfer in 199117 often provided the desired glycosidation
products when glycosidation reactions otherwise failed to give
glycosides or when orthoesters tended to form.'® In the
inverse procedure, it is thought that acceptor molecules
aggregate around the catalyst, and that an intramolecular-
type glycosylation takes place on the approach of the
donor.['"
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Although most trichloroacetimidate activators, such as
TMSOT£,?! BF;-Et,0,”"'"1 TBSOTE"7? Yb(OTY),,'™ and
acid-washed molecular sieves,’¥ can also be used to promote
glycosidation reactions of PTFAs, the activation of PTFAs
usually requires more forceful conditions. Two representative
Lewis acid catalyzed PTFA glycosidation reactions are shown
in Scheme 12. Some other activation systems, such as I/

X. Zhu and R. R. Schmidt

acceptor is of low nucleophilicity or sterically hindered but is
diminished in PTFA glycosidation reactions owing to
increased steric hindrance by the N-phenyl group. Therefore,
PTFA donors exhibited excellent glycosylating properties in
the synthesis of N-glycosides by the glycosylation of aspar-
agine-containing peptides.'”® PTFA donors have also found
application in many other oligosaccharide and glycoconjugate
syntheses.””)

Other types of O-glycosyl imidates, such as
the thioformimidate 95 (Scheme 14a),*
have also been investigated as glycosyl

TBSOTf o . .
86 o 0 CH,Cl,, RT donors but have not gained much attention
¥ Poo91% oo One, P so far. In this context, the recent introduction
N; HO 0Bz %z%o 0Bz of a new type of glycosyl thioimidate, S-
BzOg,o 87 o gg B20820 glycosyl trifluoroacetimidates, enabled the
N, catalytic glycosidation of S-glycosyl imidate

BnO _OBn NPh oB
n
° + B9 o 9 Yb(OTH),
BnO \fro CF, omp _dioxane/DME/Tol
OBn HO 81%

BnO o

Scheme 12. Activation conditions for O-glycosyl trifluoroacetimidates.

EtSiH,® Bi(OT);/"™ and TMSB(CeFs). ™ g4

OB
o

have been used to promote PTFA glycosidation BZ%

2o

reactions. The different reactivity of PTFA and
trichloroacetimidate donors was exploited to
develop a one-pot multistep procedure featuring
the selective activation of a trichloroacetimidate
donor in the presence of a PTFA moiety.'””! The

95

b)

OAc

donors. A catalytic amount of BF;-Et,O was

sufficient to promote the glycosidation of S-

glycosyl N-phenyltrifluoroacetimidate donors,

omp  such as 97 (Scheme 14b), which could be

OBn prepared readily from the corresponding gly-
cosyl thiols. The glycosidation products were

CF. OBz
3 OH .
@/ . 50 o 0_05Hequ1v BzO §/o

S BzO M . BzO o]
M BZ0 ye CH,Cl,, 0°C BzO BzO Q

i
N 70%
83 o o BzO -
20 OMe
CF,

OAc
OAc ACO 0
A } o 0.1 equiv (o)
o F . AcO >( BF,E,0 %0
PTFA derivative 92 was partially protected to AcO Fa 4 _ BFyELO OAc ><0
0

serve as a glycosyl acceptor in the first glycosida-
tion step (Scheme 13).
N-Aryl-trifluoroacetimidate donors have in

97

& CHCl, 0°C~RT
98% 08 5o

3

some cases shown advantages over trichloroaceti- ~ Scheme 14. Glycosidation reactions of other O-glycosyl imidates.

midates, for instance in the synthesis of f-manno-

sides!'’ as a result of their lower propensity to

undergo side reactions during glycosidation. In the course of
trichloroacetimidate glycosidation, a certain amount of an N-
glycoside by-product is occasionally produced through the
glycosylation of trichloroacetamide liberated from the donor.
This by-product can generally be removed readily by chro-
matography. The side reaction can be observed when the

obtained in excellent yields."® Glycosyl thiols can be

prepared readily from the corresponding reducing sugars by

using the Lawesson reagent.'™ A highly stereoselective

method for the synthesis of a-glycosyl thiols was also reported

recently."® The availability and high configurational stability

of both 3- and a-glycosyl thiols should make them very useful
for carbohydrate synthesis and particularly for the
generation of glycosyl donors.

OBn OH 0Bn In many cases, the requirements for glycosidation
ngcﬁ& + B a 3&30 %uiv Bgﬁﬁ&/o reactions outlined in the Introduction are fulfilled by the
BrOo__cal, oo OBn O Teon BnO Bno&i/ trichloroacetimidate method:
82 \,[,r,.| 92 NPh B0 oBn OTCFB — O-Glycosyl trichloroacetimidates are formed readily
OBn % NPh and generally stable at room temperature. However,
ngo ° 0.07 equiv, on under acid catalysis they are extremely good glycosyl
BnO Bnoﬁ/o Yo(OThs X%& donors.
OBn ><o o Sg;czgsteps) o > - Tl?e rt'elease of nonbamg trlchlorqagetamlde fulfills the
94 o ’ 13 criteria for acid catalysis: The acid is not consumed by
SQO the leaving group, and therefore generally only a

Scheme 13. Selective activation of O-glycosyl trichloroacetimidates in the presence of
PTFA donors.

catalytic amount of the (Lewis) acid is required.
— Trichloroacetamide is not acidic; therefore, the acidity
of the reaction medium—determined by the catalyst
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amount—is maintained throughout the course of the
reaction.

Glycosidation is basically a condensation reaction. In this
procedure, water is bound to trichloroacetonitrile during
trichloroacetamide formation. Hence, drying agents are
not required.

Trichloroacetamide can be removed from the reaction
mixture and transformed back into trichloroacetonitrile.
Thus, this method is cost-effective and environmentally
friendly even on a large scale.

Neither in the formation of the O-glycosyl trichloroaceti-
midates nor in the glycosidation reaction are equivalent or
greater amounts of salts produced. Hence, expensive
sterically hindered bases are not required.

Further studies on other O-glycosyl imidates with strongly
electron withdrawing groups are required to fully evaluate
their properties as glycosyl donors.

2.8. Glycosyl Phosphates and Phosphites

The preparation of glycosyl phosphates, for example, by
the treatment of O-glycosyl trichloroacetimidates with phos-
phorous acid, has attracted much attention since the
early 1980s owing to their importance in biological
processes.'™ A number of other approaches have since
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OBn 1 OBn
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BnO BnO
Bn&/ ~0Bu + B1O~ _TMSOT_ Bn&OMe
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Scheme 15. Glycoside syntheses with glycosyl phosphates as donors.

usually required a higher temperature for activation
(Scheme 15a,b).™® The reactivity difference between a-
and f-glycosyl phosphates was used to develop an anomer-
controlled orthogonal glycosylation strategy (Scheme 16),['*"

. . .. 0B
emerged."! Like trichloroacetimidate donors, both a- 0Bn o o ~OH BrO o
d B-glycosyl phosph b d readily, and PO\ o-hop YN0 TMSOTS B0 °
and B-glycosyl phosphates can be prepared readily, an Bno 0-P-0BU , o o 0
they are stable enough to be stored for several months at OPiv.  OBu PIVO H—p_ogy CHCl v O*E) Q o
. . 99 | -78 °C
0°C. The a isomers can be formed from the 3 isomers by OBn 108  OBu 89% 109 PVO P omy
acid-catalyzed anomerization. Protecting-group manip- BnO 0 OBu
ulations have been carried out directly on glycosyl Bno N Q OH
. ctly glycosy PivO oy\o o TMSOTf CH,Cl, >(
phosphates, which makes the preparation of phosphate o o 20C 72
donors more flexible.!'5! PvO ><° o 3 38
To our knowledge, the first use of glycosyl phos- 110 o
phates as glycosyl donors was reported in the 1980s.%” 38

Schmidt and co-workers also investigated the glycosyla-
tion properties of glycosyl phosphates, which were found
to be much less efficient donors than the corresponding
O-glycosyl trichloroacetimidates.!'®®! Therefore, little
attention was paid to the synthetic utility of glycosyl
phosphates until more recently."® Seeberger and co-workers
screened a series of Lewis acids as activators for glycosyl
phosphate donors and came to the conclusion that only silyl
triflate reagents, such as TMSOTTf and TBSOTT, could ensure
high-yielding glycosylation reactions. BF;-Et,O gave modest
results, and the efficacy of protic acids, such as TfOH and
TsOH, was very low."” Thus, the majority of glycosidation
reactions with phosphate donors have been promoted by
TMSOTT (Scheme 15). Unfortunately, at least a stoichiomet-
ric amount™ of TMSOTY is often required to activate
glycosyl phosphates, or even up to three equivalents."®?! The
reason for the requirement of at least one equivalent of
TMSOTT could be ascribed to the formation of a stoichio-
metric amount of a silyl phosphate, which is possibly the
driving force for this type of glycosidation reaction.*!

The more reactive B-glycosyl phosphate 99 could be
activated at —78°C, whereas the corresponding a isomer 102
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which has not been reported for other glycosylation methods.
Additionally, a regioselective glycosylation approach with
phosphate donors was developed by using critical building
blocks, such as 103, with both donor and acceptor properties
(Scheme 15¢). Such an approach minimizes the number of
protecting-group manipulations required in oligosaccharide
synthesis. Another interesting feature of phosphate donors is
the formation of 1,2-trans glycosides at low temperatures,
even with a nonparticipating group at the 2-position
(Scheme 15¢,d)."®"! Glycosidation probably proceeds via a
close-ion-pair intermediate consisting of an oxocarbenium
ion and a phosphate or triflate counter ion. The solvent effect
of propionitrile was exploited to further enhance the f§ selec-
tivity of the glycosylation with 2-azido-2-deoxyglycosyl phos-
phates.'”” Thus, in the construction of 12-trans and 1,2-cis
glycosidic linkages, results with other glycosylation methods,
such as the trichloroacetimidate method, could be transferred
to the glycosylation with O-glycosyl phosphates.!*!

www.angewandte.org

Scheme 16. Anomer-controlled glycosylation reactions with glycosyl phosphates.
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Glycosyl phosphites have been known for some
time to function as glycosyl donors!™ but have
received less attention than glycosyl phosphates.
Some new activation systems and successful appli-
cations to the synthesis of 1,2-cis glycosides have
been reported.'”)

X. Zhu and R. R. Schmidt

AcO ~OAc aAco -OAc

BnO OBn BnO OBn E o 2 &&/ o
+ AcO OX(:% NHFmoc
HO omu (BUOK, Tol - A 3

o AcHN o H OH
NO,  HNBoc E "3 \‘/Y
)

OA
BnO OBn \©\/\HBOC fBUOK, Tol —» CO%E o AN
82% AcO Y
& COMe oy @JCOzMe
. NO, o
2.9. Nitroglycals na 116
OBn
Glycal chemistry was investigated extensively /{/ 1BSO_OH TBsoﬁ
in the early 1990s and reviewed recently.”*'*" The  TBSO 0  muoK T O o
) > A . BnO 1BuOK, Tol_ O,N TBSO
focus of this section is on 2-nitroglycals, which have o TBSON__ - 63% 1o 0
attracted much attention in the past decade.” 1nr 2 o 118 TBSOA =
. B
Although 2-nitroglycals have been known for 8 1. Ac,0, HNO;;
[197] . . TBSO Et;N, CH,Cl, (45%)
about 40 years," ' their application in carbohydrate BnO o 2 Boo.Ser-OfBU
chemistry was limited until studies by Schmidt and ON TBSO {BUOK, Tol (49%)
co-workers in this field highlighted their potential. TBSO NHBoc

2-Nitroglycals can be prepared readily from the
corresponding glycals by the addition of acetyl
nitrate generated in situ, followed by the base-
promoted elimination of acetic acid.!'

The usefulness of 2-nitroglycals has been dem-
onstrated in many cases. The most rewarding application is
the base-catalyzed nitroglycal concatenation.'””! It is well
known that the chemical synthesis of 2-acetamido-2-deoxy-o.-
D-galactopyranosides is difficult, as it necessitates a non-
participating latent amino functionality at the 2-position of
the glycosyl donor. As this a-glycosidic linkage is a common
motif in numerous glycoproteins, particularly in mucins,?*!
the development of an efficient synthetic route to such
glycosides is of great significance. Recently, nitroglycal
concatenation proved to be suitable for the synthesis of all
core structures of the mucin family.”™! Moreover, this
method, which consists of a mild acid-catalyzed glycosylation
of a glycal, nitration of the enol ether moiety to generate a
Michael-type acceptor, the highly stereoselective addition of
a nucleophile (in particular, less-reactive alcohols), and
subsequent reduction of the nitro group to an amino group,
was extended readily to the synthesis of other complex
glycosides (Scheme 17).

The Michael addition of serine and threonine derivatives
to 2-nitrogalactal and derivatives, such as 111, in the presence
of KOrBu gave the corresponding a-galactosides in high
yields with high stereoselectivity. The products were subse-
quently transformed into useful building blocks for glycopep-
tide synthesis (Scheme 17a).” Similar coupling reactions
promoted by weak bases, such as DBU and Et;N, furnished
mainly B-galactosides.'”™ High stereoselectivity was also
observed in the glycosylation of aromatic alcohols, including
the tyrosine derivative 115 (Scheme 17b).”?®! Other nucleo-
philes, such as lactates,”™ resonance-stabilized soft carban-
ions,”™! and dimethyl hydrogen phosphonate,*! were added
to 2-nitroglycals in a stereoselective fashion to give the
corresponding glycosyl lactates, C-glycosides, and glycosyl
phosphonates, respectively, in very good yields.?*-2%]

This method has been applied to the synthesis of complex
oligosaccharides. A range of complex glycals were synthe-
sized by the glycosylation of simple glycals with trichloroa-
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Scheme 17. Glycoside syntheses with 2-nitroglycals as donors.

cetimidate donors in the presence of the mild Lewis acid
Sn(OTf), and then exposed to the nitration conditions.""-2"]
As expected, the resulting 2-nitroglycals underwent smooth
Michael addition with different acceptors to give the corre-
sponding glycosides in high yields with high stereoselectivity
(Scheme 17)."' As mentioned above, not only o but also
[ selectivity was possible in the glycosylation step.
Scheme 17c shows a particularly interesting example: As a
result of a conformational bias, the nitroglucal 117 underwent
stereoselective attack by the galactal 118 to produce only the
B-linked intermediate 119, which was coupled with Boc-Ser-
OrBu, again through nitroglycal chemistry, to furnish the o-
linked glycosyl amino acid 120.”" 2-Nitroglycals can be
converted readily into 2-nitrothioglycosides, good glycosyl
donors which provided mainly 3-glycosides upon activation in
the presence of different acceptors.”*!

3. Protecting Groups

3.1. One-Pot Regioselective Protection and “Unichemo”
Protection

Many of the steps required in glycoside synthesis involve
the selective protection and deprotection of hydroxy groups
(and sometimes amino groups). Therefore, protecting-group
manipulation often takes up the most time in glycoside
synthesis. This awkward situation may be improved at least in
some instances by the impressive one-pot procedure devel-
oped initially by Hung and co-workers and later by Beau and
co-workers for the regioselective protection of carbohy-
drates.’™ Sugar building blocks with different protection
patterns were produced rapidly by this procedure, in which a
single Lewis acid, TMSOTT or Cu(OTf),, was used to catalyze
a sequence of reactions in a single reaction vessel. The desired
building blocks were obtained by tuning the reaction con-
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ditions. Thus, the TMS-protected glucoside 121 was converted AR
efficiently into a series of acceptors, 122-125, which contain OA°° OAS 126, a0 o /L‘\/N%BOC
chemically differentiable protecting groups (Scheme 18).2%%! Bm \)—0&&3% Q 127
This procedure was equally efficient on a large scale and OBz HO : oTBS
could be adopted for other sugars as well. Glycoside synthesis CHZ(':“lfjé‘?,g[ 89% &\
can be speeded up greatly with this new protocol.*'"! /L?\/N#Boc
Recently, another promising strategy originally developed OA°0 OACC) AcO O o z
by Miranda and Meldal, so-called unichemo protection BQ\I/\}O&/O&OTBS
(UCP),”""l was applied to carbohydrate synthesis. This 0Bz N, 128
strategy, which is illustrated in Scheme 19 for the synthesis ; ;m':gt'gc'ﬁMM
of 131, requires only one kind of protecting group and one 3. TFA, CHCl, 70% (4 steps)
deprotection procedure for oligosaccharide synthesis, because 4. Boc,0, NaHCO, o /1‘/;00
each hydroxy group is protected by a UCP group; the degree AcO _OAc  AcO o/u\/
of polymerization of the amino acid derivatives differs.”'” y O&&/O&&/oﬁ;
Thus, the hydroxy groups could be liberated successively from OBz N,
the UCP groups from the lowest to the highest degree of 1. Ac,0, pyridine
- ) . 2. TFA, CH,Cl, 97% (3 steps)
polymerization by repeating the Edman degradation cycle. 3. PhN=C=S, NMM
This p.rotocol complements ‘exisFing orthofgonal-prote.ction ACO _OAc AcO OH
strategies and may be useful in oligosaccharide synthesis. &&/ &&130
AcO o 0TBS
0Bz N,
. . sialylation
3.2. Protecting Groups That Do Not Impose Conformational
Constraints A0 A% coome
In carbohydrate chemistry, the use of protecting groups AN 0 131
goes far beyond the simple blocking of hydroxy groups. Accgpim)&g&
Protecting groups often play important roles in modulating AcO o oTBS
the reactivity®® of glycosyl donors and acceptors and OBz N,
directing the stereochemistry of glycosidation reactions. The  Scheme 19. Unichemo protection strategy for oligosaccharide synthe-
focus of this section is on protecting groups that have a large i
influence on the stereocontrol of glycosidation reactions.
These protecting groups can be classified tentatively into two
main categories on the basis of their effects on the con-  3.2.1. Neighboring Protecting Groups That Lead to 1,2-trans
formation of the sugar ring: protecting groups that do not Glycosides
impose conformational constraints (Section 3.2) and confor-
mation-constraining protecting groups (Section 3.3). Neighboring-group participation by acyl groups is the
most commonly used method for the construction of 1,2-trans
glycosides. However, this method has drawbacks owing to the
formation of orthoester by-products,
which sometimes can not be converted
A0 into the 1,2-trans glycosides.''")
Ph BOO 91% To avoid orthoester formation, sev-
" 124 HO OMe eral new 2-O-protecting groups have
1. PhCHO, TMSOT (cat.) been developed for 1,2-trans glycosyla-
CH,Cl,, —86 °C tion (Scheme 20). The bulky participat-
g: ;’girso, E,SiH, ~86°C " EE?SS'@T%SO” feat) ing group 4-acetoxy-2,2-dimethylbuta-
2. 4-OMePhCHO, Et;SiH, -86 °C noyl (ADMB) was used to protect the
OH OTMS 3. TBAF .
BnO Q TMSO Q4 NaH AIBLOCRT /O o hydroxy group at the 2-position of glu—
BnO TMSO 5.bba HO cose to prevent orthoester formation
12500V LErlfgngy:SOTf(cam 1';r\1/|sooMe Aloome  during glucosidation reactions through
60% g: igcg'ooyblétaSiH, -86°C 1. PHCHO, TMSOTY (cat) 1";2% its sheer size and thereby enable the
4 BH,THF, 0 °C ) gh"'éﬂs OEtSCSiH s6c selective formation of M-glucosides
3.A0,0°C (Scheme 20a).”" The ADMB group
4 HCUNaCNBH,, 0 °C could be removed under much milder
0Bn conditions than those required for the
HoS 2 50% commonly used bulky pivaloyl group
ACO de (see below).
Dialkyl phosphates have been
Scheme 18. Examples of the one-pot regioselective protection of carbohydrates. employed as stereodirecting protecting
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of these groups and the ADMB group, and the

P N0\ o OBz TMSOTF .0 0 - . :
) c,'?o + Bz0 \_o CHCL Br0 o o driving force for their removal, is the release of a
a BzO 272 OB .
132 ADMBOOTCQ OBz AcO O Tae% - A0 stable five-membered lactone or lactam upon depro-
HO .
NH Ve Mo ADMBOSEt Pth%MBADMBOSEt tection.
ACO— - CAO™ a4 With 2-aminosugars, neighboring-group partici-
Ph ADMB ¢ pation by an acyl group often ends in the formation of
N o on BSP, TH,0 Vo rela.tn./ely stable oxazoline by-products,. thlfh usually
NAPO SPh o % DTBMP o exhibit weak glycosyl-donor properties.?!! There-
b Z CH,CI .
) o9 t "m0 NTCPSPh 10(;/2 NAPow{Zo SPh fore, many other N-protecting groups have been
P 136 ° >< p. BTG introduced to avoid the formation of these by-
(o} /o . . . .
135 0 137 off=2:98 products, which impede glycoside-bond formation.
Aco—  OFFP A comprehensive review published recently on the
OPFP OH AcO 0 . . . . .
o, /;\)00 o BnO A 2goTt v synthesis of 2-aminoglycosides provides more infor-
C
BnO i i [222] i
AcO + Bro CH,Cl, BnO A mation on these protecting groups.'“ The dlmethyl—
138 Br 139 OAll 6% Bno— maleoyl (DMM) group has attracted much attention
n . . .
40 OAI as an N-protecting group owing to its excellent
oo /§i OH  TwSOTS 0Bp properties.’”! In contrast to the phthaloyl group, it
n . .
d) 0 \ + BE?,& _CHCL B%%MO o can be removed readily with a base and subsequent
DPMO % . .
Ol BnO Gye % DPMO B’,‘g?, treatment with an acid.
141 NH £ a2 BnO Ome
oBn 081 ot 3.2.2. Neighboring Protecting Groups That Promote the
B > . . )
e) BO” ~\_STaz + %ﬂ& _DCE % % Formation of 1,2-cis Glycosides
o BnO gye 84% BnO Sute
143 [N 52

Scheme 20. Neighboring protecting groups used in the synthesis of 1,2-trans glycosides.
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groups for the synthesis of 1,2-trans glycosides (Scheme 20b);
neighboring-group participation of the phosphorous ester was
proposed to account for the stereoselectivity observed.[*>!
The phosphoryl protecting group was also used to mask the
amino group of glucosaminyl trichloroacetimidates, which
were converted upon activation mainly or exclusively into
B products with a range of different acceptors.”*! Stereospe-
cific o mannosylation with mannosyl bromides equipped with
a pentafluoropropionyl (PFP) group at the 2-O-position, such
as 138, has also been described (Scheme 20c).”®! The
a selectivity is probably induced by neighboring-group par-
ticipation and not by the electronic effect of the PFP group on
the oxocarbenium intermediate, as the electronic effect
should rather favor the formation of the [ product (see
Section 3.2.2).

When a new ether protecting group, diphenylmethyl
(DPM), was introduced at the 2-O-position of glucose, the
resulting glucosyl trichloroacetimidate 141 was converted
exclusively into B-glucosides (Scheme 20d).”'”! The steric
bulk of the DPM group provides anchimeric assistance in the
anomeric stereocontrol by shielding a-face attack by the
nucleophile. The S-thiazolinyl glucoside 143 with a picolyl
group at the 2-O-position was prepared and subjected to
glycosidation conditions (Scheme 20¢).”'! As expected, the
picolyl group acts as an arming participating group, and f3-
glycosides were formed exclusively. With this method, both a-
and f-anomeric pyridinium intermediates could be isolated,
but only the former gave 1,2-trans glycosides. Other neigh-
boring protecting groups, such as the 2-(allyloxy)phenylace-
tyl®" and 2-(azidomethyl)benzoyl groups,”*! have been used
to ensure 1,2-trans glycosylation reactions. A common feature
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Ether protecting groups at the 2-O-position of a
gluco- or galactopyranosyl donor favor generally the
formation of 1,2-cis glycosides by virtue of the
anomeric effect; hence, they are frequently used
neighboring protecting groups in the synthesis of 1,2-
cis glycosides. For corresponding 2-aminosugars, the azido
functionality usually serves as an excellent masked form of
the amino group. The influence of strongly electron with-
drawing but nonparticipating sulfonyl protecting groups on
the stereocontrol of glycosidation reactions has been rein-
vestigated in the last decade, most notably by Schmidt and co-
workers and Crich et al.’**?1 On the whole, these protecting
groups exhibit a good 1,2-cis-directing effect in glycosidation
reactions with mannosyl and rhamnosyl donors. For example,
-mannosides could be prepared with a mannosyl trichloro-
acetimidate containing a benzylsulfonyl group at the 2-O-
position or with mannosyl thioglycosides containing an aryl
sulfonyl group at the 2-O-position as glycosyl donors
(Scheme 21a).”»! These donors, upon activation, should
favor the generation of a flattened twist-boat intermediate
conformation (Figure 3) as a result of a strong dipole effect.
This intermediate is then attacked preferentially from the
B face to form a B-mannoside.”* Although a-triflate inter-
mediates were detected by NMR spectroscopy in similar
glycosidation reactions, it is quite possible that the reactions
did not proceed through an Sy2-type pathway as described, in
view of the low to moderate P selectivity.’” A more plausible
mechanism involves the oxocarbenium ion intermediates
mentioned above,” which are so reactive owing to the
presence of strongly electron withdrawing groups that the
selectivity is impaired. A similar situation was encountered in
the activation of 2-fluoroglycosyl donors.”” Moderate to
good f selectivities were also observed in the glycosylation of
a range of acceptors with rhamnosyl donors protected with
sulfonyl groups at the 2-O-position, as exemplified in
Scheme 21b by the reaction of 148.%*1 A trifluoroethylsul-
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thus promote high o selectivity in glycosylation
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Scheme 21. Neighboring protecting groups used in the synthesis of 1,2-cis glyco-

sides.
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Figure 3. Flattened twist-boat intermediate.

fonyl group was also introduced at the 2-O-position of O-
glucosyl trichloroacetimidates, but in this case the glycosida-
tion selectivity was poor.?*!

A new strategy for the stereoselective introduction of 1,2-
cis glycosidic linkages was developed on the basis of O-
glycosyl trichloroacetimidates with an (S)-1-phenyl-2-phenyl-
thioethyl group at the 2-O-position, such as 150
(Scheme 21c¢). These donors reacted through an unusual
pathway: A quasistable anomeric sulfonium ion with a trans-
decalin structure was formed through neighboring-group
participation of the phenylthio group of the chiral auxiliary
(Scheme 21c¢). Thus, acceptors could only approach the
sulfonium ion intermediate from the bottom face to give a-
glycosides.”! However, relatively harsh conditions were
required to install and cleave this auxiliary. The early version
of this auxiliary, the (S)-ethoxycarbonylbenzyl group, can also
control the anomeric outcome of glycosylation reactions,
probably via a similar trans-fused dioxenium ion intermedi-
ate; however, it was inferior to the (S)-1-phenyl-2-phenyl-
thioethyl group in terms of 1,2-cis stereoselectivity.")

3.2.3. Non-neighboring Protecting Groups—Remote
Stereocontrol

In the past few years, remote anchimeric assistance has
also been exploited occasionally to control the configuration
of the anomeric center during glycosylation reactions.”*" For
example, a diethylthiocarbamoyl group was introduced at the
6-position of glucosyl fluorides and at the 4-position of
galactosyl fluorides to shield the 3 face of the sugar rings and
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Recently, the cause of the disarming effect of 4,6-O-
acetal groups on hexopyranosyl donors was scruti-
nized and attributed not only to torsional but also
to electronic effects.”*!! The acetal group, such as a
benzylidene group, can lock the hydroxymethyl
group in the rg conformation (Scheme 22), in which the C6—
06 bond acts as a dipole with the negative terminus directed
away from the electron-deficient anomeric center in the
transition state. This conformer is thus less reactive than the
OR

OR
X X X
tg conformer gt conformer gg conformer

é‘g OTBS
TBSO
TBSO
TBSOs
OTBS OTBS
OBn BnO OTBS
Y »0
TBsoﬁ
TBSO
TBSO OTBS QTBS
unfavored favored

Scheme 22. Conformation of the C6—O6 bond and super-armed
donors.

staggered gt and gg conformers, in which the dipole is much
closer to being perpendicular to the developing positive
charge. On the basis of the charge—dipole interaction theory,
bulky silyl protecting groups, such as the TBS group, have
since been introduced onto sugar rings to create so-called
“super armed donors”. The silyl groups force the ring to adopt
a conformation rich in axial OR groups: a conformation
which could have more-favorable charge—dipole interactions
in the transition state (Scheme 22).?*! The resulting con-
formationally armed donors were more reactive than benzy-
lated donors and could be activated selectively in the
presence of other conventional armed or disarmed donors.
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3.3.1. Benzylidene Protecting Groups

In recent years, conformationally constrained glycosyl
donors have also gained attention as effective glycosylating
agents for the construction of some glycosidic linkages that
present a great synthetic challenge.” The rationale behind
this technique is that, owing to the presence of conformation-
constraining protecting groups, face-discriminating glcosyl
cations are generated upon activation. These glycosyl cations
can only be accessed from one side. In other words, anomeric
stereoselectivity can be controlled by locking the donors into
certain conformations.””) Most of these donors contain cyclic
bifunctional protecting groups,” which restrict the flexibility
of the sugar ring to favor a certain conformation of the
intermediary oxocarbenium ion. For example, various 4,6-O-
benzylidenated mannosyl donors were reported by Crich and
co-workers as highly [(-selective mannosylating agents
(Scheme 23).[62%1 Crich and co-workers first employed the
sulfoxide donor 1527 and the thioglycoside donor 15434
to construct -mannosidic linkages directly. They proposed
that the reactions proceeded via an o-glycosyl triflate
intermediate (or possibly its contact ion pair),*”) which led
to preferred displacement from the f face, as the 4,6-O-
benzylidene moiety opposed rehybridization of the anomeric
carbon atom. Subsequently, Weingart and Schmidt also
observed high f selectivity with the corresponding trichlor-
oacetimidate donor 156 and a catalytic amount of TMSOTT as
the promoter.”*¥ The intermediacy of a conformationally
constrained twist-boat structure was proposed to account for
the remarkable f3 selectivity; that is, the anomeric stereocon-
trol is caused by a conformational effect enforced by the
benzylidene group and not by reactions with a-glycosyl
triflate intermediates. This mechanistic proposal reconciles all
results found to date with different 4,6-O-benzylidene-
protected mannopyranosyl donors.”® Furthermore, an
investigation into the origin of the high f selectivity of
glycosidation reactions of benzylidenated 2-deoxy-2-iodoglu-
cosyl donors pointed to a similar twist-boat inter-
mediate and ruled out the glycosyl triflate path-

X. Zhu and R. R. Schmidt
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Scheme 23. 4,6-O-Benzylidenated mannopyranosyl donors.

glycosidation of the 4,6-O-benzylidenated thioglucoside
donor 164 with a range of acceptors gave a-glucosides with
excellent selectivities (Scheme 24 a).?* These results seem to
stand in sharp contrast to the f-selective mannosylation
reactions described above. However, in these reactions and
most glycosidation reactions, a continuum of intermediates
with different stabilities and lifetimes are likely to exist, each
of which has its own reactivity and selectivity. The equilibrium
proportions are highly dependent on a number of factors,
including the leaving group, promoter, and reaction condi-
tions. However, the conformational effect enforced by the
benzylidene group contributes undoubtedly as a major factor
towards the observed stereoselectivities. a-Glucosaminides
were also synthesized stereospecifically by utilizing the

ay.[l Ph o PO
4,6-O-Benzylidene-directed [ mannosylation m Aw% beSTCBI/'GgOTf Bn(/)%

reactions were carried out with the phosphite Bro- BnO AcO CH,Cly, 78 °C BnO o
donor 158,71 the iodide donor 159 and the s ACOO 8% 165 Aigo 2
PTFA donor 161"'"lin the presence of nontriflate b) wp > 19:1 AcO e
promoters without the formation of mannosyl tri- Ph/?ool Né e Ph/Voo Ng)
flate intermediates. These results further support the B"m + Bgﬁo\%ﬁ % Bn&o
argument that the conformational preferences of SPh 73 BnOOMe  ~ 88% 167 B’é‘zo\ Q
reaction intermediates could direct the stereochem- OTBDPS Blo=4:1 BnO OMe
istry of glycosidation reactions. Nevertheless, as in  ¢) OMe OTBDPS
other glycosylation reactions, the leaving group,®  Ph" 2 %" HO 07  BSPITHLOMTBP py~-0— OBn OMe
activation conditions,™™ protecting groups, sub- BnO * 160 0o  CHCle0C 0 o 2
stituent at the 2-/3-position,* and glycosyl accept- sph —< o 170 B only °)<o

or®%l can all affect the stereoselectivity of  man- o
nosylation reactions to different extents. o
Benzylidene protecting groups were also
employed to restrict the conformation of other
types of glycosyl donors, which upon activation
reacted with acceptors to give the corresponding
glycosides in a highly selective fashion. For example,
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restraining effect of a 4,6-O-benzylidene group on n-pentenyl
glycoside donors.”* The same strategy was applied to the
synthesis of f-mannosaminides. Surprisingly, in this case the
degree of stereoselectivity seemed to be governed mainly by
the configuration of the acceptor (Scheme 24b).>*)

The direct stereocontrolled synthesis of the p- and L-
glycero-B-D-manno-heptopyranosides 170 was carried out
successfully by making use of the benzylidene acetal effect
(Scheme 24 ¢).?*! The configuration at C6 had little effect on
the stereochemical outcome. Crich and co-workers also
developed a procedure for the synthesis of 3-pD-rhamnosides.
In this synthesis, a stereoselective 3 mannosylation directed
by modified benzylidene or alkylidene groups (Scheme 24 d)
was followed by a tin-mediated radical fragmentation.?*’]
Again, the conformationally disarming acetal group pro-
moted strong P selectivity.?*"!

3.3.2. Carbonate and Oxazolidinone Protecting Groups

The stereodirecting effect of the benzylidene group
inspired the reinvestigation of carbonate and oxazolidinone
groups with regard to their influence on the anomeric
configuration. Thioglucosides protected with a 2,3-cyclic
carbonate turned out to be good a-glucosylating agents with
solvent assistance,”®! as no neighboring-group participation
by the fused carbonate ring is possible during glycosidation
reactions. Like the 4,6-O-benzylidene group, the carbonate
group deactivates these thioglucosides both electronically and
conformationally; hence, these donors can be used as accept-
ors in chemoselective glycosylation reactions with other 2-O-
alkylated or 2-O-acylated thioglycosides. However, in the
absence of the solvent effect, these donors showed good
[ selectivity and enabled the synthesis of (3-glucosides, such as
174, without recourse to neighboring-group participation
(Scheme 25a).2* Apparently, conformational factors play a
significant role in the anomeric stereoselectivity of these
glycosylation reactions; however, the importance of glycosyl
triflate intermediates has not yet been verified.

Angewandte

The 2,3-carbonate group was deemed torsionally arming
in the rhamno- and mannopyranose series, because the half-
chair conformation of the sugar ring imposed by the cis-fused
carbonate ring lowers the activation barrier to oxacarbenium
ion formation.® However, in both series, a-glycosides were
formed predominantly as a result of a conformational effect.
‘When thiorhamnoside 3,4-carbonates, such as 175, were used
as donors, [-glycosides became the major product
(Scheme 25b). This reactivity was attributed to the electron-
withdrawing nature of the carbonate group and its inability to
take part in neighboring-group participation."

The oxazolidinone group has also attracted much atten-
tion as a stereodirecting group in glycosylation reactions.
Kerns and co-workers first demonstrated that 2,3-oxazolidi-
none-protected thioglycosides, such as 177, were highly
efficient substrates for the synthesis of a-linked 2-amino-2-
deoxyglucopyranosides (Scheme 25¢).?'% The fused carba-
mate ring proved to be a nonparticipating group and favored
the formation of a products. However, a limitation of this
method was the propensity for N-glycosylation; that is,
sometimes the oxazolidinone nitrogen atom was glycosyla-
ted.' Therefore, the corresponding N-acetylated thioglyco-
sides, such as 180, were evaluated as glycosylating agents with
different activation systems. The stereochemical outcome of
glycoside-bond formation was found to depend on the relative
reactivity and steric demand of the acceptors under BSP/
Tf,0/TTBP conditions. The mechanistic details of the
reaction have not been reported; however, glycosyl triflate
intermediates and steric hindrance by the N-acetyl group
were invoked to explain the observed selectivities. Interest-
ingly, the corresponding N-acetylated bicyclic donors showed
complete [ selectivity when NIS/AgOTf was used as the
activation system, regardless of the reactivity of the acceptor.
Moreover, the P products could be anomerized in situ to
o products by using a larger quantity of AgOTf (0.4 equiv) to
provide a convenient route to a-glucosaminides
(Scheme 25d).2%! More recently, the glycosylation proper-
ties of N-benzyl-2,3-oxazolidinone-fused thioglycosides were
investigated; on the whole, high o selectivities were

observed.[*’!
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Scheme 25. Glycosidation reactions of constrained donors containing carbon-

ate and oxazolidinone groups.
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stable sugar-ring conformation, typically *C; or 'C,,
could be flipped by the introduction of bulky silyl
groups onto vicinal hydroxy groups of the sugar to give
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the opposite or an unusual conformer,” in which most
substituents have an axial orientation as a result of steric
repulsion between the bulky protecting groups. Furthermore,
glycosidation of the silyl-protected donors often gave prefer-
entially or exclusively one stereoisomer, even without neigh-
boring-group participation.”*® For example, upon activation,
the tri-O-TBS-protected “super-armed” thiogalactoside 183
reacted with different acceptors stereospecifically to furnish
a products (Scheme 26 a).%*% A highly B-selective glucosyla-
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Scheme 26. Glycosidation reactions of constrained donors containing silyl

groups.

1920

tion method was also developed recently with tri-O-TIPS-
protected thioglucoside donors, such as 186, whose rings were
constrained in a twist-boat conformation (Scheme 26b).1>%¢l
This method found application in the synthesis of 2-O-
glycosylated glucosides.”**

Cyclic bifunctional silyl groups have also often been used
as protecting groups. They exert their influence on the
stereochemistry of glycosidation by rigidifying the conforma-
tion of the sugar ring. An interesting example is the
stereospecific synthesis of sucrose with 1,1,3,3-tetraisopropyl-
disiloxane-protected thiofructofuranosides, such as 188, as
glycosyl donors (Scheme 26¢).*7¥ The o face of the donor is
blocked by the internal silyl acetal bridge to ensure complete
[ glycosylation. This procedure was applied subsequently to
the synthesis of p-linked oligofructofuranosides.””™ Another
cyclic silyl protecting group, the di-tert-butylsilylene (DTBS)
group, was introduced into carbohydrate chemistry by
Nishimura and co-workers in 2001.%°® It has attracted much
attention owing to its strong stereodirecting effect on
glycosidation reactions. For example, the glycosidation of
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4,6-O-DTBS-protected galactosyl donors, such as 191, with
various acceptors gave the corresponding a-galactosides with
very high selectivities.™ High a selectivities were even
observed in the presence of neighboring participating
groups (Scheme 26d),>®! which indicates that the DTBS
group has a very strong effect.

The DTBS group was also used to control the anomeric
configuration in the formation of L-arabinofuranosides; the
donors were locked in the E; conformation by the introduc-
tion of a fused DTBS ring at 3-O and 5-0.?°*! The conforma-
tionally constrained donor 194 gave excellent f§ selectivity in a
range of glycosylation reactions with glycosyl acceptors
containing primary and secondary hydroxy groups
(Scheme 26¢). This method was employed successfully to
synthesize an arabinogalactan fragment derived from the
plant cell wall.? It also has great utility and potential for f-
D-arabinofuranoside synthesis, as evidenced in the synthesis
of the arabinan domains of mycobacterial arabinogalactan
and lipoarabinomannan. In these syntheses, two [3-D-arabi-
nofuranosidic linkages were constructed at the same time by
the use of a similar DTBS-constrained donor.?%21 .
Selective D-arabinofuranosylation with 3,5-O-TIPDS-pro-
tected thioarabinofuranosides as glycosyl donors has also
been reported.**

4. One-Pot Glycosylation

One-pot glycosylation is a highly useful approach in
oligosaccharide synthesis. It relies on the reactivity disparity
of glycosylating agents. Three major strategies have been
employed most frequently in one-pot synthesis:

— Chemoselective glycosylation exploits the different reac-
tivities of glycosyl donors and acceptors on the basis of the
armed-disarmed concept;

— orthogonal glycosylation is based on the selective activa-
tion of a leaving group;

— in preactivation-based glycosylation, the glycosyl donor is
activated separately, before the addition of the acceptor,
which contains a leaving group for the next glycosylation
step.

This topic was reviewed recently.*”! The above strategies
and progress in the field are discussed in that article and in
other relevant reviews.[*?%! Generally, two or three different
glycosidic linkages are constructed in a one-pot process based
on these procedures. A highly efficient chemoselective one-
pot synthesis of heparin and heparan sulfate oligosaccharides
through the use of thioglycosides with well-defined reactivity
as building blocks (Scheme 27, synthesis of the pentasacchar-
ide 200),*Y shows the attractiveness of this approach.

5. Solid-Phase Oligosaccharide Synthesis

Initial attempts at solid-phase oligosaccharide synthesis
(SPOS) in the early 1970s%! met with little success owing to
the limited range of glycosylation methods available. Solid-

phase synthesis was not explored intensively until much later,
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Scheme 27. One-pot synthesis of a heparin pentasaccharide.

when several new methods emerged. A few research groups
have had substantial success in this field.”*® This section
highlights significant results reported in the past decade, but
does not cover all aspects of SPOS.

In the early 1990s, Danishefsky and co-workers success-
fully explored the application of the glycal assembly method
to SPOS,?" whereby the sugar chain was elongated from the
nonreducing end. The first glycal unit was linked to a
divinylbenzene—polystyrene copolymer through a disilane
linkage that could be cleaved readily after the completion of
the synthesis by treatment with fluoride. This protocol is self-
corrective, as unused donors in a coupling step
do not reemerge in the next cycle; it is partic-
ularly powerful for the synthesis of sugars
branched at C2. However, 2-aminoglycosidic
linkages of great biological importance could
not be constructed directly by this procedure
without further manipulation at the anomeric
center.”® Furthermore, this sort of donor-
bound strategy could not simply be extended
to other donors, as most side reactions during
glycosylation reactions involve the donor. This
strategy can easily result in the termination of
chain elongation® and is therefore seldom
used in SPOS.”™ It has been employed occa-
sionally together with the acceptor-bound strat-
egy to synthesize relatively short oligosacchar-
ides by the so-called bidirectional approach.!]
In contrast, acceptor-bound strategies have been
investigated in some detail, most notably by
Schmidt and co-workers and Seeberger and co-
workers, owing to their clear advantages: The
donor can be used in excess to maximize
glycosidation yields, and any donor-derived by-
products can be washed away after each cou-
pling step.

Most common glycosyl donors have been
investigated as glycosylating agents in the
acceptor-bound approach for SPOS, such as
glycosyl sulfoxides,*”! O-glycosyl trichloroace-
timidates,?™ thioglycosides,” n-pentenyl gly-
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cosides,”™ and glycosyl phosphates.’” Enormous progress
has been made with trichloroacetimidate-based SPOS. One
important advance was the successful preparation of O-
glycosyl trichloroacetimidates with an O-Fmoc protecting
group and the demonstration of their suitability for oligosac-
charide synthesis on a solid support.’””! A series of N-glycan
oligosaccharides were synthesized on the Merrifield resin
with the hydroxymethylbenzyl benzoate spacer-linker system
201.2%) Stereospecific glycosylation reactions with three
types of trichloroacetimidate donors enabled chain extension
(with 202, 204, and 206), branching (with 203), and chain
termination (with 207; Scheme 28).*™ For chain-branching
donors, such as 203, Fmoc and phenoxyacetyl (PA) were used
as temporary protecting groups, with Ac, Bz, Bn, and N-
DMM as permanent protecting groups. The crude saccharides
released from the resin were of high purity after all
glycosylation and protecting-group-manipulation steps. The
simplicity and efficiency of the whole synthesis provided a
basis for the development of a general approach to the
synthesis of oligosaccharides with different glycosidic link-
ages. For example, a similar strategy was applied to the
synthesis of a branched lacto-N-neohexasaccharide that
occurs in human milk.”?™ The release of the product from
the resin as a benzylic glycoside made further deprotection
easy. The key building block in the synthesis, O-lactosyl
trichloroacetimidate, was protected orthogonally with Fmoc
and Lev groups to enable selective glycosylation at both
positions. Moreover, all trichloroacetimidate glycosidation
reactions on the solid support were highly stereoselective and

o

NH 201
4| .

OBn OH

e

o~ cel

) conditions: a) TMSOTY, CH,Cl,, ~40 °C—~RT;
NDMM b) NEL,/CH,Cl, 1:6
NH b l ¢) 0.5 equiv NaOMe, CH,Cl,/MeOH 8:1
NDMM)L d) 4 equiv NaOMe, CH,Cl,/MeOH 8:1;
no o cal 0, pyridi
fe) d , l a Ac,0, pyridine
3 OBn
OFmoc b l
AN
© O.__NH a
204 \f BnO O(/)\c
cel, BnO
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%
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Scheme 28. Solid-phase synthesis of N-glycans.
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high-yielding, and the hexasaccharide was furnished in
excellent overall yield. The great utility of Fmoc-protected
O-glycosyl trichloroacetimidates has also been demonstrated
in the synthesis of other oligosaccharides, such as oligoman-
nosides,?"! lactosamine- and lactose-containing oligosacchar-
ides/®® and glycosylphosphatidylinositol precursors.!
Some other techniques have also been developed for SPOS
in combination with the Schmidt glycosylation protocol,
including on-resin real-time reaction monitoring® and
novel capping reagents.*

Another major breakthrough in carbohydrate chemistry
was the appearance of the first automated oligosaccharide
synthesizer.”® In 2001, Seeberger and co-workers carried out
the automated synthesis of oligosaccharides by using a solid-
phase synthesizer with O-glycosyl trichloroacetimidates and
phosphates as glycosylating agents.?! This synthesizer could
assemble oligosaccharides as large as dodecasaccharides
about 20 times faster than conventional methods through a
simple coupling—deprotection cycle. A number of structures
of biological relevance have been prepared automatically in
this way.”! For example, the tumor-associated carbohydrate
antigen globo H was assembled successfully as the protected
form 217 in six consecutive glycosylation reactions
(Scheme 29).%59 The hexasaccharide 218 was cleaved as its
n-pentenyl glycoside from the octenediol-functionalized Mer-
rifield resin with the Grubbs catalyst. A tetrasaccharide
fragment of malarial toxin was also synthesized rapidly with
this synthesizer by using the trichloroacetimidate method.?*!
However, the time-consuming preparation of the required
glycosyl donors has not yet been improved by this technical
advance.

OBn

o FmocO OBn
FmOCO%O—H—OBu 0 T
BnO O BnO O-F-CBu
211 OPiv OBu PivO OBu

TMSOTf
automated Wwash

piperidine
wash

n OBn

B
BnO OBn
) o]

o
BnOG  ogn

0]
217 pivo  BnO -

opP
Grubbs catalyst v
ethylene

0]
bo) NHTCA

O BnO

OBn

n-pentenyl glycoside 218 (30%, 12 steps)

Scheme 29. Automated synthesis of the tumor-associated antigen globo H.
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SPOS has also benefited from other technical improve-
ments, such as the above-mentioned on-resin analytical
methods,”! the capture-release purification technique,”!
and many new linker systems.® Recently, the hydrophobi-
cally assisted switching phase (HASP) concept was intro-
duced into oligosaccharide synthesis. This procedure com-
bines the great efficacy of solution-phase reactions with the
high efficiency of solid-phase purification.’®! A discussion of
all these aspects is beyond the scope of this Review. Polymer-
supported oligosaccharide synthesis, particularly in view of
the homogeneity of the reaction mixtures in solution, is also
not discussed herein.

6. Intramolecular Glycoside-Bond Formation

The large number of possible oligosaccharide isomers
results not only from the number of sugar monomers, but also
from their varying regioisomeric (for example, connection to
the 2-OH, 3-OH, 4-OH, and/or 6-OH group of hexopyra-
noses) and stereoisomeric linkages (o and (3 configuration).
Although the advantage of intramolecular reactions for regio-
and stereoselectivity is well known, for instance in asymmet-
ric induction, and enzymatic glycosidation is closely related to
an intramolecular glycosyl transfer from the donor to the
acceptor, intramolecular glycosylation reactions have only
been reported in about the last decade.***! The published
methods can be divided into three types of spacer-mediated
reaction to form a linkage between the acceptor and the
donor (Figure 4 a—c).[#420)

6.1. Leaving-Group-Mediated Reaction between the
Donor and the Acceptor

In this method, the glycosyl acceptor is attached
through a spacer Y to the leaving group of the glycosyl
donor (Figure 4a). When the leaving group is released,
the accepting oxygen atom is transferred with the
attached glycosyl group to the anomeric carbon atom
with heterolytic cleavage of the O—Y bond. The
fragment "L-Y" that is formally released has to be
designed to ensure stabilization, particularly of the Y*
moiety; otherwise, the heterolytic cleavage of the O—Y
bond will not take place.

The connection of the anomeric hydroxy group of
the glycosyl donor to the accepting oxygen atom of the
acceptor through a carbonyl tether was used for a
decarboxylative glycosylation.” Treatment of the
resulting mixed carbonate esters with an acid led to
the formation of glycosides with the loss of carbon
dioxide.”” Generally, yields are high in this reaction;
however, competition experiments showed that the
reactions are at least partially or even completely
intermolecular processes.”™ Similarly, a tether
between donor and acceptor was constructed by
using 2-fluoro-3,5-dinitrobenzoic acid; in this case,
glycoside-bond formation (though only in modest
yield) simply requires heating in a polar solvent.”*¥
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ROWO\R1/OH Scheme 31. Thioglycoside linkage between the glycosyl donor and
RO acceptor.
Figure 4. Different classes of spacer for linking glycosyl donors and
acceptors. group on the donor (generally the 2-O atom of the donor).
When the leaving group is released, linkage of the donor to
the accepting oxygen atom of the acceptor leads to cleavage
Alternatively, 1-O-glycosyl esters with the acceptor bound  of the Y-O moiety, whereby Y has a positive charge and
to the B or vy position of the ester moiety enabled lactone  requires stabilization. Final aqueous workup yields the
formation by the released "L-Y* fragment.”” Pentadienyl-  product together with HL and YO. Several spacers Y have
type activation was also investigated with different systems  been studied, and different terms have been proposed for
(Scheme 30).1%! Intermediates 220 and 221 provided excel-  these reactions: “intramolecular or internal aglycone deliv-
lent glycosylation results; however, these reactions were ery” (IAD), “temporary silicon connection method”, “silicon-
again found to be mainly intermolecular. Similar observations  tethered intramolecular glycosylation”, “functional-substitu-
were made with thioglycoside donors that could undergo ent-based intramolecular glycosylation”.[***"
glycoside-bond formation through an intramolecular 1,3-, 1,4- The IAD concept was originally developed for the
, 1,5-, or 1,9-shift (with n=1, 2, 3, 7 in Scheme 31).[296] Thus, synthesis of P-mannosides and later extended to other
this straightforward concept for intramolecular glycosylation  systems. The most common Y groups are isopropylidene,
has not yet furnished the desired results. propylidene, ethylidene, 4-methoxybenzylidene, naphthylme-
thylidene, and dimethylsilylene. Particularly the use of the
two arylidene groups led to excellent results (Scheme 32,
G.2. Linkage of the Glycosyl Donor and Acceptor through a transformation of 226 into 227).% The high yields and
Functional Group on the Donor [ selectivities in mannopyranoside synthesis offer strong
support for the intramolecularity of these reactions. However,
In this design (Figure 4b), the accepting oxygen atom is  to the best of our knowledge, this claim has never been
attached through a spacer Y to a non-anomeric functional confirmed by competition experiments.
Angew. Chem. Int. Ed. 2009, 48, 1900—1934 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 1923
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Scheme 32. Linkage of the glycosyl donor and acceptor through a 4-
methoxybenzylidene group.

6.3. Linkage of the Glycosyl Donor and Acceptor through
Nonreacting Centers.

Glycosyl transfer within the active site of an enzyme can
be regarded as an intramolecular process in which the glycosyl
donor and the acceptor are held in close proximity to enforce
regio- and stereoselective glycoside-bond formation.?**-22%]
To mimic this process in vitro, a system was designed in which
the acceptor is attached to the donor through a spacer
connected to nonreacting centers (Figure 4c). Particularly
rigid spacers, which force the reacting centers into close
proximity, should result in efficient glycoside-bond forma-
tion.” In this way, the spacer remains part of the target
molecule and has to be removed in a second step; therefore,
intramolecular product formation is evident. Various terms
have been employed for this very successful approach to
oligosaccharide synthesis: “rigid spacer concept”, “intramo-
lecular glycosylation of prearranged glycosides”, “template-
directed cyclo-glycosylation”, “remote glycosylation”.[*]

Glycosylation reactions were investigated with a succinyl
spacer between the donor and the acceptor to bring them into
a “prearranged” position for high anomeric stereocontrol
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Table 4: Glycosylation results with different (6'-

residues
/\X
{0

BnO _eo o °
B"O “TmsoTr Bnowo Q
Bno B0 -
n
Bnow 230 OMe
B

6)-tethered glucose

nO
(6'-6)-tethered OMe Gloa(1-4)Glc
Entry Linker (X) Yield [%)] a/p
o) o
1 /jL\//A\V/J\\ 37 89:11
o) o)
2 PPN 67 93.7
3 ﬁ>§:22<? 86 99:1
tBu Bu
4 \Si/ 77 3:97
~ ~N

(transformation of 229 into 230, Table 4, entry 2).F%! This
spacer provides high conformational flexibility; therefore, the
reaction centers are statistically too far from one another for
the exclusive formation of one product. Surprisingly, this
concept of a flexible succinyl spacer, and also the use of
glutaryl and malonyl spacers, led to good to excellent
stereocontrol and often good yields (Table 4, entries 1 and
2).5% This approach was recently applied highly successfully
to a glycosphingolipid synthesis."”” Related investigations
with peptide spacers containing asparagine residues at the N
and C termini were not as successful, presumably as a result of
interference by the amide groups.*®

The “rigid spacer concept” was designed to bring the
glycosyl donor and the acceptor into closer proximity.?**30-304]
As this approach leads to structurally more rigid molecules, a
highly diastereoselective glycosylation should take place with
the construction of a large ring. The m-xylylene group was
chosen as an example of a rigid spacer, and 4,6-substitution
restricted the conformational space of the glycosyl donor and
acceptor even further (Table 5).P% The ether linkages
preclude any potential neighboring-group participation.
Thus, the stereoselectivity of the intramolecular glycosylation
reaction should be controlled through the relative orientation
of the donor and acceptor moieties by the tethering spacer.
The attachment site of the spacer on the donor (a or {3 site),
the configuration of the acceptor (D,L-threo or D,L-erythro)
within the macrocyclic ring, and the ring size should have a
major influence. The results show that the stereoselectivity of
the glycosylation is indeed controlled by the ring size (14- or
15-membered), by the configuration of the donor and of the
two stereogenic centers of the acceptor (L-threo, L-erythro, D-
threo, D-erythro) within the macrocyclic ring, and by the
available conformational space.

Phthaloyl and isophthaloyl spacers can also be used to link
donors with acceptors through nonreacting centers (Table 4,
entry 3).% The replacement of these spacers with the di-tert-
butylsilylene spacer led to a change in the preferred anomeric
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Table 5: Compilation of some results with an m- xylylene spacer.

R=H,Ph
0]
o CI) N o
+
SE Iy O_A 4" H
5-D (B) 3,4-D-threo 3-L(B) 5,4-L-threo
(6"-3)-tethered (3'-6)-tethered
Entry Tethering Donor  Acceptor Ring  Glycoside bond
config.  config. size
1 66 5.0 (B) S54-Lthreo 15 Glcp(1-4)Gle
2 6'—4 5-D (B)  4,5-L-threo 15 Glcp(1-6)Glc
3 6'-2 50 (B)  2,3-L-threo 14 Glcp(1-3)Glc
4 64 5.0 (B) 43-Lerthro 14 GlcB(1-3)Gal
5 6'-3 5-p (B)  3,4-p-threo 14 Glcf(1-4)Glc
6 6-3 50 () 34-p-erthro 14 Glea(1-4)Gal
7 36 3.L(B) S54uithreo 14 Glea(1-4)Gle

configuration as a result of the steric demand of the fert-butyl
groups and the smaller ring size (Table 4, entry 4).*°Y] The
combination of the m-xylylene and the isophthaloyl spacer
led to nonsymmetric spacers, such as the 1,3-phenylene-1-
carbonylmethyl spacer, which was employed for iterative
intramolecular glycosylation reactions®®! and a very success-
ful synthesis of the repeating unit of Shigella flexneri
serotype la (Scheme 33, synthesis of the intermediate
235).5307

In the last 10-15 years, much effort has been devoted to
the development of intramolecular glycosylation reactions as
high-yielding processes with high anomeric stereoselectivity.
Good solutions have been presented for the for-
mation of nearly all important glycosidic linkages,
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Scheme 33. Synthesis of the repeating unit of Shigella flexneri sero-
type la.

ide synthesis®®! could be isolated by partitioning between a
fluorous solvent and an organic solvent, and the reactions
could be monitored by TLC, NMR spectroscopy, and MS, in
contrast to solid-phase reactions. Moreover, it is anticipated
that the new liquid-phase technique will be readily applicable
to large-scale synthesis.

including the generation of 1,2-cis glycosides as OBn
present in f-mannopyranosides and a-glucopyrano- )o [Pd(dba),]-CHCI, (0.025 squiv) MSOW
sides. However, only very few applications to the H PPh, (0.1 equiv) %o o
synthesis of complex glycoconjugates have been BocO OH CH,Cl,, 0°CRT MeO \(7
reported so far. For intramolecular glycosylation to = oo 28 Oif
gain the general acceptance enjoyed by the inter- OBn Ll
molecular methods, further effort is needed to W Mgo 0 Meo OBn
improve access to the required starting materials 0§ [Pdydoa)] éﬁg. (0.01 equiv) \M
and to extend the method to the synthesis of @7 -~ M?—\%O o PPN, (0.04 squv) o 5
complex glycoconjugates, ideally by simple iterative 3 CHCL, 0 °C~RT Micéo \mj
methods. Molecular modeling may assist in the W r'cj Ohe % 29 W3 T
selection of the appropriate spacer and attachment 0F~—1 240
sites on the glycosyl donor and acceptor. oty % o [Pd2(dba)3]'::’\f-l%(l)l—(10.005 cauiv) O
%l'izéﬂz =2  BnO LevO O*gngh -~ E\//l PPh, (002 equw) (\//l
244 O PMBO" ~0 CH,Cl,, 0° Boco 242
7. Other Aspects 243 96%
Besides one-pot glycosylation and SPOS, many HO 4
other techniques have been developed in recent Ho\w
years to expedite oligosaccharide synthesis. For o L,
example, a novel fluorous support was developed o
as an alternative to traditional polymer supports and Ho QM
applied successfully to oligosaccharide synthesis in %
combination  with the trichloroacetimidate
method.”®! Each intermediate in this oligosacchar-  Scheme 34. De novo asymmetric synthesis of the anthrax tetrasaccharide.
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Much effort has also been directed towards a conceptually
different glycosylation method, namely, the de novo synthesis
of glycosides, although this method was investigated exten-
sively and successfully many years ago.”'”! In recent stud-
ies,®!! the glycoside bonds were constructed through palla-
dium-catalyzed allylation, and the anomeric configuration
could be controlled by the reagent rather than by anomeric or
neighboring-group effects. The glycosylation usually pro-
ceeded in a highly stereoselective manner without the use of
Lewis acid promoters, and the products could be elaborated
readily to furnish natural or non-natural carbohydrates. By
this approach, O’Doherty and co-workers synthesized a
number of complex oligosaccharides and glycoconjugates.©'!
The key steps in their new synthetic route to the anthrax
tetrasaccharide 245 involved palladium-catalyzed glycosyla-
tion reactions (Scheme 34, synthesis of intermediates 238,
240, and 243).[312]‘] The anthrax tetrasaccharide has also been
synthesized by other procedures.*"”!

8. Conclusions and Outlook

Undoubtedly, the advances in glycoside synthesis sum-
marized herein have addressed some major problems asso-
ciated with glycoside-bond formation and provided efficient
strategies and powerful tools for accessing complex oligosac-
charides and glycoconjugates of biological significance. How-
ever, one should bear in mind that carbohydrates and
glycoconjugates are amongst the most complex biopolymers
in nature. Their synthesis is still by no means routine and thus
not comparable with peptide synthesis on the basis of amide-
bond formation or oligonucleotide synthesis on the basis of
phosphate diesters. Even for the construction of a simple
glycosidic bond, careful optimization of all parameters,
including the leaving group, promoter/catalyst, protecting
groups, and glycosidation conditions, is often crucial for the
reaction to proceed in high yield with high stereoselectivity.
Hence, new conceptual approaches to glycosylation and novel
strategies for the construction of complex oligosaccharides
and glycoconjugates are still welcome to meet the intrinsic
structural diversity of carbohydrates.

From where will this innovation come ? Further variation
of the leaving groups will probably not lead to major
improvement of the existing methodologies for glycoside-
bond formation. Rather, a deeper understanding of under-
lying mechanistic principles (ion-pair generation, memory
effects of tight ion pairs, conformation-dependent reactivity,
stereodifferentiation of the glycosyl donor between nucleo-
philes, and other factors) will lead to further advances. Interst
in the use of enzymes, that is, glycosyltransferases, trans-
glycosidases, and glycosidases, and manipulations based on
their molecular biology (not discussed in this Review) may
increase, particularly for the synthesis of specific glycosidic
linkages and/or target molecules. Increased understanding of
enzyme catalysis will also inspire new general concepts for the
chemical regio- and stereoselective formation of glycoside
bonds with minimization of the required protecting-group
array, as is evident from methods already developed for
intramolecular glycosidation. Such methods have been used
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to construct many glycoside bonds with excellent regio- and
stereoselectivity.

Abbreviations

Ac acetyl

ACB 2'-(allyloxycarbonyl)benzyl

ADMB 4-acetoxy-2,2-dimethylbutanoyl

All allyl

BCB 2'-(benzyloxycarbonyl)benzyl

Bn benzyl

Boc tert-butoxycarbonyl

BSM 4-benzenesulfinylmorpholine

BSP 1-benzenesulfinylpiperidine

Bz benzoyl

CA chloroacetyl

CB 2'-carboxybenzyl

dba dibenzylideneacetone

DBMP 2,6-di-tert-butyl-4-methylpyridine
DBU 1,8-diazabicyclo[5.4.0]lundec-7-ene
DCC N,N'-dicyclohexylcarbodiimide

DCE 1,2-dichloroethane

DMAP 4-dimethylaminopyridine

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DIPEA diisopropylethylamine

DME dimethoxyethane

DMM dimethylmaleoyl

DMTST dimethyl(methylthio)sulfonium triflate
DPM diphenylmethyl

dppf 1,1-bis(diphenylphosphanyl)ferrocene
DPS diphenyl sulfoxide

DTBMP 2,6-di-tert-butyl-4-methylpyridine
DTBS di-tert-butylsilylene

EtSNPhth N-(ethylthio)phthalimide

EWG electron-withdrawing group

Fmoc 9-fluorenylmethoxycarbonyl

IAD internal aglycone delivery

IDCP iodonium dicollidine perchlorate
1Py,BF, bis(pyridine)iodonium tetrafluoroborate
KHMDS potassium hexamethyldisilazide

Lev levulinoyl

MP p-methoxyphenyl

NAP 2-napthylmethyl

NBS N-bromosuccinimide

NIS N-iodosuccinimide

NMM N-methylmorpholine

NPG n-pentenyl glycoside

NPOE n-pentenyl orthoester

PA phenoxyacetyl

PFP pentafluoropropionyl

Phth phthalimido

Piv pivaloyl

PMB p-methoxybenzyl

PTFA N-phenyl trifluoroacetimidate
RDAS reciprocal donor—acceptor selectivity
SBox S-benzoxazolyl

SPOS solid-phase oligosaccharide synthesis
STaz S-thiazolyl
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TBAF tetrabutylammonium fluoride

TBAI tetrabutylammonium iodide

TBD 1,5,7-triazabicyclo[4.4.0]dec-5-ene

TBS tert-butyldimethylsilyl

TCA trichloroacetyl

TCP N-tetrachlorophthalimido

Tf trifluoromethanesulfonyl

TFA trifluoroacetic acid

TIPDS 1,1,3,3-tetraisopropyldisiloxane

TMS trimethylsilyl

TMSI trimethylsilyl iodide

Tol toluene

Tr trityl

triphos 1,1,1-tris(diphenylphosphanylmethyl)-
ethane

Troc 2,2,2-trichloroethoxycarbonyl

TsOH p-toluenesulfonic acid

TTBP 2,4,6-tri-tert-butylpyrimidine

ucp unichemo protection
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