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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[1] and Fischer,[2] followed
by the seminal studies of Koenigs and Knorr,[3] 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)).[4–6] 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.[4a,7, 8] 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

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-
ods.[4a, 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
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irreversible anomeric O-alkylation to give a glycoside
(Figure 1, C). Surprisingly, this simple “anomeric O-alkyla-
tion” method, as termed by us,[4a, 7, 8] 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.[11–14] 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)[4a, 7, 8] and from the higher stability of products with an
axial anomeric oxygen atom (owing to the thermodynamic
anomeric effect due to ns*-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

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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Figure 1. Generation of glycosidic and saccharide bonds.
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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= CCl3C�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
a 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.[15–18] 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.[15, 19, 20] Another interesting class of
compounds is that of imide halides with electron-withdrawing
carbon substituents and their heterocyclic equivalents. Fol-
lowing some earlier studies,[15,21–25] 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.[26–33] With an appro-
priate electrophile X, this method can also be employed for 2-
deoxyglycoside synthesis.

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.[34] 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;[4–6] 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[19] have great advantages.
They are among the most widely used glycosyl donors in
contemporary carbohydrate chemistry.[4a]

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 SN1 mechanism via oxocarbenium ion intermediates, which
acceptors can attack at either the a or the b face. As insight
into the nature of SN1 reactions is still limited,[35] we focus our
discussion on the influence of protecting groups on anomeric
stereocontrol (see Section 3).

Figure 2. Glycals as intermediates for the generation of glycosidic
bonds.
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Other means are also often used to achieve high anomeric
stereocontrol in glycoside syntheses.[4–6, 36] The concept of in
situ anomerization of halogenoses with axial halide to
halogenoses with equatorial halide introduced by Lemieux
et al.[37] in early studies proved to be a major breakthrough in
the synthesis of cis glycosides: The activation of relatively
stable a-glycosyl halides in the presence of quaternary
ammonium halides leads to the establishment of an equilib-
rium with the more reactive b-glycosyl halides. The energy
barrier to the nucleophilic substitution of b-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[4–6] and
the nitrile effect[4a, 38] 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.[39]

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).[40] In combination
with computational tools, this technique has been
further developed into a programmable one-pot
synthesis.[41] Solid-phase oligosaccharide synthesis
is also an area of active investigation,[42] 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.[43] 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).[44, 45] .

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.[4, 46]

2. Glycosyl Donors and Activation Conditions

2.1. Glycosyl Iodides

Glycosyl halides were introduced as glycosylating agents
by Koenigs and Knorr in 1901.[3] Glycosyl iodides were first
prepared by the treatment of glycosyl bromides with sodium
iodide in acetone more than half a century ago,[47] and new
preparative procedures are still emerging.[48] Although glyco-

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.[49] 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.[50] In general, iodide donors
can be activated under basic conditions to give b-glycosides
with high selectivity;[51] alternatively, in situ anomerization
can be used for the selective synthesis of a-glycosides.[52] 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.[53]

a-Glycosyl iodides have been shown to undergo in situ
anomerization upon treatment with TBAI and H�nig base
under standard conditions; the a-glycosides can then be
prepared, even with sterically demanding acceptors, by
nucleophilic substitution of the b-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).

Direct SN2 displacement of the anomeric iodide circumvented
the need to introduce at C2 temporary stereodirecting groups
that would require subsequent removal.[54] 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).[55] 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 b-glucur-
onylation reactions of a range of steroidal alcohols.[56] 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-

Scheme 1. Glycoside syntheses with glycosyl iodides as donors.

X. Zhu and R. R. SchmidtReviews

1904 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934

http://www.angewandte.org


quent deprotection gave morphine-6-glucuronide (9 ;
Scheme 1c).[48d, 138a] 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.[57] 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.[52c] 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,[58] thioglyco-
side chemistry has been explored constantly. Numerous
protocols have been reported for the preparation and
activation of thioglycosides over the past century.[59] 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.[60]

Thioglycosides are usually prepared by treating peracety-
lated sugars with the appropriate thiol in the presence of a
Lewis acid, typically BF3·OEt2.

[61] An alternative synthetic
route involving S-glycosyl isothiouronium intermediates[62]

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.[63] Thioglycosides have also
been prepared by the treatment of glycosyl bromides with
nucleophilic thiolates generated in situ through the zinc-
mediated reduction of disulfides.[64]

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,[65] 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.[66] Since then, the efficacy of the iodonium system
has been proven by numerous successful applications, and
many variants have been developed (Table 1).[67–81] For
example, the use of HClO4 immobilized on silica as an

alternative to HOTf for the activation of thioglycosides led to
comparable results.[68] Mukaiyama and co-workers introduced
the combined use of a stoichiometric amount of either NIS or
NBS and a catalytic amount of TrB(C6F5)4 as a promoter
system.[69] Recently, another iodonium system, IPy2BF4/
HOTf, 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.[70] Furthermore, armed thioglycosides cospotted
with sugar alcohols onto alumina TLC plates were converted
into glycosides on exposure to I2 vapor. The product was then
purified by conventional elution with a solvent.[71] Interhal-
ogen compounds (ICl 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.[72] Thioglycosides have
also been activated with other halonium systems; for exam-
ple, a cheap bromonium system (stoichiometric NBS and
catalytic Bi(OTf)3) was used to activate various thioglycoside
donors.[73] Commercially available 1-fluoropyridinium tri-
flates successfully promoted the transformation of thioglyco-
sides into O-glycosides.[74]

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, MeSOTf, and PhSOTf; more recently, sulfenamide
activators in combination with Lewis acids such as EtSNPhth–
TrB(C6F5)4

[75] and N-(phenylthio)-e-caprolactam–Tf2O
[76]

were proposed. Sulfinates in combination with Tf2O have
also received much attention as thioglycoside activators.[77] .
For example, the system 1-benzenesulfinylpiperidine (BSP)/
Tf2O proved very useful for the synthesis of the Salmonella
type E1 core trisaccharide.[78] Ph2SO/Tf2O has been employed
successfully for the synthesis of challenging sialic acid glyco-
sides[79] and hyaluronic acid oligomers.[80] Recently, another
powerful system, namely Me2S2/Tf2O, was developed for the
activation of thioglycosides.[81] An important feature of these
sulfinyl systems is their capacity to preactivate thioglycosides
at low temperatures.[82] 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

Table 1: Typical thiophilic promoters reported between 1998 and 2007.

Promoter Ref.

NIS/Sn(OTf)2 or Cu(OTf)2 [67]
NIS/HClO4–silica [68]
NIS/TrB(C6F5)4 [69]
IPy2BF4/HOTf [70]
IX/AgOTf [72]
NBS/Bi(OTf)3 [73]
1-fluoropyridinium triflate [74]
EtSNPhth/TrB(C6F5)4 [75]
N-(phenylthio)-e-caprolactam/Tf2O [76]
S-(4-methoxyphenyl)benzenethiosulfinate/Tf2O [77a]
BSP/Tf2O [77b,78]
Ph2SO/Tf2O [77c,80]
BSM/Tf2O [77e]
Me2S2/Tf2O [81]
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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/Tf2O as the promoter
by use of the preactivation strategy (Scheme 2).[77e]

Other conditions for thio-
glycoside activation, such as the
use of AgPF6

[83] and electro-
chemical oxidation,[84] have
also been reported in the past
few years.

In summary, numerous new
methods for the preparation and
activation of thioglycosides
have been reported in the past
decade. As thioglycosides are
among the best Koenig–Knorr-
type glycosyl donors, they will
continue to play an important
role in glycoside-bond forma-
tion in spite of the large quanti-
ties of highly reactive reagents
required for their activation.

2.3. Glycosyl Thioimidates

Glycosyl thioimidates are glycosides that contain an
SCR1=NR2 aglycone. Their preparation was first described
more than 40 years ago,[85] 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).[86] The glycosyl-donor properties of glycosyl
thioimidates have since been investigated extensively.[87]

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.[88] 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

activation are available. Thus, not only thiophilic reagents,
such as NIS/TMSOTf, but conventional promoters for the
activation of glycosyl thioimidates, such as BF3·Et2O, 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/
TMSOTf for the synthesis of b-mannosides, such as 17,
through an intramolecular glycosylation (Scheme 3a).[89] S-
Benzoxazolyl glycosides have also been activated with an
excess of MeOTf or AgOTf (� 2.0 equiv) in the synthesis of
both 1,2-trans[90] and 1,2-cis[91] 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).[91] Interestingly,
recent mechanistic studies indicated that both MeOTf and
AgOTf activate this type of donor at the anomeric sulfur
atom.[92] S-Thiazolinyl (STaz) glycosides, such as 21, are also
efficient glycosyl donors upon activation with AgOTf, Cu-
(OTf)2, MeOTf, NIS/TfOH, or other promoter systems.[93]

Their reaction with a variety of acceptors provided the

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(II) complex.[94] 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.[93]

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.[95]

Unprotected hexofuranosyl thioimidates were also prepared

Scheme 2. Oligosaccharide synthesis with thioglycosides as donors.

Scheme 3. Glycoside syntheses with glycosyl thioimidates as donors.
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and found application in the synthesis of the corresponding
glycosyl phosphates[96] and hexofuranosides.[97] 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).[98] A conventional glycosylation

strategy with armed and disarmed reaction partners has also
been used with thioimidate donors,[98] 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).[99] 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.[100] Thioimidate donors have
also been activated chemoselectively in the synthesis of
sialosides[101] and galactofuranosides.[102]

Overall, glycosyl thioimidates are good glycosyl donors
for which interesting applications have been found in
oligosaccharide synthesis. As is the case for most glycosyl

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.[103] This
rearrangement usually leads to 1,2-trans glycosides
through different possible pathways[104] and was
used to develop new strategies for the regio- and
stereoselective synthesis of oligosaccharides.[105]

Nevertheless, additional studies, most notably by
Wu and Kong, revealed that the rearrangement can
also give 1,2-cis-linked products[106] in a transforma-
tion that does not conform with the classical concept
of neighboring-group participation.[107] It is not yet
clear how the unusual rearrangement proceeds, but
a mechanism involving the formation of a b-glycosyl
triflate was proposed (Scheme 5).[108] 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.[106b,109]

For example, the stereochemical outcome of (1!3) glucosy-
lation reactions (37+38 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.[110]

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-

Scheme 4. Chemoselective activation of thioimidate donors.

Scheme 5. Proposed rearrangement of orthoesters to form a-glyco-
sides.
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thioorthoesters[111] and cyanoethylidene ana-
logues[112] 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-
sidation and the highly toxic reagents used in
their preparation. Therefore, for a long time,
orthoesters have not been viewed as ideal glyco-
syl donors. Results of Fraser-Reid and co-workers
with n-pentenylorthoesters (NPOEs) may change
this view.[113] However, NPOE activation requires
at least an equimolar amount of a pentenyl-
group-activating reagent.

NPOEs were used originally as versatile
synthetic intermediates which could undergo
protecting-group manipulations under non-
acidic conditions and be transformed afterwards
into other glycosyl donors, in particular n-pen-
tenyl glycosides (NPGs).[114] Soon these orthoest-
ers derived from pentenyl alcohols were investigated thor-
oughly as glycosyl donors with different promoters and
acceptors.[113] 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;[115] in
general, Yb(OTf)3/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)3 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.[115c] Acid-labile protecting
groups, such as cyclic acetals, were also preserved completely
under NIS/Yb(OTf)3 conditions.[115a] 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 7 b).[116]

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.[117] Furthermore, disarmed NPGs are much
less reactive and also prone to addition across the
double bond, a problem never encountered with
NPOE donors.[118] 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.[119] The cyclic-ketal-protected glucose diol 49
was glycosylated regioselectively with the mannosyl
NPOE donor 48 to give only the 6-O-linked disacchar-

ide 50 in reasonable yield (Scheme 7c), 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.[119c] 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.[119a] Rationalization of these regioselectivities led to the
birth of the concept of reciprocal donor–acceptor selectivity
(RDAS),[120] which is related to the concept of donor/acceptor
matching introduced by Paulsen.[5]

The versatility of NPOE donors was further demonstrated
recently in the efficient assembly of a pentadecamannan.[121]

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).[122] The
propargyl orthoester could be activated effectively with

Scheme 6. Remote control of orthoester-mediated glycosylation reactions.

Scheme 7. Glycoside synthesis with NPOEs as glycosyl donors.
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AuBr3 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).

Previously, CB glycosides had been used to construct
pentadienyloxy systems with very good glycosyl-donor prop-
erties.[123] 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 Tf2O/DTBMP, which must
be used in at least equimolar amounts (Scheme 8).[124]

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.[4c] 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).[125]

The utility of CB donors has also been demonstrated in
the construction of numerous glycosidic bonds, including
challenging b-mannoside and b-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

acceptor 61 (Scheme 10 a),[124] 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 10 b).[126] CB 2-
deoxyglycosides have also been used as donors for the
stereoselective synthesis of both a- and b-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 b selectivity was observed with glycosyl
acceptors with 2-O-acyl protecting groups.[127] 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

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

Scheme 9. Oligosaccharide synthesis with CB glycosides as donors.

Scheme 10. Glycoside syntheses with CB glycosides as donors.
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glycosylating agents in this synthesis.[128] 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.[129] 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,[130] glycosyl carbonates,[131] various heteroaryl glyco-
sides,[15, 21–25, 132] various N-substituted glycosyl carbamates,[133]

methyl 3,5-dinitrosalicylate (DISAL) glycosides,[134, 135] glyco-
syl disulfides,[136] glycosyl sulfimides,[137] N-glycosyl amides,[138]

glycosyl phthalates,[139] 2-allyloxyphenyl glycosides,[140] glyco-
syl 5-hexynoates,[141] and propargyl glycosides[142] 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.[144a–d] However, the majority of the systems
summarized in Table 2 still require a stoichiometric amount

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,[19]

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.[6] In 1984, Schmidt et al. reported another type of
glycosyl imidate, namely, trifluoroacetimidates,[15, 16] 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.[21] Initial experiments revealed that glycosylation
reactions with trifluoroacetimidates were generally less
efficient than those with trichloroacetimidates in terms of
product yield. Yu and Tao[150] and Iadonisi and co-workers[151]

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.[152]

Recently, dichlorocyanoacetimidates were introduced as a
new type of glycosyl donor with similar glycosylation proper-
ties to those of trichloroacetimidate donors.[17, 18]

O-Glycosyl trichloroacetimidates can be prepared readily
by a base-catalyzed addition of the anomeric hydroxy group
to Cl3CCN 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[153] and TBD[154] (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.[153] 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.[155]

Trifluoroacetimidates in their N-unsubstituted form are
more difficult to prepare than the trichloroacetimidates, as
the corresponding reagent, trifluoroacetonitrile, is gaseous
(b.p.: �64 8C) and toxic.[156] N-Phenyltrifluoroacetimidates

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

Donor Promoters (activation systems) Ref.

glycosyl acetate TMSI/Ph3P=O [143a]
activated carbon fiber (ACF) [143b]

1-hydroxy sugar Ph2SO/Tf2O/2-Cl-Pyr [144a]
Me2S/Tf2O/TTBP [144b]
nBu2SO/(PhSO2)2O/TTBP [144c]
CuCl2/dppf/AgClO4/CaSO4 [144e]
CBr4/PPh3 [144f,g]
RhIII–triphos catalyst [144h]

glycosyl fluoride LiClO4 [145a,b]
TfOH/5-� molecular sieves [145c]
SnCl2 or SnCl4/AgB(C6F5)4 [145d,e]
HB(C6F5)4 [146]
sulfated ZrO2 [145f ]

glycosyl bromide I2/K2CO3 [71b]
InCl3 [147a]
tri(1-pyrrolidino)phosphine oxide [147b]

glycosyl sulfoxide Tf2O/DTBMP/4-allyl-1,2-dimethoxy-
benzene

[148a]

[Cp2ZrCl2]/AgClO4 [148b]
nafion-H or sulfated ZrO2 [148c]

selenoglycoside Br2 [149a]
electrochemical activation [149b]
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(PTFA)[21, 157] 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 K2CO3 as the
base generally favors the formation of a-PTFA,[157] whereas
the use of NaH[21] or DIPEA[158] yields mainly b products;
however, more commonly, a/b 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 BF3·OEt2 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)3 activated armed O-glycosyl trichlor-
oacetimidates under very mild conditions,[159] whereas dis-
armed trichloroacetimidates were activated effectively by
Yb(OTf)3.

[160] 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.[161] 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).[146]

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.[162] More recently, silica-supported
perchloric acid (HClO4–SiO2) was used as a convenient and
efficient promoter in various glycosylation reactions with
trichloroacetimidates as glycosyl donors (Scheme 11a).[163]

Also, the use of HClO4–SiO2 for “on-column” glycosylation
and subsequent in situ separation provided a novel and robust

method for glycoside synthesis.[164] Reusable solid superacid
in supercritical carbon dioxide (Scheme 11b)[165] and amber-
lyst 15[166] were also employed successfully as activators. The
direct and stereoselective synthesis of b-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 I2 and a
catalytic amount of triethylsilane in toluene proceeded
smoothly to provide the corresponding b-2-deoxyglycosides
in excellent yield and with excellent selectivity
(Scheme 11c).[167] The air- and moisture-stable Lewis acid
catalyst [Pd(CH3CN)4](BF4)2 was also used recently to access
a variety of glycosides in good yields with excellent stereo-
selectivity. Notably, this catalyst directed b-glucosylation
reactions without classical neighboring-group participation
(Scheme 11d).[168] Trichloroacetimidate donors were also
activated by precise microwave heating in the absence of
strong Lewis acids; the desired glycosides were formed in
good yields.[134] A few studies were devoted to the use of ionic
liquids as solvents (Scheme 11 e). 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.[169]

The “inverse procedure” developed by Schmidt and
Toepfer in 1991[170] often provided the desired glycosidation
products when glycosidation reactions otherwise failed to give
glycosides or when orthoesters tended to form.[103] 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.[170]

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

Entry Conditions Yield [%] a/b

1 HClO4, Et2O 99 91:9
2 HB(C6F5)4, Et2O 97 43:57
3 HClO4, PhCF3–tBuCN 95 54:46
4 HB(C6F5)4, PhCF3–tBuCN 97 10:90

Scheme 11. New activation conditions for O-glycosyl trichloroacetimidates.
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Although most trichloroacetimidate activators, such as
TMSOTf,[21] BF3·Et2O,[21, 171] TBSOTf,[172] Yb(OTf)3,

[173] and
acid-washed molecular sieves,[174] 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 I2/

Et3SiH,[151] Bi(OTf)3,
[175] and TMSB(C6F5)4,

[176]

have been used to promote PTFA glycosidation
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.[177] The
PTFA derivative 92 was partially protected to
serve as a glycosyl acceptor in the first glycosida-
tion step (Scheme 13).

N-Aryl-trifluoroacetimidate donors have in
some cases shown advantages over trichloroaceti-
midates, for instance in the synthesis of b-manno-
sides[176] 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

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.[178] PTFA donors have also found
application in many other oligosaccharide and glycoconjugate

syntheses.[179]

Other types of O-glycosyl imidates, such as
the thioformimidate 95 (Scheme 14a),[180]

have also been investigated as glycosyl
donors but have not gained much attention
so far. In this context, the recent introduction
of a new type of glycosyl thioimidate, S-
glycosyl trifluoroacetimidates, enabled the
catalytic glycosidation of S-glycosyl imidate
donors. A catalytic amount of BF3·Et2O was
sufficient to promote the glycosidation of S-
glycosyl N-phenyltrifluoroacetimidate donors,
such as 97 (Scheme 14 b), which could be
prepared readily from the corresponding gly-
cosyl thiols. The glycosidation products were

obtained in excellent yields.[181] Glycosyl thiols can be
prepared readily from the corresponding reducing sugars by
using the Lawesson reagent.[182] A highly stereoselective
method for the synthesis of a-glycosyl thiols was also reported
recently.[183] The availability and high configurational stability
of both b- and a-glycosyl thiols should make them very useful

for carbohydrate synthesis and particularly for the
generation of glycosyl donors.

In many cases, the requirements for glycosidation
reactions outlined in the Introduction are fulfilled by the
trichloroacetimidate method:
– O-Glycosyl trichloroacetimidates are formed readily

and generally stable at room temperature. However,
under acid catalysis they are extremely good glycosyl
donors.

– The release of nonbasic trichloroacetamide fulfills the
criteria for acid catalysis: The acid is not consumed by
the leaving group, and therefore generally only a
catalytic amount of the (Lewis) acid is required.

– Trichloroacetamide is not acidic; therefore, the acidity
of the reaction medium—determined by the catalyst

Scheme 12. Activation conditions for O-glycosyl trifluoroacetimidates.

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

Scheme 14. Glycosidation reactions of other O-glycosyl imidates.
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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.[184] A number of other approaches have since
emerged.[185] Like trichloroacetimidate donors, both a-
and b-glycosyl phosphates can be prepared readily, and
they are stable enough to be stored for several months at
0 8C. The a isomers can be formed from the b isomers by
acid-catalyzed anomerization. Protecting-group manip-
ulations have been carried out directly on glycosyl
phosphates, which makes the preparation of phosphate
donors more flexible.[186]

To our knowledge, the first use of glycosyl phos-
phates as glycosyl donors was reported in the 1980s.[187]

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.[188] Therefore, little
attention was paid to the synthetic utility of glycosyl
phosphates until more recently.[189] 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 TMSOTf and TBSOTf, could ensure
high-yielding glycosylation reactions. BF3·Et2O gave modest
results, and the efficacy of protic acids, such as TfOH and
TsOH, was very low.[190] Thus, the majority of glycosidation
reactions with phosphate donors have been promoted by
TMSOTf (Scheme 15). Unfortunately, at least a stoichiomet-
ric amount[191] of TMSOTf is often required to activate
glycosyl phosphates, or even up to three equivalents.[182] The
reason for the requirement of at least one equivalent of
TMSOTf 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.[190]

The more reactive b-glycosyl phosphate 99 could be
activated at �78 8C, whereas the corresponding a isomer 102

usually required a higher temperature for activation
(Scheme 15a,b).[182] The reactivity difference between a-
and b-glycosyl phosphates was used to develop an anomer-
controlled orthogonal glycosylation strategy (Scheme 16),[190]

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 15c). 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 15c,d).[191] 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 b selec-
tivity of the glycosylation with 2-azido-2-deoxyglycosyl phos-
phates.[192] Thus, in the construction of 1,2-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.[193]

Scheme 15. Glycoside syntheses with glycosyl phosphates as donors.

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[194] 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.[195]

2.9. Nitroglycals

Glycal chemistry was investigated extensively
in the early 1990s and reviewed recently.[26, 196] The
focus of this section is on 2-nitroglycals, which have
attracted much attention in the past decade.[34]

Although 2-nitroglycals have been known for
about 40 years,[197] their application in carbohydrate
chemistry was limited until studies by Schmidt and
co-workers in this field highlighted their potential.
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.[198]

The usefulness of 2-nitroglycals has been dem-
onstrated in many cases. The most rewarding application is
the base-catalyzed nitroglycal concatenation.[199] It is well
known that the chemical synthesis of 2-acetamido-2-deoxy-a-
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,[200]

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.[201] 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 KOtBu 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 17 a).[202] Similar coupling reactions
promoted by weak bases, such as DBU and Et3N, furnished
mainly b-galactosides.[198] High stereoselectivity was also
observed in the glycosylation of aromatic alcohols, including
the tyrosine derivative 115 (Scheme 17b).[203] Other nucleo-
philes, such as lactates,[204] resonance-stabilized soft carban-
ions,[205] and dimethyl hydrogen phosphonate,[206] 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.[204–206]

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-

cetimidate donors in the presence of the mild Lewis acid
Sn(OTf)2 and then exposed to the nitration conditions.[201,207]

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).[207] As mentioned above, not only a but also
b 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-
OtBu, again through nitroglycal chemistry, to furnish the a-
linked glycosyl amino acid 120.[200] 2-Nitroglycals can be
converted readily into 2-nitrothioglycosides, good glycosyl
donors which provided mainly b-glycosides upon activation in
the presence of different acceptors.[208]

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.[209] Sugar building blocks with different protection
patterns were produced rapidly by this procedure, in which a
single Lewis acid, TMSOTf or Cu(OTf)2, was used to catalyze
a sequence of reactions in a single reaction vessel. The desired
building blocks were obtained by tuning the reaction con-

Scheme 17. Glycoside syntheses with 2-nitroglycals as donors.

X. Zhu and R. R. SchmidtReviews

1914 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934

http://www.angewandte.org


ditions. Thus, the TMS-protected glucoside 121 was converted
efficiently into a series of acceptors, 122–125, which contain
chemically differentiable protecting groups (Scheme 18).[209a]

This procedure was equally efficient on a large scale and
could be adopted for other sugars as well. Glycoside synthesis
can be speeded up greatly with this new protocol.[210]

Recently, another promising strategy originally developed
by Miranda and Meldal, so-called unichemo protection
(UCP),[211] was applied to carbohydrate synthesis. This
strategy, which is illustrated in Scheme 19 for the synthesis
of 131, requires only one kind of protecting group and one
deprotection procedure for oligosaccharide synthesis, because
each hydroxy group is protected by a UCP group; the degree
of polymerization of the amino acid derivatives differs.[212]

Thus, the hydroxy groups could be liberated successively from
the UCP groups from the lowest to the highest degree of
polymerization by repeating the Edman degradation cycle.
This protocol complements existing orthogonal-protection
strategies and may be useful in oligosaccharide synthesis.

3.2. Protecting Groups That Do Not Impose Conformational
Constraints

In carbohydrate chemistry, the use of protecting groups
goes far beyond the simple blocking of hydroxy groups.
Protecting groups often play important roles in modulating
the reactivity[213] of glycosyl donors and acceptors and
directing the stereochemistry of glycosidation reactions. The
focus of this section is on protecting groups that have a large
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-
formation of the sugar ring: protecting groups that do not
impose conformational constraints (Section 3.2) and confor-
mation-constraining protecting groups (Section 3.3).

3.2.1. Neighboring Protecting Groups That Lead to 1,2-trans
Glycosides

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
into the 1,2-trans glycosides.[110]

To avoid orthoester formation, sev-
eral new 2-O-protecting groups have
been developed for 1,2-trans glycosyla-
tion (Scheme 20). The bulky participat-
ing group 4-acetoxy-2,2-dimethylbuta-
noyl (ADMB) was used to protect the
hydroxy group at the 2-position of glu-
cose to prevent orthoester formation
during glucosidation reactions through
its sheer size and thereby enable the
selective formation of b-glucosides
(Scheme 20a).[214] The ADMB group
could be removed under much milder
conditions than those required for the
commonly used bulky pivaloyl group
(see below).

Dialkyl phosphates have been
employed as stereodirecting protectingScheme 18. Examples of the one-pot regioselective protection of carbohydrates.

Scheme 19. Unichemo protection strategy for oligosaccharide synthe-
sis.
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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.[215a]

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.[215b] Stereospe-
cific a mannosylation with mannosyl bromides equipped with
a pentafluoropropionyl (PFP) group at the 2-O-position, such
as 138, has also been described (Scheme 20 c).[216] 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 b 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).[217] 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 e).[218] As expected, the
picolyl group acts as an arming participating group, and b-
glycosides were formed exclusively. With this method, both a-
and b-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[219] and 2-(azidomethyl)benzoyl groups,[220] have been used
to ensure 1,2-trans glycosylation reactions. A common feature

of these groups and the ADMB group, and the
driving force for their removal, is the release of a
stable five-membered lactone or lactam upon depro-
tection.

With 2-aminosugars, neighboring-group partici-
pation by an acyl group often ends in the formation of
relatively stable oxazoline by-products, which usually
exhibit weak glycosyl-donor properties.[221] There-
fore, many other N-protecting groups have been
introduced to avoid the formation of these by-
products, which impede glycoside-bond formation.
A comprehensive review published recently on the
synthesis of 2-aminoglycosides provides more infor-
mation on these protecting groups.[222] The dimethyl-
maleoyl (DMM) group has attracted much attention
as an N-protecting group owing to its excellent
properties.[223] In contrast to the phthaloyl group, it
can be removed readily with a base and subsequent
treatment with an acid.

3.2.2. Neighboring Protecting Groups That Promote the
Formation of 1,2-cis Glycosides

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.[224, 225] On the whole, these protecting
groups exhibit a good 1,2-cis-directing effect in glycosidation
reactions with mannosyl and rhamnosyl donors. For example,
b-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).[225] 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.[224] 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 SN2-type pathway as described, in
view of the low to moderate b selectivity.[225] A more plausible
mechanism involves the oxocarbenium ion intermediates
mentioned above,[224] 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.[226] Moderate to
good b 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.[227] A trifluoroethylsul-

Scheme 20. Neighboring protecting groups used in the synthesis of 1,2-trans glycosides.
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fonyl group was also introduced at the 2-O-position of O-
glucosyl trichloroacetimidates, but in this case the glycosida-
tion selectivity was poor.[228]

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.[229] 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.[230]

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.[231] 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 b face of the sugar rings and

thus promote high a selectivity in glycosylation
reactions.[231c] This long-range assistance is not
discussed further herein, as in most cases it is not
well established.

3.3. Conformation-Constraining Protecting Groups

As early as the beginning of the 1990s, Fraser-
Reid et al. reported that cyclic acetals fused with n-
pentenyl glycoside donors could deactivate glycosyl
donors by imposing a torsionally disarming
effect.[232] Since then, conformation-constraining
protecting groups have been used frequently to
increase or decrease the reactivity of donors and to
enable orthogonal activation in the presence of
other conventional armed or disarmed donors.[233]

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.[234] The acetal group, such as a
benzylidene group, can lock the hydroxymethyl

group in the tg conformation (Scheme 22), in which the C6�
O6 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

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).[235] 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.

Scheme 21. Neighboring protecting groups used in the synthesis of 1,2-cis glyco-
sides.

Figure 3. Flattened twist-boat intermediate.

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

Glycoside Bonds
Angewandte

Chemie

1917Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


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.[236] 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.[237] Most of these donors contain cyclic
bifunctional protecting groups,[238] 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 b-selective mannosylating agents
(Scheme 23).[176, 239] Crich and co-workers first employed the
sulfoxide donor 152[239a] and the thioglycoside donor 154[239d]

to construct b-mannosidic linkages directly. They proposed
that the reactions proceeded via an a-glycosyl triflate
intermediate (or possibly its contact ion pair),[240] which led
to preferred displacement from the b face, as the 4,6-O-
benzylidene moiety opposed rehybridization of the anomeric
carbon atom. Subsequently, Weingart and Schmidt also
observed high b selectivity with the corresponding trichlor-
oacetimidate donor 156 and a catalytic amount of TMSOTf as
the promoter.[239g] The intermediacy of a conformationally
constrained twist-boat structure was proposed to account for
the remarkable b 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.[239g] Furthermore, an
investigation into the origin of the high b 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-
way.[241]

4,6-O-Benzylidene-directed b mannosylation
reactions were carried out with the phosphite
donor 158,[239i] the iodide donor 159[239k] and the
PTFA donor 161[176]in the presence of nontriflate
promoters without the formation of mannosyl tri-
flate intermediates. These results further support the
argument that the conformational preferences of
reaction intermediates could direct the stereochem-
istry of glycosidation reactions. Nevertheless, as in
other glycosylation reactions, the leaving group,[239]

activation conditions,[239m] protecting groups, sub-
stituent at the 2-/3-position,[242] and glycosyl accept-
or[239g] can all affect the stereoselectivity of b man-
nosylation reactions to different extents.

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,

glycosidation of the 4,6-O-benzylidenated thioglucoside
donor 164 with a range of acceptors gave a-glucosides with
excellent selectivities (Scheme 24 a).[243] These results seem to
stand in sharp contrast to the b-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

Scheme 23. 4,6-O-Benzylidenated mannopyranosyl donors.

Scheme 24. Glycosidation reactions of benzylidene-constrained donors.

X. Zhu and R. R. SchmidtReviews

1918 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934

http://www.angewandte.org


restraining effect of a 4,6-O-benzylidene group on n-pentenyl
glycoside donors.[244] The same strategy was applied to the
synthesis of b-mannosaminides. Surprisingly, in this case the
degree of stereoselectivity seemed to be governed mainly by
the configuration of the acceptor (Scheme 24 b).[245]

The direct stereocontrolled synthesis of the d- and l-
glycero-b-d-manno-heptopyranosides 170 was carried out
successfully by making use of the benzylidene acetal effect
(Scheme 24c).[246] The configuration at C6 had little effect on
the stereochemical outcome. Crich and co-workers also
developed a procedure for the synthesis of b-d-rhamnosides.
In this synthesis, a stereoselective b mannosylation directed
by modified benzylidene or alkylidene groups (Scheme 24d)
was followed by a tin-mediated radical fragmentation.[247]

Again, the conformationally disarming acetal group pro-
moted strong b selectivity.[247b]

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,[248] 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
b selectivity and enabled the synthesis of b-glucosides, such as
174, without recourse to neighboring-group participation
(Scheme 25a).[249] 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.

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.[250] 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, b-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.[250]

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 c).[251a] 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.[251b] 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/
Tf2O/TTBP conditions.[252a] 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 b selectivity when NIS/AgOTf was used as the
activation system, regardless of the reactivity of the acceptor.
Moreover, the b products could be anomerized in situ to
a products by using a larger quantity of AgOTf (0.4 equiv) to
provide a convenient route to a-glucosaminides
(Scheme 25d).[252b] More recently, the glycosylation proper-
ties of N-benzyl-2,3-oxazolidinone-fused thioglycosides were
investigated; on the whole, high a selectivities were

observed.[253]

4,5-Oxazolidinone-protected thiosialosides proved
to be excellent a-sialylating agents of various accept-
ors, even in the absence of the acetonitrile effect and
neighboring-group participation by an auxiliary.[254]

These results again indicate that conformationally
constraining protecting groups play a significant role
in the stereochemical control of glycosidation.

3.3.3. Silyl Protecting Groups

Silyl groups are very popular protecting groups in
carbohydrate chemistry; however, until recently, their
ability to control the conformation of sugar rings has
not been utilized systematically to design efficient and
stereoselective syntheses of glycosides. In the 1990s,
several research groups observed that the naturally
stable sugar-ring conformation, typically 4C1 or 1C4,
could be flipped by the introduction of bulky silyl
groups onto vicinal hydroxy groups of the sugar to give

Scheme 25. Glycosidation reactions of constrained donors containing carbon-
ate and oxazolidinone groups.
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the opposite or an unusual conformer,[255] 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.[256] 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).[235a] A highly b-selective glucosyla-

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).[256c]

This method found application in the synthesis of 2-O-
glycosylated glucosides.[256d]

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 26c).[257a] The a face of the donor is
blocked by the internal silyl acetal bridge to ensure complete
b glycosylation. This procedure was applied subsequently to
the synthesis of b-linked oligofructofuranosides.[257b] Another
cyclic silyl protecting group, the di-tert-butylsilylene (DTBS)
group, was introduced into carbohydrate chemistry by
Nishimura and co-workers in 2001.[258] It has attracted much
attention owing to its strong stereodirecting effect on
glycosidation reactions. For example, the glycosidation of

4,6-O-DTBS-protected galactosyl donors, such as 191, with
various acceptors gave the corresponding a-galactosides with
very high selectivities.[259] High a selectivities were even
observed in the presence of neighboring participating
groups (Scheme 26d),[259b] 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 E3 conformation by the introduc-
tion of a fused DTBS ring at 3-O and 5-O.[260a] The conforma-
tionally constrained donor 194 gave excellent b selectivity in a
range of glycosylation reactions with glycosyl acceptors
containing primary and secondary hydroxy groups
(Scheme 26e). This method was employed successfully to
synthesize an arabinogalactan fragment derived from the
plant cell wall.[260a] It also has great utility and potential for b-
d-arabinofuranoside synthesis, as evidenced in the synthesis
of the arabinan domains of mycobacterial arabinogalactan
and lipoarabinomannan. In these syntheses, two b-d-arabi-
nofuranosidic linkages were constructed at the same time by
the use of a similar DTBS-constrained donor.[236d, 261] b-
Selective d-arabinofuranosylation with 3,5-O-TIPDS-pro-
tected thioarabinofuranosides as glycosyl donors has also
been reported.[262]

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.[40] The above strategies
and progress in the field are discussed in that article and in
other relevant reviews.[60, 263] 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),[264] shows the attractiveness of this approach.

5. Solid-Phase Oligosaccharide Synthesis

Initial attempts at solid-phase oligosaccharide synthesis
(SPOS) in the early 1970s[265] met with little success owing to
the limited range of glycosylation methods available. Solid-
phase synthesis was not explored intensively until much later,

Scheme 26. Glycosidation reactions of constrained donors containing silyl
groups.
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when several new methods emerged. A few research groups
have had substantial success in this field.[266] 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,[267] 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.[268] 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[269] and is therefore seldom
used in SPOS.[270] 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.[271]

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,[272] O-glycosyl trichloroace-
timidates,[273] thioglycosides,[274] n-pentenyl gly-

cosides,[275] and glycosyl phosphates.[276] 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.[277] A series of N-glycan
oligosaccharides were synthesized on the Merrifield resin
with the hydroxymethylbenzyl benzoate spacer–linker system
201.[278a] 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).[278] 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.[279] 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

Scheme 27. One-pot synthesis of a heparin pentasaccharide.

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,[280] lactosamine- and lactose-containing oligosacchar-
ides,[280b] and glycosylphosphatidylinositol precursors.[281]

Some other techniques have also been developed for SPOS
in combination with the Schmidt glycosylation protocol,
including on-resin real-time reaction monitoring[282] and
novel capping reagents.[283]

Another major breakthrough in carbohydrate chemistry
was the appearance of the first automated oligosaccharide
synthesizer.[284] 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.[284] 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.[285] For example, the tumor-associated carbohydrate
antigen globo H was assembled successfully as the protected
form 217 in six consecutive glycosylation reactions
(Scheme 29).[285d] 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.[285b]

However, the time-consuming preparation of the required
glycosyl donors has not yet been improved by this technical
advance.

SPOS has also benefited from other technical improve-
ments, such as the above-mentioned on-resin analytical
methods,[286] the capture–release purification technique,[287]

and many new linker systems.[288] 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.[289] 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 (a and b 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.[44, 45] The published
methods can be divided into three types of spacer-mediated
reaction to form a linkage between the acceptor and the
donor (Figure 4a–c).[44,45, 290]

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.[291] Treatment of the
resulting mixed carbonate esters with an acid led to
the formation of glycosides with the loss of carbon
dioxide.[292] Generally, yields are high in this reaction;
however, competition experiments showed that the
reactions are at least partially or even completely
intermolecular processes.[293] 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.[294]Scheme 29. Automated synthesis of the tumor-associated antigen globo H.
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Alternatively, 1-O-glycosyl esters with the acceptor bound
to the b or g position of the ester moiety enabled lactone
formation by the released �L–Y+ fragment.[295] Pentadienyl-
type activation was also investigated with different systems
(Scheme 30).[123] Intermediates 220 and 221 provided excel-
lent glycosylation results; however, these reactions were
again found to be mainly intermolecular. Similar observations
were made with thioglycoside donors that could undergo
glycoside-bond formation through an intramolecular 1,3-, 1,4-
, 1,5-, or 1,9-shift (with n = 1, 2, 3, 7 in Scheme 31).[296] Thus,
this straightforward concept for intramolecular glycosylation
has not yet furnished the desired results.

6.2. Linkage of the Glycosyl Donor and Acceptor through a
Functional Group on the Donor

In this design (Figure 4b), the accepting oxygen atom is
attached through a spacer Y to a non-anomeric functional

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
of the Y–O moiety, whereby Y has a positive charge and
requires stabilization. Final aqueous workup yields the
product together with HL and YO. Several spacers Y have
been studied, and different terms have been proposed for
these reactions: “intramolecular or internal aglycone deliv-
ery” (IAD), “temporary silicon connection method”, “silicon-
tethered intramolecular glycosylation”, “functional-substitu-
ent-based intramolecular glycosylation”.[44, 297]

The IAD concept was originally developed for the
synthesis of b-mannosides and later extended to other
systems. The most common Y groups are isopropylidene,
propylidene, ethylidene, 4-methoxybenzylidene, naphthylme-
thylidene, and dimethylsilylene. Particularly the use of the
two arylidene groups led to excellent results (Scheme 32,
transformation of 226 into 227).[298] The high yields and
b selectivities in mannopyranoside synthesis offer strong
support for the intramolecularity of these reactions. However,
to the best of our knowledge, this claim has never been
confirmed by competition experiments.

Figure 4. Different classes of spacer for linking glycosyl donors and
acceptors.

Scheme 30. Pentadienyl-type linkage between a mannosyl donor and a
glucose acceptor.

Scheme 31. Thioglycoside linkage between the glycosyl donor and
acceptor.
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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.[290, 293,299]

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.[290] 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”.[44]

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

(transformation of 229 into 230, Table 4, entry 2).[300] 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).[301] This approach was recently applied highly successfully
to a glycosphingolipid synthesis.[302] 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.[303]

The “rigid spacer concept” was designed to bring the
glycosyl donor and the acceptor into closer proximity.[290, 300,304]

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).[304] 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 b 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).[305] The replacement of these spacers with the di-tert-
butylsilylene spacer led to a change in the preferred anomeric

Scheme 32. Linkage of the glycosyl donor and acceptor through a 4-
methoxybenzylidene group.

Table 4: Glycosylation results with different (6’–6)-tethered glucose
residues.

Entry Linker (X) Yield [%] a/b

1 37 89:11

2 67 93:7

3 86 99:1

4 77 3:97
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configuration as a result of the steric demand of the tert-butyl
groups and the smaller ring size (Table 4, entry 4).[301] 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[306] and a very success-
ful synthesis of the repeating unit of Shigella flexneri
serotype 1a (Scheme 33, synthesis of the intermediate
235).[307]

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,
including the generation of 1,2-cis glycosides as
present in b-mannopyranosides and a-glucopyrano-
sides. However, only very few applications to the
synthesis of complex glycoconjugates have been
reported so far. For intramolecular glycosylation to
gain the general acceptance enjoyed by the inter-
molecular methods, further effort is needed to
improve access to the required starting materials
and to extend the method to the synthesis of
complex glycoconjugates, ideally by simple iterative
methods. Molecular modeling may assist in the
selection of the appropriate spacer and attachment
sites on the glycosyl donor and acceptor.

7. Other Aspects

Besides one-pot glycosylation and SPOS, many
other techniques have been developed in recent
years to expedite oligosaccharide synthesis. For
example, a novel fluorous support was developed
as an alternative to traditional polymer supports and
applied successfully to oligosaccharide synthesis in
combination with the trichloroacetimidate
method.[308] Each intermediate in this oligosacchar-

ide synthesis[309] 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.

Scheme 34. De novo asymmetric synthesis of the anthrax tetrasaccharide.

Table 5: Compilation of some results with an m-xylylene spacer.

Entry Tethering Donor
config.

Acceptor
config.

Ring
size

Glycoside bond

1 6’–6 5-d (b) 5,4-l-threo 15 Glcb(1-4)Glc
2 6’–4 5-d (b) 4,5-l-threo 15 Glcb(1-6)Glc
3 6’–2 5-d (b) 2,3-l-threo 14 Glcb(1-3)Glc
4 6’–4 5-d (b) 4,3-l-erythro 14 Glcb(1-3)Gal
5 6’–3 5-d (b) 3,4-d-threo 14 Glcb(1-4)Glc
6 6’–3 5-d (b) 3,4-d-erythro 14 Glca(1-4)Gal
7 3’–6 3-l (b) 5,4-l-threo 14 Glca(1-4)Glc

Scheme 33. Synthesis of the repeating unit of Shigella flexneri sero-
type 1a.
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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.[310] In recent stud-
ies,[311] 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.[312]

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).[312h] The anthrax tetrasaccharide has also been
synthesized by other procedures.[313]

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

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]undec-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
IPy2BF4 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

We apologize to all those researchers whose excellent work on
glycoside-bond formation, particularly on applications to the
synthesis of complex oligosaccharides and glycoconjugates, we
could not cite owing to the focus of this Review. X.Z. thanks the
University College Dublin and the Science Foundation Ireland
for supporting his research. R.R.S. gratefully acknowledges
financial support of his research by the University of Konstanz,
the Deutsche Forschungsgemeinschaft, the Fonds der Chem-
ischen Industrie, and the Alexander von Humboldt Founda-
tion. Both authors thank their collaborators, particularly those
mentioned in the references, for their valuable contributions to
this field.

Received: April 30, 2008
Published online: January 28, 2009

[1] A. Michael, Am. Chem. J. 1879, 1, 305 – 312.
[2] E. Fischer, Ber. Dtsch. Chem. Ges. 1893, 26, 2400 – 2412.
[3] W. Koenigs, E. Knorr, Ber. Dtsch. Chem. Ges. 1901, 34, 957 –

981.
[4] For reviews on glycoside synthesis, see: a) R. R. Schmidt, W.

Kinzy, Adv. Carbohydr. Chem. Biochem. 1994, 50, 21 – 123;
b) B. G. Davis, J. Chem. Soc. Perkin Trans. 1 2000, 2137 – 2160;
c) K. J. Jensen, J. Chem. Soc. Perkin Trans. 1 2002, 2219 – 2233;
d) A. V. Demchenko, Synlett 2003, 1225 – 1240; e) K. Toshima,
Carbohydr. Res. 2006, 341, 1282 – 1297; f) D. P. Galonic, D. Y.
Gin, Nature 2007, 446, 1000 – 1007; g) A. V. Demchenko,
Handbook of Chemical Glycosylation, Wiley-VCH, Weinheim,
2008.

[5] H. Paulsen, Angew. Chem. 1982, 94, 184 – 201; Angew. Chem.
Int. Ed. Engl. 1982, 21, 155 – 173.

[6] R. R. Schmidt, Angew. Chem. 1986, 98, 213 – 236; Angew.
Chem. Int. Ed. Engl. 1986, 25, 212 – 235.

[7] “Oligosaccharide Synthesis via Trichloroacetimidates”: R. R.
Schmidt, K.-H. Jung in Preparative Carbohydrate Chemistry
(Ed.: S. Hannessian), Marcel Dekker, New York, 1997.

[8] “Trichloroacetimidates”: R. R. Schmidt, K.-H. Jung in Carbo-
hydrates in Chemistry and Biology, Part I: Chemistry of
Saccharides, Vol. 1 (Eds.: B. Ernst, G. W. Hart, P. Sina�),
Wiley-VCH, Weinheim, 2000.

[9] H. Kunz, Angew. Chem. 1987, 99, 297 – 311; Angew. Chem. Int.
Ed. Engl. 1987, 26, 294 – 308; H. Kunz, Pure Appl. Chem. 1993,
65, 1223 – 1232.

[10] K. Toshima, K. Tatsuta, Chem. Rev. 1993, 93, 1503 – 1531.
[11] R. R. Schmidt, M. Reichrath, Angew. Chem. 1979, 91, 497 – 499;

Angew. Chem. Int. Ed. Engl. 1979, 18, 466 – 467.
[12] W. Klotz, R. R. Schmidt, J. Carbohydr. Chem. 1994, 13, 1093 –

1101.
[13] R. R. Schmidt, W. Klotz, Synlett 1991, 168 – 170.
[14] W. Klotz, R. R. Schmidt, Liebigs Ann. Chem. 1993, 683 – 690.
[15] J. Michel, Dissertation, Universit�t Konstanz, 1983.
[16] R. R. Schmidt, J. Michel, M. Roos, Liebigs Ann. Chem. 1984,

1343 – 1357.
[17] U. Schmelzer, Dissertation, Universit�t Konstanz, 1997.
[18] U. Schmelzer, Z. Zhang, R. R. Schmidt, J. Carbohydr. Chem.

2007, 26, 223 – 238.
[19] R. R. Schmidt, J. Michel, Angew. Chem. 1980, 92, 763 – 764;

Angew. Chem. Int. Ed. Engl. 1980, 19, 731 – 732.
[20] H. Yamada, T. Hayashi, Carbohydr. Res. 2002, 337, 581 – 585.
[21] U. Huchel, Dissertation, Universit�t Konstanz, 1998.
[22] U. Huchel, C. Schmidt, R. R. Schmidt, Tetrahedron Lett. 1995,

36, 9457 – 9460.
[23] U. Huchel, C. Schmidt, R. R. Schmidt, Eur. J. Org. Chem. 1998,

1353 – 1360.
[24] S. Hanessian, J. J. Cond�, B. Lion, Tetrahedron Lett. 1995, 36,

5865 – 5868.
[25] S. Hanessian in Preparative Carbohydrate Chemistry (Ed.: S.

Hannessian), Marcel Dekker, New York, 1997, and references
therein.

[26] S. J. Danishefsky, M. T. Bilodeau, Angew. Chem. 1996, 108,
1482 – 1522; Angew. Chem. Int. Ed. Engl. 1996, 35, 1380 – 1419.

[27] R. U. Lemieux, A. R. Morgan, Can. J. Chem. 1965, 43, 2190 –
2198.

[28] K. Tatsuta, K. Fujimoto, M. Kinoshita, S. Umezawa, Carbohydr.
Res. 1977, 54, 85 – 104.

[29] J. Thiem, H. Karl, H. Schwentner, Synthesis 1978, 696 – 697.
[30] G. Jaurand, J.-M. Beau, P. Sina�, J. Chem. Soc. Chem. Commun.

1981, 572 – 573.
[31] Y. Ito, T. Ogawa, Tetrahedron Lett. 1987, 28, 2723 – 2726.
[32] R. Preuss, R. R. Schmidt, Synthesis 1988, 694 – 697.
[33] H. M. Zuurmond, P. A. M. van der Klein, G. A. van der Marel,

J. H. van Boom, Tetrahedron Lett. 1992, 33, 2063 – 2066.
[34] R. R. Schmidt, Y. D. Vankar, Acc. Chem. Res. 2008, 41, 1059 –

1073.
[35] K. S. Peters, Acc. Chem. Res. 2007, 40, 1 – 7.
[36] A. V. Demchenko, Curr. Org. Chem. 2003, 7, 35 – 79.
[37] R. H. Lemieux, K. B. Hendriks, R. V. Sticks, K. James, J. Am.

Chem. Soc. 1997, 119, 4056 – 4062.
[38] a) R. R. Schmidt, E. R�cker, Tetrahedron Lett. 1980, 21, 1421 –

1421; b) R. R. Schmidt, M. Behrendt, A. Toepfer, Synlett 1990,
694 – 697.

[39] G. J. Boons, Contemp. Org. Synth. 1996, 3, 173 – 200.
[40] Y. Wang, X. S. Ye, L. H. Zhang, Org. Biomol. Chem. 2007, 5,

2189 – 2200.
[41] K. M. Koeller, C.-H. Wong, Chem. Rev. 2000, 100, 4465 – 4493.
[42] P. H. Seeberger, J. Carbohydr. Chem. 2002, 21, 613 – 643.
[43] a) P. H. Seeberger, Chem. Commun. 2003, 1115 – 1121; b) see

Ref. [275a].
[44] K.-H. Jung, M. M�ller, R. R. Schmidt, Chem. Rev. 2000, 100,

4423 – 4442.
[45] T. Ziegler in Handbook of Chemical Glycosylation (Ed.: A.

Demchenko), Wiley-VCH, Weinheim, 2008, p. 469 – 496.
[46] K. C. Nicolaou, H. J. Mitchell, Angew. Chem. 2001, 113, 1624 –

1672; Angew. Chem. Int. Ed. 2001, 40, 1576 – 1624.
[47] B. Helferich, R. Gootz, Ber. Dtsch. Chem. Ges. 1929, 62, 2788 –

2792.

Glycoside Bonds
Angewandte

Chemie

1927Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/cber.18930260327
http://dx.doi.org/10.1002/cber.190103401162
http://dx.doi.org/10.1002/cber.190103401162
http://dx.doi.org/10.1016/S0065-2318(08)60150-X
http://dx.doi.org/10.1039/a809774g
http://dx.doi.org/10.1039/b110071h
http://dx.doi.org/10.1055/s-2003-40349
http://dx.doi.org/10.1016/j.carres.2006.03.012
http://dx.doi.org/10.1002/anie.198201553
http://dx.doi.org/10.1002/anie.198201553
http://dx.doi.org/10.1002/ange.19860980305
http://dx.doi.org/10.1002/anie.198602121
http://dx.doi.org/10.1002/anie.198602121
http://dx.doi.org/10.1002/ange.19870990405
http://dx.doi.org/10.1002/anie.198702941
http://dx.doi.org/10.1002/anie.198702941
http://dx.doi.org/10.1351/pac199365061223
http://dx.doi.org/10.1351/pac199365061223
http://dx.doi.org/10.1021/cr00020a006
http://dx.doi.org/10.1002/ange.19790910610
http://dx.doi.org/10.1002/anie.197904661
http://dx.doi.org/10.1080/07328309408011851
http://dx.doi.org/10.1080/07328309408011851
http://dx.doi.org/10.1055/s-1991-20665
http://dx.doi.org/10.1080/07328300701410650
http://dx.doi.org/10.1080/07328300701410650
http://dx.doi.org/10.1002/ange.19800920933
http://dx.doi.org/10.1002/anie.198007311
http://dx.doi.org/10.1016/S0008-6215(02)00029-0
http://dx.doi.org/10.1016/0040-4039(95)02034-9
http://dx.doi.org/10.1016/0040-4039(95)02034-9
http://dx.doi.org/10.1002/(SICI)1099-0690(199807)1998:7%3C1353::AID-EJOC1353%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1099-0690(199807)1998:7%3C1353::AID-EJOC1353%3E3.0.CO;2-C
http://dx.doi.org/10.1002/ange.19961081304
http://dx.doi.org/10.1002/ange.19961081304
http://dx.doi.org/10.1002/anie.199613801
http://dx.doi.org/10.1139/v65-296
http://dx.doi.org/10.1139/v65-296
http://dx.doi.org/10.1016/S0008-6215(00)80558-3
http://dx.doi.org/10.1016/S0008-6215(00)80558-3
http://dx.doi.org/10.1055/s-1978-24863
http://dx.doi.org/10.1039/c39810000572
http://dx.doi.org/10.1039/c39810000572
http://dx.doi.org/10.1016/S0040-4039(00)96191-4
http://dx.doi.org/10.1055/s-1988-27673
http://dx.doi.org/10.1016/0040-4039(92)88142-R
http://dx.doi.org/10.1021/ar7002495
http://dx.doi.org/10.1021/ar7002495
http://dx.doi.org/10.1021/ar0681124
http://dx.doi.org/10.2174/1385272033373175
http://dx.doi.org/10.1016/S0040-4039(00)92735-7
http://dx.doi.org/10.1016/S0040-4039(00)92735-7
http://dx.doi.org/10.1055/s-1990-21214
http://dx.doi.org/10.1055/s-1990-21214
http://dx.doi.org/10.1039/co9960300173
http://dx.doi.org/10.1039/b704586g
http://dx.doi.org/10.1039/b704586g
http://dx.doi.org/10.1021/cr990297n
http://dx.doi.org/10.1081/CAR-120016484
http://dx.doi.org/10.1039/b210230g
http://dx.doi.org/10.1021/cr990307k
http://dx.doi.org/10.1021/cr990307k
http://dx.doi.org/10.1002/1521-3757(20010504)113:9%3C1624::AID-ANGE16240%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3757(20010504)113:9%3C1624::AID-ANGE16240%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3773(20010504)40:9%3C1576::AID-ANIE15760%3E3.0.CO;2-G
http://www.angewandte.org


[48] a) R. Caputo, H. Kunz, D. Mastroianni, G. Palumbo, S.
Pedatella, F. Solla, Eur. J. Org. Chem. 1999, 3147 – 3150;
b) S. M. Chervin, P. Abada, M. Koreeda, Org. Lett. 2000, 2,
369 – 372; c) M. Adinolfi, A. Iadonisi, A. Ravid�, M. Schiattar-
ella, Tetrahedron Lett. 2003, 44, 7863 – 7866; d) J. Bickley, J. A.
Cottrell, J. R. Ferguson, R. A. Field, J. R. Harding, D. L.
Hughes, K. P. R. Kartha, J. L. Law, F. Scheinmann, A. V.
Stachulski, Chem. Commun. 2003, 1266 – 1267.

[49] a) J. Gervay, M. J. Hadd, J. Org. Chem. 1997, 62, 6961 – 6967;
b) M. J. Hadd, J. Gervay, Carbohydr. Res. 1999, 320, 61 – 69;
c) N. Miquel, S. Vignando, G. Russo, L. Lay, Synlett 2004, 2,
341 – 343; d) R. M. van Well, K. P. R. Kartha, R. A. Field, J.
Carbohydr. Chem. 2005, 24, 463 – 474.

[50] J. Gervay, T. N. Nguyen, M. J. Hadd, Carbohydr. Res. 1997, 300,
119 – 125.

[51] M. H. El-Badry, J. Gervay-Hague, Tetrahedron Lett. 2005, 46,
6727 – 6728.

[52] a) S. N. Lam, J. Gervay-Hague, Carbohydr. Res. 2002, 337,
1953 – 1965; b) S. N. Lam, J. Gervay-Hague, Org. Lett. 2002, 4,
2039 – 2042; c) S. N. Lam, J. Gervay-Hague, J. Org. Chem. 2005,
70, 2387 – 2390.

[53] D. R. Dabideen, J. Gervay-Hague, Org. Lett. 2004, 6, 973 – 975.
[54] S. N. Lam, J. Gervay-Hague, Org. Lett. 2003, 5, 4219 – 4222.
[55] a) W. Du, J. Gervay-Hague, Org. Lett. 2005, 7, 2063 – 2065;

b) W. Du, S. S. Kulkarni, J. Gervay-Hague, Chem. Commun.
2007, 2336 – 2338.

[56] J. R. Harding, C. D. King, J. A. Perrie, D. Sinnott, A. V.
Stachulski, Org. Biomol. Chem. 2005, 3, 1501 – 1507.

[57] S. N. Lam, J. Gervay-Hague, J. Org. Chem. 2005, 70, 8772 –
8779.

[58] E. Fischer, K. Delbr�ck, Ber. Dtsch. Chem. Ges. 1909, 42, 1476 –
1482.

[59] S. Oscarson in Carbohydrates in Chemistry and Biology, Vol. 1
(Eds.: B. Ernst, G. W. Hart, P. Sina�), Wiley-VCH, Weinheim,
2000, pp. 93 – 116.

[60] J. D. C. Cod�e, R. E. J. N. Litjens, L. J. van den Bos, H. S.
Overkleeft, G. A. van der Marel, Chem. Soc. Rev. 2005, 34,
769 – 782.

[61] For recent examples of BF3·Et2O-catalyzed thioglycoside for-
mation, see: a) C. A. Tai, S. S. Kulkarni, S. C. Hung, J. Org.
Chem. 2003, 68, 8719 – 8722; b) G. Agnihotri, P. Tiwari, A. K.
Misra, Carbohydr. Res. 2005, 340, 1393 – 1396; c) J. Y. Hase-
gawa, M. Hamada, T. Miyamoto, K. Nishide, T. Kajimoto, J. I.
Uenishi, M. Node, Carbohydr. Res. 2005, 340, 2360 – 2368; d) T.
Kajimoto, Y. Ishioka, T. Katoh, M. Node, Bioorg. Med. Chem.
Lett. 2006, 16, 5736 – 5739; for thioglycoside formation under
the catalysis of other Lewis acids, see: e) S. K. Das, J. Roy, K. A.
Reddy, C. Abbineni, Carbohydr. Res. 2003, 338, 2237 – 2240;
f) S. S. Weng, Y. D. Lin, C. T. Chen, Org. Lett. 2006, 8, 5633 –
5636.

[62] D. Horton, D. H. Hutson, Adv. Carbohydr. Chem. 1963, 18,
123 – 199.

[63] a) F. M. Ibatullin, S. I. Selivanov, A. G. Shavva, Synthesis 2001,
419 – 422; b) F. M. Ibatullin, K. A. Shabalin, J. V. J�nis, A. G.
Shavva, Tetrahedron Lett. 2003, 44, 7961 – 7964.

[64] C. Mukherjee, P. Tiwari, A. K. Misra, Tetrahedron Lett. 2006,
47, 441 – 445.

[65] G. H. Veeneman, S. H. van Leeuwen, J. H. van Boom, Tetrahe-
dron Lett. 1990, 31, 1331 – 1334.

[66] P. Konradsson, U. E. Udodong, B. Fraser-Reid, Tetrahedron
Lett. 1990, 31, 4313 – 4316.

[67] R. P�rion, L. Lem�e, V. Ferri�res, R. Duval, D. Plusquellec,
Carbohydr. Res. 2003, 338, 2779 – 2792.

[68] a) B. Mukhopadhyay, B. Collet, R. A. Field, Tetrahedron Lett.
2005, 46, 5923 – 5925; b) C. Mukherjee, A. K. Misra, Synthesis
2007, 683 – 692.

[69] K. Takeuchi, T. Tamura, T. Mukaiyama, Chem. Lett. 2000, 124 –
125.

[70] K. T. Huang, N. Winssinger, Eur. J. Org. Chem. 2007, 1887 –
1890.

[71] a) B. Mukhopadhyay, P. Cura, K. P. R. Kartha, C. H. Botting,
R. A. Field, Org. Biomol. Chem. 2005, 3, 3468 – 3470; b) K. P.
Ravindranathan Kartha, L. Ballell, J. Bilke, M. McNeil, R. A.
Field, J. Chem. Soc. Perkin Trans. 1 2001, 770 – 772.

[72] a) T. Ercegovic, A. Meijer, U. Ellervik, G. Magnusson, Org.
Lett. 2001, 3, 913 – 915; b) A. Meijer, U. Ellervik, J. Org. Chem.
2002, 67, 7407 – 7412; c) A. Meijer, U. Ellervik, J. Org. Chem.
2004, 69, 6249 – 6256.

[73] S. Valerio, A. Iadonisi, M. Adinolfi, A. Ravid�, J. Org. Chem.
2007, 72, 6097 – 6106.

[74] H. Tsukamoto, Y. Kondo, Tetrahedron Lett. 2003, 44, 5247 –
5249.

[75] H. Jona, K. Takeuchi, T. Saitoh, T. Mukaiyama, Chem. Lett.
2000, 1178 – 1179.

[76] S. G. Dur	n, T. Polat, C. H. Wong, Org. Lett. 2004, 6, 839 – 841.
[77] a) D. Crich, M. Smith, Org. Lett. 2000, 2, 4067 – 4069; b) D.

Crich, M. Smith, J. Am. Chem. Soc. 2001, 123, 9015 – 9020;
c) J. D. C. Cod�e, R. E. J. N. Litjens, R. den Heeten, H. S.
Overkleeft, J. H. van Boom, G. A. van der Marel, Org. Lett.
2003, 5, 1519 – 1522; d) D. Crich, A. Banerjee, W. Li, Q. Yao, J.
Carbohydr. Chem. 2005, 24, 415 – 424; e) C. Wang, H. Wang, X.
Huang, L. H. Zhang, X. S. Ye, Synlett 2006, 2846 – 2850.

[78] D. Crich, H. Li, J. Org. Chem. 2002, 67, 4640 – 4646.
[79] D. Crich, W. Li, Org. Lett. 2006, 8, 959 – 962.
[80] J. Dinkelaar, J. D. C. Cod�e, L. J. van den Bos, H. S. Overkleeft,

G. A. van der Marel, J. Org. Chem. 2007, 72, 5737 – 5742.
[81] J. Tatai, P. F�gedi, Org. Lett. 2007, 9, 4647 – 4650.
[82] a) J. D. C. Cod�e, L. J. van den Bos, R. E. J. N. Litjens, H. S.

Overkleeft, C. A. A. van Boeckel, J. H. van Boom, G. A. van
der Marel, Tetrahedron 2004, 60, 1057 – 1064; b) L. J. van den
Bos, B. A. Duivenvoorden, M. C. de Koning, D. V. Filippov,
H. S. Overkleeft, G. A. van der Marel, Eur. J. Org. Chem. 2007,
116 – 124; c) P. Bindsch�dler, C. Noti, E. Castagnetti, P. H.
Seeberger, Helv. Chim. Acta 2006, 89, 2591 – 2610.

[83] M. J. Lear, F. Yoshimura, M. Hirama, Angew. Chem. 2001, 113,
972 – 975; Angew. Chem. Int. Ed. 2001, 40, 946 – 949.

[84] a) S. Suzuki, K. Matsumoto, K. Kawamura, S. Suga, J. I.
Yoshida, Org. Lett. 2004, 6, 3755 – 3758; b) T. Nokami, A.
Shibuya, H. Tsuyama, S. Suga, A. A. Bowers, D. Crich, J. I.
Yoshida, J. Am. Chem. Soc. 2007, 129, 10922 – 10928; c) L.
Drouin, R. G. Compton, N. Fietkau, A. J. Fairbanks, Synlett
2007, 2711 – 2717; d) N. Tanaka, F. Ohnishi, D. Uchihata, S.
Torii, J. Nokami, Tetrahedron Lett. 2007, 48, 7383 – 7387.

[85] a) H. Zinner, K. Peseke, Chem. Ber. 1965, 98, 3508 – 3514; b) P.
Nuhn, G. Wagner, Arch. Pharm. Ber. Dtsch. Pharm. Ges. 1968,
301, 186 – 200.

[86] R. B. Woodward, E. Logusch, K. P. Nambiar, K. Sakan, D. E.
Ward, B.-W. Au-Yeung, P. Balaram, L. J. Browne, P. J. Card,
C. H. Chen, R. B. Chtnevert, A. Fliri, K. Frobel, H.-J. Gais,
D. G. Garratt, K. Hayakawa, W. Heggie, D. P. Hesson, D.
Hoppe, I. Hoppe, J. A. Hyatt, D. Ikeda, P. A. Jacobi, K. S. Kim,
Y. Kobuke, K. Kojima, K. Krowicki, V. J. Lee, T. Leutert, S.
Malchenko, J. Martens, R. S. Matthews, B. S. Ong, J. B. Press,
T. V. Rajan Babu, G. Rousseau, H. M. Sauter, M. Suzuki, K.
Tatsuta, L. M. Tolbert, E. A. Truesdale, I. Uchida, Y. Ueda, T.
Uyehara, A. T. Vasella, W. C. Vladuchick, P. A. Wade, R. M.
Williams, H. N.-C. Wong, J. Am. Chem. Soc. 1981, 103, 3215 –
3217.

[87] A. Ramakrishnan, P. Pornsuriyasak, A. V. Demchenko, J.
Carbohydr. Chem. 2005, 24, 649 – 663, and references therein.

[88] E. S. H. El Ashry, L. F. Awad, A. I. Atta, Tetrahedron 2006, 62,
2943 – 2998.

X. Zhu and R. R. SchmidtReviews

1928 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934

http://dx.doi.org/10.1002/(SICI)1099-0690(199911)1999:11%3C3147::AID-EJOC3147%3E3.0.CO;2-I
http://dx.doi.org/10.1021/ol991312d
http://dx.doi.org/10.1021/ol991312d
http://dx.doi.org/10.1016/j.tetlet.2003.09.022
http://dx.doi.org/10.1039/b302629a
http://dx.doi.org/10.1021/jo970922t
http://dx.doi.org/10.1016/S0008-6215(99)00146-9
http://dx.doi.org/10.1081/CAR-200067028
http://dx.doi.org/10.1081/CAR-200067028
http://dx.doi.org/10.1016/S0008-6215(96)00321-7
http://dx.doi.org/10.1016/S0008-6215(96)00321-7
http://dx.doi.org/10.1016/S0008-6215(02)00227-6
http://dx.doi.org/10.1016/S0008-6215(02)00227-6
http://dx.doi.org/10.1021/ol025887d
http://dx.doi.org/10.1021/ol025887d
http://dx.doi.org/10.1021/jo0478609
http://dx.doi.org/10.1021/jo0478609
http://dx.doi.org/10.1021/ol049966w
http://dx.doi.org/10.1021/ol035705v
http://dx.doi.org/10.1021/ol050659f
http://dx.doi.org/10.1039/b702551c
http://dx.doi.org/10.1039/b702551c
http://dx.doi.org/10.1039/b412217h
http://dx.doi.org/10.1021/jo051360d
http://dx.doi.org/10.1021/jo051360d
http://dx.doi.org/10.1002/cber.19090420210
http://dx.doi.org/10.1002/cber.19090420210
http://dx.doi.org/10.1021/jo030073b
http://dx.doi.org/10.1021/jo030073b
http://dx.doi.org/10.1016/j.carres.2005.02.027
http://dx.doi.org/10.1016/j.carres.2005.07.011
http://dx.doi.org/10.1016/j.bmcl.2006.08.095
http://dx.doi.org/10.1016/j.bmcl.2006.08.095
http://dx.doi.org/10.1016/S0008-6215(03)00355-0
http://dx.doi.org/10.1021/ol062375g
http://dx.doi.org/10.1021/ol062375g
http://dx.doi.org/10.1016/j.tetlet.2003.08.120
http://dx.doi.org/10.1016/j.tetlet.2005.11.074
http://dx.doi.org/10.1016/j.tetlet.2005.11.074
http://dx.doi.org/10.1016/S0040-4039(00)88799-7
http://dx.doi.org/10.1016/S0040-4039(00)88799-7
http://dx.doi.org/10.1016/S0040-4039(00)97609-3
http://dx.doi.org/10.1016/S0040-4039(00)97609-3
http://dx.doi.org/10.1016/j.tetlet.2005.06.119
http://dx.doi.org/10.1016/j.tetlet.2005.06.119
http://dx.doi.org/10.1246/cl.2000.124
http://dx.doi.org/10.1246/cl.2000.124
http://dx.doi.org/10.1002/ejoc.200700038
http://dx.doi.org/10.1002/ejoc.200700038
http://dx.doi.org/10.1039/b509417h
http://dx.doi.org/10.1039/b009682m
http://dx.doi.org/10.1021/ol015547c
http://dx.doi.org/10.1021/ol015547c
http://dx.doi.org/10.1021/jo0262412
http://dx.doi.org/10.1021/jo0262412
http://dx.doi.org/10.1021/jo049184g
http://dx.doi.org/10.1021/jo049184g
http://dx.doi.org/10.1021/jo070670o
http://dx.doi.org/10.1021/jo070670o
http://dx.doi.org/10.1016/S0040-4039(03)01206-1
http://dx.doi.org/10.1016/S0040-4039(03)01206-1
http://dx.doi.org/10.1246/cl.2000.1178
http://dx.doi.org/10.1246/cl.2000.1178
http://dx.doi.org/10.1021/ol006715o
http://dx.doi.org/10.1021/ja0111481
http://dx.doi.org/10.1081/CAR-200066978
http://dx.doi.org/10.1081/CAR-200066978
http://dx.doi.org/10.1021/jo0108818
http://dx.doi.org/10.1021/ol060030s
http://dx.doi.org/10.1021/jo070704s
http://dx.doi.org/10.1021/ol702139u
http://dx.doi.org/10.1002/ejoc.200600759
http://dx.doi.org/10.1002/ejoc.200600759
http://dx.doi.org/10.1002/hlca.200690234
http://dx.doi.org/10.1002/1521-3757(20010302)113:5%3C972::AID-ANGE972%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20010302)113:5%3C972::AID-ANGE972%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20010302)40:5%3C946::AID-ANIE946%3E3.0.CO;2-G
http://dx.doi.org/10.1021/ol048524h
http://dx.doi.org/10.1021/ja072440x
http://dx.doi.org/10.1016/j.tetlet.2007.08.004
http://dx.doi.org/10.1002/cber.19650981110
http://dx.doi.org/10.1021/ja00401a051
http://dx.doi.org/10.1021/ja00401a051
http://dx.doi.org/10.1080/07328300500176387
http://dx.doi.org/10.1080/07328300500176387
http://www.angewandte.org


[89] A. A. H. Abdel-Rahman, E. S. H. El Ashry, R. R. Schmidt,
Carbohydr. Res. 2002, 337, 195 – 206.

[90] A. V. Demchenko, M. N. Kamat, C. De Meo, Synlett 2003,
1287 – 1290.

[91] A. V. Demchenko, N. N. Malysheva, C. De Meo, Org. Lett.
2003, 5, 455 – 458.

[92] M. N. Kamat, N. P. Rath, A. V. Demchenko, J. Org. Chem.
2007, 72, 6938 – 6946.

[93] A. V. Demchenko, P. Pornsuriyasak, C. De Meo, N. N. Maly-
sheva, Angew. Chem. 2004, 116, 3131 – 3134; Angew. Chem. Int.
Ed. 2004, 43, 3069 – 3072.

[94] P. Pornsuriyasak, U. B. Gangadharmath, N. P. Rath, A. V.
Demchenko, Org. Lett. 2004, 6, 4515 – 4518.

[95] M. N. Kamat, C. De Meo, A. V. Demchenko, J. Org. Chem.
2007, 72, 6947 – 6955.

[96] a) V. Ferri�res, S. Blanchard, D. Fischer, D. Plusquellec, Bioorg.
Med. Chem. Lett. 2002, 12, 3515 – 3518; b) R. Euzen, V.
Ferri�res, D. Plusquellec, J. Org. Chem. 2005, 70, 847 – 855.

[97] R. Euzen, J. P. Gu�gan, V. Ferri�res, D. Plusquellec, J. Org.
Chem. 2007, 72, 5743 – 5747.

[98] P. Pornsuriyasak, A. V. Demchenko, Chem. Eur. J. 2006, 12,
6630 – 6646.

[99] M. N. Kamat, A. V. Demchenko, Org. Lett. 2005, 7, 3215 – 3218.
[100] D. Crich, M. Li, Org. Lett. 2007, 9, 4115 – 4118.
[101] a) C. De Meo, O. Parker, Tetrahedron: Asymmetry 2005, 16,

303 – 307; b) K. Ikeda, M. Aizawa, K. Sato, M. Sato, Bioorg.
Med. Chem. Lett. 2006, 16, 2618 – 2620.

[102] R. Euzen, V. Ferri�res, D. Plusquellec, Carbohydr. Res. 2006,
341, 2759 – 2768.

[103] For some examples, see: a) J. R. Ferguson, J. R. Harding, K. W.
Lumbard, F. Scheinmann, A. V. Stachulski, Tetrahedron Lett.
2000, 41, 389 – 392; b) A. F�rstner, F. Jeanjean, P. Razon,
Angew. Chem. 2002, 114, 2203 – 2206; Angew. Chem. Int. Ed.
2002, 41, 2097 – 2101; c) J. L. De Paz, R. Ojeda, N. Reichardt,
M. Mart
n-Lomas, Eur. J. Org. Chem. 2003, 3308 – 3324; d) A.
F�rstner, F. Jeanjean, P. Razon, C. Wirtz, R. Mynott, Chem.
Eur. J. 2003, 9, 320 – 326; e) M. J. Thompson, E. J. Hutchinson,
T. H. Stratford, W. B. Bowler, G. M. Blackburn, Tetrahedron
Lett. 2004, 45, 1207 – 1210.

[104] For a review, see: F. Kong, Carbohydr. Res. 2007, 342, 345 – 373.
[105] a) W. Wang, F. Kong, J. Org. Chem. 1998, 63, 5744 – 5745; b) W.

Wang, F. Kong, Angew. Chem. 1999, 111, 1330 – 1333; Angew.
Chem. Int. Ed. 1999, 38, 1247 – 1250.

[106] a) B. Yu, X. Zhu, Y. Hui, Tetrahedron 2001, 57, 9403 – 9413;
b) F. Yang, H. He, Y. Du, M. L�, Carbohydr. Res. 2002, 337,
1165 – 1169; c) Z. Wu, F. Kong, Carbohydr. Res. 2004, 339, 377 –
384; d) Z. Wu, F. Kong, Synlett 2004, 2594 – 2596; e) G. Zhang,
M. Fu, J. Ning, Carbohydr. Res. 2005, 340, 597 – 602.

[107] For several other examples of the formation of 1,2-cis glyco-
sides with neighboring-group participation, see: a) K. N. Jayap-
rakash, J. Lu, B. Fraser-Reid, Angew. Chem. 2005, 117, 6044 –
6048; Angew. Chem. Int. Ed. 2005, 44, 5894 – 5898; b) T. Ikeda,
K. Yamauchi, D. Nakano, K. Nakanishi, H. Miyashita, S. I. Ito,
T. Nohara, Tetrahedron Lett. 2006, 47, 4355 – 4359; c) L. Chen,
X. E. Zhao, D. Lai, Z. Song, F. Kong, Carbohydr. Res. 2006, 341,
1174 – 1180.

[108] a) J. Ning, W. Zhang, Y. Yi, G. Yang, Z. Wu, J. Yi, F. Kong,
Bioorg. Med. Chem. 2003, 11, 2193 – 2203; b) Y. Zeng, J. Ning,
F. Kong, Tetrahedron Lett. 2002, 43, 3729 – 3733.

[109] Y. Zeng, J. Ning, F. Kong, Carbohydr. Res. 2003, 338, 307 – 311.
[110] a) X. Zhu, B. Yu, Y. Hui, R. R. Schmidt, Eur. J. Org. Chem.

2004, 965 – 973; b) W. Zhao, F. Kong, Carbohydr. Res. 2005, 340,
1673 – 1681; c) S. G. Gouin, W. Pilgrim, R. K. Porter, P. V.
Murphy, Carbohydr. Res. 2005, 340, 1547 – 1552.

[111] N. K. Kochetkov, L. V. Backinowsky, Y. E. Tsvetkov, Tetrahe-
dron Lett. 1977, 18, 3681 – 3684.

[112] N. K. Kochetkov, Tetrahedron 1987, 43, 2389 – 2436.

[113] a) M. Mach, U. Schlueter, F. Mathew, B. Fraser-Reid, K. C.
Hazen, Tetrahedron 2002, 58, 7345 – 7354; b) B. Fraser-Reid, S.
Grimme, M. Piacenza, M. Mach, U. Schlueter, Chem. Eur. J.
2003, 9, 4687 – 4692; c) J. Lu, B. Fraser-Reid, Org. Lett. 2004, 6,
3051 – 3054; d) J. Lu, B. Fraser-Reid, Chem. Commun. 2005,
862 – 864; e) K. N. Jayaprakash, B. Fraser-Reid, Carbohydr.
Res. 2007, 342, 490 – 498.

[114] a) J. G. Allen, B. Fraser-Reid, J. Am. Chem. Soc. 1999, 121,
468 – 469; b) C. Roberts, R. Madsen, B. Fraser-Reid, J. Am.
Chem. Soc. 1995, 117, 1546 – 1553.

[115] a) K. N. Jayaprakash, K. V. Radhakrishnan, B. Fraser-Reid,
Tetrahedron Lett. 2002, 43, 6953 – 6955; b) K. N. Jayaprakash, B.
Fraser-Reid, Synlett 2004, 301 – 305; c) K. N. Jayaprakash, J. Lu,
B. Fraser-Reid, Bioorg. Med. Chem. Lett. 2004, 14, 3815 – 3819.

[116] B. Fraser-Reid, J. Lu, K. N. Jayaprakash, J. C. L	pez, Tetrahe-
dron: Asymmetry 2006, 17, 2449 – 2463.

[117] B. Fraser-Reid, J. C. Lopez, K. V. Radhakrishnan, M. Mach, U.
Schlueter, A. Gomez, C. Uriel, J. Am. Chem. Soc. 2002, 124,
3198 – 3199.

[118] B. Fraser-Reid, U. E. Udodong, Z. Wu, H. Ottosson, J. R.
Merritt, C. S. Rao, C. Roberts, R. Madsen, Synlett 1992, 927 –
942.

[119] a) G. Anilkumar, L. G. Nair, B. Fraser-Reid, Org. Lett. 2000, 2,
2587 – 2589; b) J. C. L	pez, A. M. G	mez, C. Uriel, B. Fraser-
Reid, Tetrahedron Lett. 2003, 44, 1417 – 1420; c) C. Uriel, A.
Agocs, A. M. G	mez, J. C. L	pez, B. Fraser-Reid, Org. Lett.
2005, 7, 4899 – 4902; d) C. Uriel, A. M. Gomez, J. C. L	pez, B.
Fraser-Reid, J. Carbohydr. Chem. 2005, 24, 665 – 675; e) J. C.
L	pez, A. Agocs, C. Uriel, A. M. G	mez, B. Fraser-Reid,
Chem. Commun. 2005, 5088 – 5090.

[120] a) C. Uriel, A. M. G	mez, J. C. L	pez, B. Fraser-Reid, Synlett
2003, 2203 – 2207; b) B. Fraser-Reid, J. C. L	pez, A. M. G	mez,
C. Uriel, Eur. J. Org. Chem. 2004, 1387 – 1395.

[121] K. N. Jayaprakash, S. R. Chaudhuri, C. V. S. R. Murty, B.
Fraser-Reid, J. Org. Chem. 2007, 72, 5534 – 5545.

[122] G. Sureshkumar, S. Hotha, Tetrahedron Lett. 2007, 48, 6564 –
6568.

[123] G. Scheffler, R. R. Schmidt, J. Org. Chem. 1999, 64, 1319 – 1325.
[124] K. S. Kim, J. H. Kim, Y. J. Lee, Y. J. Lee, J. Park, J. Am. Chem.

Soc. 2001, 123, 8477 – 8481.
[125] Y. T. Kwon, Y. J. Lee, K. Lee, K. S. Kim, Org. Lett. 2004, 6,

3901 – 3904.
[126] K. S. Kim, S. S. Kang, Y. S. Seo, H. J. Kim, Y. J. Lee, K. S. Jeong,

Synlett 2003, 1311 – 1314.
[127] Y. J. Lee, K. Lee, E. H. Jung, H. B. Jeon, K. S. Kim, Org. Lett.

2005, 7, 3263 – 3266.
[128] Y. J. Lee, B. Y. Lee, H. B. Jeon, K. S. Kim, Org. Lett. 2006, 8,

3971 – 3974.
[129] a) B. R. Lee, J. M. Jeon, J. H. Jung, H. B. Jeon, K. S. Kim, Can.

J. Chem. 2006, 84, 506 – 515; b) D. B. Fulse, H. B. Jeon, K. S.
Kim, J. Org. Chem. 2007, 72, 9963 – 9972.

[130] a) S. Yamago, K. Kokubo, H. Murakami, Y. Mino, O. Hara, J. I.
Yoshia, Tetrahedron Lett. 1998, 39, 7905 – 7908; b) S. Yamago,
K. Kokubo, O. Hara, S. Masuda, J. I. Yoshida, J. Org. Chem.
2002, 67, 8584 – 8592.

[131] T. Mukaiyama, K. Miyazaki, H. Uchiro, Chem. Lett. 1998, 635 –
636.

[132] T. Yasukochi, K. Fukase, S. Kusumoto, Tetrahedron Lett. 1999,
40, 6591 – 6593.

[133] a) H. Herzner, J. Eberling, M. Schultz, J. Zimmer, H. Kunz, J.
Carbohydr. Chem. 1998, 17, 759 – 776; b) R. J. Hinklin, L. L.
Kiessling, J. Am. Chem. Soc. 2001, 123, 3379 – 3380; c) H. P.
Knoben, U. Schl�ter, H. Redlich, Carbohydr. Res. 2004, 339,
2821 – 2833; d) K. Jayakanthan, Y. D. Vankar, Carbohydr. Res.
2005, 340, 2688 – 2692; e) J. I. Matsuo, T. Shirahata, S. Omura,
Tetrahedron Lett. 2006, 47, 267 – 271.

Glycoside Bonds
Angewandte

Chemie

1929Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1016/S0008-6215(01)00306-8
http://dx.doi.org/10.1055/s-2003-40345
http://dx.doi.org/10.1055/s-2003-40345
http://dx.doi.org/10.1021/ol0273452
http://dx.doi.org/10.1021/ol0273452
http://dx.doi.org/10.1021/jo0711844
http://dx.doi.org/10.1021/jo0711844
http://dx.doi.org/10.1002/ange.200454047
http://dx.doi.org/10.1002/anie.200454047
http://dx.doi.org/10.1002/anie.200454047
http://dx.doi.org/10.1021/ol048043y
http://dx.doi.org/10.1021/jo071191s
http://dx.doi.org/10.1021/jo071191s
http://dx.doi.org/10.1021/jo0484934
http://dx.doi.org/10.1021/jo070741j
http://dx.doi.org/10.1021/jo070741j
http://dx.doi.org/10.1002/chem.200600262
http://dx.doi.org/10.1002/chem.200600262
http://dx.doi.org/10.1021/ol050969y
http://dx.doi.org/10.1021/ol701466u
http://dx.doi.org/10.1016/j.bmcl.2006.02.037
http://dx.doi.org/10.1016/j.bmcl.2006.02.037
http://dx.doi.org/10.1016/j.carres.2006.10.001
http://dx.doi.org/10.1016/j.carres.2006.10.001
http://dx.doi.org/10.1016/S0040-4039(99)02067-5
http://dx.doi.org/10.1016/S0040-4039(99)02067-5
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2203::AID-ANGE2203%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2097::AID-ANIE2097%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2097::AID-ANIE2097%3E3.0.CO;2-T
http://dx.doi.org/10.1002/ejoc.200300210
http://dx.doi.org/10.1002/chem.200390026
http://dx.doi.org/10.1002/chem.200390026
http://dx.doi.org/10.1016/j.tetlet.2003.11.140
http://dx.doi.org/10.1016/j.tetlet.2003.11.140
http://dx.doi.org/10.1016/j.carres.2006.09.025
http://dx.doi.org/10.1021/jo981135e
http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1330::AID-ANGE1330%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1247::AID-ANIE1247%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1247::AID-ANIE1247%3E3.0.CO;2-J
http://dx.doi.org/10.1016/S0040-4020(01)00959-0
http://dx.doi.org/10.1016/S0008-6215(02)00122-2
http://dx.doi.org/10.1016/S0008-6215(02)00122-2
http://dx.doi.org/10.1016/j.carres.2003.10.015
http://dx.doi.org/10.1016/j.carres.2003.10.015
http://dx.doi.org/10.1016/j.carres.2005.01.011
http://dx.doi.org/10.1002/ange.200500505
http://dx.doi.org/10.1002/ange.200500505
http://dx.doi.org/10.1002/anie.200500505
http://dx.doi.org/10.1016/j.tetlet.2006.04.107
http://dx.doi.org/10.1016/j.carres.2006.03.029
http://dx.doi.org/10.1016/j.carres.2006.03.029
http://dx.doi.org/10.1016/S0968-0896(03)00118-4
http://dx.doi.org/10.1016/S0040-4039(02)00584-1
http://dx.doi.org/10.1016/S0008-6215(02)00455-X
http://dx.doi.org/10.1002/ejoc.200300580
http://dx.doi.org/10.1002/ejoc.200300580
http://dx.doi.org/10.1016/j.carres.2005.05.003
http://dx.doi.org/10.1016/j.carres.2005.05.003
http://dx.doi.org/10.1016/j.carres.2005.04.004
http://dx.doi.org/10.1016/S0040-4039(01)83326-8
http://dx.doi.org/10.1016/S0040-4039(01)83326-8
http://dx.doi.org/10.1016/S0040-4020(01)81647-1
http://dx.doi.org/10.1016/S0040-4020(02)00671-3
http://dx.doi.org/10.1002/chem.200304856
http://dx.doi.org/10.1002/chem.200304856
http://dx.doi.org/10.1021/ol0490680
http://dx.doi.org/10.1021/ol0490680
http://dx.doi.org/10.1039/b413694b
http://dx.doi.org/10.1039/b413694b
http://dx.doi.org/10.1016/j.carres.2006.09.022
http://dx.doi.org/10.1016/j.carres.2006.09.022
http://dx.doi.org/10.1021/ja9832358
http://dx.doi.org/10.1021/ja9832358
http://dx.doi.org/10.1021/ja00110a010
http://dx.doi.org/10.1021/ja00110a010
http://dx.doi.org/10.1016/S0040-4039(02)01590-3
http://dx.doi.org/10.1016/j.bmcl.2004.04.103
http://dx.doi.org/10.1021/ja012383m
http://dx.doi.org/10.1021/ja012383m
http://dx.doi.org/10.1055/s-1992-21543
http://dx.doi.org/10.1055/s-1992-21543
http://dx.doi.org/10.1021/ol0001214
http://dx.doi.org/10.1021/ol0001214
http://dx.doi.org/10.1021/ol0518232
http://dx.doi.org/10.1021/ol0518232
http://dx.doi.org/10.1080/07328300500176528
http://dx.doi.org/10.1002/ejoc.200300689
http://dx.doi.org/10.1021/jo070018t
http://dx.doi.org/10.1016/j.tetlet.2007.07.015
http://dx.doi.org/10.1016/j.tetlet.2007.07.015
http://dx.doi.org/10.1021/jo971778e
http://dx.doi.org/10.1021/ja015842s
http://dx.doi.org/10.1021/ja015842s
http://dx.doi.org/10.1021/ol048648u
http://dx.doi.org/10.1021/ol048648u
http://dx.doi.org/10.1055/s-2003-40348
http://dx.doi.org/10.1021/ol0510668
http://dx.doi.org/10.1021/ol0510668
http://dx.doi.org/10.1021/ol061444o
http://dx.doi.org/10.1021/ol061444o
http://dx.doi.org/10.1139/V06-030
http://dx.doi.org/10.1139/V06-030
http://dx.doi.org/10.1021/jo701531x
http://dx.doi.org/10.1016/S0040-4039(98)01753-5
http://dx.doi.org/10.1021/jo0261350
http://dx.doi.org/10.1021/jo0261350
http://dx.doi.org/10.1246/cl.1998.635
http://dx.doi.org/10.1246/cl.1998.635
http://dx.doi.org/10.1016/S0040-4039(99)01280-0
http://dx.doi.org/10.1016/S0040-4039(99)01280-0
http://dx.doi.org/10.1080/07328309808002350
http://dx.doi.org/10.1080/07328309808002350
http://dx.doi.org/10.1021/ja005735i
http://dx.doi.org/10.1016/j.carres.2004.10.002
http://dx.doi.org/10.1016/j.carres.2004.10.002
http://dx.doi.org/10.1016/j.carres.2005.07.024
http://dx.doi.org/10.1016/j.carres.2005.07.024
http://dx.doi.org/10.1016/j.tetlet.2005.11.027
http://www.angewandte.org


[134] K. Larsen, K. Worm-Leonhard, P. Olsen, A. Hoel, K. J. Jensen,
Org. Biomol. Chem. 2005, 3, 3966 – 3970.

[135] a) L. Petersen, K. J. Jensen, J. Org. Chem. 2001, 66, 6268 – 6275;
b) L. Petersen, J. B. Laursen, K. Larsen, M. S. Motawia, K. J.
Jensen, Org. Lett. 2003, 5, 1309 – 1312; c) J. B. Laursen, L.
Petersen, K. J. Jensen, J. Nielsen, Org. Biomol. Chem. 2003, 1,
3147 – 3153; d) S. Grathe, M. B. Thygesen, K. Larsen, L.
Petersen, K. J. Jensen, Tetrahedron: Asymmetry 2005, 16,
1439 – 1448.

[136] a) B. G. Davis, S. J. Ward, P. M. Rendle, Chem. Commun. 2001,
189 – 190; b) E. J. Grayson, S. J. Ward, A. L. Hall, P. M. Rendle,
D. P. Gamblin, A. S. Batsanov, B. G. Davis, J. Org. Chem. 2005,
70, 9740 – 9754.

[137] F. Ch�ry, S. Cassel, H. P. Wessel, P. Rollin, Eur. J. Org. Chem.
2002, 171 – 180.

[138] a) N. Pleuss, H. Kunz, Angew. Chem. 2003, 115, 3282 – 3284;
Angew. Chem. Int. Ed. 2003, 42, 3174 – 3176; b) N. Pleuss, H.
Kunz, Synthesis 2005, 122 – 130.

[139] a) K. S. Kim, Y. J. Lee, H. Y. Kim, S. S. Kang, S. Y. Kwon, Org.
Biomol. Chem. 2004, 2, 2408 – 2410; b) M. Meppen, Y. Wang,
H. S. Cheon, Y. Kishi, J. Org. Chem. 2007, 72, 1941 – 1950;
c) M. C. Hsu, J. Lee, Y. Kishi, J. Org. Chem. 2007, 72, 1931 –
1940.

[140] J. C. Lee, G. R. Pan, S. S. Kulkarni, S. Y. Luo, C. C. Liao, S. C.
Hung, Tetrahedron Lett. 2006, 47, 1621 – 1624.

[141] H. Imagawa, A. Kinoshita, T. Fukuyama, H. Yamamoto, M.
Nishizawa, Tetrahedron Lett. 2006, 47, 4729 – 4731.

[142] S. Hotha, S. Kashyap, J. Am. Chem. Soc. 2006, 128, 9620 – 9621.
[143] a) Y. Kobashi, T. Mukaiyama, Chem. Lett. 2004, 33, 874 – 875;

b) S. Lautrette, R. Granet, P. Krausz, Chem. Commun. 2004,
586 – 587.

[144] a) B. A. Garcia, D. Y. Gin, J. Am. Chem. Soc. 2000, 122, 4269 –
4279; b) H. M. Nguyen, Y. Chen, S. G. Duron, D. Y. Gin, J. Am.
Chem. Soc. 2001, 123, 8766 – 8772, and references therein;
c) T. A. Boebel, D. Y. Gin, Angew. Chem. 2003, 115, 6054 –
6057; Angew. Chem. Int. Ed. 2003, 42, 5874 – 5877; d) Y.-I.
Kim, P. Wang, M. Navarro-Villalobos, B. D. Rohde, J. Derry-
berry, D. Y. Gin, J. Am. Chem. Soc. 2006, 128, 11906 – 11915;
e) T. Suzuki, S. Watanabe, T. Yamada, K. Hiroi, Tetrahedron
Lett. 2003, 44, 2561 – 2563; f) Y. Nishida, Y. Shingu, H. Dohi, K.
Kobayashi, Org. Lett. 2003, 5, 2377 – 2380; g) Y. Shingu, Y.
Nishida, H. Dohi, K. Kobayashi, Org. Biomol. Chem. 2003, 1,
2518 – 2521; h) B. Wagner, M. Heneghan, G. Schnabel, B. Ernst,
Synlett 2003, 1303 – 1306.

[145] a) H. Schene, H. Waldmann, Chem. Commun. 1998, 2759 –
2760; b) U. Schmid, H. Waldmann, Chem. Eur. J. 1998, 4,
494 – 501; c) H. Jona, K. Takeuchi, T. Mukaiyama, Chem. Lett.
2000, 1278 – 1279; d) T. Mukaiyama, H. Maeshima, H. Jona,
Chem. Lett. 2001, 388 – 389; e) H. Jona, H. Maeshima, T.
Mukaiyama, Chem. Lett. 2001, 726 – 727; f) K. Toshima, H.
Nagai, K. I. Kasumi, K. Kawahara, S. Matsumura, Tetrahedron
2004, 60, 5331 – 5339.

[146] H. Jona, H. Mandai, T. Mukaiyama, Chem. Lett. 2001, 426 – 427.
[147] a) D. Mukherjee, P. K. Ray, U. S. Chowdhury, Tetrahedron

2001, 57, 7701 – 7704; b) T. Mukaiyama, Y. Kobashi, Chem.
Lett. 2004, 33, 10 – 11.

[148] a) J. Gildersleeve, A. Smith, K. Sakurai, S. Raghavan, D.
Kahne, J. Am. Chem. Soc. 1999, 121, 6176 – 6182; b) P. Wipf, J.
Reeves, J. Org. Chem. 2001, 66, 7910 – 7914; c) H. Nagai, K.
Kawahara, S. Matsumura, K. Toshima, Tetrahedron Lett. 2001,
42, 4159 – 4162.

[149] a) S. Yamago, T. Yamada, O. Hara, H. Ito, Y. Mino, J. I.
Yoshida, Org. Lett. 2001, 3, 3867 – 3870; b) R. R. France, R. G.
Compton, B. G. Davis, A. J. Fairbanks, N. V. Rees, J. D.
Wadhawan, Org. Biomol. Chem. 2004, 2, 2195 – 2202.

[150] B. Yu, H. Tao, Tetrahedron Lett. 2001, 42, 2405 – 2407.

[151] M. Adinolfi, G. Barone, A. Iadonisi, M. Schiattarella, Synlett
2002, 269 – 270.

[152] R. R. Schmidt, H. Gaden, H. Jatzke, Tetrahedron Lett. 1990, 31,
327 – 330.

[153] I. Ohashi, M. J. Lear, F. Yoshimura, M. Hirama, Org. Lett. 2004,
6, 719 – 722.

[154] M. Oikawa, T. Tanaka, N. Fukuda, S. Kusumoto, Tetrahedron
Lett. 2004, 45, 4039 – 4042.

[155] J. L. Chiara, L. Encinas, B. D
az, Tetrahedron Lett. 2005, 46,
2445 – 2448.

[156] N. Nakajima, M. Saito, M. Kudo, M. Ubukata, Tetrahedron
2002, 58, 3579 – 3588.

[157] B. Yu, H. Tao, J. Org. Chem. 2002, 67, 9099 – 9102.
[158] M. Adinolfi, A. Iadonisi, A. Ravid�, M. Schiattarella, J. Org.

Chem. 2005, 70, 5316 – 5319.
[159] M. Adinolfi, G. Barone, L. Guariniello, A. Iadonisi, Tetrahe-

dron Lett. 2000, 41, 9005 – 9008.
[160] M. Adinolfi, G. Barone, A. Iadonisi, L. Mangoni, M. Schiattar-

ella, Tetrahedron Lett. 2001, 42, 5967 – 5969.
[161] G. Wei, G. Gu, Y. Du, J. Carbohydr. Chem. 2003, 22, 385 – 393.
[162] K. S. Griswold, T. E. Horstmann, S. J. Miller, Synlett 2003,

1923 – 1926.
[163] Y. Du, G. Wei, S. Cheng, Y. Hua, R. J. Linhardt, Tetrahedron

Lett. 2006, 47, 307 – 310.
[164] B. Mukhopadhyay, S. V. Maurer, N. Rudolph, R. M. van Well,

D. A. Russell, R. A. Field, J. Org. Chem. 2005, 70, 9059 – 9062.
[165] X. B. Li, M. Ogawa, T. Monden, T. Maeda, E. Yamashita, M.

Naka, M. Matsuda, H. Hinou, S. I. Nishimura, Angew. Chem.
2006, 118, 5780 – 5783; Angew. Chem. Int. Ed. 2006, 45, 5652 –
5655.

[166] Q. Tian, S. Zhang, Q. Yu, M. B. He, J. S. Yang, Tetrahedron
2007, 63, 2142 – 2147.

[167] a) K. P. Ravindranathan, T. S. K�rkk�inen, S. J. Marsh, R. A.
Field, Synlett 2001, 260 – 262; b) H. Tanaka, A. Yoshizawa, T.
Takahashi, Angew. Chem. 2007, 119, 2557 – 2559; Angew.
Chem. Int. Ed. 2007, 46, 2505 – 2507.

[168] J. Yang, C. Cooper-Vanosdell, E. A. Mensah, H. M. Nguyen, J.
Org. Chem. 2008, 73, 794 – 800.

[169] a) Z. Pakulski, Synthesis 2003, 2074 – 2078; b) L. Poletti, A.
Rencurosi, L. Lay, G. Russo, Synlett 2003, 2297 – 2300; c) A.
Rencurosi, L. Lay, G. Russo, E. Caneva, L. Poletti, J. Org.
Chem. 2005, 70, 7765 – 7768.

[170] R. R. Schmidt, A. Toepfer, Tetrahedron Lett. 1991, 32, 3353 –
3356.

[171] M. Li, X. Han, B. Yu, J. Org. Chem. 2003, 68, 6842 – 6845.
[172] W. Peng, J. Sun, F. Lin, X. Han, B. Yu, Synlett 2004, 259 – 262.
[173] a) M. Adinolfi, G. Barone, A. Iadonisi, M. Schiattarella,

Tetrahedron Lett. 2002, 43, 5573 – 5577; b) M. Adinolfi, A.
Iadonisi, A. Ravid�, M. Schiattarella, Synlett 2004, 275 – 278.

[174] M. Adinolfi, G. Barone, A. Iadonisi, M. Schiattarella, Org. Lett.
2003, 5, 987 – 989.

[175] M. Adinolfi, A. Iadonisi, A. Ravid�, S. Valerio, Tetrahedron
Lett. 2006, 47, 2595 – 2599.

[176] S. I. Tanaka, M. Takashina, H. Tokimoto, Y. Fujimoto, K.
Tanaka, K. Fukase, Synlett 2005, 2325 – 2328.

[177] M. Adinolfi, A. Iadonisi, A. Ravid�, Synlett 2006, 583 – 586.
[178] H. Tanaka, Y. Iwata, D. Takahashi, M. Adachi, T. Takahashi, J.

Am. Chem. Soc. 2005, 127, 1630 – 1631.
[179] For examples of glycoside synthesis with PTFAs as donors, see:

a) S. Cai, B. Yu, Org. Lett. 2003, 5, 3827 – 3830; b) W. Peng, X.
Han, B. Yu, Synthesis 2004, 1641 – 1647; c) J. Sun, X. Han, B.
Yu, Synlett 2005, 437 – 440; d) E. Bedini, A. Carabellese, M.
Schiattarella, M. Parrilli, Tetrahedron 2005, 61, 5439 – 5448;
e) N. Ding, P. Wang, Z. Zhang, Y. Liu, Y. Li, Carbohydr. Res.
2006, 341, 2769 – 2776; f) B. S. Komarova, Y. E. Tsvetkov, Y. A.
Knirel, U. Z�hringer, G. B. Pier, N. E. Nifantiev, Tetrahedron
Lett. 2006, 47, 3583 – 3587; g) E. Bedini, D. Esposito, M. Parrilli,

X. Zhu and R. R. SchmidtReviews

1930 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934

http://dx.doi.org/10.1039/b511266d
http://dx.doi.org/10.1021/jo0057654
http://dx.doi.org/10.1021/ol034242q
http://dx.doi.org/10.1039/b306789k
http://dx.doi.org/10.1039/b306789k
http://dx.doi.org/10.1016/j.tetasy.2005.02.029
http://dx.doi.org/10.1016/j.tetasy.2005.02.029
http://dx.doi.org/10.1039/b008734n
http://dx.doi.org/10.1039/b008734n
http://dx.doi.org/10.1021/jo051374j
http://dx.doi.org/10.1021/jo051374j
http://dx.doi.org/10.1002/ange.200351351
http://dx.doi.org/10.1002/anie.200351351
http://dx.doi.org/10.1039/b405793g
http://dx.doi.org/10.1039/b405793g
http://dx.doi.org/10.1021/jo061990v
http://dx.doi.org/10.1021/jo061991n
http://dx.doi.org/10.1021/jo061991n
http://dx.doi.org/10.1016/j.tetlet.2005.12.127
http://dx.doi.org/10.1016/j.tetlet.2006.04.114
http://dx.doi.org/10.1021/ja062425c
http://dx.doi.org/10.1246/cl.2004.874
http://dx.doi.org/10.1039/b315699k
http://dx.doi.org/10.1039/b315699k
http://dx.doi.org/10.1021/ja993595a
http://dx.doi.org/10.1021/ja993595a
http://dx.doi.org/10.1021/ja015968p
http://dx.doi.org/10.1021/ja015968p
http://dx.doi.org/10.1002/ange.200352761
http://dx.doi.org/10.1002/ange.200352761
http://dx.doi.org/10.1002/anie.200352761
http://dx.doi.org/10.1021/ja062364i
http://dx.doi.org/10.1016/S0040-4039(03)00270-3
http://dx.doi.org/10.1016/S0040-4039(03)00270-3
http://dx.doi.org/10.1021/ol034269+
http://dx.doi.org/10.1039/b303984f
http://dx.doi.org/10.1039/b303984f
http://dx.doi.org/10.1039/a807734g
http://dx.doi.org/10.1039/a807734g
http://dx.doi.org/10.1002/(SICI)1521-3765(19980310)4:3%3C494::AID-CHEM494%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1521-3765(19980310)4:3%3C494::AID-CHEM494%3E3.0.CO;2-8
http://dx.doi.org/10.1246/cl.2000.1278
http://dx.doi.org/10.1246/cl.2000.1278
http://dx.doi.org/10.1246/cl.2001.388
http://dx.doi.org/10.1246/cl.2001.726
http://dx.doi.org/10.1016/j.tet.2004.04.071
http://dx.doi.org/10.1016/j.tet.2004.04.071
http://dx.doi.org/10.1246/cl.2001.426
http://dx.doi.org/10.1016/S0040-4020(01)00699-8
http://dx.doi.org/10.1016/S0040-4020(01)00699-8
http://dx.doi.org/10.1246/cl.2004.10
http://dx.doi.org/10.1246/cl.2004.10
http://dx.doi.org/10.1021/ja990690a
http://dx.doi.org/10.1021/jo015952h
http://dx.doi.org/10.1016/S0040-4039(01)00674-8
http://dx.doi.org/10.1016/S0040-4039(01)00674-8
http://dx.doi.org/10.1021/ol016713j
http://dx.doi.org/10.1039/b316728c
http://dx.doi.org/10.1016/S0040-4039(01)00157-5
http://dx.doi.org/10.1016/S0040-4039(00)94546-5
http://dx.doi.org/10.1016/S0040-4039(00)94546-5
http://dx.doi.org/10.1021/ol036353v
http://dx.doi.org/10.1021/ol036353v
http://dx.doi.org/10.1016/j.tetlet.2004.03.170
http://dx.doi.org/10.1016/j.tetlet.2004.03.170
http://dx.doi.org/10.1016/j.tetlet.2005.02.055
http://dx.doi.org/10.1016/j.tetlet.2005.02.055
http://dx.doi.org/10.1016/S0040-4020(02)00305-8
http://dx.doi.org/10.1016/S0040-4020(02)00305-8
http://dx.doi.org/10.1021/jo026103c
http://dx.doi.org/10.1021/jo050301x
http://dx.doi.org/10.1021/jo050301x
http://dx.doi.org/10.1016/S0040-4039(00)01622-1
http://dx.doi.org/10.1016/S0040-4039(00)01622-1
http://dx.doi.org/10.1016/S0040-4039(01)01158-3
http://dx.doi.org/10.1081/CAR-120025325
http://dx.doi.org/10.1016/j.tetlet.2005.11.025
http://dx.doi.org/10.1016/j.tetlet.2005.11.025
http://dx.doi.org/10.1021/jo051390g
http://dx.doi.org/10.1002/ange.200602161
http://dx.doi.org/10.1002/ange.200602161
http://dx.doi.org/10.1002/anie.200602161
http://dx.doi.org/10.1002/anie.200602161
http://dx.doi.org/10.1016/j.tet.2006.12.091
http://dx.doi.org/10.1016/j.tet.2006.12.091
http://dx.doi.org/10.1002/ange.200604031
http://dx.doi.org/10.1002/anie.200604031
http://dx.doi.org/10.1002/anie.200604031
http://dx.doi.org/10.1021/jo702436p
http://dx.doi.org/10.1021/jo702436p
http://dx.doi.org/10.1055/s-2003-41446
http://dx.doi.org/10.1055/s-2003-42099
http://dx.doi.org/10.1021/jo050704x
http://dx.doi.org/10.1021/jo050704x
http://dx.doi.org/10.1016/S0040-4039(00)92704-7
http://dx.doi.org/10.1016/S0040-4039(00)92704-7
http://dx.doi.org/10.1021/jo034553e
http://dx.doi.org/10.1016/S0040-4039(02)01124-3
http://dx.doi.org/10.1021/ol027353i
http://dx.doi.org/10.1021/ol027353i
http://dx.doi.org/10.1016/j.tetlet.2006.02.034
http://dx.doi.org/10.1016/j.tetlet.2006.02.034
http://dx.doi.org/10.1021/ja0450298
http://dx.doi.org/10.1021/ja0450298
http://dx.doi.org/10.1021/ol0353161
http://dx.doi.org/10.1016/j.tet.2005.04.013
http://dx.doi.org/10.1016/j.carres.2006.09.018
http://dx.doi.org/10.1016/j.carres.2006.09.018
http://dx.doi.org/10.1016/j.tetlet.2006.03.045
http://dx.doi.org/10.1016/j.tetlet.2006.03.045
http://www.angewandte.org


Synlett 2006, 825 – 830; h) E. Bedini, A. Carabellese, D.
Comegna, C. D. Castro, M. Parrilli, Tetrahedron 2006, 62,
8474 – 8483; i) Z. Zhang, B. Yu, R. R. Schmidt, Synthesis 2006,
1301 – 1306; j) N. Al-Maharik, N. P. Botting, Tetrahedron Lett.
2006, 47, 8703 – 8706; k) M. Adinolfi, P. Galletti, D. Giacomini,
A. Iadonisi, A. Quintavalla, A. Ravid�, Eur. J. Org. Chem.
2006, 69 – 73; l) M. Thomas, J. P. Gesson, S. Papot, J. Org.
Chem. 2007, 72, 4262 – 4264; m) S. Hanashima, B. Castagner, D.
Esposito, T. Nokami, P. H. Seeberger, Org. Lett. 2007, 9, 1777 –
1779.

[180] a) T. Mukaiyama, H. Chiba, S. Funasaka, Chem. Lett. 2002,
392 – 393; b) H. Chiba, S. Funasaka, K. Kiyota, T. Mukaiyama,
Chem. Lett. 2002, 746 – 747; c) H. Chiba, T. Mukaiyama, Chem.
Lett. 2003, 32, 172 – 173.

[181] C. Lucas-Lopez, N. Murphy, X. Zhu, Eur. J. Org. Chem. 2008,
4401 – 4404.

[182] G. J. L. Bernardes, D. P. Gamblin, B. G. Davis, Angew. Chem.
2006, 118, 4111 – 4115; Angew. Chem. Int. Ed. 2006, 45, 4007 –
4011.

[183] R. T. Dere, Y. Wang, X. Zhu, Org. Biomol. Chem. 2008, 6,
2061 – 2063.

[184] a) R. R. Schmidt, M. Stumpp, J. Michel, Tetrahedron Lett. 1982,
23, 405 – 408; b) R. R. Schmidt, M. Stumpp, Liebigs Ann.
Chem. 1984, 680 – 691.

[185] For examples of the preparation of glycosyl phosphates, see:
a) O. J. Plante, R. B. Andrade, P. H. Seeberger, Org. Lett. 1999,
1, 211 – 214; b) B. A. Garcia, D. Y. Gin, Org. Lett. 2000, 2,
2135 – 2138; c) A. Ravid�, X. Liu, L. Kovacs, P. H. Seeberger,
Org. Lett. 2006, 8, 1815 – 1818.

[186] F. R. Carrel, P. H. Seeberger, J. Carbohydr. Chem. 2007, 26,
125 – 139.

[187] S. I. Hashimoto, T. Honda, S. Ikegami, J. Chem. Soc. Chem.
Commun. 1989, 685 – 687.

[188] R. R. Schmidt in Carbohydrates—Synthetic Methods and
Applications in Medicinal Chemistry (Eds.: H. Ogura, A.
Hasegawa, T. S. Kodanasha), VCH, Weinheim, 1992, pp. 67 –
88.

[189] For a review, see: H. Vankayalapati, S. Jiang, G. Singh, Synlett
2002, 16 – 25.

[190] O. J. Plante, E. R. Palmacci, R. B. Andrade, P. H. Seeberger, J.
Am. Chem. Soc. 2001, 123, 9545 – 9554.

[191] a) V. Hariprasad, G. Singh, I. Tranoy, Chem. Commun. 1998,
2129 – 2130; b) H. Vankayalapati, G. Singh, I. Tranoy, Tetrahe-
dron: Asymmetry 2001, 12, 1373 – 1381.

[192] a) T. Tsuda, S. Nakamura, S. Hashimoto, Tetrahedron Lett.
2003, 44, 6453 – 6457; b) T. Tsuda, S. Nakamura, S. Hashimoto,
Tetrahedron 2004, 60, 10711 – 10737.

[193] F. Bosse, L. A. Marcaurelle, P. H. Seeberger, J. Org. Chem.
2002, 67, 6659 – 6670.

[194] a) T. J. Martin, R. R. Schmidt, Tetrahedron Lett. 1992, 33, 6123 –
6236; b) T. J. Martin, R. Brescello, A. Toepfer, R. R. Schmidt,
Glycoconjugate J. 1993, 10, 16 – 25; c) H. Kondo, Y. Ichikawa,
C.-H. Wong, J. Am. Chem. Soc. 1992, 114, 8748 – 8750.

[195] a) H. Tanaka, H. Sakamoto, A. Sano, S. Nakamura, M.
Nakajima, S. Hashimoto, Chem. Commun. 1999, 1259 – 1260;
b) H. Nagai, S. Matsumura, K. Toshima, Chem. Lett. 2002,
1100 – 1101; c) H. Nagai, K. Sasaki, S. Matsumura, K. Toshima,
Carbohydr. Res. 2005, 340, 337 – 353; d) R. Arihara, S. Naka-
mura, S. Hashimoto, Angew. Chem. 2005, 117, 2285 – 2289;
Angew. Chem. Int. Ed. 2005, 44, 2245 – 2249.

[196] a) L. J. Williams, R. M. Garbaccio, S. J. Danishefsky in Carbo-
hydrates in Chemistry and Biology, Vol. 1 (Eds.: B. Ernst, G. W.
Hart, P. Sina�), Wiley-VCH, Weinheim, 2000, pp. 61 – 92;
b) R. J. Ferrier, J. O. Hoberg, Adv. Carbohydr. Chem. Biochem.
2003, 58, 55 – 119.

[197] R. U. Lemieux, T. L. Nagabushan, I. K. O�Neill, Can. J. Chem.
1968, 46, 413 – 418.

[198] J. Das, R. R. Schmidt, Eur. J. Org. Chem. 1998, 1609 – 1613.
[199] G. A. Winterfeld, R. R. Schmidt, Angew. Chem. 2001, 113,

2718 – 2721; Angew. Chem. Int. Ed. 2001, 40, 2654 – 2657.
[200] L. A. Marcaurelle, C. R. Bertozzi, Glycobiology 2002, 12, 69R –

77R.
[201] J. Geiger, B. G. Reddy, G. A. Winterfeld, R. Weber, M.

Przybylski, R. R. Schmidt, J. Org. Chem. 2007, 72, 4367 – 4377.
[202] a) G. A. Winterfeld, Y. Ito, T. Ogawa, R. R. Schmidt, Eur. J.

Org. Chem. 1999, 1167 – 1171; b) G. A. Winterfeld, A. I.
Khodair, R. R. Schmidt, Eur. J. Org. Chem. 2003, 1009 – 1021.

[203] A. I. Khodair, G. A. Winterfeld, R. R. Schmidt, Eur. J. Org.
Chem. 2003, 1847 – 1852.

[204] A. I. Khodair, K. Pachamuthu, R. R. Schmidt, Synthesis 2004,
53 – 58.

[205] K. Pachamuthu, A. Gupta, J. Das, R. R. Schmidt, Y. D. Vankar,
Eur. J. Org. Chem. 2002, 1479 – 1483.

[206] K. Pachamuthu, I. Figueroa-Perez, I. A. I. Ali, R. R. Schmidt,
Eur. J. Org. Chem. 2004, 3959 – 3961.

[207] J. Geiger, N. Barroca, R. R. Schmidt, Synlett 2004, 836 – 840.
[208] N. Barroca, R. R. Schmidt, Org. Lett. 2004, 6, 1551 – 1554.
[209] a) C. C. Wang, J. C. Lee, S. Y. Luo, S. S. Kulkarni, Y. W. Huang,

C. C. Lee, K. L. Chang, S. C. Hung, Nature 2007, 446, 896 – 899;
b) A. Fran�ais, D. Urban, J. M. Beau, Angew. Chem. 2007, 119,
8816 – 8819; Angew. Chem. Int. Ed. 2007, 46, 8662 – 8665.

[210] C. C. Wang, J. C. Lee, S. Y. Luo, H. F. Fan, C. L. Pai, W. C.
Yang, L. D. Lu, S. C. Hung, Angew. Chem. 2002, 114, 2466 –
2468; Angew. Chem. Int. Ed. 2002, 41, 2360 – 2362.

[211] L. P. Miranda, M. Meldal, Angew. Chem. 2001, 113, 3767 – 3769;
Angew. Chem. Int. Ed. 2001, 40, 3655 – 3657.

[212] a) S. Komba, M. Kitaoka, T. Kasumi, Tetrahedron Lett. 2004,
45, 2759 – 2762; b) S. Komba, M. Kitaoka, T. Kasumi, Eur. J.
Org. Chem. 2005, 5313 – 5329.

[213] For several recent examples, see: a) B. W. Gung, R. M. Fox,
Tetrahedron 2004, 60, 9405 – 9415; b) H. Ando, Y. Koike, H.
Ishida, M. Kiso, Tetrahedron Lett. 2003, 44, 6883 – 6886;
c) M. L. Bohn, M. I. Colombo, C. A. Stortz, E. A. Rfflveda,
Carbohydr. Res. 2006, 341, 1096 – 1104; d) D. Crich, A. U.
Vinod, J. Org. Chem. 2005, 70, 1291 – 1296; e) T. H. Schmidt, R.
Madsen, Eur. J. Org. Chem. 2007, 3935 – 3941.

[214] H. Yu, D. L. Williams, H. E. Ensley, Tetrahedron Lett. 2005, 46,
3417 – 3421.

[215] a) T. Yamada, K. Takemura, J. I. Yoshida, S. Yamago, Angew.
Chem. 2006, 118, 7737 – 7740; Angew. Chem. Int. Ed. 2006, 45,
7575 – 7578; b) Y. Yang, B. Yu, Tetrahedron Lett. 2007, 48,
4557 – 4560.

[216] M. Takatani, I. Matsuo, Y. Ito, Carbohydr. Res. 2003, 338, 1073 –
1081.

[217] I. A. I. Ali, E. S. H. El Ashry, R. R. Schmidt, Eur. J. Org. Chem.
2003, 4121 – 4131.

[218] J. T. Smoot, P. Pornsuriyasak, A. V. Demchenko, Angew. Chem.
2005, 117, 7285 – 7288; Angew. Chem. Int. Ed. 2005, 44, 7123 –
7126.

[219] E. Arranz, G. J. Boons, Tetrahedron Lett. 2001, 42, 6469 – 6471.
[220] a) K. R. Love, R. B. Andrade, P. H. Seeberger, J. Org. Chem.

2001, 66, 8165 – 8176; b) K. R. Love, P. H. Seeberger, J. Org.
Chem. 2005, 70, 3168 – 3177.

[221] For the synthesis of glycosides with oxazolines as donors, see:
a) V. Wittmann, D. Lennartz, Eur. J. Org. Chem. 2002, 1363 –
1367; b) H. Mohan, E. Gemma, K. Ruda, S. Oscarson, Synlett
2003, 1255 – 1256; c) T. J. Donohoe, J. G. Logan, D. D. P. Laffan,
Org. Lett. 2003, 5, 4995 – 4998; d) C. F. Crasto, G. B. Jones,
Tetrahedron Lett. 2004, 45, 4891 – 4894.

[222] A. F. G. Bongat, A. V. Demchenko, Carbohydr. Res. 2007, 342,
374 – 406.

[223] a) M. R. E. Aly, J. C. Castro-Palomino, E. S. I. Ibrahim, E. S. H.
El Ashry, R. R. Schmidt, Eur. J. Org. Chem. 1998, 2305 – 2316;
b) M. R. E. Aly, E. S. I. Ibrahim, E. S. H. El Ashry, R. R.

Glycoside Bonds
Angewandte

Chemie

1931Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1055/s-2006-939057
http://dx.doi.org/10.1016/j.tet.2006.06.084
http://dx.doi.org/10.1016/j.tet.2006.06.084
http://dx.doi.org/10.1055/s-2006-926394
http://dx.doi.org/10.1055/s-2006-926394
http://dx.doi.org/10.1002/ejoc.200500665
http://dx.doi.org/10.1002/ejoc.200500665
http://dx.doi.org/10.1021/jo0701839
http://dx.doi.org/10.1021/jo0701839
http://dx.doi.org/10.1021/ol0704946
http://dx.doi.org/10.1021/ol0704946
http://dx.doi.org/10.1246/cl.2002.392
http://dx.doi.org/10.1246/cl.2002.392
http://dx.doi.org/10.1246/cl.2002.746
http://dx.doi.org/10.1246/cl.2003.172
http://dx.doi.org/10.1246/cl.2003.172
http://dx.doi.org/10.1002/ejoc.200800503
http://dx.doi.org/10.1002/ejoc.200800503
http://dx.doi.org/10.1002/ange.200600685
http://dx.doi.org/10.1002/ange.200600685
http://dx.doi.org/10.1002/anie.200600685
http://dx.doi.org/10.1002/anie.200600685
http://dx.doi.org/10.1039/b804536d
http://dx.doi.org/10.1039/b804536d
http://dx.doi.org/10.1016/S0040-4039(00)86843-4
http://dx.doi.org/10.1016/S0040-4039(00)86843-4
http://dx.doi.org/10.1021/ol9905452
http://dx.doi.org/10.1021/ol9905452
http://dx.doi.org/10.1021/ol006041h
http://dx.doi.org/10.1021/ol006041h
http://dx.doi.org/10.1080/07328300701298204
http://dx.doi.org/10.1080/07328300701298204
http://dx.doi.org/10.1039/c39890000685
http://dx.doi.org/10.1039/c39890000685
http://dx.doi.org/10.1021/ja016227r
http://dx.doi.org/10.1021/ja016227r
http://dx.doi.org/10.1039/a805206i
http://dx.doi.org/10.1039/a805206i
http://dx.doi.org/10.1016/S0957-4166(01)00227-0
http://dx.doi.org/10.1016/S0957-4166(01)00227-0
http://dx.doi.org/10.1016/S0040-4039(03)01557-0
http://dx.doi.org/10.1016/S0040-4039(03)01557-0
http://dx.doi.org/10.1016/j.tet.2004.08.076
http://dx.doi.org/10.1021/jo025834+
http://dx.doi.org/10.1021/jo025834+
http://dx.doi.org/10.1007/BF00731182
http://dx.doi.org/10.1021/ja00048a085
http://dx.doi.org/10.1039/a902845e
http://dx.doi.org/10.1246/cl.2002.1100
http://dx.doi.org/10.1246/cl.2002.1100
http://dx.doi.org/10.1016/j.carres.2004.11.025
http://dx.doi.org/10.1002/ange.200461988
http://dx.doi.org/10.1002/anie.200461988
http://dx.doi.org/10.1016/S0065-2318(03)58003-9
http://dx.doi.org/10.1016/S0065-2318(03)58003-9
http://dx.doi.org/10.1139/v68-066
http://dx.doi.org/10.1139/v68-066
http://dx.doi.org/10.1002/(SICI)1099-0690(199808)1998:8%3C1609::AID-EJOC1609%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20010716)113:14%3C2718::AID-ANGE2718%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20010716)113:14%3C2718::AID-ANGE2718%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3773(20010716)40:14%3C2654::AID-ANIE2654%3E3.0.CO;2-L
http://dx.doi.org/10.1093/glycob/12.6.69R
http://dx.doi.org/10.1093/glycob/12.6.69R
http://dx.doi.org/10.1021/jo061670b
http://dx.doi.org/10.1002/(SICI)1099-0690(199905)1999:5%3C1167::AID-EJOC1167%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1099-0690(199905)1999:5%3C1167::AID-EJOC1167%3E3.0.CO;2-2
http://dx.doi.org/10.1002/ejoc.200390142
http://dx.doi.org/10.1002/ejoc.200200712
http://dx.doi.org/10.1002/ejoc.200200712
http://dx.doi.org/10.1002/1099-0690(200205)2002:9%3C1479::AID-EJOC1479%3E3.0.CO;2-P
http://dx.doi.org/10.1002/ejoc.200400266
http://dx.doi.org/10.1021/ol049729t
http://dx.doi.org/10.1038/nature05730
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2466::AID-ANGE2466%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2466::AID-ANGE2466%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2360::AID-ANIE2360%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3767::AID-ANGE3767%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3655::AID-ANIE3655%3E3.0.CO;2-K
http://dx.doi.org/10.1016/j.tetlet.2004.02.032
http://dx.doi.org/10.1016/j.tetlet.2004.02.032
http://dx.doi.org/10.1002/ejoc.200500382
http://dx.doi.org/10.1002/ejoc.200500382
http://dx.doi.org/10.1016/j.tet.2004.08.012
http://dx.doi.org/10.1016/S0040-4039(03)01707-6
http://dx.doi.org/10.1016/j.carres.2006.03.030
http://dx.doi.org/10.1021/jo0482559
http://dx.doi.org/10.1002/ejoc.200700347
http://dx.doi.org/10.1016/j.tetlet.2005.03.099
http://dx.doi.org/10.1016/j.tetlet.2005.03.099
http://dx.doi.org/10.1002/ange.200602699
http://dx.doi.org/10.1002/ange.200602699
http://dx.doi.org/10.1002/anie.200602699
http://dx.doi.org/10.1002/anie.200602699
http://dx.doi.org/10.1016/j.tetlet.2007.04.150
http://dx.doi.org/10.1016/j.tetlet.2007.04.150
http://dx.doi.org/10.1016/S0008-6215(03)00099-5
http://dx.doi.org/10.1016/S0008-6215(03)00099-5
http://dx.doi.org/10.1002/ejoc.200300323
http://dx.doi.org/10.1002/ejoc.200300323
http://dx.doi.org/10.1002/ange.200502694
http://dx.doi.org/10.1002/ange.200502694
http://dx.doi.org/10.1002/anie.200502694
http://dx.doi.org/10.1002/anie.200502694
http://dx.doi.org/10.1016/S0040-4039(01)01303-X
http://dx.doi.org/10.1021/jo015987h
http://dx.doi.org/10.1021/jo015987h
http://dx.doi.org/10.1021/jo047723b
http://dx.doi.org/10.1021/jo047723b
http://dx.doi.org/10.1002/1099-0690(200204)2002:8%3C1363::AID-EJOC1363%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1099-0690(200204)2002:8%3C1363::AID-EJOC1363%3E3.0.CO;2-%23
http://dx.doi.org/10.1021/ol0359620
http://dx.doi.org/10.1016/j.tetlet.2004.04.127
http://dx.doi.org/10.1016/j.carres.2006.10.021
http://dx.doi.org/10.1016/j.carres.2006.10.021
http://www.angewandte.org


Schmidt, Carbohydr. Res. 1999, 316, 121 – 132; c) M. V. Chiesa,
R. R. Schmidt, Eur. J. Org. Chem. 2000, 3541 – 3554;
d) M. R. E. Aly, E. S. I. Ibrahim, E. S. H. El Ashry, R. R.
Schmidt, Carbohydr. Res. 2001, 331, 129 – 142.

[224] A. A. H. Abdel-Rahman, S. Jonke, E. S. H. El Ashry, R. R.
Schmidt, Angew. Chem. 2002, 114, 3100 – 3103; Angew. Chem.
Int. Ed. 2002, 41, 2972 – 2974.

[225] D. Crich, T. K. Hutton, A. Banerjee, P. Jayalath, J. Picione,
Tetrahedron: Asymmetry 2005, 16, 105 – 119.

[226] a) S. Sugiyama, W. Haque, J. Diakur, Org. Lett. 2000, 2, 3489 –
3491; b) L. Barbieri, V. Costantino, E. Fattorusso, A. Mangoni,
N. Basilico, M. Mondani, D. Taramelli, Eur. J. Org. Chem. 2005,
3279 – 3285.

[227] a) D. Crich, J. Picione, Org. Lett. 2003, 5, 781 – 784; b) E.
Bedini, A. Carabellese, G. Barone, M. Parrilli, J. Org. Chem.
2005, 70, 8064 – 8070.

[228] N. A. Karst, T. F. Islam, F. Y. Avci, R. J. Linhardt, Tetrahedron
Lett. 2004, 45, 6433 – 6437.

[229] J. H. Kim, H. Yang, J. Park, G. J. Boons, J. Am. Chem. Soc. 2005,
127, 12090 – 12097.

[230] a) J. H. Kim, H. Yang, G. J. Boons, Angew. Chem. 2005, 117,
969 – 971; Angew. Chem. Int. Ed. 2005, 44, 947 – 949; b) J. H.
Kim, H. Yang, V. Khot, D. Whitfield, G. J. Boons, Eur. J. Org.
Chem. 2006, 5007 – 5028.

[231] For some examples, see: a) A. V. Demchenko, E. Rousson, G. J.
Boons, Tetrahedron Lett. 1999, 40, 6523 – 6526; b) Y. P. Cheng,
H. T. Chen, C. C. Lin, Tetrahedron Lett. 2002, 43, 7721 – 7723;
c) T. Mukaiyama, M. Suenaga, H. Chiba, H. Jona, Chem. Lett.
2002, 56 – 57; d) C. De Meo, M. N. Kamat, A. V. Demchenko,
Eur. J. Org. Chem. 2005, 706 – 711; e) H. Tokimoto, Y.
Fujimoto, K. Fukase, S. Kusumoto, Tetrahedron: Asymmetry
2005, 16, 441 – 447; f) N. Ustyuzhanina, B. Komarova, N.
Zlotina, V. Krylov, A. Gerbst, Y. Tsvetkov, N. Nifantiev, Synlett
2006, 921 – 923; g) M. N. Amin, A. Ishiwata, Y. Ito, Tetrahedron
2007, 63, 8181 – 8198.

[232] B. Fraser-Reid, Z. Wu, C. W. Andrews, E. Skowronski, J. Am.
Chem. Soc. 1991, 113, 1434 – 1435.

[233] S. V. Ley, H. W. M. Priepke, Angew. Chem. 1994, 106, 2412 –
2414; Angew. Chem. Int. Ed. Engl. 1994, 33, 2292 – 2294.

[234] a) H. H. Jensen, L. U. Nordstrøm, M. Bols, J. Am. Chem. Soc.
2004, 126, 9205 – 9213; b) H. H. Jensen, M. Bols, Acc. Chem.
Res. 2006, 39, 259 – 265.

[235] a) C. M. Pedersen, L. U. Nordstrøm, M. Bols, J. Am. Chem.
Soc. 2007, 129, 9222 – 9235; b) H. H. Jensen, C. M. Pedersen, M.
Bols, Chem. Eur. J. 2007, 13, 7576 – 7582.

[236] There have been a large number of reports on the application of
conformationally constrained donors; for several recent exam-
ples, see: a) D. Crich, W. Li, H. Li, J. Am. Chem. Soc. 2004, 126,
15081 – 15086; b) R. E. J. N. Litjens, R. den Heeten, M. S. M.
Timmer, H. S. Overkleeft, G. A. van der Marel, Chem. Eur. J.
2005, 11, 1010 – 1016; c) Z. H. Jiang, R. Xu, C. Wilson, A.
Brenk, Tetrahedron Lett. 2007, 48, 2915 – 2918; d) M. Joe, Y.
Bai, R. C. Nacario, T. L. Lowary, J. Am. Chem. Soc. 2007, 129,
9885 – 9901.

[237] T. Nukada, A. B�rces, D. M. Whitfield, Carbohydr. Res. 2002,
337, 765 – 774.

[238] R. E. J. N. Litjens, L. J. van den Bos, J. D. C. Cod�e, H. S.
Overkleeft, G. A. van der Marel, Carbohydr. Res. 2007, 342,
419 – 429.

[239] a) D. Crich, S. Sun, J. Org. Chem. 1996, 61, 4506 – 4507; b) D.
Crich, S. Sun, J. Org. Chem. 1997, 62, 1198 – 1199; c) D. Crich,
B. Wu, Org. Lett. 2006, 8, 4879 – 4882; d) D. Crich, S. Sun, J. Am.
Chem. Soc. 1998, 120, 435 – 436; e) D. Crich, P. Jayalath, T. K.
Hutton, J. Org. Chem. 2006, 71, 3064 – 3070; f) D. Crich, H. Xu,
J. Org. Chem. 2007, 72, 5183 – 5192; g) R. Weingart, R. R.
Schmidt, Tetrahedron Lett. 2000, 41, 8753 – 8758; h) J. D. C.
Cod�e, L. H. Hossain, P. H. Seeberger, Org. Lett. 2005, 7, 3251 –

3254; i) H. Nagai, S. Matsumura, K. Toshima, Carbohydr. Res.
2003, 338, 1531 – 1534; j) T. Tsuda, R. Arihara, S. Sato, M.
Koshiba, S. Nakamura, S. Hashimoto, Tetrahedron 2005, 61,
10719 – 10733; k) M. H. El-Badry, D. Willenbring, D. J. Tantillo,
J. Gervay-Hague, J. Org. Chem. 2007, 72, 4663 – 4672; l) J. Y.
Baek, T. J. Choi, H. B. Jeon, K. S. Kim, Angew. Chem. 2006,
118, 7596 – 7600; Angew. Chem. Int. Ed. 2006, 45, 7436 – 7440;
m) K. Worm-Leonhard, K. Larsen, K. J. Jensen, J. Carbohydr.
Chem. 2007, 26, 349 – 368; n) E. S. H. El Ashry, N. Rashed,
E. S. I. Ibrahim, Curr. Org. Synth. 2005, 2, 175 – 213.

[240] a) D. Crich, S. Sun, J. Am. Chem. Soc. 1997, 119, 11217 – 11223;
b) D. Crich, J. Carbohydr. Chem. 2002, 21, 667 – 690; c) D.
Crich, N. S. Chandrasekera, Angew. Chem. 2004, 116, 5500 –
5503; Angew. Chem. Int. Ed. 2004, 43, 5386 – 5389.

[241] P. Y. Chong, W. R. Roush, Org. Lett. 2002, 4, 4523 – 4526.
[242] a) D. Crich, O. Vinogradova, J. Org. Chem. 2006, 71, 8473 –

8480; b) D. Crich, L. Li, J. Org. Chem. 2007, 72, 1681 – 1690.
[243] D. Crich, W. Cai, J. Org. Chem. 1999, 64, 4926 – 4930.
[244] G. Anilkumar, L. G. Nair, L. Olsson, J. K. Daniels, B. Fraser-

Reid, Tetrahedron Lett. 2000, 41, 7605 – 7608.
[245] a) R. E. J. N. Litjens, M. A. Leeuwenburgh, G. A. van der

Marel, J. H. van Boom, Tetrahedron Lett. 2001, 42, 8693 –
8696; b) R. E. J. N. Litjens, L. J. van den Bos, J. D. C. Cod�e,
R. J. B. H. N. van den Berg, H. S. Overkleeft, G. A. van der
Marel, Eur. J. Org. Chem. 2005, 918 – 924.

[246] a) D. Crich, A. Banerjee, Org. Lett. 2005, 7, 1395 – 1398; b) D.
Crich, A. Banerjee, J. Am. Chem. Soc. 2006, 128, 8078 – 8086.

[247] a) D. Crich, Q. Yao, Org. Lett. 2003, 5, 2189 – 2191; b) D. Crich,
Q. Yao, J. Am. Chem. Soc. 2004, 126, 8232 – 8236; c) D. Crich,
A. A. Bowers, J. Org. Chem. 2006, 71, 3452 – 3463; d) D. Crich,
A. A. Bowers, Org. Lett. 2006, 8, 4327 – 4330.

[248] T. Zhu, G. J. Boons, Org. Lett. 2001, 3, 4201 – 4203.
[249] D. Crich, P. Jayalath, J. Org. Chem. 2005, 70, 7252 – 7259.
[250] D. Crich, A. U. Vinod, J. Picione, J. Org. Chem. 2003, 68, 8453 –

8458.
[251] a) K. Benakli, C. Zha, R. J. Kerns, J. Am. Chem. Soc. 2001, 123,

9461 – 9462; b) R. J. Kerns, C. Zha, K. Benakli, Y. Z. Liang,
Tetrahedron Lett. 2003, 44, 8069 – 8072.

[252] a) P. Wei, R. J. Kerns, J. Org. Chem. 2005, 70, 4195 – 4198; b) M.
Boysen, E. Gemma, M. Lahmann, S. Oscarson, Chem.
Commun. 2005, 3044 – 3046.

[253] a) S. Manabe, K. Ishii, Y. Ito, J. Am. Chem. Soc. 2006, 128,
10666 – 10667; b) S. Manabe, K. Ishii, Y. Ito, J. Org. Chem. 2007,
72, 6107 – 6115.

[254] a) H. Tanaka, Y. Nishiura, T. Takahashi, J. Am. Chem. Soc.
2006, 128, 7124 – 7125; b) M. D. Farris, C. De Meo, Tetrahedron
Lett. 2007, 48, 1225 – 1227; c) D. Crich, W. Li, J. Org. Chem.
2007, 72, 7794 – 7797.

[255] a) T. Hosoya, Y. Ohashi, T. Matsumoto, K. Suzuki, Tetrahedron
Lett. 1996, 37, 663 – 666; b) C. Walford, R. F. W. Jackson, N. H.
Rees, W. Clegg, S. L. Heath, Chem. Commun. 1997, 1855 –
1856; c) H. Yamada, M. Nakatani, T. Ikeda, Y. Marumoto,
Tetrahedron Lett. 1999, 40, 5573 – 5576; d) S. Ichikawa, S. Shuto,
A. Matsuda, J. Am. Chem. Soc. 1999, 121, 10270 – 10280.

[256] For some examples, see: a) H. Yamada, T. Ikeda, Chem. Lett.
2000, 432 – 433; b) T. Ikeda, H. Yamada, Carbohydr. Res. 2000,
329, 889 – 893; c) Y. Okada, T. Mukae, K. Okajima, M. Taira, M.
Fujita, H. Yamada, Org. Lett. 2007, 9, 1573 – 1576; d) Y. Okada,
O. Nagata, M. Taira, H. Yamada, Org. Lett. 2007, 9, 2755 – 2758.

[257] a) S. Oscarson, F. W. Sehgelmeble, J. Am. Chem. Soc. 2000, 122,
8869 – 8872; b) S. Oscarson, F. W. Sehgelmeble, J. Org. Chem.
2002, 67, 8457 – 8462.

[258] D. Kumagai, M. Miyazaki, S. I. Nishimura, Tetrahedron Lett.
2001, 42, 1953 – 1956.

[259] a) A. Imamura, H. Ando, H. Ishida, M. Kiso, Org. Lett. 2005, 7,
4415 – 4418; b) A. Imamura, A. Kimura, H. Ando, H. Ishida, M.
Kiso, Chem. Eur. J. 2006, 12, 8862 – 8870; c) A. Kimura, A.

X. Zhu and R. R. SchmidtReviews

1932 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934

http://dx.doi.org/10.1016/S0008-6215(99)00051-8
http://dx.doi.org/10.1002/1099-0690(200011)2000:21%3C3541::AID-EJOC3541%3E3.0.CO;2-K
http://dx.doi.org/10.1016/S0008-6215(01)00024-6
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3100::AID-ANGE3100%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2972::AID-ANIE2972%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2972::AID-ANIE2972%3E3.0.CO;2-4
http://dx.doi.org/10.1016/j.tetasy.2004.11.032
http://dx.doi.org/10.1021/ol006529i
http://dx.doi.org/10.1021/ol006529i
http://dx.doi.org/10.1002/ejoc.200500053
http://dx.doi.org/10.1002/ejoc.200500053
http://dx.doi.org/10.1021/ol0340890
http://dx.doi.org/10.1021/jo051153d
http://dx.doi.org/10.1021/jo051153d
http://dx.doi.org/10.1016/j.tetlet.2004.06.131
http://dx.doi.org/10.1016/j.tetlet.2004.06.131
http://dx.doi.org/10.1021/ja052548h
http://dx.doi.org/10.1021/ja052548h
http://dx.doi.org/10.1002/ange.200461745
http://dx.doi.org/10.1002/ange.200461745
http://dx.doi.org/10.1002/anie.200461745
http://dx.doi.org/10.1002/ejoc.200600440
http://dx.doi.org/10.1002/ejoc.200600440
http://dx.doi.org/10.1016/S0040-4039(99)01203-4
http://dx.doi.org/10.1016/S0040-4039(02)01849-X
http://dx.doi.org/10.1246/cl.2002.56
http://dx.doi.org/10.1246/cl.2002.56
http://dx.doi.org/10.1002/ejoc.200400616
http://dx.doi.org/10.1016/j.tetasy.2004.11.042
http://dx.doi.org/10.1016/j.tetasy.2004.11.042
http://dx.doi.org/10.1016/j.tet.2007.05.126
http://dx.doi.org/10.1016/j.tet.2007.05.126
http://dx.doi.org/10.1021/ja00004a066
http://dx.doi.org/10.1021/ja00004a066
http://dx.doi.org/10.1002/ange.19941062227
http://dx.doi.org/10.1002/ange.19941062227
http://dx.doi.org/10.1002/anie.199422921
http://dx.doi.org/10.1021/ja047578j
http://dx.doi.org/10.1021/ja047578j
http://dx.doi.org/10.1021/ar050189p
http://dx.doi.org/10.1021/ar050189p
http://dx.doi.org/10.1021/ja071955l
http://dx.doi.org/10.1021/ja071955l
http://dx.doi.org/10.1002/chem.200700947
http://dx.doi.org/10.1021/ja0471931
http://dx.doi.org/10.1021/ja0471931
http://dx.doi.org/10.1002/chem.200400862
http://dx.doi.org/10.1002/chem.200400862
http://dx.doi.org/10.1016/j.tetlet.2007.02.086
http://dx.doi.org/10.1021/ja072892+
http://dx.doi.org/10.1021/ja072892+
http://dx.doi.org/10.1016/S0008-6215(02)00043-5
http://dx.doi.org/10.1016/S0008-6215(02)00043-5
http://dx.doi.org/10.1016/j.carres.2006.09.002
http://dx.doi.org/10.1016/j.carres.2006.09.002
http://dx.doi.org/10.1021/jo9606517
http://dx.doi.org/10.1021/jo962345z
http://dx.doi.org/10.1021/ol061938l
http://dx.doi.org/10.1021/ja9734814
http://dx.doi.org/10.1021/ja9734814
http://dx.doi.org/10.1021/jo0526789
http://dx.doi.org/10.1021/jo070473p
http://dx.doi.org/10.1016/S0040-4039(00)01497-0
http://dx.doi.org/10.1016/S0008-6215(03)00234-9
http://dx.doi.org/10.1016/S0008-6215(03)00234-9
http://dx.doi.org/10.1016/j.tet.2005.08.090
http://dx.doi.org/10.1016/j.tet.2005.08.090
http://dx.doi.org/10.1002/ange.200602642
http://dx.doi.org/10.1002/ange.200602642
http://dx.doi.org/10.1002/anie.200602642
http://dx.doi.org/10.1080/07328300701634762
http://dx.doi.org/10.1080/07328300701634762
http://dx.doi.org/10.2174/1570179053545378
http://dx.doi.org/10.1021/ja971239r
http://dx.doi.org/10.1002/ange.200453688
http://dx.doi.org/10.1002/ange.200453688
http://dx.doi.org/10.1002/anie.200453688
http://dx.doi.org/10.1021/ol027066e
http://dx.doi.org/10.1021/jo061417b
http://dx.doi.org/10.1021/jo061417b
http://dx.doi.org/10.1021/jo062294y
http://dx.doi.org/10.1021/jo990243d
http://dx.doi.org/10.1016/S0040-4039(00)01329-0
http://dx.doi.org/10.1016/S0040-4039(01)01880-9
http://dx.doi.org/10.1016/S0040-4039(01)01880-9
http://dx.doi.org/10.1002/ejoc.200400784
http://dx.doi.org/10.1021/ol050224s
http://dx.doi.org/10.1021/ja061594u
http://dx.doi.org/10.1021/ol034741r
http://dx.doi.org/10.1021/ja048070j
http://dx.doi.org/10.1021/jo0526688
http://dx.doi.org/10.1021/ol061706m
http://dx.doi.org/10.1021/ol016869j
http://dx.doi.org/10.1021/jo0508999
http://dx.doi.org/10.1021/jo035003j
http://dx.doi.org/10.1021/jo035003j
http://dx.doi.org/10.1021/ja0162109
http://dx.doi.org/10.1021/ja0162109
http://dx.doi.org/10.1016/j.tetlet.2003.09.058
http://dx.doi.org/10.1021/jo047812o
http://dx.doi.org/10.1039/b503651h
http://dx.doi.org/10.1039/b503651h
http://dx.doi.org/10.1021/ja062531e
http://dx.doi.org/10.1021/ja062531e
http://dx.doi.org/10.1021/jo070669p
http://dx.doi.org/10.1021/jo070669p
http://dx.doi.org/10.1021/ja0613613
http://dx.doi.org/10.1021/ja0613613
http://dx.doi.org/10.1016/j.tetlet.2006.12.061
http://dx.doi.org/10.1016/j.tetlet.2006.12.061
http://dx.doi.org/10.1021/jo7012912
http://dx.doi.org/10.1021/jo7012912
http://dx.doi.org/10.1016/0040-4039(95)02227-9
http://dx.doi.org/10.1016/0040-4039(95)02227-9
http://dx.doi.org/10.1039/a704534d
http://dx.doi.org/10.1039/a704534d
http://dx.doi.org/10.1016/S0040-4039(99)01077-1
http://dx.doi.org/10.1021/ja992608h
http://dx.doi.org/10.1246/cl.2000.432
http://dx.doi.org/10.1246/cl.2000.432
http://dx.doi.org/10.1016/S0008-6215(00)00240-8
http://dx.doi.org/10.1016/S0008-6215(00)00240-8
http://dx.doi.org/10.1021/ol070427b
http://dx.doi.org/10.1021/ol070720b
http://dx.doi.org/10.1021/ja001439u
http://dx.doi.org/10.1021/ja001439u
http://dx.doi.org/10.1021/jo020341q
http://dx.doi.org/10.1021/jo020341q
http://dx.doi.org/10.1016/S0040-4039(01)00044-2
http://dx.doi.org/10.1016/S0040-4039(01)00044-2
http://dx.doi.org/10.1021/ol051592z
http://dx.doi.org/10.1021/ol051592z
http://dx.doi.org/10.1002/chem.200600832
http://www.angewandte.org


Imamura, H. Ando, H. Ishida, M. Kiso, Synlett 2006, 2379 –
2382.

[260] a) X. Zhu, S. Kawatkar, Y. Rao, G. J. Boons, J. Am. Chem. Soc.
2006, 128, 11948 – 11957; b) D. Crich, C. M. Pedersen, A. A.
Bowers, D. J. Wink, J. Org. Chem. 2007, 72, 1553 – 1565.

[261] C. Rademacher, G. K. Shoemaker, H. S. Kim, R. B. Zheng, H.
Taha, C. Liu, R. C. Nacario, D. C. Schriemer, J. S. Klassen, T.
Peters, T. L. Lowary, J. Am. Chem. Soc. 2007, 129, 10489 –
10502.

[262] A. Ishiwata, H. Akao, Y. Ito, Org. Lett. 2006, 8, 5525 – 5528.
[263] B. Yu, Z. Yang, H. Cao, Curr. Org. Chem. 2005, 9, 179 – 194.
[264] T. Polat, C. H. Wong, J. Am. Chem. Soc. 2007, 129, 12795 –

12800.
[265] J. M. J. Fr�chet, C. Schuerch, J. Am. Chem. Soc. 1971, 93, 492 –

496.
[266] Reviewed in: a) P. H. Seeberger, W. C. Haase, Chem. Rev. 2000,

100, 4349 – 4393; b) W. C. Haase, P. H. Seeberger, Curr. Org.
Chem. 2000, 4, 481 – 511, and Ref. [13]; c) Solid Support
Oligosaccharide Synthesis and Combinatorial Carbohydrates
Libraries (Ed.: P. H. Seeberger), Wiley, New York, 2001.

[267] a) S. J. Danishefsky, K. F. McClure, J. T. Randolph, R. B.
Ruggeri, Science 1993, 260, 1307 – 1309; b) J. T. Randolph,
S. J. Danishefsky, Angew. Chem. 1994, 106, 1538 – 1541; Angew.
Chem. Int. Ed. Engl. 1994, 33, 1470 – 1473; c) J. T. Randolph,
K. F. McClure, S. J. Danishefsky, J. Am. Chem. Soc. 1995, 117,
5712 – 5719.

[268] C. Zheng, P. H. Seeberger, S. J. Danishefsky, Angew. Chem.
1998, 110, 831 – 834; Angew. Chem. Int. Ed. 1998, 37, 786 – 789.

[269] X. Zhu, R. R. Schmidt, unpublished results.
[270] a) T. Doi, M. Sugiki, H. Yamada, T. Takahashi, Tetrahedron

Lett. 1999, 40, 2141 – 2144; b) S. Manabe, Y. Ito, Chem. Pharm.
Bull. 2001, 49, 1234 – 1235; c) D. Crich, M. Smith, J. Am. Chem.
Soc. 2002, 124, 8867 – 8869; d) J. Ferguson, C. Marzabadi,
Tetrahedron Lett. 2003, 44, 3573 – 3577; e) O. Kanie, I. Ohtsuka,
T. Ako, S. Daikoku, Y. Kanie, R. Kato, Angew. Chem. 2006,
118, 3935 – 3938; Angew. Chem. Int. Ed. 2006, 45, 3851 – 3854;
f) T. Ako, S. Daikoku, I. Ohtsuka, R. Kato, O. Kanie, Chem.
Asian J. 2006, 1, 798 – 813.

[271] a) T. Zhu, G. J. Boons, Angew. Chem. 1998, 110, 2000 – 2003;
Angew. Chem. Int. Ed. 1998, 37, 1898 – 1900; b) T. Doi, A.
Kinbara, H. Inoue, T. Takahashi, Chem. Asian J. 2007, 2, 188 –
198.

[272] a) L. Yan, C. M. Taylor, R. Goodnow, D. Kahne, J. Am. Chem.
Soc. 1994, 116, 6953 – 6954; b) R. Liang, L. Yan, J. Loebach, M.
Ge, Y. Uozumi, K. Sekanina, N. Horan, J. Gildersleeve, C.
Thompson, A. Smith, K. Biswas, W. C. Still, D. Kahne, Science
1996, 274, 1520 – 1522.

[273] a) J. Rademann, R. R. Schmidt, Tetrahedron Lett. 1996, 37,
3989 – 3990; b) J. Rademann, R. R. Schmidt, J. Org. Chem.
1997, 62, 3650 – 3653; c) J. A. Hunt, W. R. Roush, J. Am. Chem.
Soc. 1996, 118, 9998 – 9999.

[274] a) K. C. Nicolaou, N. Winssinger, J. Pastor, F. DeRoose, J. Am.
Chem. Soc. 1997, 119, 449 – 450; b) K. C. Nicolaou, N. Wata-
nabe, J. Li, J. Pastor, N. Winssinger, Angew. Chem. 1998, 110,
1636 – 1638; Angew. Chem. Int. Ed. 1998, 37, 1559 – 1561.

[275] R. Rodebaugh, S. Joshi, B. Fraser-Reid, H. M. Geysen, J. Org.
Chem. 1997, 62, 5660 – 5661.

[276] a) R. B. Andrade, O. J. Plante, L. G. Melean, P. H. Seeberger,
Org. Lett. 1999, 1, 1811 – 1814; b) L. G. Melean, K. R. Love,
P. H. Seeberger, Carbohydr. Res. 2002, 337, 1893 – 1916.

[277] F. Roussel, L. Knerr, M. Grathwohl, R. R. Schmidt, Org. Lett.
2000, 2, 3043 – 3046.

[278] a) S. Jonke, K. G. Liu, R. R. Schmidt, Chem. Eur. J. 2006, 12,
1274 – 1290; b) J. Rademann, A. Geyer, R. R. Schmidt, Angew.
Chem. 1998, 110, 1309 – 1313; Angew. Chem. Int. Ed. 1998, 37,
1241 – 1245; c) X. Wu, M. Grathwohl, R. R. Schmidt, Angew.

Chem. 2002, 114, 4664 – 4668; Angew. Chem. Int. Ed. 2002, 41,
4489 – 4493.

[279] F. Roussel, M. Takhi, R. R. Schmidt, J. Org. Chem. 2001, 66,
8540 – 8548.

[280] a) M. Grathwohl, R. R. Schmidt, Synthesis 2001, 2263 – 2272;
b) F. Roussel, L. Knerr, R. R. Schmidt, Eur. J. Org. Chem. 2001,
2067 – 2073.

[281] N.-C. Reichardt, M. Martin Lomas, Angew. Chem. 2003, 115,
4822 – 4825; Angew. Chem. Int. Ed. 2003, 42, 4674 – 4677.

[282] S. Manabe, Y. Ito, J. Am. Chem. Soc. 2002, 124, 12638 – 12639.
[283] X. Wu, R. R. Schmidt, J. Org. Chem. 2004, 69, 1853 – 1857.
[284] O. J. Plante, E. R. Palmacci, P. H. Seeberger, Science 2001, 291,

1523 – 1527.
[285] a) D. M. Ratner, E. R. Swanson, P. H. Seeberger, Org. Lett.

2003, 5, 4717 – 4720; b) M. C. Hewitt, D. A. Snyder, P. H.
Seeberger, J. Am. Chem. Soc. 2002, 124, 13434 – 13436; c) K.
Routenberg Love, P. H. Seeberger, Angew. Chem. 2004, 116,
612 – 615; Angew. Chem. Int. Ed. 2004, 43, 602 – 605; d) D. B.
Werz, B. Castagner, P. H. Seeberger, J. Am. Chem. Soc. 2007,
129, 2770 – 2771; e) J. D. C. Cod�e, L. Kr
ck, B. Castagner, P. H.
Seeberger, Chem. Eur. J. 2008, 14, 3987 – 3994.

[286] a) T. Kanemitsu, C. H. Wong, O. Kanie, J. Am. Chem. Soc.
2002, 124, 3591 – 3599; b) M. Mogemark, M. Elofsson, J.
Kihlberg, J. Org. Chem. 2003, 68, 7281 – 7288; see also
Ref. [290].

[287] K. Egusa, S. Kusumoto, K. Fukase, Eur. J. Org. Chem. 2003,
3435 – 3445.

[288] There have been a large number of reports on the design of
novel linkers for SPOS; see, for example: a) X. Wu, M.
Grathwohl, R. R. Schmidt, Org. Lett. 2001, 3, 747 – 750; b) M.
Izumi, K. Fukase, S. Kusumoto, Synlett 2002, 1409 – 1416; c) M.
Mogemark, L. Gustafsson, C. Bengtsson, M. Elofsson, J.
Kihlberg, Org. Lett. 2004, 6, 4885 – 4888.

[289] J. Bauer, J. Rademann, J. Am. Chem. Soc. 2005, 127, 7296 –
7297.

[290] M. M�ller, U. Huchel, A. Geyer, R. R. Schmidt, J. Org. Chem.
1999, 64, 6190 – 6201.

[291] Y. Ishido, S. Inaba, A. Matsuno, T. Yoshino, H. Umezawa, J.
Chem. Soc. Perkin Trans. 1 1977, 1382 – 1390.

[292] T. Iimori, I. Azumaya, T. Shibazaki S. Ikegami, Heterocycles
1997, 46, 221 – 224.

[293] G. Scheffler, R. R. Schmidt, Tetrahedron Lett. 1997, 38, 2943 –
2946.

[294] J. B. Laursen, L. Petersen, K. Jensen, Org. Lett. 2001, 3, 687 –
690.

[295] a) E. Behrendt, R. R. Schmidt, Tetrahedron Lett. 1993, 34,
6733 – 6736; b) C. Mukai, T. Itoh, M. Hanaoka, Tetrahedron
Lett. 1997, 38, 4595 – 4598.

[296] G. Scheffler, E. Behrendt, R. R. Schmidt, Eur. J. Org. Chem.
2000, 3527 – 3539.

[297] a) F. Barresi, O. Hindsgaul, J. Am. Chem. Soc. 1991, 113, 9376 –
9377; b) S. C. Ennis, A. J. Fairbanks, R. J. Tennant-Eyles, H. S.
Yates, Synlett 1999, 1387 – 1390; c) Y. Ito, T. Ogawa, Angew.
Chem. 1994, 106, 1843 – 1845; Angew. Chem. Int. Ed. Engl.
1994, 33, 1765 – 1767; d) Y. Ito, Y. Ohnishi, T. Ogawa, Y.
Nakahara, Synlett 1998, 1102 – 1104.

[298] A. Dan, Y. Ito, T. Ogawa, Tetrahedron Lett. 1995, 36, 7487 –
7490.

[299] U. Huchel, R. R. Schmidt, Tetrahedron Lett. 1998, 39, 7693 –
7694.

[300] a) T. Ziegler, R. Lau, Tetrahedron Lett. 1995, 36, 1417 – 1420;
b) T. Ziegler, G. Lemanski, Angew. Chem. 1998, 110, 3367 –
3369; Angew. Chem. Int. Ed. 1998, 37, 3129 – 3132; c) T. Ziegler,
G. Lemanski, Eur. J. Org. Chem. 2000, 181 – 186.

[301] M. Wakao, K. Fukase, S. Kusumoto, Synlett 1999, 1911 – 1914.
[302] K. Fujikawa, A. Imamura, H. Ishida, M. Kiso, Carbohydr. Res.

2008, 343, 2729 – 2734.

Glycoside Bonds
Angewandte

Chemie

1933Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja0629817
http://dx.doi.org/10.1021/ja0629817
http://dx.doi.org/10.1021/jo061440x
http://dx.doi.org/10.1021/ja0723380
http://dx.doi.org/10.1021/ja0723380
http://dx.doi.org/10.1021/ol062198j
http://dx.doi.org/10.2174/1385272053369240
http://dx.doi.org/10.1021/ja073098r
http://dx.doi.org/10.1021/ja073098r
http://dx.doi.org/10.1021/cr9903104
http://dx.doi.org/10.1021/cr9903104
http://dx.doi.org/10.2174/1385272003376193
http://dx.doi.org/10.2174/1385272003376193
http://dx.doi.org/10.1126/science.8493573
http://dx.doi.org/10.1002/ange.19941061415
http://dx.doi.org/10.1002/anie.199414701
http://dx.doi.org/10.1002/anie.199414701
http://dx.doi.org/10.1021/ja00126a012
http://dx.doi.org/10.1021/ja00126a012
http://dx.doi.org/10.1002/(SICI)1521-3757(19980316)110:6%3C831::AID-ANGE831%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1521-3757(19980316)110:6%3C831::AID-ANGE831%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1521-3773(19980403)37:6%3C786::AID-ANIE786%3E3.0.CO;2-F
http://dx.doi.org/10.1016/S0040-4039(99)00133-1
http://dx.doi.org/10.1016/S0040-4039(99)00133-1
http://dx.doi.org/10.1248/cpb.49.1234
http://dx.doi.org/10.1248/cpb.49.1234
http://dx.doi.org/10.1021/ja011406u
http://dx.doi.org/10.1021/ja011406u
http://dx.doi.org/10.1016/S0040-4039(03)00604-X
http://dx.doi.org/10.1002/ange.200600433
http://dx.doi.org/10.1002/ange.200600433
http://dx.doi.org/10.1002/anie.200600433
http://dx.doi.org/10.1002/asia.200600210
http://dx.doi.org/10.1002/asia.200600210
http://dx.doi.org/10.1002/(SICI)1521-3757(19980703)110:13/14%3C2000::AID-ANGE2000%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-3773(19980803)37:13/14%3C1898::AID-ANIE1898%3E3.0.CO;2-T
http://dx.doi.org/10.1002/asia.200600301
http://dx.doi.org/10.1002/asia.200600301
http://dx.doi.org/10.1021/ja00094a067
http://dx.doi.org/10.1021/ja00094a067
http://dx.doi.org/10.1126/science.274.5292.1520
http://dx.doi.org/10.1126/science.274.5292.1520
http://dx.doi.org/10.1016/0040-4039(96)00763-0
http://dx.doi.org/10.1016/0040-4039(96)00763-0
http://dx.doi.org/10.1021/jo970087f
http://dx.doi.org/10.1021/jo970087f
http://dx.doi.org/10.1021/ja962128f
http://dx.doi.org/10.1021/ja962128f
http://dx.doi.org/10.1021/ja963482g
http://dx.doi.org/10.1021/ja963482g
http://dx.doi.org/10.1002/(SICI)1521-3757(19980605)110:11%3C1636::AID-ANGE1636%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1521-3757(19980605)110:11%3C1636::AID-ANGE1636%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1521-3773(19980619)37:11%3C1559::AID-ANIE1559%3E3.0.CO;2-E
http://dx.doi.org/10.1021/jo970216s
http://dx.doi.org/10.1021/jo970216s
http://dx.doi.org/10.1021/ol991071+
http://dx.doi.org/10.1016/S0008-6215(02)00299-9
http://dx.doi.org/10.1021/ol006081l
http://dx.doi.org/10.1021/ol006081l
http://dx.doi.org/10.1002/chem.200500707
http://dx.doi.org/10.1002/chem.200500707
http://dx.doi.org/10.1002/(SICI)1521-3757(19980504)110:9%3C1309::AID-ANGE1309%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1521-3757(19980504)110:9%3C1309::AID-ANGE1309%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1521-3773(19980518)37:9%3C1241::AID-ANIE1241%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3773(19980518)37:9%3C1241::AID-ANIE1241%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4664::AID-ANGE4664%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4664::AID-ANGE4664%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4489::AID-ANIE4489%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4489::AID-ANIE4489%3E3.0.CO;2-X
http://dx.doi.org/10.1021/jo016018p
http://dx.doi.org/10.1021/jo016018p
http://dx.doi.org/10.1055/s-2001-18441
http://dx.doi.org/10.1002/1099-0690(200106)2001:11%3C2067::AID-EJOC2067%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1099-0690(200106)2001:11%3C2067::AID-EJOC2067%3E3.0.CO;2-9
http://dx.doi.org/10.1002/ange.200351950
http://dx.doi.org/10.1002/ange.200351950
http://dx.doi.org/10.1002/anie.200351950
http://dx.doi.org/10.1021/ja020781z
http://dx.doi.org/10.1021/jo0354239
http://dx.doi.org/10.1126/science.1057324
http://dx.doi.org/10.1126/science.1057324
http://dx.doi.org/10.1021/ol035887t
http://dx.doi.org/10.1021/ol035887t
http://dx.doi.org/10.1021/ja027538k
http://dx.doi.org/10.1002/ange.200352539
http://dx.doi.org/10.1002/ange.200352539
http://dx.doi.org/10.1002/anie.200352539
http://dx.doi.org/10.1021/ja069218x
http://dx.doi.org/10.1021/ja069218x
http://dx.doi.org/10.1021/ja0167396
http://dx.doi.org/10.1021/ja0167396
http://dx.doi.org/10.1021/jo034581x
http://dx.doi.org/10.1002/ejoc.200300248
http://dx.doi.org/10.1002/ejoc.200300248
http://dx.doi.org/10.1021/ol007062e
http://dx.doi.org/10.1021/ol048053z
http://dx.doi.org/10.1021/ja051737x
http://dx.doi.org/10.1021/ja051737x
http://dx.doi.org/10.1021/jo990132e
http://dx.doi.org/10.1021/jo990132e
http://dx.doi.org/10.1039/p19770001382
http://dx.doi.org/10.1039/p19770001382
http://dx.doi.org/10.1016/S0040-4039(97)00561-3
http://dx.doi.org/10.1016/S0040-4039(97)00561-3
http://dx.doi.org/10.1021/ol006988j
http://dx.doi.org/10.1021/ol006988j
http://dx.doi.org/10.1016/S0040-4039(00)61687-8
http://dx.doi.org/10.1016/S0040-4039(00)61687-8
http://dx.doi.org/10.1016/S0040-4039(97)00983-0
http://dx.doi.org/10.1016/S0040-4039(97)00983-0
http://dx.doi.org/10.1002/1099-0690(200011)2000:21%3C3527::AID-EJOC3527%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1099-0690(200011)2000:21%3C3527::AID-EJOC3527%3E3.0.CO;2-P
http://dx.doi.org/10.1021/ja00024a057
http://dx.doi.org/10.1021/ja00024a057
http://dx.doi.org/10.1055/s-1999-2855
http://dx.doi.org/10.1002/ange.19941061723
http://dx.doi.org/10.1002/ange.19941061723
http://dx.doi.org/10.1002/anie.199417651
http://dx.doi.org/10.1002/anie.199417651
http://dx.doi.org/10.1055/s-1998-1894
http://dx.doi.org/10.1016/0040-4039(95)01604-X
http://dx.doi.org/10.1016/0040-4039(95)01604-X
http://dx.doi.org/10.1016/S0040-4039(98)01664-5
http://dx.doi.org/10.1016/S0040-4039(98)01664-5
http://dx.doi.org/10.1016/0040-4039(95)00010-A
http://dx.doi.org/10.1002/(SICI)1521-3757(19981116)110:22%3C3367::AID-ANGE3367%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3757(19981116)110:22%3C3367::AID-ANGE3367%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3773(19981204)37:22%3C3129::AID-ANIE3129%3E3.0.CO;2-8
http://dx.doi.org/10.1055/s-1999-2997
http://dx.doi.org/10.1016/j.carres.2008.05.007
http://dx.doi.org/10.1016/j.carres.2008.05.007
http://www.angewandte.org


[303] a) R. J. Tennant-Eyles, B. G. Davis, J. A. Fairbanks, Chem.
Commun. 1999, 1037 – 1038; b) E. Attolino, T. W. D. F. Rising,
C. D. Heidecke, A. J. Fairbanks, Tetrahedron: Asymmetry 2007,
18, 1721 – 1734.

[304] M. M�ller, R. R. Schmidt, Eur. J. Org. Chem. 2001, 2055 – 2066.
[305] a) S. Valverde, A. M. G	mez, A. Hern�ndez, B. Herrad	n, J. C.

L	pez, J. Chem. Soc. Chem. Commun. 1995, 2005 – 2006; b) S.
Valverde, M. Garc
a, A. M. G	mez, J. C. L	pez, Synlett 2000,
22 – 26.

[306] a) T. Ziegler, G. Lemanski, J. H�rttlen, Tetrahedron Lett. 2001,
42, 569 – 572; b) S. Paul, M. M�ller, R. R. Schmidt, Eur. J. Org.
Chem. 2003, 128 – 137.

[307] G. Lemanski, T. Ziegler, Eur. J. Org. Chem. 2006, 2618 – 2630.
[308] a) T. Miura, K. Goto, D. Hosaka, T. Inazu, Angew. Chem. 2003,

115, 2093 – 2097; Angew. Chem. Int. Ed. 2003, 42, 2047 – 2051;
b) K. Goto, T. Miura, D. Hosaka, H. Matsumoto, M. Mizuno,
H. K. Ishida, T. Inazu, Tetrahedron 2004, 60, 8845 – 8854.

[309] a) T. Miura, Y. Hirose, M. Ohmae, T. Inazu, Org. Lett. 2001, 3,
3947 – 3950; b) T. Miura, T. Inazu, Tetrahedron Lett. 2003, 44,
1819 – 1821; c) K. Goto, T. Miura, M. Mizuno, H. Takaki, N.
Imai, Y. Murakami, T. Inazu, Synlett 2004, 2221 – 2223.

[310] R. R. Schmidt, Acc. Chem. Res. 1986, 19, 250 – 259.

[311] a) A. C. Comely, R. Eelkema, A. J. Minnaard, B. L. Feringa, J.
Am. Chem. Soc. 2003, 125, 8714 – 8715; b) R. S. Babu, G. A.
O�Doherty, J. Am. Chem. Soc. 2003, 125, 12406 – 12407; c) H.
Kim, H. Men, C. Lee, J. Am. Chem. Soc. 2004, 126, 1336 – 1337.

[312] a) H. Guo, G. A. O�Doherty, Org. Lett. 2005, 7, 3921 – 3924;
b) R. S. Babu, M. Zhou, G. A. O�Doherty, J. Am. Chem. Soc.
2004, 126, 3428 – 3429; c) R. S. Babu, G. A. O�Doherty, J.
Carbohydr. Chem. 2005, 24, 169 – 177; d) M. Shan, G. A.
O�Doherty, Org. Lett. 2006, 8, 5149 – 5152; e) R. S. Babu,
S. R. Guppi, G. A. O�Doherty, Org. Lett. 2006, 8, 1605 – 1608;
f) M. Zhou, G. A. O�Doherty, Org. Lett. 2006, 8, 4339 – 4342;
g) M. Zhou, G. A. O�Doherty, J. Org. Chem. 2007, 72, 2485 –
2493; h) H. Guo, G. A. O�Doherty, Angew. Chem. 2007, 119,
5298 – 5300; Angew. Chem. Int. Ed. 2007, 46, 5206 – 5208.

[313] a) D. B. Werz, P. H. Seeberger, Angew. Chem. 2005, 117, 6474 –
6476; Angew. Chem. Int. Ed. 2005, 44, 6315 – 6318; b) R.
Adamo, R. Saksena, P. Kovac, Carbohydr. Res. 2005, 340, 2579 –
2582; c) R. Saksena, R. Adamo, P. Kovac, Bioorg. Med. Chem.
Lett. 2006, 16, 615 – 617; d) R. Adamo, R. Saksena, P. Kovac,
Helv. Chim. Acta 2006, 89, 1075 – 1089; e) A. S. Mehta, E. Saile,
W. Zhong, T. Buskas, R. Carlson, E. Kannenberg, Y. Reed, C. P.
Quinn, G. J. Boons, Chem. Eur. J. 2006, 12, 9136 – 9149; f) D.
Crich, O. Vinogradova, J. Org. Chem. 2007, 72, 6513 – 6520.

X. Zhu and R. R. SchmidtReviews

1934 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1900 – 1934

http://dx.doi.org/10.1039/a901916b
http://dx.doi.org/10.1039/a901916b
http://dx.doi.org/10.1016/j.tetasy.2007.06.026
http://dx.doi.org/10.1016/j.tetasy.2007.06.026
http://dx.doi.org/10.1002/1099-0690(200106)2001:11%3C2055::AID-EJOC2055%3E3.0.CO;2-N
http://dx.doi.org/10.1039/c39950002005
http://dx.doi.org/10.1016/S0040-4039(00)02032-3
http://dx.doi.org/10.1016/S0040-4039(00)02032-3
http://dx.doi.org/10.1002/1099-0690(200301)2003:1%3C128::AID-EJOC128%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1099-0690(200301)2003:1%3C128::AID-EJOC128%3E3.0.CO;2-S
http://dx.doi.org/10.1002/ejoc.200600078
http://dx.doi.org/10.1002/ange.200250531
http://dx.doi.org/10.1002/ange.200250531
http://dx.doi.org/10.1002/anie.200250531
http://dx.doi.org/10.1016/j.tet.2004.07.027
http://dx.doi.org/10.1021/ol016838o
http://dx.doi.org/10.1021/ol016838o
http://dx.doi.org/10.1016/S0040-4039(03)00091-1
http://dx.doi.org/10.1016/S0040-4039(03)00091-1
http://dx.doi.org/10.1021/ar00128a004
http://dx.doi.org/10.1021/ja0347538
http://dx.doi.org/10.1021/ja0347538
http://dx.doi.org/10.1021/ja037097k
http://dx.doi.org/10.1021/ja039746y
http://dx.doi.org/10.1021/ol051383e
http://dx.doi.org/10.1021/ja039400n
http://dx.doi.org/10.1021/ja039400n
http://dx.doi.org/10.1081/CAR-200059959
http://dx.doi.org/10.1081/CAR-200059959
http://dx.doi.org/10.1021/ol062076r
http://dx.doi.org/10.1021/ol060254a
http://dx.doi.org/10.1021/ol061683b
http://dx.doi.org/10.1021/jo062534+
http://dx.doi.org/10.1021/jo062534+
http://dx.doi.org/10.1002/ange.200701354
http://dx.doi.org/10.1002/ange.200701354
http://dx.doi.org/10.1002/anie.200701354
http://dx.doi.org/10.1002/ange.200502615
http://dx.doi.org/10.1002/ange.200502615
http://dx.doi.org/10.1002/anie.200502615
http://dx.doi.org/10.1016/j.carres.2005.09.015
http://dx.doi.org/10.1016/j.carres.2005.09.015
http://dx.doi.org/10.1016/j.bmcl.2005.10.056
http://dx.doi.org/10.1016/j.bmcl.2005.10.056
http://dx.doi.org/10.1002/hlca.200690106
http://dx.doi.org/10.1002/chem.200601245
http://dx.doi.org/10.1021/jo070750s
http://www.angewandte.org

