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Preface

Carbohydratechemistryhas been an important and vital subdisciplineof org1mic chemistry
ever since the pioneering discoveries of Emil Fischer. Stereochemicalfeatures, conforma
tional aspects, and stereoelectronicprinciples dealt with in organicchemistryin general are
deeply rooted in molecules we generally refer to as sugars. Over the years, carbohydrate
chemistryhas servedas an important link between organicchemistry,medicinalchemistry,
and biology.

In recent years, the general areas of carbohydrate chemistry and biochemistry have
enjoyed unprecedented popularity. A clear indication of thisresurgence of interest is the
large contingent of "noncarbohydrate" chemists by training, who have flocked to the area
with newideas and excitingapplications.This, coupledwith the increasinglyimportantrole
that sugar molecules are playing in glycobiology; in anti-infective therapy as components
of antibiotics, antitumor,and antiviralagents;and in relatedbiomedicalareas, makesthis old
subdiscipline of organic chemistry a vibrant and rejuvenated areain which to work. What
has been sorely missing,however,is an authoritativemonographthat describes the prepara
tion of some of the more importantcarbohydratederivativesandrelated moleculesin an up
to-dateand concise manner.

This volume, written by authorities on the subject, is a compendium of classic
procedures for the synthesisand utilizationof carbohydrate-relatedmolecules.Representa
tive, state-of-the-artprocedures provide even newcomers to thefield with ready access to
commonly used carbohydrate derivatives for a variety of applications.

A total of 28 chapters'have been groupedunder 7 themes. Each chapter consists of
introduction,discussion,and experimentalsections that cover the particular "method" in a
thorough manner. The reader will thus be introduced to thesubject matter pertaining to a
general method, a -specific reaction, or type of derivative, as well as to the experimental
procedures performed in the author's laboratory and described in the literature, whenever
pertinent.

The first four chapters, which come under the general theme of sugar derivatives.
represent methods for the transformation of sugar molecules into synthetically useful
derivatives,such as aeetals,dithioacetals.ethers. and related compounds.The followingsb
chapters explore selected reactions of sugar derivatives. in which some of the most
important bond-fonning reactions in the modifications of sugars are discussed.

The third theme is concerned with the chemical synthesis of 0- and N-glycosy.
compounds, and of oligoseccharides, and is the subject of ten chapters. The most widel)
used methods for glycoside synthesis are discussed, together with the inclusion of concep
tually new approaches to anomeric activation and glycoside synthesis.
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Preface

'The use of enzymes in carbohydrate chemistry is covered in two chapters on

l.Z)'D1lllic synthesis of sialic acid, KDO, and related deoxyulosonicacids, and oligosac

aarides,
The themeof C-glycosylcompouridsis coveredby two chapterson freel'lldical- and

.ewisacid-mediated transformationsthat address the stereoeontrolledsynthesisof carbon

ubstituents at the anomericposition.
The sixth theme, carbocycles from carbohydrates,explores how functionaIized cy

lopentanes and cyclohexanes can be prepared from carbohydrate precursors, thereby

:xtending the usefulness of sugars for the synthesis of mainstream organic compounds.

The last theme,total synthesis of sugars from nonsugars,groupstwo chaptersthatare

:oncemedwith how amino sugars, deoxy sugars, and sugars in general are syntliesized

rom amino acids and related compounds, as well as by de novo methods.

In shortintroductorycommentarieson each theme,I have attempted to providesome

nsight into the topic,reflecton its evolutionover the years. and put recentdevelopmentsin

perspective,
The foregoing themes and the specific chapters represent some of the most pre

paratively useful methods in modern carbohydrate chemistry. Although coverage is re

stricted to a selection of topics, the most important aspectsof preparative carbohydrate

chemistryhave been dealt with in an expert manner. As a consequence,it is my hope that

thisvolume will have lasting value.

I am greatly indebted to all the authors, who responded with great enthusiasm to

my initial proposal by providing chapters. I would also like to acknowledge the expert

assistance of Carol St-Vmcent Major and Michelle Piche in the prepanrtionof my own

chapters, and Gurljala V. Reddy, Olivier Rogel, and Benoit Larouche for producing

artworlc for them.
Finally, I hope the preparative methods described in this monograph will be of

service to present and future generationsof investigatorsin the pursuit of their individual

research objectives;

StephenHanessian
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I
Sugar Derivatives

THEMES: Aceta/s, Dithioacetals, Ethers, Site-Selective Oxidations

Because of their abundance and their endowment with unique stereochemical and func
tional features, carbohydrates can be considered as one of nature's better gifts to the
synthetic organic chemist. Although this personalopinion was appreciated and shared by a
few sugar chemistry aficionados 30 years ago, there was reluctance on the part of the
general community of synthetic organic chemists to venture into the field as explorers or
exploiters. Today this is no longer true,

One ofthe main deterrents to thispractice was a combination of "sugarophobia" and
conservatism on the part of the noncarbohydrate chemists, who preferred to tread along the
charted waters of terpenes and related traditional natural products. Indeed, what better
carbon frameworks to study mechanistic organic chemistry and to advance the state of the
art of synthesis? Major insights, roles, and theories were being advanced throughout the
19608 and 19708. Meanwhile the carbohydrate chemist, born and bred on a sugar-rich diet,
had become a bit of an isolationist, content to work in and around the periphery of a sugar
molecul~,and with good reason. In fact, a large numberofnatural products with antibiotic,
antitumor, and antiviral properties contained unusual sugar moieties that had to be isolated,
their structures elucidated and synthesized. Who would be better suited for such a task but
the carbohydrate chemist?

The notion thatsugar molecules need not be just sugar molecules was popularized in
the mid-19608 and early 19708. In recent years, this school of thought has had a large
following from the community of synthetic organic chemists in general. I do not think: that
chemists label themselves as sugar, terpene, or alkaloid people any longer. Much ofthis has
had to do with changing attitudes in the classroom with revised curricula, in the laboratory
with the need to synthesize enantiomerically pure molecules, and in people's psyches in
general.

A major operational problem in working with polyhydroxylated molecules, is their
derivatization in ways that render them synthetically useful as starting materials or as
intermediates in synthesis. Thus, the availability of sugars, with a plethora of stereochemi
cal and functional features, can be an amenity as well as a problem,

Fortunately, the roles of chemical reactivity and conformational analysis, coupled
with the laws of thermodynamics, join forces to allow us to functionalize polyhydroxy
aldehydes and ketones (aldoses and alduloses) in a selective and predictable fashion.

Water-soluble sugars disguised as hemiacetals, become organic-solvent-soluble as

1



2 Part I

O-protected cyclic or acyclic carbon frameworks. The choice of acetals or ethers as
derivatives allows a systematic manipulation of diols and polyols. Kinetic control and a
lesser affinityfor protonation on sulfur compared with oxygen allows the transformation of
cyclic hemiacetals into acyclic dialkyl dithioacetals. Acetal, ether, and dithioacetal deriva
tives are some of the pivotal intermediates needed to explore various applications of
carbohydrates in synthesis.

Selectivity can be an overriding commodity in cases where reactivity is dictated by
logic andaccepted concepts. Such is the case with stannylene acetals of diols and trialkyl
stannyl ethers of alcohols. Enhanced nucleopbilicity of oxygen attached to tin and well
documented stereoelectronic effects associated with methine carbon atoms of trialkyltin
ethers lead to remarkably selective reactions of O-substitution and oxidation in poly
hydroxy compounds.

The following four chapters offer insight and experimental details in the selective
derivatization of sugar molecules.

Stephen Hanessian

1
Synthesis of Isopropylidene, Benzylidene,
and Related Acetals

Pierre Calinaud and Jacques Gelas
Ecole Nationale Superieure de Chimie de Clermont-Ferrand, Aubiere, France .

I. Introduction 3
II. Methods for Preparation of Acetals in Carbohydrate Chemistry 6

A. General methods 6
B. Mechanistic and structural aspects 11

m. Experimental Procedures 15
A. Acyclic sugars 15
B. Pentoses 16
C. Hexoses 18
D. Aminosugars 23
E. Deoxysugars 24
F. Oligosaccharides 25

G. Acetalation of trans-vicinal diols 27
References 28

I. INTRODUCTION

The condensation of aldehydes and ketones with alcohols and polyols is one of the first
reactions of the organic chemistry. Following the pioneering work by Wurtz [I] (acetalde
hyde and ethylene glycol), and by Meunier [2] (catalysis witil acids), Emil Fischer [3]
described as early as 1895 theformation of acetals* of glycoses (first from o-fructose and
acetone). Since then. thisprotecting group has been extensively used in organic chemistry,
in general, and in carbohydrate chemistry, in particular. These developments concern not

·F911owing the recommendation of illPAC (rule C-331.1) the term ocetal should be given to the
compounds obtained throughthereactionof a carbonylgroupof an altkhyde as well as from a ketone.

3



4 C8l1naud and Gelas lsopropylldene, Benzylidene, and Related Acetals 5

Only short comments will be given for other acetal derivatives that are less popular.'
Chart 1 presents a list of formulae of cyclic acetals, mainly, those with five- and six
memberedrings (1,3-dioxolanes and 1,3-dioxanes).Seven-memberedring acetals areomit
ted because they are scarcely represented in carbohydrate chemistry.The special case of
spiroacetals and cyclohexane-1,2-diacetal-protecting groups, which have been reported
recently, will be presented in Part Il.

The essential justifications for the choice of one type of acetal among the various
possibilitiesare probably (1)the structure of the acetal obtained(i.e., dioxolane or dioxane
type; with or without involvementof the anomerichydroxyl group; obtentionof a furanoid
or a pyranoid protected form of the sugar, especially when one starts from a free one);
(2) the respective reactivity of these acetals as far as the deprotectingstep is concerned. A
brief discussionof thepoint (1)will be given in the next paragraph. Relative to the depro
tectionof cyclicacetals,generallytheir cleavage,regeneratinga diol, is obtainedusing very
similaracidic aqueous conditions [4-7]. However,a selectiveremoval of one acetal in the
presence of the same (or different) functions, at distinct positions in the same molecule,

only acyclic and cyclic acetals, but also analogues in which the oxygen atoms have been
replaced by other heteroatoms, the sulfut atom being of particular importance (thio- and
dithio-acetals).This chapter will consider only the most popular and useful acetals, with
some comments concerning related acetals and extension to oligosaccharides. The case
where the acetal involves the anomeric center (glycosides) falls outside the scope of this
chapter.A later chapter deals with acyclic dithioacetals, and these can be found elsewhere
in this monograph.

Several reviewshave alreadybeen publishedon the subject,for example, the acetala
tion of alditols [4], of aldoses and aldosides [5,6], and of ketoses [7]. Some aspects of the
stereochemistry of cyclic acetals have been discussed in a review dealing with cyclic
derivativesof carbohydrates[8], also in a general article [9] and, morerecently, in a chapter
of a monographdevoted to the stereochemistry and the conformationalanalysis of sugars
[10].Aspects on predicting reactions patterns of alditol-aldehyde reactions are reviewed
within a general series of books on carbohydrates [11]. The formation and migration of
cyclic acetals of carbohydrates have also been reviewed [12,13].

Theevident success of the transformation of polyols into cyclic acetals as a method
for temporary protection, is mainly due to the following features: (1) accessibility and
cheapnessof the reagents; (2) ease of the procedureleadingquickly and in high yield to the
protected derivatives; (3) inertness of the protecting group to a large variety of reagents
used in the structural modifications of the substrate; (4) ease and high-yielding step for
deprotection.Usually, reagents for acetalation arequite common chemicals thatareessen
tially nontoxic; their uses are well established and straightforward. Some representative
procedures of thevariousmethods will be presentedhere, especiallyfor the most important
derivatives; namely, O-isopropylidene and O-benzylidene sugars. For example, 1,2:5,6
di-O-isopropylidene-o-glucofuranose 1,1,2:3,4-di-O-isopropylidene-o-galactopyranose 2,
and methyI4,6-0-benzylidene-a-o-glucopyranoside 3, continue to be used extensivelyby
sugar chemists.

H

H

H

Me Me

Ph

j
-0" /R
__o/c",,-~,

R R'

H

Me

O-methylene

O-ethylidene

O-benzylidene

O-cycloalkylidenes
0=4 cyclopcnt,ylidene
o=S cyclohexylidene

O-isopropylidene

O-benzylidene substituted Y-C6H4 H

y~ o-N0 2, p -OMe, P-NMe 2

Chart 1 Mostcommon cyclic acetaIs used in carbohydrate chemistry

is possible and has been quite often observed. As examples, one can recall thatgenerally a
1,2-0-isopropylidene group is more resistant to acid hydrolysis thanthe same group at any
other position. trans-Fused 4,6-0-benzylidene acetals of hexopyranosidesare hydrolyzed
faster than the corresponding cis-fused acetals and a para-anisylidene group can be
removed without loss of a benzylidenegroup in the same moleculeby gradedacid hydroly
sis. A list of representativeexamples of this kind of selective removal within a multifunc
tional carbohydrate derivative can be found in a review partly devoted to acetals [14].

Finally, it should be emphasized, even if it is paradoxical, that this excellent protect
ing group can, under special conditions, behave as a real functional group with its own
reactivity.During these last 20 years, reactionshave opened the way for the developmentof
strategies for structural modifications, thereby amplifying the interest for acetals. Among
these reactions one can briefly recall: (1) oxidation (ozonolysis, action of potassium
permanganate); (2) photolysis; (3) halogenation (N-bromosuccinimide, triphenylmethyl
fluoroborate, and halide ions; hydrogen bromide in acetic acid; dibromomethylmethyl
ether; miscellaneousreagents); (4) hydrogenolysis (mixed hydride reagents); (5) action of
strong bases (ring opening with butyllithium, other strong bases); (6) formation of esters
inducedby peroxides and (7) cleavage with Grignard reagents. This reactivity has been the
subject of a review [15] that demonstrated the versatility of acetals

Chart2 shows some protective groups closely related to cyclic acetals, and it may be
useful to comment briefly about them as they will not be discussed further here. The first
example corresponds to the O-cyanoalkylidenegroup, especially the O-eyanoethylidene
group, which actually has been introduced in carbohydrate chemistry as a method for
activationof the anomericcenter in oligosaccharidesynthesis [16].Other examples areless
closely related to acetals and result from the substitution of the acetal carbon atom by an
heteroatom (Si, So, or B) or correspond to the presence of threeheteroatoms (0 or N) on
this center. Thus, use of 1,3-dichloro-l,1,3,3-tetraisopropyldisiloxane in basic medium has
been introduced for the simultaneous protection of the 3'- and the 5'- OH groups in
nucleosides [17];this strategyhas been extended to themonosaccharidesand the migration

3



6 C8l1naud and Gelu l80propylldene, Benzylidene, and Related Acetale 7

Chart 2 Derivatives related to acetals used in carbohydrate chemistry

Acetalation in Acidic or Neutral Conditions

DIred Condensation of a Carbonyl Derivative. Historically, this is the first
procedure and generally the sugarand an aldehyde (or a ketone) are simply mixed either
directly (the reagent,for instancepropanone,used in a large excess,also being the solvent)
or in solution in a solvent (~N-dimethylformamide is the most frequently used, dimethyl
sulfoxidebeing encounteredfar less) andeventually in the presenceof a catalyst.The latter
can be either a soluble acid (practicallyall kinds of organic and inorganicacids have been
tested, and the most frequently used are sulfuric acid, p-toluenesulfonic acid, camphor
sulfonicacid, or hydrogenchloride)or an insoluble one (Amberlystresins, Montmorillon
ite KIO). An idealizedrepresentationof the mechanismof thereactionis given in SchemeI,
but it does not necessarilygive the exact nature of all possibleintermediates(see Sec. II.B).
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of the silyl-protectinggroup hasbeen studied [18]. A slightlydifferent silyl group hasalso
been suggestedfor the selective protection of sucrose, even if the interosidic acetals (1',2
silylene and 1',2:6,6'-disilylene derivatives), resulting from the action of dimethoxydi
phenylsilanein the presence of acid, are obtained in low yield [19].More interestingfrom
the preparativepointof viewis the introductionin carbohydratechemistryof the reactionof
dibutyltinoxide givingdibutylstannylenederivatives(or stannoxane)[20].Their reactivity
with electrophiles gives predominantly monosubstituted products, usually with a high
regioselectivity[21],as exemplifiedby a monoalkylation [22].Anotherexample is offered
by cyclicboronates,whichhave been used to a limitedextentowingto theirhigh sensitivity
to hydrolyticconditions [23].However,the O-ethylboronderivativeshave been especially
developed to give special assistance in various controlled reactions of monosaccharides
[24]. The last example is concerned with protecting groups closer to ortho-esters than to
aceta1s. The selectiveformationof ortho-esters at nonanomericpositionshasbeen recently
described[25].Amide acetalshave been used particularlyin carbohydratechemistryin the
a-(dimethylarnino)-ethylidene and -benzylideneacetal series [26].Theirgeneralproperties
havebeen considered,especiallythe acid hydrolysisto monoesters,which is of value in the
ribofuranoside series for oligonucleotide synthesis.

II. METHODS FOR PREPARATION OF ACETALS IN CARBOHYDRATE
CHEMISTRY

A. General Methods

Fundamentally,we can classifythe differentmethodsinto two categories,dependingon the
experimentalconditions: (1) acid or neutral medium; (2) basic conditions. Less common
procedures will be presented in a third section.

The use of a Lewis acid (e.g., triethyl1luoroborate, zinc chloride, stannouschloride,
titanium chloride, iron(ITI)chloride) and other reagents (e.g., iodine, trimethylsilane,
triftuoromethane-sulfonylsilane) have also been recommended. Exhaustive lists of cata
lysts and conditionscan be found in reviews devoted to carbohydrates[5-7], or to general
organic chemistry [27,28]. However, one can add the new catalyst, which has been
introduced for the smooth formation of p-methoxybenzylidene acetals and p-methoxy
phenylmethyl methyl ether [29], namely 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ),
andhasbeen applied very recently [30] to the synthesis of isopropylidenemixed acetals.

Obviously,the condensationof a carbonyl group with a diol produces1mol of water
andbecauseof the reversibilityof the reaction(hydrolysisof the acetal),yields are lowered
if thisby-productis not removed.For such a purpose, thereare essentiallytwo possibilities:
(1) the continuous removal of water by an azeotropic distillation with a solvent mainly
chosenfor its boilingyoint (petroleumether,benzene, toluene,xylene, for instance);(2) the
presence of a desiccant (the most commonly taken is copper(Il)sulfate,but sodium sulfate
or molecularsieveshave been also used);moleculesknown to be waterscavengers,such as
ortha-esters or dialkylsulfites, have also been suggested, even if they are seldom used in
carbohydrate chemistry.

Important in this quite general strategy is that, for practically all instances, the
reaction is underthermodynamiccontrol, and the control of the stoichiometryis extremely
difficolt.lt follows thatonly the morestableacetals are produced(seeSec. II.B) and usually
multiacetals are obtained if several hydroxyl groups are available within the same mole
cule. This has been a major concern in acetalation reactions in neutral conditions. For
instance, use of copper(II)sulfate either in acetone alone or in ~N-dimethylformamide

without any additional catalyst, leads to acetals with structures that differ from those
resultingfromreactionsin the presenceof an acid;The reactiondependson the temperature
[31];however, the strict neutralityof a medium in which copper(Il)sulfateand polyols are
interacting can be questioned.
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molecular addition of an hydroxyl group on monovinylethers of 1,2-diols [48]; and its
application to the synthesis of 1,2-0-isopropylidene-a-n-galactose [49], this strategy was
underestimated until it was shown that the use of 2-aIkoxypropene in N,N-dimethylform
amide was a simple and efficient method of acetonation under exclusive kinetically
controlled conditions. In many instances, the products differedfrom those prepared under
thermodynanrlc control [50]. The reaction (Scheme 3) is characterized mainly by the
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following considerations. (1)The favored site for initial attackby the reagent is at a primary
hydroxyl group, even with free sugars in solution; thus, n-glucose [51], n-mannose [52],
n-allose, and n-talose [53] give the 4,6-0-isopropylidene derivative exclusively, and
n-galactose gives essentially the same type ofacetal [53]. (2) Ifthe favored tautomeric form
of the sugar in solution does not have a primary hydroxyl group, the attack of the most
reactive secondary group leads to 1,3-dioxolanes without tautomerization: for example, one
observes exclusive formation of 3,4-0-isopropylidene-n-arabinopyranose, and formation
of 3,4-0-isopropylidene-n-ribopyranose as major products [54]; on the other hand, a
tautomerization leads to theformation ofthe more stable 2,3-0-isopropylidene-n-lyxofura
nose [55] (also compare the acetonation products ofn-fucose and n-rhamnose [56]). (3) In
the initial.process, 'the anomeric hydroxyl group does not take part in the reaction. (4)
Access to either mono- or diacetals is permitted by careful stoichiometric control, as in the
preparation of mono- and di-o-isopropylidene-n-mannopyranoses [52]. (5) The method
can be applied to the acetonation of oligosaccharides with the same characteristics and
without cleavage of the glycosidic bond. For example, it is possible to effect a selective
monoacetonation of a,a-trehalose [57] and to obtain acetonides of sucrose [58], lactose
[59], and maltose [60]. (6) The method permits an efficient access to a strained ring, as in
the acetonation of trans vicinal diols [61], the formation of medium-sized acetals (intero
sidic acetals of oligosaccharides [58-60], and to obtain 1,s-o-isopropylidene-n-ribo
furanose [54]. The reaction has been used in a variety of contexts covering a large assort
ment of sugars. For instance, it has been applied to the selective acetonation of alditols,
such as n-mannitol [62] and 1,4-anhydropolyols [63], ketoses [64], di,ethyldithioacetals of
monosaccharides [65], as well as thiosugars (5-thio-n-xylopyranoside [66]). It can also be
nsedto obtain aldelrydo derivatives of monosaccharides, exemplified by aldelrydo-2,3:4,5
di-O-isopropylidene-n-xylose [55,67].

Extension of this strategy to other vinyl ethers using essentially 2-methoxypropene
has been described. Minor structural variations in the reagent used are. possible. Thus,
entirely comparable results giving cyclohexylidene acetals ate observed using l-alkoxy
cyclohexene [68]. 2-1iimethylsilyloxypropene has been nsedfor the acetalation of 1,2
cyclohexanediol [69]. On the other hand, acycl!ic acetals (6-substituted mixed acetals) are
obtained when methyl 2,3-0-benzyl-a-n-glucopyranoside is allowed to react with
2-benzyloxypropene or 2-benzyloxy-3-tluoropropene [70]. More important structural vari-
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diminished pressure to displace the equilibrium if necessary; (2) the stoichiometric of the
reaction can be controlled; (3) in some instances, it is possible to obtain acetal(s) under
kinetically controlled conditions, even if many sugars (especially free sugars) still react to
give the more stable structures (see Sec. II.B); (4) also th~ is a possibility .of obtaining
strained acetals, such as those resulting from the acetalation of 2,3-trans-diols of pyra
nosides, although yields are generally low.

Thus, the formation of O-isopropylidene derivatives using 2,2-dimethoxy-propane
~N-dimethylformamide-p"toluenesulfonicacid has become one ofthe .most pop~ar w~ys
to protect diols. This strategy has been applied to many sugars and IS ~~~tible With
aminosugars [35] and oligosaccharides such as sucrose [36], maltose,laminanbiose, cello
biose, and gentobiose [37]. Ithas been extended to O-benzylidene derivatives for which the
use of a a-dimethoxytoluene can advantageously replace benzaldehyde [38,39]. Its appli
cation to oligosaccharides is also .possible and has been described, for instance, for~~
oligosaccharides [40]. A slight modification ofthe classic procedure (the~tion 1S
followed by a partial hydrolysis of the crude mixture to remove unstabl~ acyclic acetals)
offers a convenient route to an interosidic, eight-membered. cyclic benzylidene acetals [41].

Once again, efforts have been made to find neutral conditions th:tt can~~ the
course of the reaction. For instance, use of 2,2-dimethoxypropane m solution in 1,2,
dimethoxyethane (which probably plays a role through its interaction with polyols)~
been suggested as a reagent for acetalation in neutral conditions (no catalyst) ofn-mannitol
[42] and n-glucitol [43]. .

For transacetalation reactions, it is worth noting here the recent strategy mtroduced
for selective protection of vicinal diols (and especially with. a trans confi~tion) in
carbohydrates: a double exchange involving the acetal functio~ of l,1,2,~~ethoxy
cyclohexane gave a dispiroacetal, structurally related to a 1,4-dioxane, stab~zed by ~e
axial position of the methoxyl groups [44]. This method completes th~ preced;ingone usmg
enol ethers, leading to an analogue of 1,4-dioxane [45] (see followmg section).

Acetalation with Enol Ethen Under KlneticaDy Controlled Conditions. The
first mentio~ of the use of an enol ether to protect the hydroxyl group of an alcohol was
developed by Paul [46], who introduced the reaction ~th lIibydrop~to give tetrahydro

yranyl ethers, which is still used 60 years later. In spite of some no~ceable developmen~,
~uch as the preparation of2',3'-O-alk.ylidene derivatives ofnucl~S1des [33]; the syn~es1s
of 4,6-0-ethylidene-a-n-glucopyranoside with use of methylvmylether [47]; the mtra-

Tnmsacetalation. This strategy, based on an acetal exchange in acid conditions,
has been introduced more recently in carbohydrate chemistry [32-34]. It offers several
advantages over the direct condensation of the corresponding free carbonyl group: (1)
anhydrous conditions can be strictly followed, as the only by-product is 2 mol of the alcohol
(e.g., MeOH) used to prepare the reagent (Scheme 2); this alcohol can even be removed by
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Acetalation in Basic Conditions
The search for kinetically controlled conditions has stimulated thestudy of basic media for
acetalation. Essentially, methylene and benzylidene acetals have been prepared according
to reactions corresponding to Scheme 4:

ations are concerned with (1) the smooth preparation of ethylenic acetals (monomers for
polymerization) with ethylenic enol ethers [71]; (2) the selective reaction of the vinyl ether
unit in ketonic enol ethers,leading to an acetal substituted with a ketonic chain [72]; (3) the
introduction of a bis-dihydropyran (namely 3,3',4,4'-tetrahydro-6,6'-bi-2H-pyran) as a
reagent useful for the selective protection of trans (diequatorial) vicinal diols in monosac
charides for which there is an evident competition between the acetalation of 1,2-cis,
1,2-trans, and l,3-diols; the formation of an unique dispiroacetal (a tetraoxadispiro
[5.0.5.4]hexadecane) is explained by the anomeric effect, which stabilized the structure ofa
l,4-dioxane substituted by two axial C-O bonds originating from this bis-dihydropyran

[45].
Finally, all these reactions are catalyzed by p-toluenesulfonic acid, or camphor

sulfonic acid, or pyridinium salts. Use of pyridinium p-toluenesulfonate is now well
established as a mild catalyst. We have already noted the recent use of DDQ which has
recently proved to be effective with 2-methoxypropene [30].

Thus, dichloro- or dibromomethane in the presence of sodium hydride in solution
in N,N-dimethylformamide gives O-methylene derivatives [73,74]. Other conditions are
also possible, for instance; use of potassium hydroxide and dimethylsulfoxyde [75), but an
interesting development is the application of the phase-transfer catalysis technique, by
which dibromomethane and sodium hydroxide in water, in the presence of an appropriate
ammonium salt, leads to a cis-2,3-0-methylenation of methyl-4,6-0-benzylidene-a-o
mannopyrsnoside, [76] and similar conditions afford the trans-2,3-0-methylenation of
methyl-4,6-0-benzylidene-o-hexopyranosides [77]. Other examples have been published

[78].
Concerning the O-benzylidene derivatives, the main objective is to obtain stereo

isomeric control of the chirality introduced at the acetal carbon atom. Classic methods of
benzylidenation (using benzaldehyde or a,a-dimethoxytoluene) are based on acidic cataly
sis and give the more stable compound, with a thermodynamically controlled acetalic
configuration. For instance, the known [79] free-energy for the equatorialpreference of a
phenyl substituent at position 2 on a l,3-dioxane (structurally comparable with a 4,6-0
benzylidene derivative) is such that no diastereoisomer corresponding to the axialposition
can be isolated in acidic medium. In contrast both diastereoisomers of 4,6-0-benzylidene
acetals are actually obtained [80] using a,a-dimethoxytoluene and potassium tert
butoxide. Even if the reaction hasnot yet found practical applications owing to its rather
low yield, benzaldehyde itself can react in the presence of potassium tert-butoxide with
methyl-2,3-di-0-(toly-p-sulfonyl)-a-o-glucopyranoside to give 4,6-0-benzylidene acetals
[81]. In fact, it has been demonstrated thata strong basic medium is unnecessary. Thus, an
alternative method of benzylidenation is the reaction of a, a-dihalotoluenes simply in

pyridine at reflux. When l,3-dioxoIanes are obtained, the formation of both exo- and endo
phenyl-substituted derivatives is observed, but for a l,3-dioxane, only the most stable
isomer (equatorial phenyl) is obtained [82]. However, in noncarbohydrates, pyridinium
chloride cancatalyze acetalations [83). Ithas recently been shown that4,6-0-isopropylidene
sucrose can be conveniently obtained using 2-methoxypropene in solution in pyridine and,
in the presence of pyridinium, p-toluenesulfonate [84]; thus, it is not surprising to observe
the formation of the more stable compound in the preceding examples of benzylidenation.

B. Mechanistic and Structural AsR8dS

The formation and thehydrolysis of acyclic and cyclic acetals have been studied in rather
great detail [91]. Several reviews on this topic are available [92) and some comments have
beenmade [13] concerning the carbohydrate series. We have shown in Schemes 1,2, and 3
that a common feature of this reaction seems to be the intermediacy of an oxocarbenium
ion. However, the cyclization of suchan intermediate has been questioned more recently
[93] in the light of the Baldwin's rules for ring closure [94]. At least for the five-membered
ring, an SN2-type displacement mechanism for the protonated (orm (8) of the hemiacetal
(A) (favorable 5-exo-tet cyclization) has been proposed; rather than the unfavorable
5-endo-trig cyclization of the oxocarbenium ion (C); (Scheme 5). Except when the forma
tion of the enol ether (D) is structurally impossible, the intermediacy of such a compound
remains feasible.

Miscellaneous Methods

Several less general methods of aceta1ation are known [28], and a few of them have found
some application in carbohydrate chemistry. Because they can represent exceptional alter-
natives to classic procedures, they will be briefly presented here. .

Hydrogenolysis oforlho-Esters. A two-stage procedure for converting methoxy
ethylidene derivatives by using boron trifluoride, followed by reduction with lithium
aluminium hydride, has been used to prepare exo- and endo-diastereoisomers of methyl
3,4-0-ethylidene-~-L-arabinopyranoside[85]. A similar approach has been described
using diborane [86]. Other reducing agents, such as "mixed hydrides", prepared by mixing
lithium aluminium hydride and aluminium chloride (see ref. [15] imd references cited
therein), have been useful to directly reduce ortho-esters (methoxyethylidene derivatives)
to methylene, ethylidene, and benzylidene acetals [74].

Ortho-esters at position 1,2- of sugars are more easily prepared than the correspond
ing aceta1s; as an exchange of both functional groups is possible, 1,2-0-alkylidene deriva
tives can be prepared by the reaction of these ortho-esters with the appropriate carbonyl
reagent in strictly anhydrous conditons and in the presence of an acid [87].

In fact, these reactions likely involve l,3-dioxocarbenium ions, which can also be
prepared from pyranosyl chloride and reduced to acetals; thus endo- and exo-l,2-0
ethylidene-a-o-allopyranoses have been prepared from penta-O-acetyl-~-o-allopyranosyl

chloride (reaction with sodium borohydride) [88]. These types of l,2-acetoxonium ions are
also known to react with dialkylcadmium to give 1,3-diacetals [89].

Action ofN-Bromosucdnbnide in Dimethylsulfoxide. An alternative to the clas
sic methylenation of diols has been offered by the simple procedure using N-bromosuc
cinimide in dimethylsulfoxide and has been applied, for instance, to the aceta1ation of
n-mannitol and o-ribofuranosides [90].
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Kinetic ControlVersus Thermodynamic Control

The major mechanistic and structural aspect of the acetalation process is its orientation
toward derivatives obtained either under thermodynamically controlled conditions or under
kinetically controlled conditions. We will not discuss here all structural factors concerning
the relative stabilities of acyclic and cyclic acetals of polyols and monosaccharides,
because such a discussion has been extensively reviewed and adequately commented on
[8,10,12 -14]. However, it is important to focus here on the main consequences of these
relative stabilities in relation to the various experimental conditions to orientate thechoice
of specific conditions, particularly for the most important monosaccharides (n-glucose,
o-mannose, and o-galaetose).

Concerning the most popular derivatives, one can say (Scheme 6) that a better kinetic
control is obtained using successively acetone, or 2,2-di~oxypropanes, or 2-alkoxy
propenes.
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relative stabilities of acetals 1 and 4 by the easy transformation of the latter into 1 by
treatment in acidic acetone [51].

The second example concerns the study ofacetonation ofo-mannose (see Scheme 8)
and allows a clear distinction between the use of 2,2-dimethoxypropane and 2-methoxy
propene. Thus, whereas o-mannose gives 2,3:5,6-di-0-isopropylidene-o-mannofuranose 5
by reaction of the free sugar with acetone [5,6] as well as with 2,2-dimethoxypropane [96],
the major compound (more than 85%) obtained with 2-methoxypropene is 4,6-0
isopropylidene-o-mannopyranose 6 [52]. Onceagain, a confirmation of the better stability
of furanoid acetals in this series is given by the selective hydrolysis of the 2,3:4,6-di-0
isopropylidene-o-mannopyranose 7 (by-product ofthe preceding reaction or quantitatively
obtained by action of2-methoxypropene on acetal 6), wllch gives the furanoid monoacetal
8. Actually, the pyranoid monoacetal 9 can be easily prepared as soon as the anomeric
hydroxyl group is protected by acetylation [52].

The main characteristics of the use of 2-methoxypropene for the acetonation of
sugars have already been summarized (see Sec. n.A), and one of them is the initial attack
on the primary hydroxyl group, if any, in the preferred tautomeric form. Although this is
confirmed by easily obtaining 4,6-isopropylidene-o-ga1actopyranose 10(Scheme 9) in 67%
yield, the 3,4-cis-diol, as 3,4-0-isopropylidene-o-galactopyranose 11 is alsoisolated (14%
yield) along with traces of 5,6-0-isopropylidene-o-galaetofutanose [53]. This result is still
in clear contrast with the classic acetonation of o-galactose, which gives [95] the well
known l,2:3,4-di-0-isopropylidene-o-galaetopyranose 11 exclusively.

The difficulty in obtaining pyranoid 4,6-0-isopropylidene derivatives is due to the
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Practically all examples iiI the literature show that the use of acetone leads to the
more stable acetalsand, conversely, that 2-methoxypropene generally allows an access to
structurally quite different products (kinetic compounds). An intermediate behavior is
observed for the transacetalation process involving, 2,2~methoxypropane. which gives
results either similar to those obtained with acetone or similar to those obtained with enol
ethers. A good choice for the elucidation of whether a reaction is under thermodynamic or
kinetic control is the study ofthe acetonation of free monosaccharides, which are subject to
the tantomerization phenomena. Two examples of the "mixed behavior" of 2,2-di
methoxypropane are given in Schemes 7 and 8. The reaction ofo-glucose with acetone and
acid [95] gives the classic diacetone glucose 1 (see Scheme 7). On the other hand, use of
2,2-dimethoxypropane [96], or 2-methoxypropene [51], gives a high yield of the less stable
pyranoid monoacetal4 (kinetic and stoichiometric controls). It is possible to confirm the
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Scheme 10
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A. Acyclic Sugars

Aldehydo-2,3:4,5-di.Q-isopropyfidene-o-xylose [67]
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III. EXPERIMENTAL PROCEDURES

The following procedureshave been arbitrarilychosen as representativeof classic acetals
extensivelyused as versatile startingmaterials for synthesis [102]. It covers aspectsof the
chemistryof acyclicand cyclicmonosaccharidesand somedisaceharides.Proceduresfrom
otherIaboratorieshave been reproducedfrom the original publicationand their authorsare
acknowledged.

p-Toluenesulfonic acid hydrate (40 mg) was added with stirring to a solution ofo-xylose
(lOg, 0.067 mol) and 2-methoxypropene (14.4 g, 0.2 mol) in DMF (130 mL) at O°C. After
8 h at 0-5°C, the xylosehas reacted (thin-layerchromatography[TLC], 3:2 ethyl acetateJ
hexane), and three spots were evident by TLC (Rr 0.61,0.30, and 0.28). The acid was
neutralized by stirring with dried Amberlite 1RA-400resin (OH- form). The resin was
removed, washed with ~OH, and the extracts and reaction mixture were evaporated
undervacuum(1 mm, < 40°C) to give a syrup (14.4 g) that was thoroughlyextractedwith
dry hexane. The insoluble residue (5.9 g, TLC) 3:2 ethyl acetatelhexane,R

f
0.28, major;

0.30, minor; 0.61, trace) has inappreciable amounts of 3,5-0-isopropylidene-o-xylo
furanose or 1,2-0-isopropylidene-o-xylopyranoseand may been been madeup of acyclic
monoisopropylidenation products. Vacuum evaporation of the hexane-soluble fraction
gave 8.5 g (51% yield, Rf 0.61) of the free aldehyde 13.

have already been reviewed and discussed [see Refs. 5,6,14]. Thus, one can briefly
summarize some well-establishedobservations:

1. Usually2,2-disubstituted, 1,3-dioxanes(for instance, acetonides)are hydrolyzed
more easily than corresponding1,3-dioxolanes(essentiallyowing to the strong
syn-axial interaction operative in the six-membered ring [79,98).

2. Most of 1,2:5,6-di-O-isopropylidene acetals of the aldohexoses may be selec
tively (or partially) hydrolyzed to 1,2-0-isopropylidene derivatives.

3. For sugars in which the acetal function does not involve the anomericcenter, a
1,3-dioxolanecis-fused to a furanose or a pyranose is more stable than the 1,3
dioxo1ane which involves a side chain.

4. trans-Fused 4,6-0-benzylidene acetals of hexopyranosides(trans-deca1inic sys
tem) are generally hydrolyzed faster than the corresponding cis-fused acetals
(cis-decalinic system).

Twospecificexamplesof selectedhydrolysisof diacetalsare givenin the experimen
tal section in the o-gluco-furanose and the o-mannopyranose series.
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Selective Hydrolysis of Diacetals

Ome of theinterestingpropertiesof sugarsprotectedby more than one cyclicacetal groupis
the possibility for them to experience a selective hydrolysis, which may be of great
potential for practical applications in synthesis. The regioselectivity of hydrolysis of
multiacetals(mainlydiacetals) is governed particularlyby the eventual implication of the
anomericcenter and the structureof the bicyclic ring system that essentiallycan be either
(1) a 1,3-dioxolane or a l,3-dioxane, or (2) fused to a furanose or a pyranose, or (3) co
valently independent from the sugar ring. Ml)st of these factors and theirconsequences

presence of an axial methyl group at position 2 of the 1,3-dioxane system. A strong syn
axial interaction[98]results,whichhas beenconfirmedby the evaluationof the freeenergy
of such an axial methyl group and is estimated to more than 3 kcallmol [99]. Obviously,
using aldehydes(benzaldehydemost frequently) instead of acetone, suppresses this inter
action, and pyranoid derivatives are thus easily obtained.

The acetonationunder kineticallycontrolledconditionsis also useful for the protec
tion of vicinal trans-diols, which are quite reluctant to cycllzation into five-membered
rings.Althoughuseof2-methoxypropene has been successfulin this objective[61,66], one
should recommendthe recentlydiscovereduses of reagents that minimizedthe ring strain
by obtainingsix-memberedrings from vicinal trans-diols, whichare protected(Scheme10)
as l,4-dioxanes (dispiroacetals, trans-decalinic system) stabilized by an anomeric effect
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B. Penta...

D-Lyxose

To a solution of o-arabinose (7.5 g, 50 mmol) in dry DMF (150 mL; the slightly turbid
mixture became clear after 1 min of reaction) containing 1 g of Drierite, and maintained
below 5°C with an ice-bath,2-methoxypropene (100 mmol) and p-toluenesulfonic acid
(20 mg) were added. The mixture was stirred magnetically at 0-5°e until monitoring by
TLe indicated that all starting material had disappeared (3-4 h), whereupon anhydrous
sodium carbonate (5 g) was added, and the cooling mixture was stirred vigorously for 1 h
more. The mixture was filtered, poured into ice water (50 mL), and extracted with

.>-oMe 0 OH
D-Rlbose • Q 17

Mll2c"-O OH

a,4.Q-isopropylidene-p-o-arabinopyranose'[54}

To a solution of o-ribose (7.5 g, 50 mmol) in dry DMF (30 mL) containing 1 g of Drierite
and maintainedbelow 5°C with an ice bath, 2-methoxypropene(100 mmol) andp-toluene
sulfonic acid (20 mg) were added. The mixture was stirred magnetically at 0-5°e until
monitoringby TLC indicated that all starting material had disappeared(3-4 h), whereupon
anhydrous sodium carbonate (5 g) was added and the cooling mixture was stirred vigor
ously for 1 h more. In subsequent experiments, 3,4-0-isopropylidene-o-ribopyranose 17
was obtained directly by evaporating the neutralized reaction mixture to remove DMF,
extracting the residue with ethyl acetate, adding ether to the extract and nucleating; yields
were in the range 40-50%.

3,4-0-Isopropylidene-o-ribopyranose 17 obtained by this procedure had an mp of
115-117°e (from ethyl acetate), [ale -85° initial ~ -82° (final 24 h; c 1.1, water).

~M: Hqc~ 11

~H

Toa solution ofo-lyxose (1.5 g; 10 mmol) in anhydrousDMF (30 mL) at ooe was added 2
Eq of 2-methoxypropene and a catalytic amount of p-toluenesulfonic acid. After 3 h at
ooe, the mixture was made neutral. The filtrate was evaporated under diminishedpressure
at 40°C to afford2.0 g of crude product (yield 80-85%), which was purifiedon a column of
silicagel (EtOAc)to afford 1.3 g (68%)oft6 mp 80-82°e, [a]e +23~ +18° (final,H20).

Pyranoses

a,4.Q-lsopropylidene-p-o-ribopyranose [54}

2,a.Q-lsopropyildene-a-o-Iyxofuranose [55}

14

yH(SEIh
HOyH

HCOH
HtoH

~::::CMB:z
~

Acetonation of Diethyl Dithioacetals of Monosaccharides

As the well-known transformation of free monosaccharides to diethyl dithioacetals is
probably the best access to open-chain sugar derivatives, the preparationof acetals [65] of
such compoundshas been studied using either conventionalmethods [for instance see Ref.
101 and references cited therein, for the cupric sulfate catalyzed isopropylidenation with
acetone]or kineticallycontrolledconditions.Thus the synthesisof cyclohexylideneacetals
(using 1-ethoxycyclohexene)or isopropylidene acetals (using 2-methoxypropene) of di
ethyldithioacetalsofo-arabinose, o-xylose, n-glucose, and o-galactose has been described
[65]. As a specific example we reproduce here only the reaction involving o-glucose
diethyl dithioacetal.

A solution of the dry o-glucose diethyldithioacetal (10.725 g; 37.5 mmol) 2-meth
oxypropene (3.245 g; 45 mmol) in anhydrous DMF (130 mL) and p-toluenesulfonic acid
(375 mg) was kept for 68 h at oDe. The homogeneous mixture was kept with exclusion
moisture until TLC indicated that all the starting material had reacted, and it was then
poured into a solution of sodium hydrogenocarbonate(2% w/v,60 mL). This mixture was
extracted with ether (4 x 30 mL). The combined ether extracts were washed with water
(2 x 30 mL),dried (magnesiumsulfate),and evaporated,giving yellowishcrystals (8.275g,
68%)that wererecrystallizedtwice from dichloromethanepetroleumether to givecolorless
crystals of 14: yield 5.735 g (47%), mp 73.5-74.5°e, [ale- 11° (c 2.027, methanol).

Furanoses

Methyl 2,a-o-isopropylldene-f>-o-ribofuranoslde [1DO}

A solution of 50g (330 mmol) of dry o-ribose in 1.0L of acetone, 100 mL of 2,2
dimethoxypropane, and 200 mL of methaiJ.ol containing20 mL of methanol saturated with
hydrogenchloride at ooe was stirred at 25°C overnight.The resulting orange solution was
neutralizedwith pyridine and evaporated to a yellow oil. This oil was partitioned between
500 mL of water and 200 mL of ether. The water layer was extracted twice with 200-mL
portions of ether, and the combined ether extracts were dried. Evaporation yielded a pale
yellow oil, whiclt was distilled at 0.3 mm and 75°C to give 47 g (70%) of the colorless,
protected glycoside: "n 1.4507, [a]D -82.2° (c 2, chloroform).



C. Hexosea

Furanoses

1,2:5,6-Di'()-isopropy}idene-o-glucofuranose [95J
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sodium hydroxide and filtered from 1.7 g ofinsoluble' .

under reduced pressure to' " . . material. The filtrate ISconcentrated

luran mClplent crystallization of 1,2 0 . lide

ose. The product is removed by filtrati - -ISOpropyI ne-a-o-gluco-

yield 81.2 g, mp 1610C raj -120 ( 83 on, washed with cold ethanol, and air-dried'

. d '0 c ., water) Concentratio f th '

grves a secon crop;yield 33.6 g (total yield 55%) E' . n 0 e mother liquor

near dryn~gives 83 g of crude product, mp 148'_1~~rati°hi~ of~e~mother liquor to

therefore, IS added to the hydrol sate f . 'w ch 18 difficult to purify and

, y 0 a SUcceeding run. . '

Pyranoses

Methyl 4,6'()-benzylidene-a_ and J3-o-gJucopyranoside [3B]

H~~ «.a-dlmethoxytoluen:. Ph~~

OMe
OMe

Methyl-a-O-glucopyranoside (97) -dim

p-toluenesulfonic acid (0.025 g)'w:~ a~ . ethoxytoluene (7.6 g), DMF (40 mL), and

then attached to a Bllcbi evaporate Ptated, m a 250-mL, round-bottomed flask; this was

60 ± 5°C, so that DMF refluxed ~ : ev:;:uated, and lowered into a water bath at

adaptor(descriptionofwbichiSgivenin
e~~ uct After 1 h, a short-path evaporation

vapor duet, and the DMF was evaporated th re=nce) was fitted between the flask and the

100°C. When no more DMF di tilled ,e perature of thewater bath being raised to

s over, the flask led

evaporator. A solution ofsodium h dro en c was ~oo and removed from the

th~ residue, and the mixture was he:ted; lOO~na~(1 g) m water (50 mL) was added to

mIXture was cooled to 2Q0C and th prod until the product was finely dispersed The

te d dri ,e uct was filtered off ashed th .

wa r, an ed for 4 h at 30°C and then overni' ' w oroughly with

and paraffin wax to give 19 (11.6 g 824%)' m 1:~ v~o over phosphorus pentaOJude

alcohol (28 mL) gave 19 (8.95 g, 63.5%)'~~67 5- 1~ C~Recrystallization from propyl

form). .. ,. - 8.5 C, [aID +105° (c 1.1, chIoro-

Ph""\<?~~O
~OMe ZO

OH

. Methyl-J3-o-glucopyranoside (9.7 g) was be lidenan .

gomg. Afterremoval of thesolvents thecake f my nated as described in the fore

dissolved in a solution of sodium h;drogen c::.,:naoc:e
uct w~ broken up with a spatula, and

(150 mL) by heating on a boiling-water bath (l g) ~ w~r (150 mL) and ethanol

compound 20 was filtered ot! ashed .' The solution was cooled to 4°C and

product (8.2 g, 58%) had an ~.; of :w;'':~~water, lIlId dried for 30 h at 30°: The

ethyl alcohol) and [aJo -760 (c 1.0, methanoi). C (unchanged by recrystallization from

Callnaud and Gelas

Anhydrous a-D-glucose (200 g), powdered in a Waring blender, is stirred vigorously with

4 L of acetone in an ice bath. Sulfuric acid (96%, 160 mL) is added in 20-mL portions at

10-15-min intervals, while maintaining the temperature at 5-10°C. After the addition of

the sulfuric acid, the vigorous stirring is continued for 5 h, allowing the temperature to rise

gradually to 2O-25°C. The solution is cooled again (ice bath), and 50% sodium hydroxide

solution (245 g of NaOH in 300 mL of water) is added with stirring to near neutrality. The

addition is made slowly to avoid heating. A small amount of sodium hydrogen carbonate is

added to maintain the solution near neutrality. After standing overnight, the salts are

removed by filtration. and the acetone solution is concentrated under reduced pressure to a

thick syrup that solidifies on standing. The mixture is dissolved in chloroform on a water

bath, and the solution is extracted with water. The chloroform solution is then washed with

chloroform or dichloromethane. The respective water and chloroform solutions are com

bined. The chloroform solution contains the di-O-isopropylidene derivative and the water

the mono-O-isopropylidene derivative. The solutions are concentrated under reduced

pressure to syrups. The mono-O-isopropylidene derivative is crystallized from ethyl ace

tate; yield 37 g, mp 160°C. The di-O-isopropylidene derivative is recrystallized from

cyclohexane; yield 121 g, mp llO°C.

D-GhJcose
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dichloromethane (3 x 30 mL), and the combined organic extracts were washed with water

(3 x 20 mL). The aqueous phase and the combined aqueous extracts were freeze-dried.

Column chromatography (silica gel 150 g; 4:1 ethyl acetatelmethaJiol) gave pure 2; yield

4.8 g (63%). In a direct procedure, the original neutralized reaction-mixture was evaporated

directly in vacuo and the resultant syrup dissolved in ethyl acetate. Addition ofether and a

crystal nucleus affored solid 2 in 60-70% yield.

3,4-0-Isopropylidene-a-o-arabinopyranose 18 thus obtained hadam.p. of75-76°C.

Slow evaporation of a solution in 1:1 ethyl acetate-methanol gave white crystals, mp 82

84°C, [aID -156° (initial. extrapolated) 4 -128° (10-12 min) 4 -IW (final, 24 h;

e i.i, water).

1.2-o-lsopropylidene-o-gJucofuranose [95J

The procedure described in the foregoing is followed until evaporation of the acetone

solution to a syrup. Water (2.5 L) is added, and the mixture is distilled under reduced

pressure at 6O-70OC to 1600 mL to remove acetone and acetone condensation products.

The final alkaline aqueous misture is adjusted to pH 2 with concentrated hydrochloric acid

and heated 4 h at 4O"C with constant stirring. The hydrolysate is neutralized to pH 8 with



Methy/2,6-di-Q-acety/-3,4-Q-benzylldene-f3-o-galactopyranoside {82}

MethyI2.3-0-acetyJ 4.6-Q-benzylidene-a.-o-glucopyranoside {82}

H~C (1)PhC~ PhCH,/Oa.~
H~OMe Pyridine OM

HO (2)AezO ~ 0 HO e

4.6-Q-lsopropy/idene-o-gJucopyranose [51J

Toa solution of o-glucose (5.4 g, 30 mn\.ol) in DMF (100 mL, dried over Drierite) kept

below 5°C in an ice bath was added 2-methoxypropene (5.2 g, 60 mmol) and p-toluene

sulfonic acid (-10 mg). The mixture was stiJred magnetically at 0-5°C until TI.C monitor

ing indicated that all starting material had disappeared (about 5-6 h), whereupon sodium.

21l8opropylldene, Benzylidene, and Related Acetals

Me

_r-...A~ ..

carbonate (-5 g) was added,with ene' "

was refrigerated overnight and then r::~::mgdo~the cold mixture for I h. The mixture

(50 mL). The resultant solution was extracted ~ ~~trate was. poured into ice water

combined organic extracts were washed 'th· WI me y ene chlonde (3 xSO mL), and the

combined aqueous extracts were free WI • water (4 x 20.mL). The aqueous phase and the

95%) that was homogeneous by 'TI..C=(~: r;ld ~ as a white solid (6.25 g,

peaks for components other than th d Q Ys ylatton, showed no appreciable

e a-. an ....-anomers of 24 R ."

effected from ethanol-hexane to give small hi . ecrystallizatton could be

(initial, extrapolated) ~ +85° r 059 : w te granules; mp 169.5-170.5°C [a] +240

. ,c. min) ~ -7.3° (final 48 h; 21 0

. ,c ., water).

4,6-Q-lsopropylidene-o-galaetopyranose [53}

>- ~o .

"'"- 0000. ~.-(~
OH 0 OH

major minor

26 21

To a slightly turbid mixture of o-galaetose ( hi h

(?Og, 50 mmol) containing I g ofSikkon;~dbecehy:e.cIear after -5.~ of reaction);

(Ice bath) are added 2-methox ting agent) ll18lntained at 0-50C

(30-50 mg). The mixture is sYJ::rne (7.2. g, 100 mmol) and p-toluenesulfonic acid

indicates that practically aU of the s;::;::ala:;-~OC until monitoring by TLc

anhydrous sodiumcarbonate (-5 g) is added, andthecold ~~ (-4 .?), whereupon

h more. Themixture is filtered, and the filtrate . ~ture ISstirred VIgorouslyfor I

solution is extracted with dichl th ( poured mto lee water (SO mL). The resultant

orome ane 3 x 30 mL) d th

extracted with water (3 x 30 mL) and dried. (sodi ' an e extracts are combined,

combined lViththe water extracts ~ the en . ~ .sulfate). The aqueous phase is

aqueous extract gave 9.8 g of ~ am h: sol~tton 18 freeze-dried. The freeze-dried

component (Rr 0.30; 3:1 benzene/ethan~ as. solid, TI.C of which shOwed a major

component (Rr0.45). Theseproducts were~ nnnor one (Rr0.37), and traces of a third

silica gel, 3:1 benzene/ethanol) to ive su~bycolumn.ChromatographY(440g0f

furanose (0.10 g, yield 1-2%) and ac~tal26 (~slve.l~ii~-O-lSOproPYlidene-D_galacto_

Directly on evaporation of the eluates these' g':m %) and 25 (75 g, yield 67%).

4,6-0-Isopropylidene-o-galacto o~ 25 crys. e products were obta!ned pure.

[alo +92° (3 min) ~ +118° r::: 0 I (7.4 g, YIeld67%)~ an mp of 141-1420C

pyranose 26: [mp 99-I030C fa] ;1~5; (3w~)r) and 3,4-0-18opropylidene_o-gaIacto-

, 0 mm ~ +44° (~ h; c OJ, water).

1,2:3,4-0i-Q-isopropylfdene-o-gaiactopyranose [9S}

In a 4- to 6-L, wide-necked bottle, equipped .

(0.5 mol) of finely powdered anhydrous 0-w: a ground-glass stopper, are placed 90 g

g actose (200 g, 1.25 mol) of powdered

C8l1naud and Gelas
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Methyl a-o-glucopyranoside (7.6 g), in drypyridine (100 mL) and benzyl chloride (7.6 g),

was refluxedwith a calcium chloride tube fitted to the top of the condenser for 9 h. After

cooling to room temperature, acetic anhydride (20 mL) was added, and thesolution allowed

to stand overnight. Excess water was added, and the mixture wasextracted with benzene.

The benzene layer was washed with, in tum, ice cold 1 M sulfuric acid, saturated aqueous

sodium bicarbonate, and finally water. The benzene solution was dried over magnesium

sulfate, filtered and concentrated.. The dark-colored residue was recrystallized to yield

methyI2,3-di-0-acetyl-4,5-0-benzylidene-a-D-glucopYraDoside 21: mp 101-104°C, [alo

+75° (c 1.0, chlorofonn). Part of the material was deacetylated with 1.67% ammonia in

methanol to yield methyl 4,6-0-benzylidene-a.-o-glucopyranoside 19: mp 161-163°C

undepressed on admixture with an authentic sample.

A solution of 1.77 g of methyl 6-0-acetyl-~-D-galactopyra
noside 22 (obtained from ~-o

galactopyranoside by a sequence of (1) selective 6-0 trltylation; (2) benzylation at 0-3,

4, and 5; (3) detrltylation; (4) O-aeetylation;and (5) catalytic hydrogenolysis) and 1.61 g of

a,a-dichlorotoluene in 25 mL of pyridine is heated at the reflux temperature for 5 h. More

a,a-dicblorotoluene (1.61 g) is added and the solution is heated to reflux for an additional 3

h. Acetic anhydride (5 mL) is added to the still warm solution, which is then allowed to

stand at 20-25°C overnight The solution is diluted with toluene, and the toluene solution is

shaked with water, aqueous sodium hydrogenocarbonate, and then water. After drying with

sodium sulfate and filtration, the solution is concentrated. to dryness under reduced pres

sure. Pyridine is removed by repeated codistillation with toluene under reduced pressure.

The crude crystalline product is washed with light petroleum (6O-80°C) to remove excess

a,a-dichlorotoluene. The remaining product (2.74 g) is purified by silica gel column

chromatography (column length SO em, diameter 5 em) using 9:1 v/v chloroform/ethyl

ether as eluent to give 23, yield 1.60 g (58%), mp 113-117°C.
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D. Amlnosugars

Acetonation of 2cacetamido-2-deoxy-o-glucose {35]

C~OH . Me~o
H~q M8:zC(OM~h O~~ 30
H~H HO~H

It had been demonstrated that the result of the reaction was dependent on the temperature at
which it was conducted.

1. At 80-85°C during 15 min, a stirred solution of2-acetamido-2-deoxy-o-glucose
(9.5 g. 43 mmol) andp-toluenesulfonic acid monohydrate (100 mg) in dry DMF
(130 mL) was heated to SO-85°C, and then 2,2-dimethoxyprop8llC (20 mL) was
added; stirring was continued for 15 min at 80-85° (the startingmaterial was
then no longer detectable by 1LC). The mixture was cooled and treated with

amount ofether (4.3 g, 60 mmol) was addeddropwise over -2 h, the temperature being kept
at --lo°C. The lLC (ethyl acetate) indicated that slow-migrating components (Rf < 0.5)
were absent. The mixture was then treated exactly as described for the foregoing procedure.
In the present experiment, the aqueous phase contained only traces of the monoacetals.
Evaporation of the dichloromethane extract gave an amorphous solid the properties of
which in 1LC (1:2, ethyl acetate/petroleum ether) were very similar to those of the syrup
(fraction B) described for structure 27 for the preparation of the monoacetal, except for the
presence of very minor, fast-migrating contaminants. The mixture was acetylated conven
tionally with acetic anhydride and pyridine. Evaporation of the solvents, and nucleation
(nucleation was not needed in subsequent preparations) gave a solid. One recystallization
from methanol-water gave reasonably pure compound; a second recystallization afforded
analytically pure 1-O-acetyl-2,3:4,6-di-O-isopropylidene-a-o-mannopyranose 28: yield
5.9 g (65% from o-mannose); mp 145-147°C (methanol-water), [a]D +3° (c 1.0, chloro
form). Ifnecessary the acetate could be deacetylated conventionally to the freesugar [52].
A suspension of diacetal28 (0.5 g) in 1:3 acetic acid/water (20 mL) was stirred at room
temperature until dissolution was complete (-1 h). The solution was then refrigerated (-0°)
overnight. Use of TLCthen indicated the presence of a major component (Rf 0.43, ethyl
acetate). The solution was freeze-dried to give 1-0-acetyl-2,3-0-isopropylidene-a-o
mannopyranose 29 as a microcrystalline powder that could be effectively purified by
recrystallization from ethyl acetate; yield 0.32 g (74%), mp 130-131°C, [a]D -24.5° (cO.9,
chloroform),

Note that if the anomeric hydroxyl group was not acetylated as it is in the acetal 28, a
transformation of the monoacetal to its isomer 2,3-0-isopropylidene-o-mannofuranose
could be observed

2

M~~OO~~~
Met?0 • "-

D-Galactose eus0 4.~04 Jp
CMe:z

trated sulfuric acid and 2 L (27.4 mol) of
anhydroUS cupric sulfate, 10 mL of concen '-__leal shaker The cupric sulfate

Tb . ture is shaken 24h on a mec"......· ed
anhydrous acetone. e unx . anh dro acetone' the washings are combin

fi1 ti d washed Wlth Y us, shak.in
is removed.~ tra on an combined washings and filtrate are neutralized by g
with the onginal filtrate. The . xide until the solution is neutral to Congo
with 94 g (1.27 mol) of powdered ~clumd~!.~ sulfate are filtered and washed with dry

ted eal ium hydroXide an .....Clum b .
red. The unreac c ted b distillation of the acetone at atmosp enc
acetone, and the J:iltrate is co:;ntr:tainJ. the major portion ofthe remaining acetone is
pressure. After a thin syrup has no tel aspirator). The last traces of acetone are
removed by distillation at 50°C and 15 rom ~w: The residua1light yellow oil is crude
finally removed by distillation at ~~o~~OO-;;:~, (76-92%), [a]D -55° (c 3.5"chloro-
l,2:3,4-di-O-a-o-galactopyranose. yie \

form).

4.6-0_ISOpropylidene-o-mannopyranose (52]

Me

>-OMe. ~~t?- 27
o-Mannose HO~OH

1)' dry DMF (20 mL) containing Orierite (1 g)
A soluti?n ~f o-mannose ~c4g~Ob=oan~ 2-methoxypropene (4.3 g, 60 ~ol) and
was mamtamed below 5 added Tb mixture was stirred magnetically at
p-toluenes~oni~ ac~d (-20 mg~ :ere

ted
that 'mIS~g material had disappeared (-~ h),

0_5°C until momtonng by:U: in ca added, and the cold mixture was stirred
whereafter anhydroUS sodium c~natew:S~ltered,and the filtrate poured into ice water
vigorously for 1 more hour. The ~~th dichloromethane (4 x 20 mL),and the ex~ts
(SO mL).~e product was ex~ Wl(4x20mL). The aqueous phase and the com~med,
were combined. and washed WltJ:" water . Id 8Il amorphous solid (mono-O-isopropylidene
aqueous extracts were freeze-dried, to ~e f the dried (sodium sulfate) dichloromethane
derivatives; fraction A, 6.0 g). Evaporationderi°. ti es fraction B' 07 g). Fraction A was

di 0 . pylidene va v , ' . 7
extract gave a syrup ( - -ieopro f the 4 6-0_isopropylidene-o-mannOpyranose 2;

essentially a mixture of the an~~rant. The amorphous solid (yield 91%? was ~
with the a-anomer strongly prepo . the a anomer as a microcrystalline, white
~stallized twice fi:om ethyl ac~1~7~;~a] _10 (3 min) -+ -16° (5 min) -+ -24°
powder; yield 5.4 g (-.i2%),mp - D
(final, 48 h; c 1.2, water).

.' ylidene-o-mannopyranose and Its Selective
1-0-Acetr'-2,3:4,6-d/~:~~isopropylidfJne-D-mannopyranose {52]
HydrolYSIS to 1-Q-ace. 01 ill DMF (20 mL). containing Orierite (1 ~)
A solutionofo-mannose (5.4 g, 30 mm) dry (43 g 6Oromol)andp-toluenesulfoJllC
was maintained at _-lo°C, and 2:methoxyp:-:=:tma~eticallY for -3 h, and then a further
acid (-20 mg) were added. The unxture was

(1~OMe
o-Mennose •

(2) Aozo ~~~
. 'eMil:! OAe

28

HOH;zC

H~
CMIl:! OAe
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Amberlite IRA-410 (OH-) ion-exchange resin to remove the acid After filtra

tion, the filtrate was evaporated at 60° (bath). Crystallization was spontaneous,

and when evaporation was complete, the mass was cooled, stirred with chloro

form, and the product removed by filtration. The crystalline product (6 g, 54%)

was identified as 2-acetamido-2-deoxy-4,6-0-isopropylidene-o-glucopyranose

30: mp 189-190°C [«]0 +57S (c 0.99, methanol).

2. At room temperature during 2 h, the reaction was conducted with 9.5 g of

2-acetamido-2-deoity-o-glucose by the same method lind procedure [reported in

Ref. 96]. After recrystallization of the product (lOg, 90%), the final filtrate was

chromatographed on a column of silicic acid (30 g) with 30:1 chloroform!

methanol.

E. Deoxysugars

Acetonation of L-fucose and L-rhamnose [56J

3,4-G-lsopropylldene-L-fucopyranose:

A solution of L-fucose (4.92 g, 30 mmol) in anhydrous DMF (50 mL) was stirred with a

desiccant (Drierite or Sikkon, 1 g) at O°C (ice bath), and 2-methoxypropene (2.16 g, 30

mmol) was added followed by p-toluenesulfonic acid (-20 mg). After 1 hat O°C, an

additional stoichiometric amount of reagent (2.16 g) was added, and stirring was continued

for 2 h at O°C.Sodium carbonate (-5 g) was added, and the mixturewas stirred further 1 hat

room temperature. The solids were filtered off, and the filtrate was evaporated under

diminished pressure at 40°C to a syrup that contained (TLC, ethyl acetate) one major

product plus minor, fast-migrating components. Rapid chromatography of the product on a

column of silica gel gave pure, crystalline 3,4-0-isopropylidene-L-fucopyranose 31; yield

3.7 g (-60%); rnp 1l0-1l10C, [«]0 -90° -+ -70° (24 h, equil.; c 0.2, water).

2,3-G-lsopropylidene-L-rhamnopyranose

The procedureused for L-fucose was applied with t-rhamnose (4.22 g, 30 mmol) except

that twice the stoichiometric amount of 2-methoxypropene (4.32 g. 60 mmol) was added

directly at the beginning of the reaction. The 1LC of the crude amorphous residue (that

remained after removal of the solvent) showed essentially only one spot (purity> 95% by

NMR) corresponding to the attempting acetal (yield 5.2 g, 85%). Purification by rapid

column chromatography (1:1 ethyl acetate/petroleum ether) gave pure, syrupy 2,3-0

isopropylidene-L-mamnopyranose 32 (4.9 g. 80%) that eventually crystallized by slow

evaporatin fro
water). g m the chromatography solvent; mp 90-91"C, [«:I., + 10° (equil., 24 h, c 0.1

F. Ollg088CCharides

Benzylidenation of Sucrose[97]

H~C.H2~. Ph,""\~O0
H. . 0

o OA

HOC~H:z0 (1)PhCH;z8r/pyridine ACOCH:z

HO (2) Ac:zO .. ~o 33
AcO

HO CH:zOH CH:zOAc
Ace

Asolutionofsucrose (2.5 g) in dry pyridine (50 mL) was treated ith be .

(2.8 mL) at 850C for 1.5 h. After a furtheraddition of benz li: ~lidenebromide

reaction mixture was heated at 95°C for 0.5 h treated ith y. ne ~rmde (1 mL), the

and then stored at room temperature for 5 h.'Th 1~ acetic anI;lydride (5 mL) at O°C,

extracted with dichloromethane and . e so ution was poured into ice water and

(N~S0.J. The 1LC (4:1 ethermght~=c~aY:7as ~ashed with water and dried

Rf of the slow-moving spot was identical with thas:t a rmxture of four products. The

fast-moving spot was the major product The 1 ~ sucrose acta-acetate, and the second,

a column of silica el (200 .' so ution was concentrated andfractionated on

acetyl-4 6-0 be ligde . g), usmg 1:I etherllight petroleum. 1'2 3 3'4'6'-Hexa-O

. ' - nzy ne-sucrose 33 (1.7 g, 35%) which staUized:'" -

fraction collector, had an m.p. of ISS-157°C, [«]: +44.3~c0.82, c:O:o~~s of the

Acetonatlon of Sucrose[58J

~~Q
tK>~r~ + ~

PCH,OH M \ J-wsH,OH

OH oc~;;r

34 35

A solution of sucrose (34.2 g, 0.1 mol) in dry DMF 400 ..

pellets (YJ6 in., type 3 A) was stirred with 2 eth ( mL) containing molecular sieve

presence of dry p-toluenesulfonic acid (25-: )o::;p:en~ (12.1 mL, 0.13 mol) in the

temperature, and made neutral with anh dro g. mID at 70OC, cooled to room

was filtered offand the filtrate eva telto us sodium ~nate. The inorganic residue

silica gel with 1:I ethyl acetatela::eaff~~'d?:=of~sy~p~m a col~ of

sucrose 35 as a syrup: 3 g (7%)' [«] +25 50 2,1 .4,6-di-O-ls0pr0pylidene_

product 4,6-o-isopropyliden;suc~34' ~~ 1, methanol). F~erelutiongave themajor

(c 1.0, methanol). . yt ld 23 g (60%); white powder; [«]0 +45.40
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L-Fucose

Acetonation of 11,I1-Trehalose [57}

¥-

~
HOCt\ o ' ,OH (1)''--.",u.-UA....~~~OAC

HO H~OH ~•.- 'Q 0 PI;

CU·OH· Ohi Ct\0Ac
OH .'Z (2)~O

a,a-trehalose 31

To a stirred mixture of anhydrous 11,I1-trehalose (3.42 g, 10 mmol), dry DMF (40 mL)

below 5°C, and Sikkon (F1uka dehydrating agent, 1 g) were added 2-methoxypropene

(1.29 g, 15mmol) andp-toluenesulfonic acid (-20 mg). The mixture was stirred for 4 h at

0-5OC, sodium carbonate (-2 g) was added, and themixture was stirred vigorously for 1 h,

filtered, and concentrated at 40°C/< 1 torr. Th a solution ofthe residue (4.9 g) in pyridine (5

mL)was addeda solution of acetic anhydride (15 mL) in pyridine (15 mL) with stirring at

O°C.'Themixture was stirred overnight at room temperature and then poured onto ice. The

product was extracted with dichloromethane, and the extract was concentrated to give an

amorphous solid (5.6 g). Use of TLC (1:1 ethyl acetatellight petroleum) revealed three

products (Rf 0.69,0.56, and 0.42). Elution (ethyl acetatellight petroleum. 1:1) from silica

gel (400 g) gave, first the 4,6:4'6'-diacetal tetraacetate (0.8 g): mp 187-189°C, [11]D + 142°

(c 1, chloroform). Eluted second was the monoacetal hexaacetate 36 (2.4 g, 38%): mp 79

80OC; [11]0 + 150.5° (c 1.1, chloroform). Eluted third was octa-O-acetyl-I1-I1-trehalose (1.0

g): mp 97-98OC, (11]0 + 157° (c 1.1, chloroform).

Acetonation of Maltose [37}

The investigation of various conditions for the reaction of 2,2-dimethoxypropane has been

conducted on several disaccharides (37). The nature of the acetals thus obtained (mono- or

multiacetals and pyranosylpyranose or pyranosyIacyclic hexose forms of the protected

disaccharide) depends largely on the temperature (room temperature, 40°C, 80°C), the

solvent (DMF or lA-dioxane), and the amount of the acid catalyst that are chosen for the

procedure. As a specific example, the synthesis of a tetraacetal of maltose is given here.

~
HOC~ ~ yH~~h

HO 1 HOO_CMIl2

H HOO~C~Mll2C(
OMel:z Mll""\~q ~

HO HOH H~~
• I ::;CMll2

H200

37

To a stirred solution of maltose (300 mg, 0.88 IIllOOl) in 1,4-dioxane (3 mL) was added

p-toluenesulfonic acid (3 mg) and then 2,2-dimethoxypropane (0.9 mL, 8.3 mol/mol of

maltose). The mixture was stirred for 15 h at 80°C, and then treated with Amberlite

IRA-410 (-OR) resin, to remove the acid. The resin was filtered off and washed with

methanol. The filtrate and washings were combined, and evaporated, and the syrupy

residue was chromatographed on a column of silicic acid (10 g) with chloroform and then

100: 1 chloroform/methanol. The latter eluate yielded a syrup of the tetraacetal37 (280 mg.

63%) which could be acetylated to give the syrupy diacetate: (11]0 +68°. (c 0.114,

chloroform).

G. Acetalallon of tl"an.Vlclnal Dlols

IsopropylUkne A~etals

Methyl2,3:4,6-dl"()-I~YlkJene_o-glucopyranos;de [61J

~ >---...~ >--- ..~
~e H~ "O~

0Me 'C~ 0Me

31 3.

~~a~;u:o;o~~:-:~!lide~~~UCOpYranOSide38 (2.3 g, 10 mmol) in dry DMF

mm
the

ol? in dry D~(10~) :~:n~atalyti~~:~o~o: ~i;~~~=~~<:ci8d,g'an
25
d

IIl1xture was agitated VIgorously by ti·· f
moisture. Sodium carbonate (5) ~~~ c stirrin~ or 4 h at O°C, with exclusion of

room tem -,.g was.......,.., and the mixturewas further stirredfor I h at

. perature. After filtration and evaporation of the filtrate the crude

obtained ~orphous in almost quantitative yield. n could be~ direct! p~u~as
transformations. Crystallization of the product from he Y or er

l('~oE7PcYhllidentie-D-gl)uThcoPyranOSide 39 as plates (1.9 g, ;:;:g~; ~~!~'~:t~~~:
. " oro orm . e same product could be obtained b diree . ' D

11-D-glucopyranoside (1.9 g, 10 mmol) with 2-methox y t acetonation of methyl

essentially the di' . yPropene (2.9 g, 40 mmol) under

tw
same con nons, but the yield was lower (-65%) than that obtained by the

o-stage procedure.

Dispiroacetals

~~ ne~ methods have been discovered for the selective protection of . .

vicinal diols [44,45]. One ofthem uses 3 3'44'-tetrahydro-6 6' hi 2H trans~equatonal

to transform diols into dispiroacetals andth 'd ' - - -pyran (bls-DHP) 40

hexane 41 to obtain cyclohexane-l 2-diace~secontecU:::1,1,2,2-tetrahydromethoxycyclo

been compared (44 45] and • ' b -pro sugars. These two methods have

each strategy. ' we grve ere, as representative examples, one procedure for

Dlsplroacetal of Methyll1-L-fucopyranoslde [45J

;QHQ••• ~/ % 8"'~°Xl"?H .
o .. ~.o 0

o
OMe . OMe

42

dl-Qunphorsulfonic acid (15 mg) was added to a sa .
pyranoside (1.42 mmol) and bis-dihydrop 0 a stirred solution of methyll1-L-fuco-

mL),and the mixture was heated under ~ (40) (3.12 mmol), in dry chloroform (25

glycol (9 mmol) was addedandheating ::ntin.~u::etw
furth
een 2 and 8h. Anhydrous ethylene

or a er 0.5 h. The resultant solution
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Dispiroacetais of Methyl ot-o-mannopyranoside [44]

. . mL) andadded to saturated aqueous sodium hydro-
was diluted With dichloromethane (40 (3 I'0 mL) dried (anhydroUS

(20 mL) tra ted with dich1oromethane x ,
genocarbonate • ex c ted . uo Purification by column chroma-

esium sulfate) filtered, and concentra m vac . 66'
magn h' on silica 'gel (25:50 ethyl acetatelpetroleum ether) gav~ methyl 2,3-0-(, :
::~o-6,6'_bi_2H_pyran-2,2'-diYl)-ot-L-fuCOpyranoside 42: yield 76%, [ot]D +2.7

(c 1.0, chloroform).
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I. INTRODUCTION

Acyclic derivative of sugarshaveplayeda significant role in the areaof syntheticeatbohy
dratechemistry, pennitting nUJDClOUS useful tr.-nsformati.ons thatarenot~blewith the
parent sugars, which exist almostexclusivelym the hemiacetal~~g of~
in the acyclicformas their diaIkyldithioacetals, bytrea~~ tbiolsm,thepresence

/ofacid. bas been a syntbetically importantmethod ever smce Emil~ s firllt report
some100years ago [1],and remains an important tool in modem synthetic carbobydnte
cbemistIY.

A. Other Acy4tIc .1)erIvatIvee: HycIrazOne8, oe-onea. and 0xIme8

Diethyl ditbioacetals have proveduseful for characterizing sugarsbecause many of them
are readily obtained in Cl}'sta1line form [2]. They are stable products, do not exbi"!t
taut.otnerism. and can be readily reconverted into the parent sugm:. Although~
pbenylhydrazonesPlllY be formed whenreducing sugarsare treated With ~yJhydrazine
[3], the treatmeat of aldoses and 2-ketoses With III excess of phenylhydrazinepoerally
affords 1,2.-bil(pbenylhydrazones) (osazooes) [4]. Qsazones and pbenylhydraz0ne8 Pllly
still exhibit tautomerism andare leasusefulfor characterization purposes thanthe derived
pbeny1oeetriazoles obtained through oxidation of~ with coppc:r(IJ)~[~].
Reaction of reducing sugarswithhydroxylamiDe affords oXlDll'S, andtheselitewiIe~y
intm:onveat between acyclic andcyclicform.t. as judged from theproduc:ts of acetylation
(6]. Acetylation of the oximes derivedfrom aldosesin thepesence of~~Ac~ by an
acyclic heuacd* to theconesponding ac:ycJic peracety1ated aldonoDitrile; this sequence
is put of the w'oh1 degradation (7] (Sc:heme 1).
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c. Dlthloacet8l1and TheIr SynthetIc Appllcatlona

Since the firllt description of sugar diethyl ditbioaceta1s by FISCher [1], such compounds
have bec:ome the most fMquently reported acyclic sugarderivatives, andtheyhave Brgu
ably become the most useful andsynthetically versatile of all acycliceatbohydrate com
pounds. 1be facileconversion of a widevariety of aldoses, ketoses. and deoxy and amino
deoxy sups'intoacyclicforms as tbclrdialkyl ditbioacetals, pemUts a rangeofpreparati~ly
useful convasions, notoolY by means of hydroxyl group chemistry, but also through
inttl'convaUoaa pGlSible.with the ditbioaceta1 moiety, such as demercapta1ation to aIde
hydo sups~ dcprotoD8tion-alkylation ("umpolung") cheridstry, and kinetically con
trolled¥t~••onto atJordtbiofuranosides and other furanose derivatives.
.~~ as a convenieDl protecting groupfor sugarcarbonyls, the dithioacetal

funcdClDaliYia Cll{)8b1O of a varietyof important transformations relevantto the carboby
dnde field. Ditbioacetals constitute the mostusefulprecursors foraldehydo sugarsthrough
proccction .of the c:bain hydroxyl groups and subsequent removal of the dithioacetal
fuactioD ,under neutral conditioDs, usually with Hg(lI) salts [12] (Scheme 3). Similar
~ in alcohol80l'Veot is a facilerouteto dialkylacetal derivatives of sugars[13].
1'brllIe acyclic a/Mhydo .sugar derivatives have great synthetic versatility in all aspectsof
paenl cadJonyl cbemistry; for example, as intermediates in the synthesis of chain
exteDded eaoate derivatives by means of the Wittig olefination method. The IeSU1tant
aIkeMI bave beenused in extensive studies of chiralitytransferin Diels-Alder reactions
with V8rloua dienes[14], and such studieshaveled to usefulprocedures for the synthesis of
eIlIIDtioIDedcally pule carbocycles fiom simple carbohydrate precursors [IS].

Dialkyl ditbioaceta1s of freealdoses are precursors for a useful chain-descent Be-

chain lIlICIlIlt process [8], resultsin acycliccyanohydrin formation thatyields two products
because a DeW lI8)'JIIJIldric centeris formed. These nitrilesare generallyhydrolyzedto the
epimeric a1doDic Icids [8] or~ lactones, or are reduced in situ, under controlled
conditions (sodium amalgam [9]01' lfIPdIBaSO. [10], to the COlTeSpOnding aldoses. The
aldol reactionof aldoses with nitrometbane in basic mediumIeSU1ts in epimeric pairs of
l-deoxy-l-nitroalditols, which can be hydrolyzed by means of a Nef reaction to the
corresponding one-carbon homologated aldoses [11] (Scheme 1).
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Scheme 5

B. Scope IIKI UmltatlonS

Emil f;iscber's initialstudies [1] focused. on ditbioacetal formation froma varietyof simple
aldopentoses, aldohexoses, and aldobeptoses. The products were obtained by simply
treating the.sugar with an excess of etbanetbiol in concentrated hydrochloric acid at low
teIJlpel'atUJ'e. (-00C). Many of 1hese dithioeetais have low water solubility, crystallize
spontaneou8ly from thereaction mixtures, and. can be isolated by simple filtration and
washing with eoldwater. Fischtz's key paper [II also outlined moSt of the major reaction
lDodes of the dietbylditbioacetalderivatives, later developed in detail, and thus pavedthe
way for subsecpaent studies into this important class of sugar derivative.

ODe of the JD9:lr drawbacks of the originalFISChez method is that isolationof the

II. METHODS

A. lntroducUon

Fischer'sSCQlinal investigation into acyclicsugar-deriveddialkylditbioacetals [1] stemmed
frommsearlier observation that aldoses react withalcoholsto giveglycosides, ratherthan .
acyclic1Cetals. Wbi1e.tuming his attentionto the reactionsof a1doses with etbanetbiol in
~centta;ted'hydroc::h1oric acid, Fischer supposedthat tbioglycosides wouldfonn, but he
fOUDd ".the~ products, many of which crystallized directly from the reaction
mixtures, were in fact the diethylctitbioacetal derivatives. AlthoughFischez'sstudiesu$ed
the simple ~tbiols, the range of tbiols used in these mercaptalation reactions has
expanded. to.~ benzenetbiols, a-toluenetbiols, and alkaneditbiols. Withthe continu
ing populatity of SUgarS as startingmaterialsin total syntheses of chiralnaturalproducts,
the use of ctitbioacetals remains a principalmethod for protecting the cazbonyl groups of
sugar-derivecl synthetic intemlediates.

sugar is replaced by cazbon (26], as well as applications in naturalproduct synthesis. As
will IJe detailed in the fol1l;lwing sections,ditbioacetal derivatives of sugars are readii.y
availablefrom'Bimplc~ materials. The range of tbiols used in the preparation of
ditbioacetals hasbeenextendecl sincethe initialstudiesmade by Emil FlSChez [I] to include
not only'the simple albnethiols (MeSH, ElSa, and so on), but also tbiophenols, benzyl
tbiols, and ditbiols (e.g.,H~~H). Etbanetbiol, as a low-boiling (albeit excep
tionally malodorous) liquid. retains procedural convenience, al1hough use of the gaseous
metbaDetbiol affon:ls~ for whichnuclearmagneticresonance (NMR) spectra are
greatly simplified.

The acyclicctitbioacetal derivatives fonned from reactions with such thiols offer a
variety of reaction modes for the synthesisof modified sugars. as well as for the total
synthesis of enantiomerically purenaturalproductsand, assuch,areattractive and versatile
intennediates in synthetic C8lbobydrate chemistry.
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A further useful reaction of dialkylditbioaeetalainvolves~~~ in

an . .c solvent,...mch effects m.onobrominatio at Col.1'bese~ iBteItIledi*s
~ such_leophiles as alcobDla to formmixed Ketal produCts [241. This~
has provedespeciaUy usefulforthe~Of~ lIIa1ogucS.viDg acyclicsugar

chains==;di=~~~~useas important internJediafes in
the syntbesi& of such compounds asClIIba suprs, in whichthe riDs oxygen of ..parent

HC(SCH~Ha>2
I

(CHOH)n
I
cH:PH

SCheme 3

uence <Mcl>ona1d-Fsscller degradation). Oxidationwith peroxides affon:ls~,
q bichreadil~~ to a1keDcstbrouib loss of the Cl-hydroxyl funclion [16].
;ase-in~ depaid8tionotthe disulfonell occursby a retroaldolsequence and.reM1ltaJRa
one-carbon descenl for a1doses (17]. •

A uaefu1 mediodforchain extension involvesremovalof the acti~proton Cltothe
sulfursubstituents.foOowed by the addjtionof electtophiles. Alkylation~~ alkyl
halides, fonowedby hydrolytic removalof the ditbioacetal~.~ults ml~xyglyc:os
2-u1oses [18]. wbt#as acylation with.N;N-dimetby~~ yieldsgly~~~:
tives[19I.Supr didiioacetals bearingan oxygen~o~.C-2~~
. these~of strong bases, to afford ketene.ditbioacetal dtriVlllives· (20I. .
~ derivatives can be reduced (UAIH.> to the corresponding 2-deoxy-dialky1 di
tbioacetals, whichundergo Hg(Il)-promotedhydrolysi&to afford 2-deoxya1doses ~21~. The
de .on-aQr,ylation method isauseful routeto 1,3--dideoxy-2-keto8es {romditbi~
tal~xya1dOees(22]. Reduction of ditbioacetal derivatives of ~ydrates ~th
Raney nickel provides a simple route to l-deoxyaJditols (Wolfrom-KarabinoS reactton;

Scheme 4) (23].



40 41

produc:ts relieson theirlow solubilityin aqueous soluti~n. Directisolationo! water~soluble
ditbioacetals thus wu DOl possible.This problemhas 81BCe been addressed mdetail, and.
variety of med10dshave lieen developed 10enableisolationof such products. In the caseof
such water.:soluble producIs as D-xy1olle diethyl ditbioacetal, additionof solid lead carb0
nate 10 thereactionmixture, andaubsequeI1t filtration andevaporation. leads 10 the product
as • syrup thatcanbeobtained Crystalline through an acetylation-deacetylation~
[21].BxtnJc1ionoftheex~ tbiol from thereactionmixture withan organicsolvent,sueh
as ether [28J alsoaids in iDduciog crystallizati01l of products. 'Theformation and isolation
of diethyl eBthioecc:tal~ of. ~varietyofaJ.doses, ranains fromtJjosealO
octoses, pIOCClCldII.:~(29),. ~gh reported yields are not .DIIifonDlybip.

'Themre"lIIl oft'Ormlltioilof the alkyl ditbioacetals of simplesugan bas been
considered {30]tOinvolve(1) initial,~ 8dditionofoneequivalentof llrioltO
the sugare:arboayl group, (2) displacementof water fromthethus-formedrnonodJiobemi
acetal, and (3) cklprotoraItion 10 afford the cfithi,oact!tal prodUClt. 'Thereactiontempent.ure
and certain functional groups preseat.withinthe suaar canaffect the natureof the prodfIct
formed; however. foJ: thesimplealdoses, theproduct isol8t.ed afterreactionfor short.times
at low tcmpet:'ldlll'e.(-o"C), and in the presenc:e of·1llOng mineral acid, is geaerally the
ditbioacetal(Scheme 6).
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. DiaJk.yl di~oacetal derivativescanbe obtained from deoxy sugars underconven
ti~~OD conditions, althoughtheacidlabilityof2-deoxyaldosesmaydiminish
ytelds~properprecaudons are nottabn. For example.2-deoxy-D-anZbino-hexose affords
its cryataUine diothyldilbiOllCeta1.on trea1meDt with ethanethiol in hydrochloric acid, but
the 40% yield reported [38] hasbeenimproved1069% usingessentiallythesameprocedure
[18].~ biologically important 6-deoXY-L-mannose (L-rbamnose) undergoes facile mer
captalation in thepresence ofbenzenethiol.10 afford the corresponding dipbenyldithloace-

~1HCCS:~
OH
OH

CH:pH
Schemel

[34]. L-Arabinose diedlyl ditbioacetalappears to be more thermodynamically stable than
the.tbioglycosides, for it is the only product isolated from mercaptalation of L-arabinose,
evealifterextaldedexposure tDthereagents at roomtemperature [34]. In general, hOwever,
the best yields of ditbioacetalpfeducis are obtained after short reaction times at room
temperature or lower,withgood technique to removeaqueans acidrapidlyfrom theproduct
duriDg the isolation stage.

'The. raeUon of reducingsugarsWith tbiolshas beenexpanded to include most of the
biologically~c~ of aldosesand ketoses.Aminosugars,either in N-protected
form, or as theirhydrocbloride salts, uncIerBo men:aptaJation with a variety of tbiols to
afford acyclicdialkylditbioecetals; forcingconditionsarerequired for theamine-salt forms
to~ a doublyprotoIUItcd reactant. Forexample,D-glucossmine hydrochloride reacts
with.I~!bi0l. initially at O"Cand then at room temperature, in fuming hydro
chlone acid, to glve an essentiallyquaatitative yield of the ethylene ditbioacetalhydro
chlotide [35]. Incontrut, N-1Cety1-o-tJueosam;ne Ie8Cts with ethanethiol in ordinary,

. CODCClII&I1Ued hydrochloric acld (37") to afford the crystallineditbioacetaJ. in 81% yield
[36] (Scheme 8). Treatmeotof a varietyof 3-amino-3-deoxy sugarswith ethaoethiolleads
notonly 10 diethyl dithioaqetals. but also to varying amounts of thioglycoside products
~3~. In the case ~f 3~3-deoXY-D-IWIDDose, a detailed ~ysis ~f the reaction
u1dicated that the ditbioacetalll fonned,lIIIder kineticcontrol.followed by equilibration 10
afford a mixture of products, the relative.amounts of which are dependent on their
thermodynamic stabilities [32].

SR
I

H-C-SR
-W I
~ (fOH>n

CHlPH

~~.HO .
HO

OH
SEt

SR H
I I

H-Y-~+

(CHOH)n
I
CHlPH

SR
I +

H-C-OHt
RSH,W I

(CHOH)n
I
CH:pH

~O\ . EtSH, He!
HOIO~OH~

HO OH

Schemel

The majorcompeting process in thereactions of aleloses with thiols is thefotmation
of tbioatYcosideproducts through participation ~ thesugar's hydroxYl gmups. ysually,
(see sec. Ill), brief treatmentof thealdose with thiol at about-o"C .... to thecJitbioM:etal,
wIM:reas extended treatment at higbeetemperatures oftcD1eads to·thiogIyc:osi.de fonnation.
For example. in the aldohexose series.. D-glucose reacts with·edMuwAiol in hydlvddoric.
acidduring 4 h at O"C 10 yie~ almost exclusively the dietllyldi1:biQaCeta1 [I]. 'l'be same
reaction runat roomtemperature affords princ:ipelly ethyl-I-thio-a-D-glucopyr8DOlide [31]
(Scheme7). AdetailedcbromatoJraplUc investigation of thisre8CCioD [32J revealed that the

HC~(s:lo _ElSH
HO -=====-

OH
OH

CH:PH
SChemIl7

dilbioacetal is formed rapidly at room ......,.atUre, but undergoes c:onvenion 10 the
tbiopyranoside(s) over severalhoun. SimilIIrly, I)-ID8IIDOlIe yieldsthe ditbioIcd-l (63%)
after5 min at O"C [33}, andthe ethyl tltiopynmo8ide8(31%) after16h at room tcmpet'ldUre
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III. EXPERIMENTAL PROCEDURES

A. o-Arablnoee Dlethyl DlthIoecet8I [1,48]

Scht!me12

A~ considerationin workingwith ethanethiol is the pervasivestench of this

and od1er volatile thiols,especiallyas such thiols are used in minute concentrationas odor

~f~ natuial gas. It is~ easy to perfonn the standard preparative.J'l'OCCdures.

during which transfer and filtration operations are performed, in a closed system. and

vaporscanied througha ventingsystemaredetectableat considerabledistances. In small

scale operations, it may be possible to employ a sodium hypochloritetrap to convert the

thiols into nonvolatile, oxidiud products.

Thechemical transfonnationsof dialkyl dithioacetalshave been reviewed in detail

[47] and offer routes to a variety of useful carbohydratederivatives.·Dialkyl dithioacetal

derivativesof sugarscontinueto play an important role in modem syntheticcarbohydrate

chemistry through reactions of the dithioacetal function and manipulation of the sugar

hydroxylgroups. DithioacetaIs also providea convenientmethod for temporaryprotection

of sugar carbonyl groups in the synthesis of DOD.carbohydrate natural products.

tal in satisfactory(55%)yield (39).In general, forcing conditions(fumingHO) are needed

to form the diphenyl dithioacetIIs in satisfactoryyield [20] (Scheme 9).

Dialtyl dithioecetal derivadves of ketoses, such as o-fructose and L-sorbose, are

iDaccessible directly from the parent sugars, the ketose undergoing extensive decomposi

tion UDder the conditionsemployed for mercaptalation of aldoses. Such derivatives can,

however; be prepared by indirect methods. Acetylationof o-fructose [:to) and L-SO~

with aceticanhydrideandzi.ncchloride[41] leads to goodyieldsof acyclicpentaacetateB m

whichthe ketose carbonylis not involvedin a cyclic acetal.Subsequenttreatmentof these

acetylatedderivad:vC'S with tbioIsaffordsthe acetylateddialkyl~~ in satisfactory

yields,andconveotioDal deacetylationaffordsthe unprotecteddialkyldithioacetals[40,41]

(Scheme 10).

~~
CH:pAc·

HOC~~Rt-0Ac:P 1. RSH-.HCI SR
• •

(CH:PH), (CH:PAc)s
2. deaoetylate

(CHPi),

I I I
CH:PH CH:pAc CH:PH

Scheme 10

AIdos-2-uloses. which have the ketonic function at C-2, undergo mercaptaIation

underthe usual conditions.to affordonly I,I-(dialkyldithioacetal) derivatives. The ketone

function in these compounds is distinctly unreactive toward thiols in acidic medium.

probablyas a consequence of electronicand sterleeffects [42) (Scheme U). Examplesof

1.2-bis(dialkyl dithioacetal) derivatives have been prepared by indirect methods [43].

DialdOlell on the other hand. in which the two caIbonylgroups are separatedby the sugar

backboDe: readily undergo mercaptalation at both carboDylcenter8 to afford bis(dialkyl

dithioacetal)derivatives [44].

o

HOho<; "

'L.{0H
OH

1. CHsCH2SH. Hel

2.NaOH, MeOH

HO

Scheme 11

Glycuronic acids also undergo mercaptalationin ,the presence of,thiols and~

Thus, o-glueurono-3,6-lactonereacts readily with.~ol in~ hydrochlonc

acid to atloid.aft« neutralUJttion with methanolicsodUun hydroxide,sodiumD-glucuro

nate dietbyl dithioacetal (45) (Scheme 12). In a sbniIar mICtion, mercaptalation and

subsequent acetylation of o-glucurono-3.6-lactone yields 2.4.s.tri.o-acetyl.o-~

3 6-Iactonediethyl dithioeeetal.which serves as a pnlCUIlIOr to o-g1ucuronamide dielhyl

eHthioacetal [45]. The biologicaJJy sipifiCant N-acetyIneuraminic acid (sialic acid) also

affords a crystalline dietbyl dithioecetal on treatment with etbaDethioi in concentrated
hydrochloricacid [46].

B. o-XyIoeeDIethyI 0tIhI0acetaI [27,48]

o-Xylose (SO g. 0.3 mol) is dissolWld in 37% aqueous hydroc'bloric acid (SO mL) in an

~Bask. and the solutionis cooledto O"C. Ethanethiol(SO mL) is added, the flask

stoppemf. and thebiphasicmixture shaken at O"C for 1h. The resultant purple solutionis

(I)

91%

0°, 30 min

EthanethloJ. Hel ..~~OH
OH 1

(SCH~Ha>2

HO
OH
OH

CHpH

~ is a slight lJ!.Odification of the method of FISCher[1]. o-Arabinose (250 g, 1.66mol) is

dissolWld at room temperature in 37% hydrochloricacid (250 mL) in a I-L Erlenmeyer

flask; and cooledat once to O"C. Technical ethanethiol (250 mL) is added, the flask is

stoppenld,and thetwo layersare shaken vigorously. Copiouscrystallizationoccursafter15

min and, after 30min, the crude product is conected by filtrationand washedwithice cold

watec.1tecIystallizaton from water IIfforos the pure dithioacetaI (380 1091%): mp 124
125"C, [at, 0" (c 3.0. pyridine).

SR
I

H-Fo"
(CH:zQH)n

I
CH:zQH

•
RSH, Hel
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C. o-Rlboee Diphenyl DIthIoacet8l l2O)

o-Lyxose (3.0 g, 20.0 mmol) and l,2-eCbt1aeditbiol (l;(J8 mL. 10.0 mmol) .. placed in
conceatrated hydrochloric acid (3.0 JQL)and the mixture is sbakeo ina stOppCPld boUle
for 10min It room tempel'ItlUe. 1.be mixture is poured into ice water (20 mL), and the
homogeneOUS solutionis passed through a column (1.8 x 20 em) of lIIlion-excbange resin

(6)

(5)

00.30 min

63%

Ethanelhlol
HCI

RT,5mln

47%

EthfUMIthIoI
Hel

HOH2G .

HC?to~OH
OH

:~~
CHtOH

D-Ga1actose (SOg. 0.278 mol) is dissolvedat room temperaturein 37% hydrochloric acid
(75 mL) in a 500-mL, glass-stoppeIed, wide-mouthedbottle.Technica:J. ethanethiol (SO mL)
is 'added. aDd the mixture is sbakea vigorouslyat room temperature. the pre88UIC being
released occasionally. A temper8tUle increasebecomes evident after a fewminutes. and a
small amount of ice andice wateris added, which causes the reaction mixture to solidify
almost imnwliately. Moreice wateris addedandthe crystallinemassfiltered immediately
8l1d wasbed with a small amountof ice water.Recrystallization from absolute ethanol and
thenagain from wateraffotds purediethyl dithioacetal (37 g. 47%): mp 140-142"C. [a]
-3.50 (pyridine). D

F.~ Dlethyl DIthIoecet8l [50]

HOr~
Clipi

Anhydrouso-pueose (100g, 0.56 mOl)is dissolvedin 37% hydrochloric acid (85 mL) It
roomtemperaturein a glass-stopperedbottle. TecbDical etbanetbiol (100JQL) is added, and
the mixtute issbIIbn vigorously at room temperature.openingthe stopperoccasionally to
allow release of pteSI1Il'e. The temperatureis maintained at -WOCby periodically adding
smallamounts of ice lIDd by immersing the vesselin an ice bath.The sbaking is continued
until copiouscrystallization OCCUIS. and the bottle is then cooledfor 30 minin an ice-salt
bath. After suction fillnlion. the solid mass is waabed with ice water. and irrunediate1y
recrystallizedfrom hot water. CODt8ining a small amount of sodiumhydrogencarboDate.
Afterallowing the flaskto cool,the solid is filten=doffwithsuctionandwashedwitha small
IIJIlOI1Ilt of ice water,followed by a smallllJllOWlt of ethanolandether(yield -100 g. 63%):
mp 127"C. [a]o -30" (water). .

E. o-Glucoee Dlethyl Dlthloacebll [1, 49]

(e.g.• Dowex 1. Amberlite 1RA-400. WofatitL, OH form). The first 20 mL of efftuent is
discarded; the subsequent 200mLcontains the productandis evaporated under diminished
pressure It4O-SO"C to a syrup~crystallizes onstanding andscratching withaglass rod.
Recrystallization from isopropylalcoholaffordsthe dithioacetal ascolorlessleaflets(3.6g.
80%): mp 142"C [a]o +17.5° (c 1.82, methanol).

(4)

(3)

(2)

RT.30mIn

80%

00.2.5h

42%

1.2-Ethall8dIfIIoI

HCI

Benzeneth/OI. HCI..

1. Ethanethlol. HCI
0°.1 h

o
HO~OH

OH
OH

. HO~O\
HO~OH

D. u-Lyxoee Ethylene Dlthloacetail (51]

in
CHzOH

Conceotratecl hydrocbloric acid (9.0 mL) is cooled to 0"(: and satmated with hydrogen
chloride gas. o-Ribose (3.0 g, 20 mmol) and benzenetbiol (5.6 mL) ate added,~~
mixture is shaken for 2 h atO"C aDd then for 20 minat rOOl11 temperatIJ1'e. The S()lution 18

then potll'ed into cold water (100mL). andtheresultantsyrup'is de\:antedfrom the water
layer.This syrup is then dissolvedin ethylacetate (SOmL~ thesolutiondried oversodium
carbonate. ande"taporated. After dissolving the syrup inbeDzene (100mL). the~
a:yataJli7.es slowly(-2 days) at O"C and is collectedby fUttation (3.0 g. 40%. collectechn
two crops). Rec:r)'1talIizaon is effected from etbanol-ether andthen etbano1-;water to
affordthe puredipbenyldithioecetal: mp Im.S-l02.00c, [a1o +42.3° (c 1; pyndlne).

o
~~'\ OH
IO~ 2. PbCOs. MeOH

16h

42%

then added. in portions. to a stirred suspension of Jead carbonate (90 g) in IDCtbIInol (100
mL).After the addidon is compl~ themixture is stiaed for anadditioeal16 h.and then
decolorUinl charcoal is added The.mixtm'e is 6ltered,and the colorless filtrate 18.evar
rated to a syrup. Addition of ether (ISOmL) and methanol (10mL) causes crystallization.
and the produc:t is coUectedbyfiltration (30.4 g. 42%): mp 61-63°C, [a1o-30.8° (c 0.4.

w~).
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G. o-Fructoae Dlethyl DIthIoacetaI [40]

(9)

(10)

H
HO..

16h. RT

40%

Eth8nelhIoI
HC1

24h, RT

34%

Benzenethlol
HCI

HOH2G
HO~O.
HO~OH

I. 2-0.0XY-o-arablnohexOie Dlethyl Dlthloacetal [18,38)

Penta-o-acetyl-L~~ (3.90 g, 10.0nunol) andanhydrous sodiumsulfate (3 00 ):::::.-=t=~~tz: ~dayOOC, Wlthe'th OCC8SIOD
lu

' . . al s~g,. for 3 h.After allo~: i::
-.-........ . s, so non IS mixed Withsaturatedsodiumhydro-

gencarbonate (40 mL), whichClIlIa the product, along with inorg . sal ..

::~the solidis excractcd with warmchloroform,andthea:::are~==
portions ?'chloroform. The combined extracts are dried with sodi ulf

evaporatedto YIeld a syrup,which solidifies onstanding.Theproductisrecryu:.;li:,::
absolute etbano~ (2.75 g, 59%): mp 116"C, [ulx, -12.3° (c 2.32, chloroform)

To a soluttonof penta-o-acetyl~L-S01'bose dimeth I di . .
iD~(I00 mL) is added bad metho. y tbioaceta1 (4.68 g, 10.0mmol)

lDixtuzeis alloWed to stand for 16b:n Dde (60 mL, 10~ in~ol) and the

with st:dfuric . room temperatlJle. The mtxture 18 then neutralized
acid (0.2 M), shaken with barium carbonate and activated ~loft 1

filtenld, and evaporated to a syru which' dri .......1NA&, then
[U]D -310 (c 1.36, chlorofotPl). p, - IS ed under high vacuum (2.51 g, 97%):

C~H

2-~xY-D-anlbino--bexose (0.8 g, 4.88 mmoJ) is dissolved in .

acid(5mL) and etbanetbiol(2mL) and themixture. ."_1._ con~trated hydrochlonc

ture Etlumol (SO mL) is' 18 ..........cD overnightat I'OOD1 tempera-
• - added, and the solution is neutralized with lead

Insolublesaltsare filtered and washedwith ethanol - carbonate.
(0.5 g, 40%), which CI)'St8l1izes slowl and - (20 mL): Evaporation affordsa syrup

132°C, [a)D -8.8° (c 15, methanol).YA Jatec~ta1Iized ~m ~ne-etber: mp

conditions, t:qJorIa a yield of 69% [18]. ' employmgessentially the SlIDe

J. .8-OeoXY-L-rnannoae (L-Rhemnoae) DlphenyI Dlthtoecetal [39]

HO

HO

CHa
Coocemrated hydrochloric acid (40 mL)' 0 _..... •

theal.-dIamnose 18 With hyc1rogen chloride at ooe and

themixture-• • .~drate (25 g, 0.152mol) and be~ol (45 mL) are added' and
IS IQC24batroomtem_..._ Tbered" '

. .........---. ID1Xture 18 pouredintoice Water

HO~~
OH

HO
CHPt

~F:HH _A_ep_~. ~-r: '~.~m
~ ~OAc 2. NH,. MeOH ~
Ct¥'H C~Ac CHPf

H. L-8orboae Dimethyl Dlthloaoetal [41]

Freshly fused zinc chloride (8.0 g) is dissolvedin etbanethiol (60 mL), whichbasprevi

ously been dried, in a stoppeled tlaak. The solution is tooled in an ice-salt bath and

aDbydrous sodium sulfate (IS g) lIlId l,3,4,s,6-penta-<>-lICIltyl-hfO-o-ftuetose (2Og, 51.3

mmol) is added with sbaking. Theflaskis stoppered andthen stored in the freezing mix1UftI

for 4 h. The~ is thenpouredcarefully into~ sodiumh~

solution (-lSOJ!JL). The resultant precipitate is filteled off and extracted into warm

chloroform;~ original filtrate is also extJacted with chloroform. The combined extracts

are dried andevaporatedto a syrup, fromwhichpetroleum ether is evaporated-~y

until crysta1IiJ:acio occurs. The solid can be recrystallized from ether-pe1rOleum ether

(10.9 g, 43%), mp 76-78"C (83"C after fuIther recrystallization), [ulo +2()O(c-3.7,

chloroform).
Theditbioaceta1 pentaacetate (12.0It 24.0 mmol) is dissolvedin absolute methanol

(100mL) Uti the flaskis cooledin an ice-saltbathwhilea rapidstream of8DUDonia gasis

bUbbled throuP. for about 45 min. The solution is kept in a freezer ovemiSbt and then

evaporatedtoaayrup at room tIlmpe:l'atl1J:. This material is dissolved in mctbanol, the

solutionevaporatedto a small volume, andether (2volll1DeS) addedto CIIllSecrystalJU:arion.

The solid is fil~ off and washed with ether (5.4 a, 79%):mp55-6QOC. After repeated

recrystallizationS from -met1wlol-etber the product bas mp65-61OC,[U)D+35.8° (c 4.0,

methanol).

L-5orbose (3.60 g, 20.0 mmol) is added to a sdJ:ring solutionof aDbydrouB zinc chloride

(0;36 g) andaceticanhydride (70 mL) at O"C. A&r~ !bereactionto wann to lClQDl

taupetature; the Dlixture is stiIred for 3 h; ellowCld to stand for a :futtber 30h, and eben

pounld intowater(300 mI.)with stiniJlI. Themix1UftIis stilftdfor 3h to cIecompoIIe~

acetic anhydride. and then thesolid..ii filtered aadRlCtYstaUizedfrom.CidIeDoI toyield

thepeD~ (5.4 It 70%): mp 96.5-97.s"C, [OlJ.. +z,S" (c 2.14,~).

ADbydrous zinc cbloridO (1.60g) isdilIsolvedinmetbaIaetbiol (12mI.)beIdat -lS"C.



(13)

(14)

AT.3d

84%

Propene..1.3-dlth1ol

HCI

1.Ethanethlal. HCI
30 min.00

2. N8OH, MeQH

27%

~~.• -..

~H
OH
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The coluum is eluted with a linear400-mL.....d.l_

afford, first, twoD10bile .. ut from0.3 to 1.67M hydroch1oric acidto

followedby the title ,.",...~(_;;i,after -1900 and -2050 mL of eluent, tespeCUvely),

and . --...,..,....... mLofe1uent)ascolorless crystalsaftecev .

crystallization (1.2g). The totitl amountof product collected from the ~on

and col~ separabon is 5 g (70*): mp 157°C. [u~ +290 (c 0.86. warer;:stallizatton

M. =~'UC088 PI'opM-1,3-d1y1 Dfth'oacetal

2-Amino-2-deoXY-D-glueose hydrocbIoride I
hy...l-_L'onc· acid( ( 5 g. 69.6 mmol) is dissolved in fuming

"''''''u coocentnted hydrochloric acid .

the
120 mL).PfOP8I1e-l,3-dithiol (18 g. 167 mmol) is =::n~horoYdrog~~oride at o-c,

resultantmixture Iltirred at . -0 us s.......g at ooc, and

neutralized ·thlead room ten:lpcnture for 3 days.Ethanolis added, thesolution

~from~ and the sa1U filtered. Evaporation affords a solid,whichis

water). . Watet-ether (18g. 84%): mp 204-206°C. [U]D-8.90 (c 1.45.

N. SodIum D-G'ucuronate Dlelhy' DIthIoaceta. (45)

{
HC(SCH~Hal2

OH
HO '

OH

OH
CO~.

o-Glucurono-3.6-.Iactone (3.0 g,17 0 mmol)is .

(3 mL).and~ with ethanetbiol (3 mL) ~mconcentratedhY~~Cacid
poured JDto tee water(6 IUL) lIlIdthe so.luti . DUD at OOC. The reaction ID1Xture is

,30mL).Svaporatioo of the' . ~ IS then extracted with ethyl acetate (2 x

and apiIl evaporated to It .~~ a thi~ s~P. which is dissolvedin methanol.

again dissolvedinmcthanol~~ IS then dried~ a V8CU11J!1 dessieator. The syrup is

aCOItCeIlttIted solutionof 80diuInb;: ~methanutionIS neutralized by the slowadditionof

promotesCl)'StaIlization andthe· m 01. Scratching the sidesof the t1ask
~ IS collectedby filttationand washedwithmethanol

(11)

(12)

oo.24h

81%

Ethan8IhIoI
Hel

RT.24h

70%

Ethanelhlol
Hel

CftaOH
HO~O."
HO~OH

AcNH

HO~Q
HO~OH

NH,CI
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(500 mL). and the precipif* is filtaed and washedwith water (300 mL) and ether (100

mL) to givethe product(26.5g, 551)(,). Recrystallization from boi1iDs water(-3 L) givesthe

title compound IS colorless plates (15.5 g. 34%): mp 124-125.5°C, [U]D +74.8° (c 1.1,

ethanol).

~~
CHtQH

N-Ac:etyI-D-gJUCOSanrine (30.g.0.135 mol)is dissolvedin CODCebl:rated hydrocbloricacid

(120mL),and~ gradeethanethiol(120mL) is addedinIt stoppmldftuk at ere: The

reactionis stined·lit thattemperature for 24 h llIldthen neutralized withexcess btelclead
carbonate(700 I).The mixture is diluted with water(500 mL).andthe solidsarefiltered

and washedwithwatllr (1 L). Afterevaporation of the combined fil1rllte aud 'NaShiDgs, the

resultantftlSidue iscrystallizedfrom medJanol-ether (36 g. 811)(,); Pluther reeryst8Ilization

from methanol-chlorofotm-et:her givespureprocl1K:t: mp129.5-130S'C, [u~ - 35°(c 4.

water).

:F
CHpi

This is a modification of the original·melhOd described by Wolfrom and Onodeta [45].

Conceatratcdhydrot;.bloric acict (15mL) is cooledto OOC lllllJtbeD. saturatedwith hydrogen

chloride gas.2"Amino-2-deoxy..p..placto8ehy~($~O .. 23.2mmol) lIIIIilltbaoe.
thiol (16mL) are"1Idded, the ftMk is sealed. andthe mixture stirred Vigorously for 24 h·at

room tenlpeIlltuIe. After this time. a trip COIltBiniDg 5%· sodium hypochlorite (1 L) is

attached to the vcssellUlCl Ditrogea gasis bubbled thnJugbtbe reaction mix_ to remove

excess ethandhiol. The IIlixtIn is then pJacedonto a columIl (20 x 5 c:m)ofDowu: l-XB

(OH-. 2OO--4OO'melIh) IIIioD-exclJang resin 8Dd elatedwith SOl)(, aqueorJ8 ebDol. no
eOJuent iscoocenu dissolved in 95" ethanol, IIId refriprated. Suction fiItra&icIl
atTolds the product IS 1MlCldIea, aod .addiIiotW·pttJdUet is obtIiued· from the Iil1nfOby

IqJCaIed el')'....1i1tJltima with 95" edwlol (iDfal product 3.8 g).

Putthec IIIlOUat5 of prodqctareaft'ariIed from tbe motherIiquon tbroIl...·~

ona90x·2.5-cm co1umD ofDowu SOW-4X (H+. 200-400 mesh) cation-excbaD&e....
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70( 4 1 water) This compound is a monohydrate;
(1.58 g, 27%):mp ll~-llgo~, [U)D-3. C •SooC at i-2 rom. mp llS-1l8°C.
the auhydrous form 18 obtained by drying at
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I. INTRODUCTION

A. Protecting Groups: General eonslderatloll8

From the viewpoint of a synthesis chemist, carbohydrates would appear to be severely
overfunctionalized.Thus, in a hexopyranose,onehasto contendwith fivehydroxyl groups
distributed over six carbon atoms. Furthermore, four of the hydroxyl groups are chiral.
Obviously, to carry out synthetic manipulations on such molecules one has to learn to
protect hydroxyl groups (or amino groups in the caseof aminodeoxy sugars) to leave free
only thosedestinedfor reactions.Therefore,a rich repertoireof protectinggroup manipula
tions for this purpose hasevolved [1,2].Table 1 shows someof the more common ones in
current use.

Because these various groups are attached and removed under different conditions,
many avenues to partially protected carbohydrate intermediates are possible. The subject
hasbeen extensively reviewed[3-6]. Extensive schemes have been worked out using allyl
ethers as Q-protecting groups (Table 2) [7]. The variety in stability to acid, base, tert
butoxideanion, and Wilkinson's catalyst opens up a varietyof protectinggroups strategies.
CommonN-protectivegroups for amino sugars include acyl, arylidene [8], carbobenzoxyl,
phthaloyl [9]; also the use of temporarily maskingof an amino function as an azido group.

The following outlines a few unequivocal general routes to hexopyranoses and
-pyranosides, O-protected at all positions, but one: A free OH at C-2 can be obtained by
converting an acetobromohexose into the corresponding 1,2-ortho-ester, then converting
this into the 3.4,6-tri-O-benzylderivative,which is then converted into a 2-0-acetyl-3,4,6
tri-O-benzylglycosyl halide, and then made into a suitable glycoside which, in turn, is
deacetylated to liberate the 2-oH [10,11]. In the galactose and glucose series 1,2:S,6-di-Q
isopropylidene acetals give immediate access to a free 3-0H group. A free 4-OH is
traditionally obtained from a pyranosidic 4,6-Q-benzylidene acetal by first blocking the
2,3-positions.then removingthe 4,6-acetal, substitutingthe 6-position (primary OH) with a
sterically demanding substituent, such as a trityl group [12] or a diphenyl-tert-butylsilyl
group [13].A free 6-OHis generally obtained from,.a pyranosideby firstsubstituting at the
6-position with one of these two sterically demanding substitutents, then blocking the
2,3,4-positions and, finally, removing the trityl or silyl group to obtain a free 6-0H.

Productwith
(Pb,P),RhCl

ROCH=CH~(fut)
No reaction
ROCH=CHC~CH3

ROCH=C(CH3h
(fast)

No reaction

ROCH=CH~ (fut)
No reaction
ROH (very fut)
ROCH=C(CH3h

(slow)
ROH (fast)Acid- andbasc-stable

Acid- and basc-stab1e
Base-stable only
Acid- and basc-stab1e
Acid- and basc-stable

_~RBuzSn
'0

R
OM.

SCheme 2

B. Regloselectlve Openings of Cyclic DerIvatives

Treatmentof a cyclic 2,3- or 3,4-0rtho-ester in a pyranoside under mild acidic conditions
will cause regioselectivecleavage so that a free equatoriol OH is produced adjacent to an
axial O-acyl group [14] (Scheme 1). The reasons for this have engendered considerable
theoretical treatment based on considerations of stereoelectronic effects [15].

r
c:>\LCQ. CF,cooH.~ CH,J-C-o,.

~- ~ ~~

O~ O~

~-CFf>1OH-"e~
_.. :'x~ ~ °rH

. CH
30

C~ .3

SCheme 1

Bycontradistinction,the correspondingstannylideneacetals, after acylationor alkyl
ation will yield products with a free axial OH adjacent to an acylated or alkylated
equatorial O-substituent(Scheme 2) [16,17]. These two routes are obviously of consider
able use in protective group schemes.

Because nuclear mAgnetic resonance (NMR) is particularly advantageous for car
bohydrates,protecting group routes may often be shortened by the use of partial substitu
tion reactions [4-6], followed by chromatographic separations and characterization by
means of NMR.

R~CH=~

ROCH=CHC~

R~CH=CH~

ROC~C(CH*=~

R~CH=C(CHJ2

Table 2 Allyl Ethers u O-Protecting Groups

Stability in acid Productwith
Sttucture and base. KOtenBu-DMSO

Removal

NaOCIfICH30H
Na~OH

Hpd
(Pb,P)RhCJ, then mild acid
Mild acid
Bu4N+P-

Mild acid

Mild acidor Hpd

Attachment

PhCHOIfsOH

A~O or AcC1Jpyr
BzC1Ipyr
BnBrlDMFlNalI
Cl~CH=~MFlNaH

ClCPhIPyridine
ClS~UI

(~M~):flS°H

Group

Table 1 Some Commonly Used O-Proteeting Groups
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C. ReglOeelectlveOpenings of Benzylidene Acetals

A most useful route leading regioselectively to 6-bromo-6-deoxy derivatives involves the
treatment of pyranosidic 4,6-0-benzylidene acetals with N-bromosuccinimide [18]. An
acyl group is produced in the 4-position (Scheme 3) [19].

The presence in the 4- and 6-positions of groups such as hydroxyl and O-benzyl
groups that are ionized by butyllithium must be avoided because they give rise to other
products [22,23].

R• Alkyl, benzyl or H

SCheme3

Benzylidene dioxolane derivatives, under the same conditions except for the pres
ence of water, give rise to monohydroxy benzoates with an equatorial hydroxyl group
adjacent to an axial O-benzoyl group (Scheme 4) [20].

P~~~
RO~RO OMe

P~o..
RO~

0Me

II. REGIOSELECTIVE REDUcnVE CLEAVAGE OF D-BENZYUDENE
ACETALS TO BENZYL ETHERS

Reductive opening of carbohydrate benzylidene acetals with LiAlH/AlC~ was first de
scribedby Bhattacharjee andGorin [24J. It was subsequently extensively investigated by
Lipdk and co-wm:kers [18, 25]. For dioxan« rings (i.e., pyranosidic 4,6-acetals with an
equatorial phenyl group), the predominant regioselectivity was directedto a free 6-0H,
with an Q-benzyl group at C-4, especially when a bulky group was present at C-3. For
dioxolane rings the regioselectivity depended on the stereochemistry at the benzylidene
acetalic carbon atom (Scheme 6).

SChemeS

R3.H,R'.Bn

R3=Bn,R'.H

BoO

..../""\~
0Bn .

R1.Ph, R2.H

Rl.H,~=Ph

SChemeS

A report by Home and Jordan [26J, describing treatment with sodium borohydride
HCI in methanol of the phenylethylideqe acetal of ethylene glycol (Scheme 7), led us to
examine this reaction in the carbohydrate series [27J. Surprisingly, for pyranosidic 4,6-

~ NoC_/~/~ 0-<:
SCheme 7

benzylidene acetals, a regioselectivity complementary to that in the Liptlik-Nanasi experi
ments was observed, in that the main product invariably was the 6-0-benzyl ether with the
4-OH free. Fw1hermore, by contradistinctionto the llA1H4-AlC13 reaction, theNaCNBH/HQ
treatment allowed the presence of acyl and acetamido groups at the other positions in the
pyranoside ring. Several examples are given in Scheme 8 [27].

One advantageous result of these findings is that, after the reductive opening, one can

0Me

~:JT1
OH OBz

Bull-~
a OMe

70%
+ 2,3 -unsatureted sugar

NBS,CC4, hv
BaCOs,~O ...

R'.c.Hs, R2• H
Rl.H,~·CeHs

p~~H.Ph 0
o '

o
OMe

~3iMe BuU [H3~_OM.]' Harz:;}.RO .RO -R
. o'

'-0.-0 0

H ,Ph H/"'-.Ph

R.o-

Scheme 4

Treatment with butyllithium, with otherwise suitably protected 2,3-0-benzylidene
acetals of hexopyranosides, gives deoxyulosides (Scheme 5) [21].
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have a free 4-OH, a benzyl group in the 6-position, and acyl groups in the 2,3
positions. This opens up new pOssibilities for further protecting group manipulation. More
simply, compared with the foregoing strategy for obtaining a single free 4-OH in a
pyranosidic ring, the present methodrepresents a substantial advance.

That thereductive cleavage is compatible with the presence of Q-acyl groups raises
the question of whether the regioselectivity may be changed back to thatofLiptak-N4n4si.
Indeed, when the solvent is changed from tetrahydrofuran to toluene and the reduction
system to M~NB~-A1~, a free6-OH and D-benzyl at C-6 is produced (Scheme 9) [27].

The regioselectivity of the reductive openings of five-membered (oxolane-type)
benzylidene acetaIs has beenexamined. The same regioselectivity as thatobserved for the
LiAlHcAl~ openings was observed (Scheme 10) [27].

The reductive openings of benzylidene acetals, as outlined in the foregoing, have
found extensive use in oligosaccharide synthesis.

~~ BnO OH
toluene

BnO~~-§\
OMs THF ............. · ~

BnO~
62% OMs

87%

~
n

HO Q
BnO e

BnO~ 0Me
)~

90%

-

p~~O\ _

BnO~OMe

~

He CHBHaI HClITHF

~-~
BnO OMs 82% OMs

lk-
BnO OMe

68

BL\~
BnO~OMe

22% BnO

~

\\0
BnO~OMe
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o~.Q~. R2Bn62% OMs
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. R

LIAti.f AICIa (1:1,2 equIv.) .:n:r{..

SCheme 12

SCheme 13

Reductive cleavage, using the Na~H3-HCl-THF system to produce 2'-pro
penylideneacetals,producedthe same regioselectivity as that found in benzylideneacetals
[27J(SchemeU), and also for the p-methoxybenzylidene acetals (Scheme12) [27J.These
observationsopen the way to further strategies for protecting group manipulations.

In extensions of the original work, Liptak: and coworkers [281 have shown that
reductive opening of dioxolane diphenylmethylene acetals by LiAIH.-Al~ regioselec
tivelyproducesthe axial diphenylmethylethers with an adjacentequatorial hydroxylgroup
(Scheme l3).

~
-o-OMe

~~ NaCNB.HsfCF~OOH :0
M~~ b- ~ 0Me

BnO .~ 1:85%+9%8

. .- ="',....... -o-~
8:76%+13%1 BnO 0Mt

85% (THF)
• 31% (Toluene)

Tolueneor THF

~-
0Me

SCheme 10
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K>~0Me ~OMe ~Me

60

~ ~~ NaCNBKtfHCIrtlf'
He --BnO

HO
ActIN 85%AcHN OBn

0Bn
SChemlt11

~
74% AcHN oen

III. MECHANISTIC CONSIDERATIONS

Becausedetailed physicochemicalexaminations, such as, for example,rate.studiee,isotope
effects,effects of substituentsin the phenyl ring, and solvent etfects, have not been carried
out, andthe onlyavailable informationis product analysis, mechanistic interpretationmust
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necessarilybe highly speculative.However,there wouldseem to be two majormechanistic

possibilities.These are shown in Scheme 14.

83

t~~~tlln -11.5° (cO.5, CHC~); reported values [31] mp 105-106°C, [a]D -9.20

To a solutionof 1 [3OJ (3.00 g, 5.57 mmol) in 1:1dichloromethane/ether (60 mL), UAIH.

(I g, 26.3 mmol) was added in ,three portions withslining. The mixturewas slowly heated

to refluxtemperature.A solution ofAl~ (3 g, 22.5 mmol) in ether (30 mL) was added to

the hot solutionduring 30 min. After boiling underrefluxfor 1.5-2 b, thin-layerchroma

tography (TLC) showedthe absence of starting material. The mixture was cooled, excess

LiAlH. was decomposed with ethyl acetate (10 mL), and Al(0H)3 was precipitated by

addingwater (15mL).After additionof and extractionwithether(SO mL), the organic layer

was separated, and the residue was washed with ether.The combined organic phase was

washedwith water(3 x 20 mL), dried, and concentrated to give 2 (2.68 g, 89%), mp 104-

SCheme14

In comparisons between the LiAlH4-Al~ system and the NaCNB~-HCl one,

there is an obvious difference in the sterle bulk ofAl~ and that of a proton. 'Ibis would

direct the electropbilic attack of AlCl3 to Q-6(primary position), with ensuing reductive

cleavage producing the 4-benzyl ether. This explanationpresupposes that the first step is

rate-determining.
Furtherdifficultiesarise in explaining the solvent dependence in opening the rings

using the M~NB~-AlCl3 system. The expected stronger solvation of Al~ in tetra

hydrofuran, versus toluene or dich1oromethane, would indicate preferential electrophilic

attack at 0-6 in tetrahydrofuran,and the productionof the 4-benzylether, contrary to what

is observed.
If the reduction step is the rate-determinin one, path 1 (see Scheme 14), which

appears to be the plausible one, fails to explain the different selectivity for the exo- and

endo-oxolaneacetals, because thesewould then proceed through the sameoxo-carbenium

ion intermediate.
Clearly, only with thorough mechanistic studies can one clarify these points.

IV. EXPERIMENTAL PROCEDURES

A. Benzyl 2,3.4-TrI-D-benzyI-P-oiIlucopyranoslde (29)

(2)

(3)

(4)

~/~ Ph~-=::\ ~
E¥> &o~OMe

50%43

5

B Meth I 3-nJwu._. ..
• . y ~""'IICo;rI-4,6-00benzylldene-P-o-mannopyranOSlde (25)

~~H.""ptr .

o ~

. 0Me

Toa solutionof 3 [25] (500 mg, 1.35mmol) in 1:1dich1oromethane/ether 40 .

(52 mg, 1.37~ol) and a solution of AlC~ (200 mg, 1.50mmol) in~(~), LiAlH.
added. The DlIXture wasstirredat room te . 40 mL) were

as described for Eq. (I) 2 to give a crys=:e904
;n'The productwasw~up

compo~ent. in a ratio of 95:5 (1LC, silica gel 19:1 diC~oro:;~) of 4 anda minor

eIystallizations fromethanol(5 mL) . lded acetone). Three re

0.93 CRr'!)· .............I al [32J pe 4 (250mg, 50%),mp1l9-1200C, [aln -32°(c
. '-"3' ,vYV'~ V ues mp 119.5--120°C, [a]D -32° (CH~.

C. Methyl 2-00ben-.LA 6-nJwu._dlde
.:r~, ...............;r. ne-P-IHII8nnopyranoslde (25)

::~
~ UAI~/~ ~.-::=-\ ?.~

EI~ Ho~OMe
64% II

~mpound ~ [25J (500 mg, 1.35mmol) was hydrogenolyzed,as described'fi 3 After
nunno starting material remained rrr 1"'\ • or. 6

Crystallization from ethanol ,A"""}. A ~or and two minor products hadformed.

-128° (c 0.93, CH"! \. reported(lOmL
a1ues
) gaV[3e2PJure (» (320 mg, 64%), mp 150-152°C, raj

'"""3/' v mp 153.5-154OC, [aJ
D

-1310 (CH~. D

D. Methyl 2,3,6-trf-().benzyl-P-o-gfucopyranoslde (33)

~
7

8110 :,~::~ ~OMe
a BnO

. 87%

Hydrogenchloride in diethyl ether at room temperature was added to .

,~1.00 g, 2.16mmol)andsodium cyanoboroh dride (17 a.Dl1Xture of 7 [34J
(30 mL, distilledfrom LiAlH " y . 0 g, 27.0 mmol) in tetrahydrofuran

~ased. Useof TLC [silicaget=~g~-A molecular sieves, until the evolutionof gas

liii&eated complete reaction The .~ um~ 4O-60")Iethyt acetate5:1]after5 min,

bil~, and the solution ~as ex~ ;:diluted with Cl4C~ (50 mL) and Water,
water and then WIth saturated aqueous

(I)P~~o UAlH.i/~
BnO EtzO· CHA

1 B
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NaHC03• The organiclayerwas dried (N~S0.J andconcentrated. Theresultingsyrupwas

applied to a column of silica gel thatwas elut,ed with light petroleum(mp 4O-6O")lethyl

acetate 2:1 to yield 8. which was crystallized from ethyl etherlligbt petroleum (0.87 g.

87%). mp 64-65°C. [aJp -17° (c 1.0.CH~).

E. Methyl 2,3-dI-().benzoyl-4-().benzyI-a-o-glucopyranoslde [35]

C~~ (100mL) and ether (20 mL) during 15min at O°C Afte 30 . th .

filtered throughCelite and the solids were washed with' r mm. e nnxture.was

filtrate and washingswas stirred withM~SO (250mL)~~ ~lOO mL).~ combined

washed with aqueous NaHCO 4 • or 30 nun. Theorgamclayerwas

Purification by silica gel Chro~ water. dried (MgS0.J. filtered. and concentrated.

g. 91%). -[al
D

+5° (c 1.2, CHClJ. graphy (85:15 toluene/ethyl acetate) gave 13 (4.47

Aluminumchloride(A1C~; 817mg. 6.12mmol)was addedto a mixture of 9 (36) (500mg,

1.02mmol),M~NB~ (446 mg. 6.12mmol) in toluene (20 ml) containing4-A molecular

sieves. which had been stirredat room temperature for 30 min. When TLC (silica gel,

tolUene/ethyl acetate 2:1) indicated complete reaction (several hours). the mixture WBs

filtered, and concentrated. The residue was coconcentrated three timeswith methanoland

10 was crystallizedfrom ethyl etherlligbtpetroleum(200 mg. 40%). mp l17-1l8°C. (al
D

+ 132°(c 1.49.CHC~) after silica gel chromatography (toluene/ethylacetate. 4:1).

F. Methyl 2,3-dI-Oobenzoyl-6-00benzyl-a-o-glucopyranoalde [35]

~
BnO~

14 OMs

NaCNBHa I MeaSlCJ '¥>~O~
....... -O-~(8)

76% 15 0Me

Toa stirredmixtureof14 (39](493 mg 10mmol) NaCNB

molecularsievesinMeCN(20mL) at • .~ ~ (383mg.6.0 mmol)and 3-A

of M~SiCI (652 mg. 6.0 mmol) in~ (6 mL) n:as~as.~lution,keptatOOC.

5 h at roomtemperature. filteredthroughCehte,. d . n:act1~ nnxture was stirred for

NaHCO Theaqueous base ,an poured mto lce-coldsaturatedaqueous

3' pwas JqJCatedIy extracted ith C'J.l C' .

tractswere washedwith saturated aqueous NaHCO chi: _&"2 "2' Thecombined ex-

trated. The residue was subjected to sill' I 3'
1umn

(MgSO.J. filtered, and concen-

. ca ge co cbromato......"""· ( I

acetate2:1)to YIeld 15 (375 mg. 76%) (aJ +193° ( 10 CHCI \ &"'~~ to uene/etbyl

was also obtained. • p • c.. y. RegIOlSOlIler16 (13%)

I. ~ 2,3-d1-00benzyt-6.0{4-methoxybenzyl)-a-o-glucopyranoelde

H. Methyl2,3-dI-Q.benzyl-4-D-(4-metho be

glucopyranoalde [39] xy nzyl)-a-o-

(6)

(5)

~
OBn

HO a
B

11 BzO OMs

74%

Me:sNBHs' Ale's

THf

TolUene
MeaNBHa I AICIs

•

p~~BzO

• B Que

P~~O~
BzO~

• BzO Que

(7)
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I. INTRODUCTION

Acylation of sugars is generally carried out with acyl chlorides or anhydrides, in pyridine
J!.Olution, at room temperature. Allylation and benzylation is Dlostefficiently achieved with
~ corresponding halides in anhydrous ~N-dimethylformamide,in the presence of a base,

.iig,generate the alcoholate. Sodium hydride is the most convenient one, but its use may

69
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result in N-alkylation of acetamido sugars; Then benzylation may be achieved in the
presence of a mixture of barium oxide and barium hydroxide octabydt'ate. In this way,
benzyl 2_acetamido-3-0_benzyl-4,6-<J..benzylidene-2-deoxy-a-o-glucopyranoside 1 was
prepared in 87% yield in 15 min at room temperature [1].

+~-

n-O,1

HzO (1)

ro The~~tment of stannylenesby acid chlorides,methyl,allyl, or benzylhalides under
p per conditions generally gives products of monosubstitution [Eq. (2)]:

(2)

32

~ BuaSnO [~.] '\
lC\Hzln • I~But ~ It::.r , - p "W"tHOR

This couldbeexplained by the constitutionof stannylenes,as depicted in formula 2
or3.Th~ two oxygenato~ of the parentdiol aredifferentiatedin the stannylene one at the
c:'luatonal, and the other one at the apical, position in a trigonal hip .d tered
tin atom It seems logicalthat the .. yramI cen on the. . . . apical oxygen IS the reactive one in selectivesubstitution:v::.~theIen?;n tendencyof the more~~negative ligand to adoptthis positionin ~

g " p~ F~ennore, the reactiVity of the equatorial~ygen atom in dimers•
-abolished by tri.coordination. 18

. However, this monosubstitutionis alsoregiospecific: only one deniv U·· all'solated In . . . .... a ve ISusu y
J • principle, any pair of hydroxyl groups in a sugar molecule can give two

I.I0wever, then: areas yet no proofs that the five-or six-memberedring on the right
bandSIde of Eq. (1) 18 capable of independent existence. In the solid state in the len '
cases, these rings are associated in dimers suchas 1. In these dimers the tin.'ato . five-rdinate and ' m IS ve-
coo. ' one of the oxygenatoms triCOOIdinate. These units may exist as such or be
asSOCIated through an h xacoordinate . '. ".. e tin atom and a triCOOIdinate oxygen atom into
oligomersor infinitenbbons. The 119Sn nuclear magneticresonance(NMR)
. dieatetha . . fi . measurementsm .ttin 18 ve- or SlX-coordinate in solutionsof stannylenes.1nthe gasphase,peaks
correspondingto only dimers were observed in the field desorption mass spectra of the
stannylenesof 1,2-cyclobexanediols. Thedrivingforces to dimerizati the I. bs . on are two e ectro-
negativesu Utuents at the tin atom and the .......--.. of a nng Th f the1 gthof the•. r'~--' e consequence 0
en tincovalentradius is that, in any conformationof this ring "normal" gl t
carbon or . I . , an esa

. oxyge.n atoms mvo ve a very small angleat the tin component, which can be
achi~v~ only~th d orbital participation.In nonpolar solvents,polymeriZation is the only
~sIbility availableto the monomericunit to relievestrain,but anotherpath seems 'bI
: po~ :lvents: that is, coordination of the tin atom to a molecule of solvent :;e :
. gon . ~pyrannd,.suchas 3. In structures such as 1 or 3, the oxygenatomsof the diol are
In equatorialand apIcal~tions, and the "ideal" angleat tin, 90" although ter than
actual one, nevertheless, IS nearerto it than the tetrahedral angle. grea the

11. METHODS
A. Fonnatton and constitution of Stanny1en88
The very inexpensivematerial sold under the name "dibutyltin oxide" is an amorphous,
insoluble,polymericpowderwith the compositionB~SnO. A snspensionof this powderin
an appropriate organic solvent in the presence of a 1,2-or 1,3-diolbecomes clear more or
less quicklybecauseof the formationof a stannylene.~ derivativesaresolublein most
solvents, polar or nonpolar.Equation (1) indicates the stoichiometryof the process:

1

Benzylationoand allylationcanalso be achievedin the presenceof an acidiccatalyst,
with benzyl and allyl trichloroacetimidates, and tritluoromethylsulfonic acid (50 p.IJg of
starting hydroxycomponent) [2]. Allyl ethers,R~-CH=~, may be obtained from
the easilyprepared mixedcarbonates,R-o-co-~-CH=~by expositionto 2 mol% of
Pd~4 in oxolanesolutionat 600 -700C [3].Selectivesubstitutiondoes not appear to be
generally possible with these methods but, in some special cases, the outcome of the
reaction may be satisfactory [4]..The more useful reagent in this context is probably
trlpbenylchloromethane (trltylchloride).Its reactionsareselectivefor theprimaryposition,
provided thereis no large excess of reagent and an unduly long contact time. As protected
derivatives,trltylethersarenot ideal.The added weightis 222and, althoughtheir labilityin
tnildly acidic conditions allows easy cJeprotection, it may be a serious inconvenience in

extended reaction schemes.
Selectivesubstitutionmay sometimesbe achievedby indirect methods. Thus, treat-

ment of 4,6-<J..benzylidene acetals with cyanoborohydrideand etheral hydrogen chloride
converts them into the 6-<J..benzyl ether, with a freehydroxyl group at the 4-position (see
Chap. 3). Isopropylideneandbenzylideneketals areopenedby trimethylaluminiumto give
good yields of a-hydroxy tert-butyl ethers, and a-hydroXY I-pbenylethyl ethers, respec
tively [5]. The scope of the latter method has not yet been explored.

The method of substitution that will be presently described [6] involves, first, the
conversion of dibydroxy derivatives into the so-called stannylenes.This is a convenient
name, but it is incorreCtfrom the point of view of the nomenclatureof organotin deriva
tives. For instance, the compounds with the five-membered ring containing the tin atom
should be viewed as derivatives of "2,2-dibutyl-l,3,2-dioxastannolane." The name stan
nylene was coined by the first investigators, probably by analogy with isopropylidene.
However,despitesome superficialsitnilarityin structure,it wassoonrealized that "dibutyl
stannylenes" share no propertieswith isopropylidenederivatives.Some use of the tributyl-
stannyl ethers of sugars will be also considered in this chapter.

The syntheticapplicationsinvolvingtin-oxygen bondsin organicchemistry (includ-
ing carbohydrates)have been reviewedin a book on the use of tin in organicsynthesis [7].
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An intramolecularreaction (i.e., the displacement of a mesylate in the presence of
cesiumfluoride), a key step in the total synthesis of octosyl acid A [Eq. (3)], has been
reported inpreliminary form [10]. Equation(4) describesring-closuresto oxolanerings, the

0 0
~ ~ewe C8F

~OH
(3)-77%

MeOiC 0-1nBua
MeO~ 0

(4)1)BuzSn(? •

2)12(C~1V
H:1S8

~0Bn
OBn

differentstannylenes,suchas :1 or 3, dependingon whichhydroxylgroupof the pair adopts
the apicalposition.Again,it appears, from reactivityof the crudeproduct,that usuallyonly
one is formed. Prediction of the favored one does not yet appearpossible.

When there are more than two hydroxyl groups on the same molecule, the tin atom
may span severaldifferentpairsof oxygenatoms.Apparently,for eitherkinetic or thermo
dynamic reasons, one is preferred. This is clear in competitive experiments [8]. For
instance, refluxing an equimolecular mixture of glycosides 4, 6, and Bu"SnO appears to
give overwhelmingly the stannyleneof 4, for subsequentbenzoylationgave the benzoate 5
in 98% yield.Fmally, there is evidence that, at least in some cases, a minor, imperceptible
stannylene in a polyhydroxylatedmolecule is in rapid equilibrium with the major one.

B. Practical Aspects of Stannylene Chemistry

Stannylenesmay be prepared by refluxingequimolecularmixturesof sugar and Bu"SnOin
benzene or toluene, with a Dean-Stark separator,until the system is clear. Unfortunately,
the more toxicbeDzene appearsmore convenient The toxicityof organotincompounds has
been reviewed [7]. In the handling of stannylene,elaborate precautionsto avoid moisture
are by no means necessary.Their sensitivityto protic solventsvary widely.Actually, some
may be crystallized from methanol or ethanol. In any event, they are much more easily
prepared than the tributylstannyl ethers B~Sn-o-R, which are exceedingly sensitive to
moisture. Dibutylstannylenes are hydrolyzed on silica gel thin-layer chromatography
(TLC) plates, and migrate asthe parent diols. After the end of the reaction, the solution is
concentrated to a small volume, or evaporated to dryness if it is necessary to change the
solvent, which is rarely the case. Isolation of pure stannylenes is never necessary.

Stannylenes have been prepared efficiently from some fairly dilute (20-40 mM)
solutions of nucleotides in methanol, by refluxing for 30 min in the presence of an
equimolar amount of Bu"SnO, without removal of water [9]. In these conditions, the
solublemethylether CH3-o-SnBu,,-o-SnBu,,-~may be the reactive species.This is a
usefultechnique for compounds insolublein benzeneor toluene,providedthe stannyleneis
stablein methanol,which is not alwaysso. Problemsmay arise with trans-diequatoriall,2
diols.

Usually,treatmentof the crudestannylenewithbenzoylchloridefor a few minutesat
room temperature gives one of the two possible benzoates, in very high yield, in a
regioselectivemanner. Allyl and benzyl halides do not reactunder these conditions, and
they react only sluggishly in refluxing nonpolar solvents. Substitution proceeds in a
satisfactorymanner in the presenceof 5-10 mol% of a quaternaryammoniumbromide or
iodide.·Altematively, the stannylene may be transferred into NN-dimethylformamide, in
which substitutionoccurs at BOoC. Again, allylationand benzylationof polyhydroxylated
comPoundsis regioselectiveby these methods.

1,6-and1,4-anhydroderivativesof2-deoxy-2-iodo-p-o-galactopyranose [11]. Presumably,
attackof D-galactal at C-2 by iodine generatesa cubenium ion at C-l, whichquickly adds
to one of the tin-substitutedoxygeus.

Stannylenes are oxidized to keto-alcohols by dropwise addition of bromine in di
chloromethane. The reaction proceeds at room temperatureat the speed of a titration.The
attentionof chemistswho want to check their reaction by infrared(IR) examinationin situ
is drawn to the fact that the ketone may be chelated to tin in these conditions (llco 1685
cm-I ) . The reaction is regiospecific,giving only one of the two possible keto-alcohols. It
has been used in total synthesis; for instance, in the synthesis of (+)-spectinomycin
(described under Sec. m.G) [12,13]. The replacementof bromine by N-bromosuccinimide
as oxidant hasbeen reported [14).

A problem of stannyleneprocedures,which hasnot yet found a uniformly satisfaC
tory solution,is the disposal of the tin by-products,which are insoluble in water. In a few
veryfavorablecases,treatmentwith methanolconverted themto the crystallinecompound
Br-Bu"Sn-Q-SnBu,,-ou.whichcouldbe removedby filtration.In the othercases, silica gel
columnchromatography is always successful. The highly lipophile,dibutyltincompounds
moveto the front in nonpolareluents. However,chromatographyis a great inconvenience
in large-scalework.

C: Trlbutylstannyl Ethers

Bis(tributyltin) oxide,B~SnOSnB~, is a high-boilingoil, bp lBOOCJ2 mm, witha penetrat
ing, unpleasant, sweetish smell. It is readily available. Mixing with an alcohol R-OH
givesa tributylstannyl ether accordingto Eq. (5), a reversiblereastion that may be drawn to
completionby azeotropicremoval of water.These ethers are moisture-sensitive. They are
undoubtedly covalentderivatives,yet their reactions with electrophilesare, broadly speak-
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BenzylS-O-benzoyl-4,6-Q-benzylidBn6-f3-o-galacfopyranosidB

A mixture of benzyl 4,6-0-benzylidene-p-o-galactopyranoside' (7.16 g, 20 mmol) and
iJJ~nO (5.4 g) in benzene (0.7 L) was refluxed for 16 h, with azeotropic removal of water.
• clear (or almost clear) solution was then concentrated to 100 mL andcooled to room

the higher oligosaccharides, for compounds such as 16 are among the most powerful
ligands for selectins, the animallec1ins involved in inflammatory conditions. The synthesis
oft6 [see Eq. (12)] was abridged, by four steps, by the stannylene procedure. Interestingly,
directsulfation of the SlIDlC pentasadcharide 15 [see Eq. (11)] (R=H) with the complex
S03NMe3 gave the primary sulfate in 74% yield. An extensive study of the scope of
sulfation by stannylenes has been reported [19J.

At first sight, the outcome ofexperiment F [see Eq. (13)] is paradoxical. Regioselec
tive allylation and benzylation at the 3-position in unprotected p-o-galactopyranosides
residue can be interpreted only by the formation of a stannylene spanning the 2-3- or the
3-4-position, whereas we observe substitution at the primaryposition with a bulky silylat
ing reagent. One possible explanation is that there is rapid equilibrium between two
stannylenes, the minor one activating the primary alcoholic function. This minor compo
nent is the only one that can react with the bulky chlorosilane reagent, so that all the
reaction proceeds through this channel. Also, we cannot exclude the possible involvement
of the solvent oxolane.

The generation of hydroxyketones by the brominolysis of stannylenes has been used
several1imes in total synthesis. Experiment G [see Eq. (15)] describes a key step in the total
synthesis of the antibiotic (+)-spec1inomycin [12,13]. It is remarkable th!Uthe two oxygen
atoms bound to the tin atom originate from hydroxyl groups, which are part of different
functions, a hemiketal and a secondary alcohol. The oxidation is selective for one alcoholic
function out of three. The same product was obtained by N-bromosuccinimide oxidation of
the tributylstannyl ether.

Experiment G [see Eq. (16)] shows' that a stannylene may be prepared from a
molecule protected by acetylation.

Experiment H [see Eq. (18)] gives an example of the use of a tributylstannyl ether in
regioselective substitution [20]. This is-an especially interesting case, for the dibutylstan
nylene ofdiol28 gives only a 70% yield ofthe ether 29, therest being the starting material.
This stopping at 70% completion could be explained by the existence of a trimeric
stannylene, the 2,2-dibutyl-l,3,2-dioxastannoxane, corresponding to the unreactive sugar
molecule, being buried between the two others, to which it could be associated by an
hexacoordinate tin atom and two oxygen atoms deactivated by threefold coordination.

ing, those of metal alcoholates. For instance, treatment with benzyl bromide gives a benzyl

ether, according to Eq. (6).

R-OH + (B~Sn)20 ¢ ~-O-SnB~ + ~O (5)

R-O-SnB~ + BnBr -+ R-O-Bn + B~SnBr (6)

However with polyhydroxylated substrates, their reactions are not that simple. A
regiospecifici~ of substitution is observed, sometimes very good. This may be explained
by a rapid equilibrium between all possible monoethers. The reaction may occur ~t the~t
stable position, or substitution at a preferred site could occur concurrently. ~th a rapid
displacementofthe equilibrium. Alternatively, the ether function may be stabilized at ~me
particular position by coordination to the tin atom an oxygen atom of the substrate m a

favorable position; .
The substitution of allyl and benzyl halides is alsocatalyzed by quaternary ammo

nium halides. In fact, the method was discovered with tributylstannyl ethers [15]. The
conversion of tributylstannyl ethers to ketones with N-bromosuccinimide is an alternative.
to the bromine oxidation of stannylenes [12,13]. Again, the disposal of the tin by-product
B~SnXmay be a problem in large-scale work. It may be fairly efficiently extracted with
hexane from a solution of the reaction mixture in acetonitrile.

D. Commentary on the Experiments

Experiment A [see Eq. (7)] describesthepreparation of astannylene in a nonpolar solvent,
followed by benzoylation. Experiment B [see Eq. (8)] is typical of the use of methanol as
solvent. Despite the great dilution, the reactions are fairly rapid.~dibutylstann!l~ne of
adenosine prepared in this way, could be isolated in the crystalline state, but this.1S not
necessary, and tosylation was achieved in good yield by direct~t of them~~l
solution. The inertness of the primary alcoholic function of adenosme m these conditions 1S
remarkable. In experiment C [see Eq. (9)], again we come back to.benzene for sel~~e
benzylation. but with quaternary ammonium salts as catalysts. There18 no useful~onm
their absence. On the otherhand, benzylation of the stannylene proceedsnormally Without
catalyst if the solvent is exchanged for ~N-dimethylformamide. The regioselectivit>: is
generally less in this solvent, but has occasionally been better. The p-o-g~pyranOS1~
residue in methyllHactoside reacts similarly to benzyl p-o-galactopyranosule [see experi
ment D; Eq. (10)], The hydroxyl groups of the o-gluco m:idue~ inert, so that only one
hydroxyl group is allyiated out of seven. In this synthesis, the tin by:produet coul~ be
readily eliminated as a methanol-insoluble, crystalline compound. After its removal, disac
charide 14 [see Eq. (10)] could be obtained directly from the reaction medium by crystal
lization, without chromatography. Thus, there·is no upper limit l? the scale-up. of the
preparation of this very important starting .~rial for .glYCOCODJUgate synthesis. The
preparationdescn'bed involves forcing conditions to obtain the stannylene. Methyl P-N
acetyllaetosaminide reacts in a similar manner. Experiment E [see Eq. (11)] shows that the
sulfating reagent SO NM~ behaves toward stannylenes in a manner similar to the other
electrophilesconsi~ so far. Actually, the preparation in 83% yield of the sulfate of the
alcoholic function at position 3 of the galactose residue of an unprotected N-acetyllac
tosaminide has beenreported, in preliminary form. among other examples [16]. In~pen
dently, Lubineau and Lemoine [17], in the course of a program [18] on the preparation of
some sulfated higher oligosaccharides, reported the preparation, ~y the s~ylene,of the
3'-O-sulfated LewiS- trisaccharide. There is currently tremendous mterest m the sulfates of

III. EXPERIMENTAL PROCEDURES

A. Benzoylatlo.n In Benzene [21]

~ _ ')-.o_~
HO~OBn 2) PhCOCl

OH 96'lIo

(7)
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temperature. Benzoylchloride (2.4 mL, 22 mmol)was added, andthe mixturewas stirred
for 1min. andthenevaporatedto dryness. Chromatography of the residueon a 3.3 x 46-cm
silica gel column (cbloroforrnlmethanol, 99:1) gave the 3-0-benzoate (S.S g. 96%), mp

179-1S00C (2-propanol); reported [22] mp 17S-l79°C.

dryness gave a residue that was processed by column chromatography on silica gel
(dichloromethaneJethyl acetate,3:2), to give benzyI3-0-benzyl-j:l-o-galactopyranoside 11
(0.67 mmol) as crystals; mp 105°C(ether), [a]D -20° (c 2.0 in ~C~).

D. Allylatlon of en Unprotected Disaccharide Glycoside [24,25]

(9)

(10)

14

1)BuzSnO~)

13

15

E. Regloselectlve Sulfatlon of a Partially Protected Pentasaccharlde [18]

Methyl4-Q-(3-o-aIIyl~-o-galactopyranosyl)~-o-glucopyranoside (14)

A suspensionof methyl j:l-Iactoside13 (5.0 g, 14mmol) in benzene (150mL) was refluxed
for 17 h in the presence of B~SnO (4.1S g. 16.6mmol) in a flask equipped with a Dean
Static separator. Then allyl bromide (20 mL) and"tetrabutylammonium bromide (2 g, 6.2
mmol)wereadded, the solutionwasrefluxedfor 3 h, and thevolatileswereevaporated.The
residue wasdissolvedin waterand washedtwicewithethylacetate.The aqueousphasewas
evaporatedto dryness, benzene(ISO ~) andB~SnO (3.S3 g) were addedto the residue
and the mixture was refluxed as before for 17 h. Then allyl bromide (15 mL) and tetra
butylammonium bromide (1.5g) were added, and the solution was again refluxedfor 50
min. The volatiles were evaporated, 'and the residue was taken over in methanol. The
crystallineprecipitateof BrB~SnOSnB~(OH), mp 8o-SloC, was removed by filtration
andthemotherliquorwasevaporated.Additionof ethyl acetateto the residuegave the allyl
ether 14 as a crystalline compound (3.88 g, 70%): mp 107-112°C; [a]D + 2QO (c 1.0 in
water).

2 -oil-Toluenesuffonyladenosine(10)
Triethylamine (10.5 mL, 75 mmol)andp-toluenesulfonyl chloride(~4.~ ~, 75 mmol)were
addedto a solutionof the foregoingstannylene(5 mmol)preparedm SItu m methanol(100
mL). After 5 min at room temperature the solvent was evaporated, and the residue was
partitionedbetween water and ether. The aqueous phase was concentratedand stored at
40C,giving 1.47g (70%) oflO: mp 229-2300C;~ (pH 2) 229 nm (e 12,900), 257 nm
(12,400);~ (pH 11) 22S nm (e 12,300), 261nm (12.700) [9].

C. selective Benzylatlon In Benzene, catalyzed by
TatrabutYlammonlum iodide [23]

1) BuzSnO (benZ8Il8~ -~ ...-

2) f'hCHtBr•.eu.N1 ~.

2,3' -o_(DIbutyIstannyiene)adenosine
A mixture of adenosine (267 mg, 1 mmol), dibutyltin oxide (250 mg. 1 mmol), and
methanol(25 mL) was heated underrefluxfor 30 min andthen evaporatedto dryness, Two
crystallizations from ethanol-acetone gave 350 mg (70%):mp 154-156°C; Xmu (MeOH)

259 nm (e 14,700).

B. Toluenesulfonylatlon In Methanol [9]

1F
-f

1) BuzSnO (metIW1OI) 1f) (8)..
2) TlICl,NEta

70%

I
10

87%

Benzyl3-Q-benZyI--p.o-gatactopyranoside (12)
A mixtureof benzyl-j:l-o-ga1actopytanoside n (1mmol)anddibutyltinoxide (1mmol) in
benzene was reftuxed for 16 b, with azeotropic reIDO\'al of water. The solution was
evaporated to approximately 25 mL, tetrabutylammonium iodide (1 mmol) and benzyl
bromide (0.25 mL) were added, and the mixture was refluxed for 2 h. Evaporation to

11
12

11
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111 (R. H) (11)

(12)

94%
17 18

(13)

Ethyl2,3,6-trl-o-benzOyl-4-0-(2,3,4-tri-O-benzOyl-6-O-t-butyidimethyisilyl-r._o
gslBctopyranosyi)-1-th/0-f3-o-glucopyranoside (19)

Be~l chloride (S ~, 43 mmol) was added to a stined solutionof 18 (2 g, 4 mmol) in
pyndine (20 mL). Stirring was continuedfor 48 h to give a pink solution thatwas washed
wi~ aqueous NazC03 and driedoverMgS04• Evaporationof solventgavea syrupthatwas
subjected to column chromatography (9:1,hexanelEtOAc) to give 19: 4.39 g, 3.9 mmol,
98%; mp 79-81°C); [aJD + 76° (c 1.3,~~.

j=
IKIxIbenzolIIe 1.'

lI8%

Removal of the solvent under reduced pressure gave a syrup, which was subjected to
columnchromatogrBphy (S% MeOH-~~ to give18as a whitecrystallinesolid: (6.2S
g, 96%;mp 126-128°C;[aJD -33° (c I.S6, MeOH)which.owingto problemsof instability
associated.with cleavage of the silyl ether, was immediatelybenzoylated.

(14)
1) BuzSnO (benzene)

•
2) Bra. moIec:uIar sieves

77%

or,Bra. BuaSnOMe

87%

G. Preparation of Hydroxy Ketones

Benzyl2,3-di-o-benzyl~-o-xyIo-hexopyranos-4-uloside (21) [27]

Benzyl O-(3-o-su"~-o-galsctopyranosyl)-(1-+4)-o-[(2,3,4-trl-o-benzyl~-L
fucopyranosyl)-(1-+3)]-O-(2-acetsmido-6-O-benzyl-2-deoxy-p-o
glucopyranosyl)-(1-+3)-Q-(2~6-dI-O-benzyl-f3-o-galsctopyranosyl)-(1-+4)2,3,6

trl-o-benzyl-p-o-glucopyranoslde, sodium salt (15, R =NsSOJ

A mixture of the partiallyprotected pCntasaccharide (lS, R = H) (SO mg, 28.S f.LIIlOI) and
BU;;nO (8 mg, 31~l) in toluene(SmL) was refluxedfor IS h. with azeotropicremoval
of water. Toluenewas evaporated,and 0.2 mL of a 0.48-M solutionof the Complex sulfur
trioxide-trimethylaminein N;N-dimethylformamide was added. The mixture was stirred
for 7 h at roomtemperature, then diluted with ethyl acetate, and washed with a saturated
aqueous solution of sodium hydrogencarbonate. The aqueous phase was extracted with
ethylacetate, and thecombinedorganiclayerswerewashedwithwater,dried(MgSOJ, and
evaporated.The residue was purifiedby flashchromatography (silica 6OA.C.C., Chroma
gel, 6-3S J.l.IIl, SD.S., France) andelutedwith (19:1) ethyl acetate/methanol, and afterward
passed through the cation-exchange resin AGSO WX8 (Na+), with methanol as eluent
Evaporationof themethanolsolutiongave the sulfatedpentasaeeharide (38 mg, 73%) as a
foam: [aJ D -23° (c 2.4 in ~~).

O-(3-o-sulto-f3-o-gslBctopyranosyl)-(1-+4)-O-[(a-L-fucopyranosyl)-(1-+3)]-O-f3-o
gslBctopyranosyl-(1-+4)-o-gluco-pyranose, sodium salt (18)

A 2O-mM solutionof pentasaccharidelS (R = NaS03), in 2.S:1 methanol/water, was shaken
for 60 h at room temperature in an hydrogenatmosphere(I bar) in thepresence of 10%
palladiumon charcoal (ISO mg). The mixturewas filtered over a Cclite bed, the solution
was evaporated,and the residuewas dissolvedin water.This aqueoussolutionwas passed
through a column of cation-exchange resin AGSO WX8 (Na"), Pentasaeeharide 16 was
eluted with water and recovered by freeze-drying: [a~ -7° (c 1.54in water, after a 24-h
standing); IH NMR (020): 8 4324 (IH, dd, J2e,3e 9.87, J3e,4e 3.25 Hz, H-3e).

General procedure for bl'QlT1lno1yses

A mixture of~ dio~ (2 mmol)~ dibutyltinoxide (S4S mg; 2} mmol) in benzenewas
~ftuxed overnightWith azeotropleremovalof water by a Dean-5tarkcondenser. Evapora
ti~D of the solvent~ IO?"C then gave the crude stannylene derivative, which was used
Without~p~fi~on. Brominolyses were carried out either on solutions of the
stannylene derivatives in benzene (S mL) in the presence of 4-A molecular sieves (2 g)

F. RegloselectlveSlly18tlon Through a Minor Stannylene Isomer [28]

Ethyl·4-0-(6-0-t-butyidimethyisilyl-P-o-gaIBctopyranosyl)-1~thi0-f3-tr

glucopyranosids (18)
A solution of ethyll-thio-p-o-galactopyranoside (S g, 12.9mmol) and dibutyltin oxide
(3.2g,I3 mmol)inMeOH(500mL) wasboiledunder refluxfor 4 h.Removalof thesolvent
gavea whitepowderthatwasdissolvedin dry TIfF (500mL). t-Butyldimethylsilylchloride
(1.9S g, 13 mmol) was added to the solution and left to stir for 24 h at room temperature,
after which time TLC (9:1,~Cl/MeOH) showed that no starting material remained.

20 21
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(method A) or on solutions in dichloromedlane (8 mL), in the presence of ttibutyl~
methoxide (320 mg; Immol) (method B). In both methods, bromine (320 mg, 2 mm~l) m
dicbloromethane (4 mL) was added dropwise at room temperature to the well-stirred
solution of the stannylene derivative as long as the discoloration was rapid (about ~.5 h).
Thin-layer chromatography then indicated the presence of only two componen~ m~
reaction mixture, possibly as organotin derivatives: the hydroxyketone andthe starting diol.
After filtration (if necessary), the solution was evaporated to ~'.and the hydroxy
ketone was isolated froIn the residue by column chromatograpby on a silicagel column (35
x 1.5 em) with the eluant mixtures given in the following.

Benzyl 2,3-di-Q-benzyl-a_o-xyto-hexopyranose-4-uloslde (21)

This was~from the diol20 (eluant chloroform), yields 77% (A) and 87% (B) as a
syrup; v (film) 1740 (CO) and 3500 em-I (OH). When either molecular sieves or
ttibutyl:medloxide were omitted, the yield dropped to 57% [27].

Ethyl 7,8,9-trl-D-acetyl-2,6-anhydro-2,3-dideoxy-2-G-ethoxycarbonyl-o-glycero
o-talo-non-4-ulosonate (25)
Diol24 (872 mg, 1.82 mmol) and dibutylstannyloxide (498 mg, 2 mmol) were refluxed in
toluene (SOmL) during 4 h with azeOtropic removal ofwater. Thesolvent was then partially
removed by distillation (until a - 2-mL volume was reached), and the mixture was cooled to
room temperature. Anhydrous dicbloromedlane (2 mL) was added, and ttibutylstannyl
medloxide (610 mg, 1.9 mmol) was added in one portion. A solution of bromine in
dichloromedlane (0.25 M, 8 mL, 2 mmol) was then added dropwise as long as decoloration
occurred. Evaporation to dryness and flash .chromatography of the residue (1:1 AcOEtJ
hexane) allowed isolation ofthe pure hydroxyketone 25(369 mg, 80%) as a pale yellow oil:
[a]D -17° (c 2.8, ClzClIJ.

Preparation of Hydroxyketones by Oxidation with N-Bromosuccinimide [14J

The Pf1nultlmate Step in the TotalSynthesisof (+ )-Spectinomycin (12,13J YH20H

~¥ T a , 1) BuzSnC)(10"'" \c.. (17)
1) BuzSnO (benZene)

Me 'oH (15)

~
2) NBS(d1loroIorm)

•
2) Br2. BIJaSnOMe

o~
90%

70%
Me Me

26 rT

22 23

N,N'-[(benzytoxy)carbonyl) spect!nomycin (23)
A mixture of22 (200 mg, 0.33 mmol) and Bu2SnO(90 mg,1.1 Eq) was refiuxed~me~l
(10 mL) for 1 h, evaporated, benzene~an~ the solution .evaporated agam to ~v~ a
syrup. The stannylene derivative was ~solved m 5 mL of ~chloromed1ane,CO~~g
0.12 mL (1.1Eq) oftti-n-butyltin methOxtde (24), and the solutionw~ cooled to 0 ~. This
was treated with a solution of bromine (1.1Eq), 2% in~Clz dropwtse, over a~od of I
b. Residual bromine willidestroyed with cyclohexene andthe crudeproduct was ISOlated by
precipitation with hexanes to give an amorpbous solid (184 mg, 92%). Chromatography on
silicagel (hexanesIEtOAc, 2:3) gave pure product, identical with a sample prepared fro_~
the antibiotic: [a]D - 4.6° (c 0.28, CH~; IR Vmu (KBr): 3460 (OR), 1685 (Cbz) em .

General methodsfor oxidationof dlbutylstannytene acetalswith
N-bromosuccinimide
Thediol (1mmol) was refluxed with dibutyltin oxide (I Eq) for 12 h in toluene (20 mL) in an
apparatus for the continuous removal of water. The toluene was removed on a vacuum line
at 20°C, andthe residue wasdried for 30 min under reduced pressure (0.1 torr). The residue
was taken up in dry chloroform (10 mL), andN-bromosuccinimide (NBS; 1Eq) was added.
The stirredreaction mixture was monitore4 by TLC. The reaction was complete at times
ranging from 2 to 30 min. The mixture was poured directly onto a column for separation
using theeluant-listed for each compound.

OxIdation of a MoI8cuIe Partially Protectedby Esterlfication {28J

24

1)Bu~ (benZ8II8).. LJ~rB
~C02B

o

25

(16)

3-O-8enzyl-1,2-Q-isopropylldentra-o-xyIo-hexofuranos-5-ulose (27)

Oxidation of the dibutylstannylene acetal derived from 3-0-benzyl-l,2-0-isopropylidene
a-o-glucofuranose (26) with NBS was finished within 5 min. The eluant for column
separation was the mixture of hexane and ethyl acetate (from 4:1 to 2:1). Evaporation of
solvent from the corresponding fractions afforded 27 (280 mg, 90%). Colorless crystals
were obtained from ethyl acetate-hexane: mp 117-118°C; [al -114.5° (c 1.00, chloro
form); IR (Nujol) 3491 em-I (OH), 1725 em"! (C=O), 13C-mm rcoct, 62.90 MHz) 8
208.2 (C-5).
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II
Selected Reactions in Carbohydrate
Chemistry

THEMES: Displacements ofSulfonale:>; rlalogenation ofAlcohols; Deoxygenation;
C-Branching; Chain Extension

Sugar molecules can be considered as a playground for exploratory organic synthesis,
particularly in the area of functionalgroupmanipulation.The combinationof five-and six
membered conformationally predisposed frameworks, with hydroxy and hemiacetal
groups (with an option for a C-2 amino group), including stereochemicalvariations and

.uniquespatialdispositions,allow the explorationof many synthetictransformations. Thus,
sugarsare idealsubstratesto test out~2 nucleophilicdisplacementreactionswitha variety
of heteroatomand halogen-basednucleophiles.These can be tried on primaryand second
ary hydroxygroups at different sites and with different sterlc or stereoelectronicdisposi
tions. By the same token, sugar derivatives are excellent candidates for the development
and testing of novel leaving groups (nucleofuges). Anyone with a super nucleophile or
nucleofuge combinationof reagents should test it out on an SN2 displacementreaction at
C-3 of l,2:S,6-di-o-isopropylidene-a-o-glucofuranose, or at C-2 of an alkyl e-o-gluco
pyranoside. Even with excellent leaving grou~ (e.g., triftates),the threat of Ji-eliinination
accompanying substitutionwill loom overanybody's head in the aforecited examples.

Peripheralmanipulationof hydroxylgroupsby SN2 displacementreactionsof appro
priatelyactivatedderivatives(alkylsulfonates, chlorosuifates,phosphoniumsalts, and re
latedmethods)is an indispensabletool for the introductionof substituentsdirectlyattached
to the sugarframework. These reactions invariably take place with inversionof configura
tion, but vary in efficiency, depending on the site of substitution, the nature of the
nucleophile, the leavinggroup,and the polarityof the solvent.In otherwords, the ABCsof
bimolecular nucleophilic displacement reactions are operative, except that with sugar
molecules, stereoelectronic nonbonded interactions can raise their ugly head. Frequently,
the introduction of oxygen,nitrogen, sulfur,and halogen nucleophilescan be effectedwith
excellentcontrol, the nc:ltable examples cited in the foregoing being the benchmarks. It is
also relativelyeasy to replace a hydroxy group by a hydrogen,which gives a deoxy sugar.
This operationhas become all the more practical since the advent of free radical-mediated
reactionsof thiOCllIbonylesmr,{Barton reaction),andof halidesthat musthe preparedfrom
the alcoholby derivatizlition or an SN2 displacement reaction.

By far, the mostchallengingtask in bond-formingreactionswith sugar derivativesis
to effectC-C branching.The~2 nucleophilicdisplacementreactionswithcarbonnueleo-
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pbiles of appropriateleavinggroups are, to a large extent,Confined to primary positions.It

would be unthinkable,for example. to displace a C-3 sulfonate(or halide) of l,2:5,6-di-O

isopropylidene-a-o-glucofuranose with an organometallic methyl source. Elimination

would be the predombtant, if not exclusive, pathway.Even the best combination of high

nucleophilicityand low basicity (e.g., cuprates, rather than alkyl lithium reagents) would

fail miserably. This.is another example for which carbohydratescan be used as a testing

ground for new reagents and reactions.

The C-branched derivativeson secondary carbon sites are easily accessibleby other

modesof activation,such as the openingof epoxides,attackon carbonyl sugarderivatives,

free radical allylations(Keck: reaction), and relatedmethods. Such modifiedsugar deriva

tives, starting with naturally occurring compounds, such as J>-glueose, are versatile and

indispensablebuilding blocks (chirons) for the synthesis of carbohydrate or noncarbohy

drate target molecules.
The Kilianicyanohydrinsynthesishas servedcarbohydratechemists admirably since

its discoveryin 1885.This importantC-C bond-formingreaction allows cbainextension,

with the creation of a new stereogeniccenter.There have been several "newer" methods

and variations of the original reaction over the years. The advent of anion equivalents

(Seebach'S umpolung concept) has produced yet another one-carbon synthon for stereo

controlledchain elongation, with the option to iterate the process, thus building "taller"

sugars, with their "heads" always pointing upward.

Natural sugar frameworks offer unique platforms for chemical manipulation and

conversioninto sugarornonsugar target molecules.The followingsix chapters offer some

of the most useful methods for functi.onalizing sugar molecules.

Stephen Hanessian
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I. TRIFLATE SYNTHESISAND REACTIVITY

A. ReactIvItY of Sulfonic AcId Esters In Substitution Reactions

Substimtion reactions that involve organic compounds use a variety of leaving groups.

Those leavinggroupsfrequently used, however,representonly a small subsetof the~
. . 1 . groupswith their reactiVIties

collection. Table 1contalDs a list of some common eaVIDg . . ives
pressed as therelativerates of solvolysis of thecorresponding I-phenylethyl ~Vati d

e~ Amon thegroups listed in Table1. esters of sulfonicacids are themost reactive.~
[ ]. ~.are particularlyat:traetive choiceswheredisplacement fromcarbohydrates IS ,

consequeed. ~ 2 substimtion reactionsof carbohydrates are often difficultto achieve~d.
concemwhenposNsible canrequire vigorousreactionconditions.) Anotherreasonfor sel~that
even· ., ti f carbohydrates IS
sulfonicacid esters as leaving groups for substimtion reac ons 0

easiI repared from compounds containinghydroxyl groups. .,
these~ :: ass~:tionthat therelativereactivities shownin Table1shouldbe similar

ven the bstrates triflates (trifluoromethanesulfonates) should be
when carbohydrates are su • and lates

of 'mde more reactive than tosylates (p-toluen~ulf~~~. mesy
orders ~) Experiencehas shown that this assumption IS Justified [2-4). ~e
(methanesreacti~ty o~~ates reducesreactiontimesand allowsselectionof milderreac?on
:::ons; for example.the transformations shownin Eqs. (1)and (2) occur morerapidly

Ra Tf (1 h, 70 OC,78%)
R- T. (3 daYI'. 100 OC)

(1 )

Table 1 Relative Rates of Solvolysis of I-Phenylethyl Esters and Halides

or-H
x km X kJe1

a HoC-O-~ 37,000

FaC-e'O 2

~~'0- 440.000

Dr 14

91 * Data not available

HsCi-o- 30,000 FaC-J-o- 14 million

B. Synthesis of Trlflates

Section V contains specific examplesof procedures for triftate synthesis; some general
comment about these procedures is worthwhile. Triflicanhydrideis the reagentof choice
forpreparingtriflatesderivedfrom sugars.whereastriflylchlorideis used moreoftenwhen
nucleosides are involved. 1iiflate formation with triflic anhydride requires addition of a
base (usually pyridine) to the reaction mixture to neutralize the triflic acid produced
[Eq. (4); 7). Sometriflatesare reactiveenoughthat pyridinecan functionas a nucleophile
in the substitution process. In these instances. replacement of pyridine with a non
nucleophilic base. such as 2.6-di-t-butyl-4-methylpyridine. avoids this undesiredreaction
(Scheme 1) [7]. .

Triflyl chloride is a less reactive triftating agent than triflicanhydride. When triflyl
chloride isused,deprotonating theparticipating hydroxylgroupis a commonprocedurefor
increasing its reactivity before triflyl chloride addition (Scheme2) [8). Formationof an
alkoxy anionhas the advantagethat additionofan organicbase to thereactionmixture is no
longer necessary foracidneutralization; however,anionformationrequires decidedlymore
basic reaction conditionsthanthose created by the presenceof pyridine.An alternative to
prioralkoxide formation is to add a base strongerthan pyridine(e.g.•NN-dimethylamino
pyridine [DMAP)) to the reactionmixblre to increase the co'ncentration of alkoxideious

.[Eq. (5); 9]. Practical factors that should be considered with the use of triflyl chloride
include appropriate procedures for handling a volatileliquid(bp 29-32°C) andrecognition
[thatthechloride ion generated duringtriflateformation maybecomean undesirednucleo
'PhUe.

(2)

R " OTT 40 '" yield
R "0M8 no r..c:IIon
R " I no r..c:IIon

PXJ-....·I ..
p

*sC~0

R =TT (30 min,25 DC,91"')
R =r. (10 h, 120 DC)

triflates lace tosylatesas reactants [5]. Greater triflate
and at lowertempera~ when rep. cannot be displaced [Eq. (3); 6).
reactivity becomes critical when other leavmg. groups

~ -:w.. :~).0 1"M MeaCO 0
,/

CMez ~ ,,0
CMe:t

DME " CHaOCHzCHzOCHa
Ma"CH3802-
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(5)

(6)

(7)F~
~.

KUf ..

X-I 87%
X=Br 98%
X=C1 85%

1;~
ACO~

:i~~,sel~ve. nonhydrolytic cleavageof glYcosidic linkages [Eq (8)' 13] Thi .

~ful m determining st:ructun:s of complex carbohydrates [14]' , . s process IS

~'.,..AlthoughmanydeoXYhalogeno sugarshave been s ~
~clisplacement (and other reactions) [15-17] hal yn by tosylateand mesy-

~;readily availablebeCause theycan be syntbesi;:enated carbohy~~ve become

~~ thesynthesisof a numberof compounds that rro:m~ales ..TrifI~ displacement

~ ways. Becausedeoxyhalogeno sugars serve:'~rIm~SSlbleto prepare

~tiugar derivatives. improved methods for deo hal ales m the synthesis of
xy ogeno sugar formation translate

~
lHPO

THP=(J-I

/0

SCheme 1 Triflatereaction with pyridine.

~

<~
~

lHPO

SCheme 2 Triflateformationwith triftyl chloride.

IL INTRODUCING AZlDO AND HALOGENO GROUPS BY TRIFLATE

DISPLACEMENT

A. Deoxyhalogeno Sugars

During the past two decades. triftate displacement bas become a common method for

introducing heteroatoms intocarbohydrates. Onegroup ofcompounds easilyprepared from

triflatesis thedeoxyhalogenosugars [Eq. (6); 10]. Synthesizinghalogenatedcarbohydrates

by ~2 substitutionreactionsbas important ramifications owing to the biological activity

and synthetic usefulness of these compounds. For example. [l8F)2-deoxy-2-fluoro-o

glucose is a radiopharmaceutical used in positron emission tomograp~y (PET) [11]. One

importantmethodfor synthesisof this deoxyftnoro sugarinvolvesthe substitutionreaction

shown in Sq. (7) [12]. In a differenttype of example,triflateformationand displacementby

iodide ion provides a means for regioselectively replacingprimaryhydroxyl groups with

iodineundermild conditions.Regioselective iodinationbas becomepart of a procedure for
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(11 )

/

~/ .

~~~.
o ox

z

k
CAe

50%

1)"" ..
2) H3Q+

R =Tf (1h, eo OC, 80%)
R .. Ms (12h, 105 OC, 34%)

A
CAe

B. Azldodeoxy Sugars

Sulfonate displacementby nitrogen nucleopbiles is a powerful technique for introducing
nitrogen atoms into carbohydrates [21]. Because the ultimate goal of such reactions is
usually the synthesis of aminodeoxy sugars, azide ion is often a reactant. Azide ion is a
goodchoicebecauseit is • potentnucleophileand becauseazidesare readilyconvertedinto
thecorresponding aminodeoxysugars(Scheme4) [21,22]. Azidesalso canbe intermediates

SCheme 4 Synthesis of aminodeoxy sugars.

in the synthesis of carbonyl compounds.Primary azides produce aldehydes in average to
goodyieldson photolysis[Eq. (11); 23], but formationof ketones from secondaryazides is
generally a low-yield process [24].

III. REACTIONS OF CARBOHYDRATE TRIFLATES

A. Substitution Reactions

For sulfonic acid esters of most organic compounds, substitution reactions occur under
relatively mildconditions,evenwhen less reactivesultonatesare the leavinggroups.Esters
asreactiveas triftatestypicallyarenecessaryonly in those situationsfor which substitution
i~difficult; forexample,whena leavinggroup is attachedto an sp2-hybridized carbonatom,
;Ot when the leaving group must depart from a carbon atom a to a carbonyl group. For
.!fighly functionalized molecules, such as cllIbohydrates. the situation is different. For
citbobydrates, displacementreactions with less reactive sulfonicacid esters will generally
'tlike place from primary earbon atoms-although vigorous reaction conditions may be
requited-but substitutionat secondary carbon atoms is sometimesimpossible. In contrast,
':When carbohydrate triftatesare the substrates, SN2 substitution'reactions at primary and at
iIeCOtldary carbon atoms are usually possible undermild conditions. [Examplesappear in
I3qs; (I), (2),(6), (7), (8), andin Schemes3 and 4.] The broad rangeof compoundsprepared

(10)

(9)

M • mClllOSllCChalld residue

~
H:zOBn.

OBn

n

100%

c)
LTBH-

N8BH4CHSCN
72Il

~
H

/~~.Me,C1.-.(bM.

B Me-r--o-l"-v-:

I~~
M./~

G
/ (CH3)2CHOH

'... Na2C03

Me-J/
•

SchenMt 3 Synthesis of deoxy sugars.

ed _"_....1 fro triftatesby reactionwith hydride
(Althoughdeoxy sugarscan also be form UU<NLlY m . .es this
reagents [Eq. (9); 19],molecularrearrangement[Eq. (10);20] sometunesaccompam

pathway.)

. to betterprocedures for prepamtionof othercarbohydrates.For example,triftatediSPI~th
m .. h & n ed b replacementof a halogen atom WI a
ment by iodide or bromide IOns, w .en 10 ow . Y (Sch 3) [1018].
hydrogen atom, provides a pathway for formation of deoxy sugars eme •
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from carbohydrate triflates stands as evidence that triflate displacement is a reaction

particularly well-suited for carbohydrates [2]. '
Table 2 Substitution and Eliminalion Reactionsby fluorideIon

Table3 Competing Substitutionand Elimination Reactions

27
o

37
21

F

Elimination product yield
(%)

Dr C1

40
o

48
11

Substitution' product yield

(%)Compound

~
F"

~
( 12)

©-
800C

75~

rE Ilu4NF ~ (13)-Q N,

51,.,

B. Elimination ReactIons

Even though triftates provide the needed level of reactivity for substitution processes in

carbohydrates,otherreactions, such as elimination,can competewith substitution.Factors

that promote competingreactions can usuallybe identified;for example, strong bases and

weak nucleophllesfavor Hz eliminatio~. Because among halide ions the strongest base is

the fluoride ion, its reaction with triflates generates elimination products most often [4].

Althoughtriflatedisplacementby fluorideion withoutcompetingreactionsdoes occur [Eq.

(12);25], substitutionby this anionoften is accompaniedby elimination(Table2) [26]and,

sometimes, elimination products are the only ones formed [Eq. (13); 27]. Elimination

reactions, wheiiother halide ions are the nucleophiles,are much less conUnon. Compara

tive studies, in which halide ions react with a tri1Iate that structurally favors eliinination,

show that fluorideion causes the most eliminationreactions to occur (Table3) [28].Azide

ion also is sufficiently basic to promote elimination reactions [Eq. (14); 29]; however,

11% SS% 49%

3S%

24%

.~

79% 26% I~

+

+

~~
BnO OSn

( 14)

47~

because azide. ion is an. effective nucleopbile, substitution is usually the dominant or

exclusive reaction [Eq. (15); 30].

21%

1lO'lIo

+

(15 )
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(18 )

B. Synthesis of 8 Trlftate Ester with TrIfIyl Chloride (9]

2 .()-(Trif#uorDtnethanesuffonyl)-3',5' .()-(1,1,3,3-tetraisopropyl-1,3
dlsiloxanyl)adenosif18 (Eq. (18) 2]

Triftuoromethanesulfunyl chloride(202 mg, 1.20mmol) was added to a cold (O°C), stirred
solution of 1 [39] (509 mg, 1.00 mmol), and DMAP (366 mg, 3.00 mmol), in anhydrous
~~ (5mL).The yellowsolutionwasstirredfor 10minandpartitionedbetweenice-cold
AcO~O (1:99, ISO mL) and~~ (2 x 75 mL). The combined organic phase was
washed with ice-cold, saturated NaHC0/H20 (150 mL), brine (ISO mL), and dried
'~~SO">,.filtered. andevaporated.~ residue (619mg) was crystallized(CHCl:lhexanes,
~.2) to give 2 (422 mg). An additional 54 mg was obtained by preparative thin-layer
~tography (1LC; CHCl/MeOH, 19:1) of the concentratedmother liquor to give 2
(476 mg, 74%) as a colorless solid: mp 152-154°C dec. •

~'Reprinted widt permission from J. Org. elutm. 45:4387 (1980). Copyright C 1980 American
'Chemical Society.

ROH + Tf:2O + Q> .~ ROTf +~ -orr (17)

AlOO-mL, two-neck,round-bottom flask,equippedwith two additionfunnelswascharged
withpyridine(0.43 mL, 5.5 mmol) and 20 mL of methylenechloride.A solutionof triflic
anhydride (0.86 mL, 5.11 mmol) dissolved in 10 mL of methylenechloride was placed in
oneaddition funnel.The sugar(2.55mmol)dissolvedin 10mL of methylenechloridewas
placed in the other additionfunnel.The flaskwascooled to -IO"C in an ice-acetone bath,
and the triflicanhydridesolutionadded dropwise.A thick white precipitate began to form
during theaddition.Afteradditionwas complete,the suspensionwas allowedto stir for an
additional 10 min. The sugar solution was added drOpwise and stirring continued for an
additional 1.5h. The reactionmixturewas poured into 50 mL of ice water, the layers were
separated, and the aqueous layer was extracted with two 5G-mL portions of methylene
chloride. Thecombined extractsweredriedoversodiumsulfate,andthe solventwasremoved
invacuo. Hexaneextraction, followed byin vacuosolventremoval,gavethe triflateester[10].

V. EXPERIMENTAL PROCEDURES·

A. Synthe8ls of TrIfIate Esters with TrIfIlc Anhydride (General
Procedure) [Eq. (17); 10]

\

NeN3
DMF

Me2G/?~;Me2 tuN3 ~C~/·:::C~
~ DMf \

o 0
Scheme 5 Bpimerization by azide ion.

D. Effect of Anion Nucleophlllcity on Reactivity

Increasing the effectivenucleophilicity of an ion allows~2 substitutio?reacti~ ~ occur
under milder conditions. An anion will become a better nucleophile when It IS less
effectively solvatedand when it is further separated from its counterion.Methodsthat can
achieve these changes include selectionof a tetraalklammonium counterion[see Eqs. (6)
and (8)], addition of a crown ether or a eryptand(see Eq. (7)], and use of a solvent that

effectively solvates cations (see Bqs, (1) and (2)].
The nucleophile for which increased reactivity is most critical is the fluoride ion

[3,4].Watermoleculesbindtightly to thision, and their presencedramati~y reduces its
effectivenucleophilicity. A variety of fluorideion sourceshave been used m an effort to
improveproduct yields in deoxyfluoro sugar synthesis (26,34].The yields of substitution
and eliminationproducts generatedfrom reactionswith fluorideion from several sources
are listed in Table 2 (26]. Currently, the most attractive source of fluoride ion is
tris(dimethylamino)-sulfur (trimethylsilyl)difluoride (TASF), which is soluble in a variety
of organic solvents and produces an anhydrousfluoride ion [35].

IV. CARBOHYDRATE IMIDAZOLYLSULFONATES

Carbohydrate imidazolylsulfonates (imidazy1ates) [36]are a type of sulfonicacidester that
deservesspecialcommentbecausethese compoundsreact readilywithnucleophilesin SN2

substitution processes. Although imidazy1ates are not used as frequently as triflates in
substitutionreactions, they appear to be comparablein reactivity (Eq. (16);37,38].

C. Rearrangement Reactions

Although molecular rearrangements of carbohydrate triflates are rare, they are not un
known (2,21,31]. Many of these rearrangements are ring-contraetion reactions associated
with treatmentof triftateswith lithiumtriethylborohydride (see Eq. (10);20,21]. Reported
rearrangement reactionsoccurringwhen halideor azideions are the nucleophilesare~te
rare and are restrictedto epimerization at centersnext to a carbonylgroup. Such reactions
have been reported only for the more basic fluoride [32] and azide ions (Scheme5) (33].



98 Binkley and Binkley SN2-Type Halogenation and Azidation Reactions 99

2

(18 )

~~ ~'Ac BU4NX OAc (20 )
T

©AcO AcO
X

80 cc
5 6 X=Br

7 X=CI

8 X= I

(general procedure [41]) and recrystallized from ethanol. The reaction products [see
Eq. (20) 6, 7, and 8] were identified by analysis of their NMR spectra, and melting point
comparison with values reported in the literature: compound 6 mp 95-96°C; compound
7 mp llO-l1loC; compound 8, mp 113.5-114.5°C.

E. Triflate Displacement by Bromide, Chloride, and Iodide Ions from
a Nucleoside [42]

5-Benzoyl-4-(dibenzoylamino)-7-[3,5.0-1,1,3,3-tetraisopropyldisiloxanyl)-2
deoxy-2-bromo-f3-o-arabinofuranosyl]pyrrolo{3,2-d]-pyrimidine [Eq. (21); 10]

C. Synthesis of a Reactive Triflate Ester in the Presence of a
Nonnucleophilic Base, 2,6-Di-tert-butyl-4-methylpyridine [7]*

Preparation of 1,2,3,4- Tetra.o-[(trifluoromethyl)sulfonyl]-f3-o-glucopyranose
[Eq. (19); 4]

h' M.~:M~ T'(gtOAc OAe (19 )CM~

AeO .. AeOTf20

OAe CH2Cl2 OAe

3 4

Trifluoromethanesulfonic (triflic) anhydride (0.32 mL, 1.90 mmol) and 2,6-di-t-butyl-4
methylpyridine (0.396 g, 1.93 mmol) were dissolved in 20 mL of anhydrous CH2Cl2 at
25°C, and to this solution was added 0.475 g (1.36 mmol) of 1,2,3,4-tetra-O-acetyl-f3
D-gluco-pyranose (3) [40] in 10 mL of CH2CI2. After stirring at 25°C for I h, the reaction
mixture was poured into 200 mL of ice water containing 2 g of NaHC03 and shaken
vigorously. The layers were separated, and the aqueous layer was extracted with 20 mL of
CH2CI2. The combined organic extracts were dried over NazS04' and the solvent was
removed by distillation under reduced pressure. Chromatography produced 4 in 84% yield,
mp 85°C dec.

>-'l-\ o

~i--O OTf

A
9

u.:-- >-'l-\
o

>1i--O
A

10 X =Br

11 X = CI

12 X= I

(21 )

D. Triflate Displacement by Bromide, Chloride, and Iodide Ions [41]

Syntheses of 1,3,4,6- Tetra.o-acetyl-2-deoxy-2-halogenO-f3-o-glucopyranoses
[Eq. (20); 6, 7, and 8]

The triflate 5 (0.593 g, 1.70 mmol) was combined with the appropriate tetrabutylammonium
halide (3.34 mmol) in 30 mL of anhydrous benzene and heated at reflux for 2 h. After
cooling to room temperature, the benzene was removed under reduced pressure. The
residue was dissolved in the minimum amount of dichloromethane, chromatographed on a
2.5 x 10 cm column of 230-400 mesh silica gel with a 3:2 ratio of ethyl ether/hexane

*Reprinted with permission from J. Org. Chern 48:676-677 (1983). Copyright © 1983 Ameriean
Chemical Society.

A mixture of 9 (1.50 g, 1.57 mmol) and lithium bromide (0.284 g, 3.27 mmol) in dry
hexamethylphosphoramide (HMPA; 16 mL) was stirred for 4 h in a sealed vessel under an
argon atmosphere. The mixture was poured over ice water (-100 g). The precipitate formed,
was separated by filtration, washed thoroughly with H20, and dried in vacuo at 60°C over
P20Sfor 4 h. The crude product (2.04 g) was purified by flash column chromatography
using CH2ClzlMeOH (200:1) as the eluent to give 10 as a white solid (1.16g, 57%; mp 135
136°C).

5-Benzoyl-4-(dibenzoylamino)-7-[3,5-0-1,1,3,3-tetraisopropyldisiloxanyl)-2
g~()xy-2-chloro-f3-D-arabinofuranosyl]pyrrolo{3,2-d]-pyrimidine{see Eq. (21); 11]

A,JDixture of 9 (1.31 g, 1.3 mmol) and lithium chloride (1.50 mmol) in dry HMPA (10 rnl.)
was stirred under argon in a sealed vessel at 25°C for 1 h. The mixture was poured over ice
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4-o-AllyI-1,6-anhydro-2-azido-3-Q-benzyl-2-d80XYi3-o-glucopyranose (Eq. (24);
17)

2 -Azido-2'-deoxy-3',5-0-(1,1,3,3-tetrais<Jpropyl-1,3-disiloxanyl)adenoSine
{Eq. (23); 15J

A solutionof crude2 (688 mg) and UN3 (245 mg, 5.0 mmol) in anhydrous DMF(10mL)
was stirred at ambient temperature for 2 h. Water (50 mL) was added and the mixture
extracted (EtOAc, 2 x 100mL). The combined organic phase was washed with brine (100
mL),dried (NazS0,J, and evaporated. Crystallization (98% EtOH) of the resulting solid
foam (607mg) gave 15 (350 mg, two crops); 66%, as colorless rods: mp 175-177°C.

(24 )

1)TI20. C5H5N
•

2)LiN3. DMF

~

UN3
.'. &:>

2 -
~

(23)
DMF

\
>-): ~

15

G. Trtflete Displacement by AzIde Ion [9,43]

8AlOrq
~

16 17
Trifluoromethanesulfonic anhydride (0.54 mL, 3.22 mmol) in dry 1,2-dichloroethane
(2 mL) was added under an atmosphere of oxygen-free nitrogen at -IO"C to a stirred
solutionof pyridine (0.30 mL, 3.75 mmol) and dry 1,2-dichloroethane(10 mL). After 10
min, a solutionof compound16(0.47 g, 1.61mmol) in 1,2-dichloroethane (3 mL) wasadded
to the mixture and stirring was continued for 1 h at O°C. Then n.c analysis indicated
completeconversion of startingcompound 16 (Rr 0.19) into the C-2 triflyl ester (Rf 0.68)..
Aqueous sodiumbicarbonate(10mL, 10%,wlv)and dichloromethane(50 mL) were added,
theorganiclayer wasseparated,and the aqueous layer extractedwith dichloromethane.The
combinedextracts were washed with water, dried (MgSOJ,evaporated, and coevaporated
withtoluene(10mL). Cl'udetriflatewas dissolved in dry N,N-dimethylformamide(20 mL),
lithiumazide (0.91g, 16mmol) was added, and the mixture stirred at 2O°C for 4 min, after
wbichtime1LC analysis showed complete conversion of the triflyl ester (Rf 0.68) into the
asido sugar 17 (Rr 0.65). The solution was evaporated to dryness, dissolved in dichlo
romethane (SO mL), washed with water (20 mL), dried (MgSO.>, and concentrated in
vacuo. Theresidualoil was applied to a columnof silica gel (Io.g, eluant dichloromethane):
yield 0.43 g (85%); Rr 0.28 (dichloromethane): [a]D +740 (c 1.0, chloroform).

F. TrIf1ate Displacement by Fluoride Ion (7]*

€r ~
Bu_

• . 0 """ (22 )
CH2C12 ACOACO

OAc c

water.The light-yellow precipitate formed was separated by filtration,washed thoroughly
with ~o, and dried over Pzo, in vacuo to give a crude product, wbich was purified by
preparativen.c (five plates) using CHzClfMeOH (100:1) as the developing agent. The
plates were developed twice. The desired product was extracted with CHzClz:MeOH
(100:2),filtered,and the filtrateconcentrated in vacuo to give U as a wbite solid (0.525 g,
45%; mp 124-126°C).

5-Benzoyl-4-(dibenzoylamino)-7-{3,S-o-1,1,3,3-tetraisopropyldisiloxanyl)-2
deoxy-2-icx:Jo.f,-o-arabinofuranosylJpyrroIo{3,2~J-pyrlmidine {see Eq. (21);12J
A mixture of 9 (2.85 g, 2.99 mmol) and potassium iodide (0.496 g, 2.99 mmol) in dry
HMPA (30 mL) under argon in a sealed vessel, was sonicated for 10 min and then
magneticallystirred at 25°C for 24 h. The mixturewas then poured over crushed ice and the
resulting precipitate filtered, washed thoroughly with ~O, and dissolved in C~Clz. The
C~CIz solution was washed with Hz0, dried (NazSO.>, and evaporated in vacuo. The
resulting residue was subjected, to flash column chromatography using C~ClzlMeOH
(300:1)as the eluent.Fractions containingthepure product werepooled and concentratedin
vacuo to give 12 as a wbite solid (1.30 g, 46%; mp 124-126°C).

°Reprinted with permission from J. Org. Chem. 48:676-677 (1983). Copyright C 1983 American
Chemicsl Society.

13 14
Synthesisof 1,1,3,4-Tetra.()-acety/i3-o-glucopyranose Derivatives

.Triflicanhydride(0.34 mL,1.9 mmol) and compound13 [Eq. (22)] (0.41g, 2.0 mmol) were
dissolved in 20 mL of anhydrousCHzCIz. To this solution was added 0.49 g (1.4mmol) of
tetraaeetate in to mL of ~CIz and the reaction mixture stirred for 60 min, A solution of
4.0 mmol of tetrabutylammonium fluoride in 20 mL of CHzClzthen was added and the
mixture stirred for 3 h. [When Bu4NF3Hz0was used as the nucleopbile, the triflate13 was
isolated. This reaction required the CHzClzto be distilled at this point, benzene (50 mL)
added, and the reaction mixture heated to reflux for 5 min.] The reaction mixture next was
poured into 200 mL of cold 1% NaHC03 solution and shaken vigorously in a separatory
funnel. The organic phase was removed and the aqueous phase extracted with 20 mL of
CHzClz. The combinedorganic layers Were washedwith 50 mL of 5% NaHS03 and SO mL
of saturate NaHC03 and dried over anhydrous NazS04' After distillation of the solvent,
underreducedpressure, theresidue was chromatographedon a 2.5 x to em column of 230
to 400-mesh silica gel with a 3:2 ratio of ether/pentane. [General procedure from Ref. 7]
Compound 14, (27%; mp 126.5-127.50C) was isolated.
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Figure 1 Structure of some biologically important derivatives of deoxyhalogeno sugars.

Oeoxyhalogeno sugars are carbohydrate derivatives in which hydroxyl groups at positions
other than the anomeric center have been replaced by halogen atoms. The search for new
methods of synthesis of this long-known class of carbohydrate derivatives has been an
active area of investigation for many years. The compounds are of use as synthetic
intermediates, for example, in the synthesis of other rare sugars, such as deoxy and
aminodeoxy sugars, and many of them are biologically important. Thus, for example, the
expanding application of deoxyfluoro sugars for the study of carbohydrate metabolism and
transport in both normal and pathological states has stimulated interest in their chemical
and biological properties [1-4]. Furthermore, it has actuated intensive efforts to develop
improved methods of synthesis, especially, procedures suitable for the preparation of 18F_

labeled carbohydrates for use in medical imaging [3]. Included in the approaches taken to
this end are addition reactions of such reagents as molecular fluorine, xenon difluoride, and
acetyl hypofluorite, reaction of free hydroxyl groups with diethylaminosulfur trifluoride
(OAST), nucleophilic ring-openings with potassium hydrogen fluoride, and nucleophilic
displacement of good leaving groups by a range of fluoride salts. The first naturally occur
ring derivative of a fluoro sugar is the nucleoside antibiotic nucleocidin (4' -fluoro-5'-0
sulfamoyladenosine; 1), for which synthesis has been achieved [5] (Fig. 1).

A major part of this chapter is concerned with a discussion of a method for tlu
synthesis of chlorodeoxy sugars by direct replacement of hydroxyl groups by chlorim

® ®
R'3P-E + ROH ---. R'3P-OR + HE

l' variety of methods are available for the introduction of halogen into a carbohydrate.
These includedisplacement reactions, direct replacement of hydroxyl groups, additions to
unsaturated carbohydrates, and several miscellaneous methods, such as reaction of O-ben
zylidene sugars with N-bromosuccinimide, cleavage of carbohydrate oxiranes by halogen
containing reagents, and cleavage of epithio and epimino sugars. Much information on the
synthesisand chemistry of deoxyhalogeno sugars is contained in reviews and monographs
[1-4,10-14].

The synthesis of deoxyhalogeno sugars by the direct replacement of hydroxyl groups
by halogenatoms is an attractive general approach and continues to be of interest. Some of
the methods using this approach are discussed briefly in this section, and a detailed
descriptionof a method for the synthesis of chlorodeoxy sugars is given later in this chapter.
This last method involves the reaction of sulfuryl chloride (S02Cl2) with carbohydrate
derivatives containing free hydroxyl groups. The reaction gives fully substituted deriva
~ives containing both chlorodeoxy and chlorosulfate groups. The chlorodeoxy groups are
formed by bimolecular displacement with liberated chloride ions of certain of the chloro
sulfonyloxy groups. The chlorosulfate groups can be easily removed using sodium iodide
to give the corresponding hydroxyl groups with retention of configuration. The method has
led to facile syntheses of difficultly accessible chlorodeoxy, deoxy, and aminodeoxy
sugars.

A general and important method for activating alcohols toward nucleophilic substitu
bon is by converting them into alkoxyphosphonium ions:

~toms. A dramatic demonstration of the importance of such an approach was provided by
!lI&discovery that treatment of lincomycin 2, an antibiotic containing an aminodideoxy
octose, withthionyl chloride in carbon tetrachloride, or more satisfactorily with triphenyl
phosphine dichloride or triphenylphosphine-carbon tetrachloride, resulted in replacement

wfthe 7-hydroxylgroup of the carbohydrate moiety by chlorine, to give a significantly more
active antibiotic, namely, clindamycin 3 [6]. Also, a chlorinated kanamycin derivative
possesses strong inhibitory activity against several kinds of bacteria [7]. Strong enhance
mentof sweetness of sucrose has been achieved by replacing specific hydroxyl groups,
Il~ely those at C-4, C-l', C-4', and C-6' in the glucosyl and fructosyl units of sucrose, by
highly lipophilic chlorine atoms [8]; of particular interest is 4,1' ,6' -trichloro-4,1' ,6'
tiideoxy-galacto-sucrose (sucralose; 4), which is 650 times as sweet as sucrose. Recently,
methyl(methyI4-chloro-4-deoxy-jj-D-galactopyranosid)uronate (5) was found to exhibit a
concentration-dependent inhibition of both hepatocyte cellular glycosaminoglycan and
protein synthesis [9]. .

II; GENERAL METHODS FOR THE DIRECT HALOGENATION OF
ALCOHOLS

E
R'3P+ E-Y ---. R'3P~

Y~
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by the reaction of triphenyl phosphite with methyl iodide and with iodine. The reaction of 6
with alcohols is considered to involve nucleophilic attack on phosphorus, with expulsion of
phenol and formation of the alkoxyphosphonium salt 8, which then affords the alkyl

G'Jy; If'
6 + ROH -- (PhOl2P-OR Ie-- RI + (PhOl2P-Me

I II
Me 0

8

iodide and diphenyl methy1phosphonate. According to this mechanism, the conversion of
an alcohol into the corresponding iodide should occur with inversion of configuration;
however, because of the possibility of nucleophilic attack by iodide ion on the initially
formed iodides, the inversion can be accompanied by some racemization.

There are many examples of the reaction of carbohydrates with Rydon reagents [16];
the reaction is controlled by steric factors. Thus, no reaction occurred between 1,2-0
isopropylidene-5,6-di-0-methyl-a-D-glucofuranose and either 6 or bromotriphenoxyphos
phonium bromide, presumably because of the steric hindrance caused by the trioxabicyclo
[3.3.0]octane ring-system, whereas methyl 2,5,6-tri-0-methyl-J)-D-glucofuranoside reac
ted with 6 to give a 3-deoxy-3-iodo derivative in 31% yield.

A variety of other phosphorus-containing reagents [11,12,17] have been employed for
replacing hydroxyl groups in carbohydrates by halogen atoms. Two other methods that
have been applied widely are the reaction with (halogenomethylene)dimethyliminium
halides [11,12] and the introduction of fluorine by diethylaminosulfur trifluoride (DAST
reagent) [3,18]. N,N-Dimethylformamide reacts with halides of inorganic acids (phosgene,

This chemistry has been employed for replacing hydroxyl groups in carbohydrates by
halogen atoms. For example, there has been considerable interest in the method of conver
sion of alcohols, by their reaction with carbon tetrachloride and tertiary phosphines (usually
triphenylphosphine) into the corresponding chlorides. The reaction proceeds by way of in
situ generation of a chlorophosphonium ion; this ion then reacts with the alcohol to give an
alkoxyphosphonium ion, which is converted into the chloride. The process has been applied
[15] to the difficult case of the l-position in a 2-hexulose. Both 2,3:4,5-di-0-isopropylidene
n-fructose and 2,3:4,6-di-0-isopropylidene-L-sorbose react readily with triphenylphospine
carbon tetrachloride to yield the corresponding l-chloro-l-deoxy derivatives. The replace
ment of a secondary hydroxyl group in a monosaccharide by chlorine with this method has
also been reported. Some limitations in the application of this chlorination procedure have
been noted [15]. For example, with 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose, a re
arrangement of the 5,6-acetallinkage accompanies chlorination at C-6, to give 6-chloro-6
deoxy-1,2:3,5-di-0-isopropylidene-a-D-glucofuranose.

The use of triphenylphosphine-carbon tetrachloride to convert lincomycin 2 into
clindamycin 3 has already been mentioned; the 7-bromo and 7-iodo analogues of 3 were
also prepared by treatment of lincomycin hydrochloride with triphenylphosphine and car
bon tetrabromide or carbon tetraiodide, with acetonitrile as the solvent [6].

There are several methods for the conversion of alcohols into iodides using phosphorus
containing reagents. Two important reagents (Rydon reagents) are methyltriphenoxy
phosphonium iodide 6 and iodotriphenoxyphosphonium iodide 7, respectively formed
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A. Synthetic Usefulness of Deoxyhalogeno Sugars

Deoxyhalogeno sugars are particularly useful in the synthesis of other rare sugars, such as
deoxy and aminodeoxy sugars. Deoxyhalogeno sugars are susceptible to nucleophilic
attack, leading to displacement, elimination, or anhydro-ring formation. The ease of dis
placementdecreases in the order I> Br > Cl > F; the iodo, bromo, and chloro derivatives
have been widely used, and have undergone a variety of nucleophilic substitution reactions.
The reactivity of halo groups in pyranoid derivatives can be predicted in an approximate
and qualitative way by a consideration of the steric and polar factors affecting the formation
of the transition state. A summary of the stereoelectronic factors affecting displacement
reactions has been published [21,22]; some of these aspects are considered and illustrated in
Section II.B.

Deoxyhalogeno sugars are useful intermediates in the synthesis of deoxy sugars [23
25], an important class of carbohydrates that occur quite widely in nature. The iodo and
bromo derivatives can be reduced to form the deoxy sugars by a variety of reducing agents,
including zinc in acetic acid, sodium amalgam in aqueous ether or ethanol, lithium
aluminum hydride, and hydrogen in the presence of palladium-on-carbon or Raney nickel.
Hanessian [23] has described many examples of the reductive dehalogenation of deoxy
halogeno sugars. Before 1969, the reduction of chlorodeoxy sugars was rare [7,26];
however, in that year, it was reported [27] that these derivatives can be reduced by a
particularly active form of Raney nickel catalyst. Thus, hydrogenation over Raney nickel of
methyl 4,6-dichloro-4,6-dideoxy-3-0-methyl-D-galactopyranoside 13 (prepared by reac
tion of methyl 3-0-methyl-D-glucopyranoside 12 with sulfuryl chloride, followed by
dechlorosulfation of the product by use of sodium iodide) gave a pcoduct that, on acid
catalyzed hydrolysis, afforded the antibiotic sugar D-chalcose (14; Scheme 1). A facile
synthesis of 4,6-dideoxY-D-xylo-hexose has been reported [28] by an analogous route in an
overall yield of 65% from the commercially available methyl o-n-glucopyranoslde.

In the last-cited work [28], methyI4,6-dichloro-4,6-dideoxy-a-D-galactopyranoside

9 X = CI
10 X =Sr

analogue 10 have been found to be highly effective for replacing hydroxyl groups by
halogen. The method involves the thermal decomposition in solution of the adduct, such
as 11, formed from the alcohol and the strongly electrophilic (halogenomethylene)di
methyliminium halide. Hanessian and Plessas [19] were the first workers to apply the
method to the synthesis of deoxyhalogeno sugars. The DAST reagent reacts with a
hydroxyl group to give an unstable intermediate, C-OSF2NE~, with liberation of HF;
attack by a fluoride ion then forms a C-F bond, with inversion of configuration. The 18F_
labeled DAST has been prepared [20]. Many examples of the applications of the DAST
reagentin carbohydrates have been discussed by Tsuchiya [3]. Other methods for the direct
replacement of hydroxyl groups in carbohydrates by halogen atoms have been reviewed
also [12].

phosphoryl chloride, phosphorus trichloride, and thionyl chloride) to form an active
intermediate, namely (chloromethylene)dimethyliminium chloride 9; 9 and its bromine

G'J e
(PhOhP-1 I

7

G'J
(PhOhP~Me Ie

6
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was converted into methyl 4,6-dideoxy-a-o-xylo-hexopyranoside by hydrogenation over
Raney nickel in the presence of potassium hydroxide. However, when triethylamine was
substituted for potassium hydroxide, a selective, reductive dechlorination occurred at C-4
to give methyI6-chloro-4,6-dideoxy-a-o-xylo-hexopyranoside [29]. Similarly, hydrogena
tion of methyl 3,4,6-trichloro-3,4,6-trideoxy-a-o-allopyranoside 15 over Raney nickel
in the presence of potassium hydroxide affords methyl 3,4,6-trideoxy-a-o-erythro-hexo
pyranoside 16, whereas hydrogenation in the presence of triethylamine leads to methyl
6-chloro-3,4,6-trideoxy-a-o-erythro-hexopyranoside [30] (17; Scheme 2). One example
of the usefulness of this procedure was provided by the ready synthesis of a 4-deoxy
hexose [29].

Me

Hz. RaneyNi

t>M'KOH

w~
OH

16

o~
CI OH

15
Hz. RaneyNi

Et3N

OH
17

Scheme 2

The reduction of chlorodeoxy sugars has been achieved [31,32] in high yield by
means of tributyltin hydride in the presence of 2,2' -azobis(2-methylpropionitrile). The
reaction with methyl 2,3-di-0-acetyl-4,6-dichloro-4,6-dideoxy-a-o-galactopyranoside at
60°C gave [31] methyl 2,3-di-0-acetyl-6-chloro-4,6-dideoxy-a-o-xylo-hexopyranoside as
the main product. A free-radical mechanism has been proposed [33] for the reduction of
alkyl halides by organotin hydrides. In accordance with this proposal, the presence of the
radical initiator 2,2' -azobis(2-methylpropionitrile) was essential for the reduction of chlo
rodeoxy sugars; moreover, the relative reactivities of the two chlorine atoms in methyl 2,3
di_0_acetyl_4,6_dichloro_4,6_dideoxy-a-o-galactopyranoside follow a free-radical order.

Hanessian and Plessas [19]have reported another example of a selective dehalogena
tion in the carbohydrate field. Thus, catalytic hydrogenation of methyl 4-0-benzoyl-3-

bromo-2,6-dichloro-2,3,6-trideoxy-a-o-mannopyranoside over palladium-on-carbon in
the presence of barium carbonate gave methyl 4-0-benzoyl-6-chloro-2,3,6-trideoxy
a-D-erythro-hexopyranoside. The presence of a bromine atom at C-3 apparently leads
to the selectivereduction of the halogen atoms on C-2 and C-3, relative to the chlorine atom
on C-6, because in methyl 3,4-0-benzylidene-2,6-dichloro-2,6-dideoxy-a-o-altropyran0
side the two chlorine atoms were inert to catalytic hydrogenation.

Chlorodeoxysugars have been reduced [IS] also with lithium aluminum hydride. In
one experiment, 3-deuterio-I,2:5,6-di-0-isopropylidene-a-o-allofuranose was converted
into3-chloro-3-deoxy-3-deuterio-1,2:5,6-di-0-isopropylidene-«-D-glucofuranose by treat
ment with triphenylphosphine-carbon tetrachloride; reduction with lithium aluminum
hydride gave 3-deoxy-3-deuterio-I,2:5,6-di-0-isopropylidene-a-o-ribo-hexofuranose

.'with retention of configuration at C-3.
In Section II.B a discussion of the reaction of sulfuryl chloride with carbohydrate

derivatives is presented, and in Section III are given some experimental procedures
.•' representative of this method for the synthesis of chlorodeoxy sugars and procedures of

simple processes for the conversion of the chlorodeoxy sugars into other rare sugars.

e-0=8_0IIo
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B. Reaction of Sulfuryl Chloride with Carbohydrate Derivatives

rhe reaction of sulfuryl chloride (S02CI2) with carbohydrates containing free hydroxyl
groups has become a well-established method for the preparation of chlorodeoxy sugars
[11,12]. As indicated in Section II, the process involves the initial formation of chlorosulfate
groups,followed by bimolecular displacement of certain of these by chloride ion liberated
?uiing the chlorosulfation. The displacement occurs only at tbose centers where the steric
and polar factors are favorable for an SN2 reaction.

The reaction of sulfuryl chloride with carbohydrate derivatives was investigated first
~y Helferich and co-workers [34-36], and was extensively studied by Jones and his
9,?lleagues [37-45]. The latter studies elucidated the stereochemical principles involved in
We various transformations, and they have made available a convenient and effective
procedure for the preparation of chlorodeoxy sugars.

In 1921 Helferich [34] found that treatment of methyl o-o-glucopyranoside 18 with
s~lfuryl chloride in a mixture of pyridine and chloroform at 5°C afforded a compound, the
.structure of which was established several years later [37,38] to be that of methyl 4,6
~ichloro-4,6-dideoxy-a-o-galactopyranoside 2,3-cyclic sulfate (19; Scheme 3). The cyclic
sulfatesare readily cleaved by dilute alkalis, or by methanolic ammonia, to give the salt of a
.!J1c)llosulfate; the herni-ester is then desulfated by acid to yield the chlorodeoxy sugar
J?5,36]. Both of these reactions occur with retention of configuration [37].

When only a minimum proportion of pyridine is employed, the reaction of sulfuryl
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di(chlorosulfate) readily undergoes displacement of the chlorosulfonyloxy group at C-3 by
chloride ion, the corresponding galactopyranoside, having the chloro group at C-4 in an
axial orientation, is resistant to replacement.

As indicated in the foregoing, the reaction of methyl u-o-glucopyranosidc 18 with
sulfurylchloride and pyridine in chloroform solution, and isolation of the product at room
temperature, gave methyl 4,6-dichloro-4,6-dideoxY-Cl-o-gaiactopyranoside 2,3-di(chloro
SUlfate) 20. In this example, the lack of substitution by chloride ion of the chlorosulfonyl
oxy group at C-3 is attributed to the presence of the l3-trans-axial methoxyl group at C-I;
also, a chlorosulfonyloxy group at C-2 is deactivated to nucleophilic substitution by
chloride ion. Consistent with this rationalization is the observation [47] that the reaction
with methyl Bvo-glucopyranoside 23, having the methoxyl group at C-I in an equatorial
orientation, followed by dechlorosulfation of the product using sodium iodide, afforded
both methyI4,6-dichloro-4,6-dideoxY-I3-o-gaiactopyranoside 24 and methyl 3,6-dichloro
3,6-dideoxY-I3-o-allopyranoside (25; Scheme 5).
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The manner of formation of chlorodeoxy sugars by the reaction of sulfuryl chloride
with carbohydrates containing free hydroxyl groups was discerned by the series of reac
tions outlined in Scheme 4 [41].Treatment of methyl o-n-glucopyranoside 18 with sulfuryl
chloride and pyridine in chloroform solution, and isolation of the product at room temperature,
afforded methyI4,6-dichloro-4,6-dideoxY-Cl-o-gaiactopyranoside 2,3-di(chlorosulfate) 20.
Isolation of the product at O°Cgave methyI6-chloro-6-deoxY-Cl-o-glucopyranoside 2,3,4
tri(chlorosulfate) 21, and isolation at -70°C yielded methyl «-o-glucopyranoside 2,3,4,6
tetra(chlorosulfate) 22. Furthermore, compound 22 was converted into the 6-chloro
6-deoxy derivative 21 on treatment with I mole of pyridinium chloride per mole, and
compound 21 was converted into the 4,6-dichloro-4,6-dideoxy derivative 20 on treatment
with an excess of pyridiniumchloride. Thus, the chlorodeoxy groups are formed by
bimolecular displacement of certain of the chlorosulfonyloxy groups by chloride ion
liberated during the chlorosulfation.

It is often possible to predict the reactivity of a chlorosulfonyloxy group by a
consideration of the steric and polar factors affecting the formation of the transition state
[21,43,44). The presence of a vicinal, axial substituent or of a l3-trans-axial substituent on a
pyranoid ring inhibits replacement of a chlorosulfonyloxy group; also, a chlorosulfate
group at C-2 is deactivated to nucleophilic substitution by chloride ion.

An example of the inhibitory effect of a vicinal, axial substituent was provided by the
observation [41] that, whereas methyl 4,6- dichloro-4,6-dideoxY-I3-o-glucopyranoside 2,3-

chloride with carbohydrates produces chlorosulfuric esters, instead of cyclic sulfates; thus,
methyl 4,6-dichioro-4,6-dideoxY-Cl-o-galactopyranoside 2,3-di(chlorosulfate) 20 was ob
tained by application of the reaction to methyl c-u-glucopyranoside 18, followed by
isolation of the product at room temperature [40]. Compound 20 reacts with pyridine to
give the 2,3-cyclic sulfate 19. Thus, in the presence of an excess of pyridine, appropriately
oriented chlorosulfates can be converted into cyclic sulfates. Presumably, one of the
chlorosulfate groups is first hydrolyzed with S-O bond scission and, hence, with retention
of configuration; the free hydroxyl group so formed then attacks the remaining chlorosul
fate group with S-Cl bond scission, to give the cyclic sulfate. As the two chlorosulfate
groups in 20 are equatorially oriented, the spatial requirement for the latter process is very
favorable. The presence of axially attached chlorosulfate groups can lead to the formation
either of anhydro sugars or of complex products resulting from elimination reactions. Also,
whereas methyl 4,6-0-benzylidene-Cl-o-glucopyranoside 2,3-di(chlorosulfate) is readily
converted by pyridine at O°Cinto the 2,3-cyclic sulfate, with a strong base, such as sodium
methoxide, it forms methyl 2,3-anhydro-4,6-0-benzylidene-Cl-o-allopyranoside [40].

Chlorosulfate groups can be readily removed to give the corresponding hydroxyl
groups, with retention of configuration, by treatment of a solution of the carbohydrate
chlorosulfate in methanol with sodium iodide in aqueous methanol [40]; immediate libera
tion of iodine and evolution of sulfur dioxide occurs. A possible mechanism for the
dechlorosulfation reaction involves displacement by iodide at the chlorine atom; the
initially formed iodine monochloride would react with iodide ion to give iodine and
chloride ion. Alternatively, an unstable iodosulfate ion could be formed as an interme
diate [46].
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Another example of the [3-trans-axial substituent effect is provided by the reaction of
methyl o-o-mannopyranoside 26 with sulfuryl chloride, which gave methyl 6-chloro-6
deoxy-o-n-mannopyranoside 2,3,4-tri(chlorosulfate) 26a; even treatment of the product
with pyridinium chloride for 12h at 50°C did not effect further substitution [41] (Scheme 6).
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Scheme 7

C-I, to give initially a chloronium ion, as shown. Favored attack by chloride ion at the rnon
highly reactive center (C-I) would result in a net inversion of configuration at C-2 of 27, tc
yield 29. In the reaction of a-o-Iyxopyranosyl chloride 2,3,4-tri(chlorosulfate) 28 witt
aluminumchloride, a 1,2-cis product 30 was preponderant, whereas the proposed mechanisrr
should yield a 1,2-trans product; this result is, presumably, due to the anomerization of the
thermodynamically less-stable [3 anomer of 30 to the (more stable) 1,2-cis product 30.

Scheme 8

The re~ction of sulfuryl chloride with furanoid derivatives has been studied [51,52],
and the reaction has been applied to disaccharides, for example, methyl [3-maltoside [53]
and sucrose [54,55], to yield chlorodeoxy derivatives.

In Section II..A~f this chapter the usefulness of chlorodeoxy sugars in the synthesis of
deoxy sugars was indicated, A synthesis [56] of the biologically important sugar paratose
(~,6-dideoxy-o-ri~o-hexose),by a ro~te involving reductive dechlorination by hydrogena
non over Raney mckel. catalyst, provides a noteworthy demonstration of the versatility of
the method o~ preparatIon of chlorodeoxy sugars by use of sulfuryl chloride. Thus, methyl
4,6~O-benzyhdene-3-chloro-3~deoxy-[3-o-allopyranoside 33 was initially prepared by re
acuon of methyI4,6-0-benzylidene-[3-o-glucopyranoside with sulfuryl chloride, followed

Pyranoid derivatives having a chlorosulfonyloxy group in a trans-diaxial relation
with a ring proton may undergo an elimination reaction to yield unsaturated compounds
[40,42]. Thus, on treatment with sulfuryl chloride and pyridine, followed by heating with 2

solution of pyridinium chloride in chloroform, methyl a-L-arabinopyranoside gave crystal
line methyl 3,4-dichloro-3,4-dideoxY-[3-o-ribopyranoside 2-chlorosulfate 31, which, on
standing in pyridine, underwent the loss of chlorosulfuric acid to give crystalline methyl
3,4-dichloro-2,3,4-trideoxy-[3-o-glycero-pent-2-enopyranoside [42] (32; Scheme 8).
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These results suggest that the replacement of the hydroxyl group at C-I by chlorine occurs
by way of an intermediate chlorosulfate, resulting in an overall inversion of configuration;
moreover, they show that anomerization does not occur to any significant extent under the
reaction conditions.

The chlorosulfated glycosyl chlorides 27 and 28 were converted into 2-chloro-2
deoxypentoses on treatment with aluminum chloride [50]. In the case of 27, the use of 1.5
mol-equivalents gave exclusively the 2-chloro-2-deoxy-a-o-lyxopyranosyl chloride 3,4
di(chlorosulfate) 29; treatment of 29 with sodium iodide yielded crystalline 2-chloro-2
deoxy-o-Iyxose. Similarly, 28 afforded 2-chloro-2-deoxy-a-o-xylopyranosyl chloride
3,4-di(chlorosulfate) (30; Scheme 7).

The formation of 29 from 27 has been interpreted [50] as occurring by an intra
molecular displacement of the chlorosulfate at C-2, by participation of the chlorine atom at

Scheme 6

In this case, the lack of displacement of the chlorosulfonyloxy group at C-4 is attributed to
the presence of an axial group at C-2, and the lack of displacement at C-3 is attributed to the
presence of the axial methoxyl group at C-1.

The reaction of sulfuryl chloride with reducing sugars yields glycosyl chlorides
containing both chlorosulfate and chlorodeoxy groups [39]. Thus, the reactions with
o-glucose and n-xylose, with isolation of the products at room temperature, afford 4,6
dichloro-4,6-dideoxy-o-galactopyranosyl chloride 2,3-di(chlorosulfate) and 4-chloro-4
dcoxy-r-arabinopyranosyl chloride 2,3-di(chlorosulfate), respectively. If the product of
reaction with o-xylose is isolated at low temperature, substitution of the chlorosulfonyloxy
group at C-4 by chloride ion is inhibited, and o-xylopyranosyl chloride 2,3,4-tri-(chloro
sulfate) is obtained in good yield; the actual experimental conditions involved treatment of
o-xylose with sulfuryl chloride and pyridine in chloroform solution at -70°C for 2 h,
followed by allowing the temperature to rise to -10°C, and then maintaining it between
-10 and O°C for 30 min [48]. Under these conditions [49], crystalline n-n-xylopyranose
yields crystalline [3-o-xylopyranosyl chloride 2,3,4-tri(chlorosulfate) 27, and crystalline
[3-o-lyxopyranose is converted into o-n-lyxopyranosyl chloride 2,3,4-tri(chlorosulfate) 28.
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B. Methyl 6-Chloro-6-deoxy-o:-o-glucopyranoside 2,3,4
Tri(chlorosulfate) [41]

c; Methyl 4,6-Dichloro-4,6-dideoxy-o:-o-galactopyranoside
[28,39-41]
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sodium sulfate, was added to the pyridine solution. The heterogeneous reaction mixture
was cooled in a dry ice-acetone bath (about -70°C), and an excess ofredistilled sulfuryl
chloride(26 mL) was added dropwise over of period of 0.5 h with vigorous stirring [39].
Cooling was continued for a further 2 h, and the cold reaction mixture, while still at the
temperature of the dry ice-acetone bath, was quickly poured into a vigorously stirred
solution of ice-cold 10% sulfuric acid (1000 ml.). The product (8.7 g, 29%) was re
crystallized from chloroform-petroleum ether (bp 50°-60°C) and gave 22 as colorless
needles (7 g, 23%): mp 118°C, [a]o +92° (c 0.8, CHC13) .

The reaction in A was performed using methyl a-o-glucopyranoside (18, 10g), except that
the reaction mixture was allowed to warm up slowly to O°Cand then was poured, at this
temperature,into a vigorously stirred solution of ice-cold 10% sulfuric acid (1000 mL). The
5rystalline chloroform-soluble product was recrystallized twice from chloroform-petroleum
ether (bp 35°-60°C) and gave 21 as large colorless prisms (15.5 g, 59%): mp 90°-91°C,
[a]o +115° (c 0.9, CHCI3) .

.Me~yl «-o-glucopyranoside (18, 40 g) was converted into methyl 4,6-dichloro-4,6
)!t~f!I.l,()x.y-a-D-galactopyranoside2,3-di(chlorosulfate) (20, 78 g), by the method of Jennings
i~q?Jones [39,40]. The syrupy material was dissolved in methanol (1200 mL), and a
:A91utl?nof sodium iodide [63 g in 160 mL of methanol-water (1:1,v/v)] was added. The

-i§.l?JilMnwas neutralized with sodium hydrogen carbonate. The insoluble material was
(femo;'led by filtration, and the filtrate was concentrated to dryness. The residue was
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Scheme 9

Section III also gives details of an example of a simple synthesis of azidodeoxy
sugars by displacement with azide ion of chloro groups. The displacement of chloro groups
in sugars and reduction of the resultant azido derivatives constitutes a convenient, high
yielding procedure for synthesis of amino sugars [29].

'Optical rotations were measured at 22°_25°C.

by dechlorosulfation of the product by use of sodium iodide; acid-catalyzed O-debenzyl
idenation of compound 33 then gave methyl 3-chloro-3-deoxY-~-D-allopyranoside 34.
Treatment of 34 with sulfuryl chloride, followed by dechlorosulfation of the product,
afforded methyl 3,6-dichloro-3,6-dideoxY-~-D-allopyranoside 25. The nonsubstitution by
chloride ion of the intermediate chlorosulfony loxy group at C-4 is attributed to the presence
of the vicinal, axial substituent at C-3; also, a chlorosulfonyloxy group at C-2 is deactivated
to nucleophilic substitution by chloride ion. Hydrogenation of 25, in the presence of
potassium hydroxide, over Raney nickel gave methyl 3,6-dideoxy- ~-D-ribo-hexopyranoside
35 which, on acid-catalyzed hydrolysis, afforded paratose (36; Scheme 9). Paratose has
been isolated from lipopolysaccharides elaborated by gram-negative bacteria. Experimen
tal procedures for the synthesis of 36 are given in Section III.

III. EXPERIMENTAL PROCEDURES*

A. Methyl o:-o-Glucopyranoside 2,3,4,6-Tetra(chlorosulfate) [41]

Methyl a-o-glucopyranoside (18, 10 g), previously dried over phosphoric oxide, was
partially dissolved in pyridine (40 mL). Chloroform (100 mL), dried over anhydrous
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2) Nal, MeOH

KOH

F. Reductive Dechlorination of Methyl 4,6-Dichloro-4,6-dideoxy_a_O_
galactopyranoside

In the Presence of Potassium Hydroxide [28J
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reaction mixture was stirred for a further I h at O°e. The mixture was diluted with

chlorofo~ (150 mL): and the solution was washed successively with water, 3% hydro

chloric acid, 5% sodium hydrogen carbonate solution, and water, dried (MgS0
4

) , and

evaporated.The mixture of chlorosulfation products was resolved by chromatography on

slhc~ gel. The products were dechlorosulfated in the usual manner [28,40] by treatment of a

solution of the carbohydrate chlorosulfate in methanol with sodium iodide in aqueous
methanol.

This ~eneral method has been employed for the preparation of methyl 5-chloro-5

deoxY-O:-D-nbofuranoslde: methyl 5-chloro-5-deoxY-!3-D-ribofuranoside, methyl 5-chloro

5-deoxy-a-o-xylofuranoslde, and methyl 5-chloro-5-deoxY-!3-D-xylofuranoside.

A solution of methyI4,6-dichlo~0~4,6-dideoxy-a-o-galactopyranoside [28] (37,4.62 g) in

absolute ethanol (50 mL) containing potassium hydroxide (4.4 g) and W-4 Raney nickel

catalyst [27,5SJ (10 g) was subjected to a hydrogen pressure of 45 psig for 4 h. TLC [Silica

Gel G, E. Merck; :U (v/v) chloroform-methanol] showed that the starting material had all

~e~ted. The sol.utlOn was filtered free of catalyst, and the filtrate was neutralized with I M

Y rochloric acid and concentrated to dryness. The residue was extracted with hot chloro

form (4 X.50ml.), and the dried (MgS04) extracts were concentrated to give a syrup (3 g

91%), whl.ch was distilled at 120°C (bath)/O.1 torr; the distillate crystallized on standing'

RecrystallIzatIOn from ethyl a~etate-petroleum ether (bp 60°-SO°C) gave methyl 4,6~

dldeoxy-o:-o-xylo-~ex?pyranoslde (38) as long needles; mp 70°-75°C, l«l, + 172° (c 1.0,

MeOH); recrystallIzatIOn from ethyl acetate gave the compound as prisms' mp 1070_

109°C, [0:]0 +171° (c 1.0, MeOH); reported [59] mp 104°-106°C, [a] +IS2° (MeOH)'

reported [32] mp 105°-IOSoC, [0:]0 +171° (c 1.0, MeOH). 0 ,

In the Presence of Triethylamine [29J
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A solution of methyl 4,6-dichloro-4,6-dideoxy-a-o-galactopyranoside [2S] (37 I ).

absoluteethanol (30 mL) containing triethylamine (I 3 mL) and W 4 R . k I' g in
. - aney me e catalyst

CHzCI

HO\-'~::=O\ /OMer_b:'
25

+

1) so.ci; C5H5N, CHCI 3

Dry Ice-acetone to r.t...

CI CHzCI

~O, OMe

HO~
24 OH

D. Reaction of Methyl l3-o-Glucopyranoside with SUlfuryl

Chloride [47]

extracted with hot chloroform (3 x 200 ml.), and the dried (MgS04) extracts were concen

trated to give a crystalline product that was recrystallized from chloroform-petroleum

ether (bp 40°-60°C); yield 36 g (76% based on 18). The physical constants were in

agreement with those reported previously [37,40] for compound 37; reported [40] mp

158°C, [ala + 179° (c 2.0, ~o).

To a mixture, cooled in a dry ice-acetone bath, of methyl f3-o-glucopyranoside (23, 5.0 g,

26 mmol) in dry pyridine (20 mL) and chloroform, was added, dropwise with stirring,

sulfuryl chloride (13 mL, 170 mmol) over a period of 30 min. The reaction mixture was

stirred for a further 2 h at the low temperature, and then for 2 h at room temperature. The

mixture was poured into ice and water, and the chloroform layer was separated; the aqueous

solution was extracted several times with chloroform. The combined chloroform solutions

were washed with sodium hydrogen carbonate solution and then with water. Concentration

ofthe dried (NaZS04) chloroform solution gave a syrup (13.5 g). The syrup was dissolved in

methanol. To the stirred methanol solution was added sodium hydrogen carbonate (75 g)

and then, dropwise, sodium iodide (0.55 g) in methanol; the progress of the dechlorosulfa

tion was monitored by thin-layer chromatography (TLC) [Silica Gel G; 3:1 (v/v) pentane

ethyl acetate]. At the end of the reaction, the mixture was filtered through Celite, and the

filtrate was concentrated. The residue was shown by TLC [Silica Gel G; 3:1 (v/v) ethyl

acetate-chloroform] to contain two new, major components having R, 0.40 and Rf 0.53.

These two components were isolated by column chromatography [Silica Gel 60, 70-230

mesh, E. Merck; 3:1 (v/v) ethyl acetate-chloroform], and then recrystallized from

chloroform-petroleum ether (bp 60°-80°C), to give methyI4,6-dichloro-4,6-dideoxy-f3-o

galactopyranoside (24; 1.22 g, 21%): mp 154°-155°C, [a]o +8° (c 0.8, HP); reported [39]

mp 154°C, [a]o -8° (c 0.8, Hz0); and methyl 3,6-dichloro-3,6-dideoxY-I3-D-allopyrano

side (25; 2.86 g, 48%): mp 164°-165°C, [a]o ~54° (c 0.6, CHCI3) ; reported [57] mp 163°

IMoC, la]o -54° (CHCI3) ·

E. Reaction of Methyl Pentofuranosides with Sulfuryl Chloride:

Synthesis of 5-Chloro-5-deoxypentoses [51]

To a cooled (dry ice-acetone) solution of the methyl pentofuranoside (1.7 g, 10 mmol)

in dry pyridine (S mL) and chloroform (20 mL). was added sUlfu~1 chloride (4 mL, 30

mmol) dropwise, with stirring. Cooling was continued for an additional 2 h, and then the
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In the Presence of Triethylamine

G. Reductive Dechlorination of Methyl 3,6-Dlchloro-3,6-dldeoxY-I3-o
allopyranoside [60]

A solution of methyl 3,6-dichloro-3,6-dideoxy-I3-D-allopyranoside [47] (25, 1.0 g) in
ethanol (30 mL) containing W-4 Raney nickel catalyst [27,58] (20 mL ethanol slurry) and
triethylamine (1.3 mL) was subjected to a hydrogen pressure of 45 psig for 36 h. TLC
[Silica Gel G, Brinkmann; 2:1 (v/v) ethyl acetate-petroleum ether (bp 60°-80°C)] showed
that the starting material (R, 0.42) had all reacted and revealed the presence of a new
component having an R, of 0.23. The filtered solution was concentrated to a syrup, which

36
~
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•
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33

H. Synthesis of 3,6-Dideoxy-o-ribo-hexose (Paratose) [56]

was chromatographed on silica gel, with ethyl acetate as eluent. Methyl 6-chloro-3,6
dideoxy-Bce-nso-hexopyranoside 40 was obtained as a colorless syrup that crystallized on
standing; yield 0.68 g (80%), mp 41°-43°C, I«l, -57.3° (c 1.2, HzO).

A solution of methyl 4,6-0-benzylidene-3-chloro-3-deoxY-I3-D-allopyranoside [29] (33,
2.45 g) in acetone (40 mL) and 0.2 N hydrochloric acid (13 mL) was heated at reflux
temperature for 4 h. The acetone was removed by distillation, and the aqueous solution was
neutralized with Duolite A-4(OH-) ion-exchange resin and concentrated to yield methyl
3-chloro-3-deoxY-I3-D-allopyranoside as a chromatographically homogeneous (TLC)
syrup [41] (1.56 g), RfO.5 [6:2:1 (v/v/v) l-butanol-ethanol-water], [a]o -49° (c 1.0, HzO).
This syrupy product (1.39 g) was converted into methyI3,6-dichloro-3,6-dideoxY-I3-D-allo
pyranoside 25 as described by Cottrell et al. [44]. The crystalline product was recrystallized
from chloroform-petroleum ether to give the final product (0.5 g, 33%): mp 162°-163°C,
[a]n -43° (c 0.6, CHC13) ; reported [44] mp 154°-156°C, [a]o -45° (c 1.0, CHCI

3
) .

A solution of methyl 3,6-dichloro-3,6-dideoxy-I3-D-allopyranoside (25, 148 mg) in
ethanol (50 mL) containing potassium hydroxide (70 mg) and W-4 Raney nickel [27,58]
(40 mg) was shaken in an atmosphere of hydrogen for 2 days. A solid product was isolated
in the usual manner; recrystallization from ethyl acetate-petroleum ether gave methyl 3,6
dideoxY-I3-D-ribo-hexopyranoside (35, 89 mg, 86%): mp 63°-65°C, [a]o -60° (c 1.5,
MeOH). A solution of methyl 3,6-dideoxY-I3-D-ribo-hexopyranoside (35, 86 mg) in 1 N
sulfuric acid (10 mL) was heated at 90°C for 5 h. The cooled solution was neutralized with
Duolite A-4(OH-) ion-exchange resin and concentrated to yield paratose 36 as a homoge
neous (TLC) syrup (61 mg, 78%): R, 0.21 [Silica Gel G; 6:1 (v/v) chloroform-methanol],
[et]o +7° (c 1.1, H20), in agreement with values reported previously [61,62] for paratose.

I. Methyl 4,6-Diazido-4,6-dideoxy-a-o-glucopyranoside [29]

A stirred mixture of methyl 2,3-di-O-acetyl-4,6-dichloro-4,6-dideoxy-a-D-galactopyrano
side (41, I mmol) [prepared by acetylation (acetic anhydride-pyridine) of methyl 4,6
dichloro-4,6-dideoxy-a-D-galactopyranoside 37], sodium azide (4 mmol), and dry N,N-

35

({

Me 00Me

HO

H

Hz, Raney Ni
•

KOH

Hz, RaneyNi
•Q

CHZCl o Me

HO

I OH
25

Q
CHZCl

o Me

HO

CI H

25

A solution of methyl 3,6-dichloro-3,6-dideoxy-I3-D-allopyranoside [47] (25, 1.5 g) in
ethanol (150 mL) containing W-4 Raney nickel catalyst [27,58] (30 mL ethanol slurry) and
potassium hydroxide (1.5 g) was subjected to a hydrogen pressure of 45 psig for 4 h. TLC
[Silica Gel G, Brinkmann; 2:1 (v/v) ethyl acetate-petroleum ether (bp 60°-80°C)] showed
that the starting material (R, 0.42) had all reacted and revealed the presence of a new
component having an Rfof0.14. The catalyst was removed by filtration, and the filtrate was
neutralized with I N sulfuric acid. The mixture was filtered through Celite, and the dried
(MgS0

4
) filtrate was concentrated to yield a yellow oil (1.2 g), which was distilled at 90°

100°C/I torr; the colorless distillate (0.81 g, 77%) crystallized on standing. Recrystalliza
tion from ethyl acetate-petroleum ether (bp 60°-80°C) afforded methyl 3,6-dideoxy
I3-D-ribo-hexopyranoside 35 as colorless crystals (0.65 g, 62%): mp 62°-64°C, [a]o
-65.5° (c 1.2, HzO)·

In the Presence of Potassium Hydroxide

[58] (2 g) was subjected to a hydrogen pressure of 45 psig for 30 h. The filtered solution was
neutralized with 2 M hydrochloric acid and concentrated to a residue, which was partitioned
between chloroform and water. The dried (MgS04) chloroform solution was concentrated
to a residue that crystallized from ethyl acetate. Fractionation on silica gel, with 5%
methanol in ethyl acetate as eluent, and then recrystallization from ethyl acetate-petroleum
ether (bp 60°-80°C) gave methyl 6-chloro-4,6-dideoxy-a-D-xylo-hexopyranoside 39 as
colorless needles (about 90%): mp lIoo-llloC, [a]o +165° (c 1.02, MeOH).
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chromatographically homogeneous syrup; yield 1.7 g (71%), s, 0.67 [Silica Gel G; 1.9 (v/v)
methanol-ethyl acetate], [a]o -14.3° (c 0.8, Me2CO).

REFERENCES

J. Methyl 2,3-DideoxY-Jl-o-glycero-hex-2-enopyranosid-4-ulose [64]

dimethylformamide was maintained at 130°C for 12 h. The solvent was removed under
reduced pressure, and the residue was partitioned between chloroform and water. The
chloroform solution was dried over anhydrous sodium sulfate and concentrated to leave a
syrupy product which was de-esterified by treatment with ethanolic sodium ethoxide [63Jto
give methyl 4,6-diazido-4,6-dideoxy-a-D-glucopyranoside 42 (90%): mp 85°-87°C,

[a]o +108° (c 1.05, CRCI3); reported [63] mp 86°-88°C, [a]o +1100 (c U8, CRCI3).

I. A. A. E. Penglis, Fluorinated carbohydrates, Adv. Carbohydr. Chem. Biochem. 38:195 (1981).
2. N. F. Taylor, Fluorinated Carbohydrates. Chernical and Biochemical Aspects, ACS Symp. Ser.

374 (1988).
3. T.Tsuchiya,Chemistry and developments of fluorinated carbohydrates, Adv. Carbohydr. Chern.

Biochern. 48:91 (1990).
4. Special issue on fluoro sugars, Carbohydr. Res. 249(1) (1993).
5. I. D. Jenkins, J. P. H. Verheyden, and J. G. Moffatt, Synthesis of the nucleoside antibiotic

nucleocidin, J. Am. Chem. Soc. 93:4323 (1971).
6. R. D. Birkenmeyer and F. Kagan, Lincomycin. XI. Synthesis and structure of clindamycin, a

potent antibacterial agent, J. Med. Chern. 13:616 (1970).
7. T.Tsuchiya and S. Umezawa, Studies of antibiotics and related substances. XXI. The synthesis

of deoxy and chlorodeoxy derivatives of kanamycin, Bull. Chem. Soc. Jpn. 38:1181 (1965).
8. T. Suami, L. Hough, M. Tsuboi, T. Machinami, and N. Watanabe, Molecular mechanisms of

sweet taste. V. Sucralose and its derivatives, J. Carbohydr. Chern. 13:1079 (1994).
9. S. S. Thomas, J. Plenkiewicz, E. R. Ison, M. Bois, W. Zou, W. A. Szarek, and R. Kisilevsky,

Influenceof monosaccharide derivatives on liver cell glycosaminoglycan synthesis: 3-deoxy
n-xylohexose (3-deoxY-D-galactose) and methyl (methyl 4-chloro-4-deoxy-j3-D-galacto
pyranosid)uronate, Biochim. Biophys. Acta 1272:37 (1995).

10. J. E. G. Barnett, Halogenated carbohydrates, Adv. Carbohydr. Chern. 22:177 (1967).
II. S. Hanessian, Some approaches to the synthesis of halodeoxy sugars, Adv. Chern. Ser. 74:159

(1968).
12. W. A. Szarek, Deoxyhalogeno sugars, Adv. Carbohydr. Chem. Biochem. 28:225 (1973).
13. W. A. Szarek, General carbohydrate synthesis, in MTP International Review of Science,

Organic Chemistry Series One, Vol. 7, Carbohydrates, G. O. Aspinall, ed., Butterworths,
London, 1973, p. 71.

14. W.A. Szarek and D. M. Vyas, General carbohydrate synthesis, in MTP International Review of
Science, Organic Chemistry Series Two, Vol. 7, Carbohydrates, G. O. Aspinall, ed., Butter
worths, London, 1976, p. 89.

15. C. R. Haylock, L. D. Melton, K. N. Slessor, and A. S. Tracey, Chlorodeoxy and deoxy sugars,
Carbohydr. Res. 16:375 (1971).

16. N. K. Kochetkov and A. I. Usov, The reaction of carbohydrates with triphenyl phosphite
methiodide and related compounds. A new synthesis of deoxy sugars, Tetrahedron 19:973
(1963).

17. P. J. Garegg, Some aspects of regio-, stereo-, and chemoselective reactions in carbohydrate
chemistry, Pure Appl. Chem. 56:845 (1984).

18. M. Hudlicky, Fluorination with diethy1aminosulfur trifluoride and related aminofluoro
sulfuranes, Org. React. 35:513 (1988).

19. S. Hanessian and N. R. Plessas, Reactions of carbohydrates with (halomethylene)dimethyl
iminium halides and related reagents. Synthesis of some chlorodeoxy sugars, J. Org. Chem.
34:2163 (1969).

20. M. G. Straatmann and M. J. Welch, Pluorine-l S-Iabeled diethylaminosulfur trifluoride (DAST):
A fluorine-for-hydroxyl fluorinating agent, J. Nucl. Med. 18:151 (1977).

21. A. C. Richardson, Nucleophilic replacement reactions of sulphonates. Part VI. A summary of
steric and polar factors, Carbohydr. Res. /0:395 (1969).

22. A. C. Richardson, Amino and nitro sugars, in MTP International Review of Science, Organic

42

0.05 M HCI ..

reflux. 2 h

acetone, reflux
30min

Na08z, THF..

41

=OM'
OH

44

A solution of methyl 4,6-0-benzylidene-3-cWoro-3-deoxY-~-D-allopyranoside[29] (33,
12.6 g) in dry tetrahydrofuran (500 mL) containing sodium benzoate (12 g) was boiled for 2
h under reflux. The cooled suspension was filtered, and the filtrate was evaporated to dry
ness. The residue was extracted with chloroform, and the extract was washed with water,
dried (MgSO4)' and evaporated to dryness. Crystallization of the product from chloroform
petroleum ether gave methyl 4,6-0-benzylidene-~-D-erythro-hex-3-enopyranoside43,
yield 8.8 g (85%), mp 134°_135°C, [a]o -43 0 (c 1.58, CRCI3) .

A solution of methyl 4,6-0-benzylidene-~-D-erythro-hex-3-enopyranoside(43,
4 g) in acetone (60 ml.) and 0.05 Mhydrochloric acid (40 mL) was boiled for 30 min under
reflux. The solution was cooled, made neutral with barium carbonate, and the mixture was
filtered. The acetone was evaporated, and the resulting aqueous solution was washed with
petroleum ether, and then extracted with chloroform; the extracts were washed with a small
amount of water (to remove the material that did not migrate in TLC), dried (MgS04) , and
evaporated, to give methyl 2,3-dideoxY-~-D-glycero-hex-2-enopyranosid-4-ulose44 as a



124 Szarek and Kong Halogenation of Carbohydrate Derivatives 125

Chemistry Series One, Vol. 7. Carbohydrates, G. O. Aspinall, ed., Butterworths, London, 1973,
p.l05.

23. S. Hanessian, Deoxy sugars, Adv. Carbohydr. Chem. 21:143 (1966).
24. S. Hanessian, ed., Deoxy Sugars, Adv. Chem. Ser. 74 (\ 968).
25. R. F. Butterworth and S. Hanessian, Tables of the properties of deoxy sugars and their simple

derivatives, Adv. Carbohydr. Chem. Biochem. 26:279 (\971).
26. L. Vargha and J. Kuszmann, 2-Chloro-2-deoxY-D-arabinose and -n-ribose. A new synthesis of

2-deoxy-D-erythro-pentose, Chem. Ber. 96:411 (1963).
27. B. T. Lawton, D. J. Ward, W. A. Szarek, and 1. K. N. Jones, Synthesis of n-chalcose, Can. J.

Chem. 47:2899 (1969).
28. B. T. Lawton, W. A. Szarek, and J. K. N. Jones, A facile synthesis of 4,6-dideoxy-D-xylo

hexose, Carbohydr. Res. 14:255 (1970).
29. B. T. Lawton, W. A. Szarek, and J. K. N. Jones, Synthesis of deoxy and aminodeoxy sugars by

way of chlorodeoxy sugars, Carbohydr. Res. 15:397 (1970).
30. B. T. Lawton, W. A. Szarek, and J. K. N. Jones, unpublished results.
31. H. Arita, N. Veda, and Y. Matsushima, The reduction of chlorodeoxy sugars by tri-n-butyltin

hydride, Bull. Chem. Soc. Jpn. 45:567 (1972).
32. H. Paulsen, B. Sumlleth, and H. Redlich, Selektive Synthese der D-Aldgarose aus Aldgamycin E

und F, Chem. Ber. 109:1362 (\976).
33. L. W. Menapace and H. G. Kuivila, Mechanism of reduction of alkyl halides by organotin

hydrides, J. Am. Chem. Soc. 86:3047 (1964).
34. B. Helferich, Two new derivatives of a- and J3-methyl glucoside, Berichte del' deutschen

chemischen Gesellschaft 54:1082 (1921).
35. B. Helferich, A. Lowa, W. Nippe, and H. Riedel, Two new derivatives of trehalose and mannitol

and an a-methyl glucoside dichlorohydrin, Berichte del' deutschen chemischen Gesellschaft
56:1083 (1923).

36. B. He!ferich, G. Sprock, and E. Besler, d-Glucose 5,6-dichlorohydrin, Berichte del' deutschen
chemischen Gesellschaft 58:886 (1925).

37. P. D. Bragg, J. K. N. Jones, and J. C. Turner, The reaction of sulphuryl chloride with glycosides
and sugar alcohols. Part I, Can. J. Chem. 37:1412 (1959).

38. 1. K. N. Jones, M. B. Perry, and J. C. Turner, The reaction of sulphuryl chloride with glycosides
and sugar alcohols. Part II, Can. J. Chem. 38: 1122 (1960).

39. H. J. Jennings andJ. K. N. Jones, The reaction of sulphuryl chloride with reducing sugars. Part I,
Can. J. Chem. 40:1408 (1962).

40. H. J. Jennings and J. K. N. Jones, The reaction of chlorosulphate esters of sugars with pyridine,
Can. J. Chem. 41:1151 (1963).

41. H. J. Jennings and J. K. N. Jones, Reaction of sugar chlorosulfates. Part V. The synthesis of
chlorodeoxy sugars, Can. .T. Chem. 43:2372 (1965).

42. H. J. Jennings and J. K. N. Jones, Reaction of sugar chlorosulfates. Part VI. The structure of
unsaturated chlorodeoxy sugars, Can. J. Chem. 43:3018 (1965).

43. A. G. Cottrell, E. Buncel, and J. K. N. Jones, Chlorosulphate as a leaving group: The synthesis
of a methyl tetrachloro-tetradeoxy-hexoside, Chem. Ind. (Lond.): p. 522 (1966).

44. A. G. Cottrell, E. Buncel, and J. K. N. Jones, Reactions of sugar chlorosulfates. VII. Some
conformational aspects, Can. .T. Chem. 44:1483 (\966).

45. S. S. Ali, T. J. Mepham, 1. M. E. Thie!, E. Buncel, and J. K. N. Jones, Reactions of sugar
chlorosulfates. Part VIII. o-Ribose and its derivatives, Carbohydr. Res. 5: 118 (\ 967).

46. E. Buncel, Chlorosulfates, Chem. Rev. 70:323 (1970).
47. D. M. Dean, W. A. Szarek, and J. K. N. Jones, A reinvestigation of the reaction of methyl J3-D

glucopyranoside with sulfuryl chloride, Carbohydr. Res. 33:383 (1974).
48. H. J. Jennings, Synthesis of 6-0-a- and J3-D-xylopyranosyl-D-mannopyranose. (Glycosidation

of o- and J3-D-xylopyranosylchloride, 2,3,4-tri(chlorosulfate», Can. J. Chem. 46:2799 (1968).
49. H. J. Jennings, Conformations and configurations of Some chlorosulfated ct- and J3-D

pentopyranosyl chlorides, Can. J. Chem. 47:1157 (1969).

50. H. J. Jennings, Stereospecific synthesis of two epimeric 2-chlorodeoxy pentoses involving
anomeric chlorine participation, Can. J. Chem. 48:1834 (1970).

51. B. Achmatowicz, W. A. Szarek, J. K. N. Jones, and E. H. Williams, Reaction of methyl
pentofuranosides with sulfuryl chloride, Carbohydr. Res. 36:C14 (1974).

52. H. Parolis, The synthesis of chlorodeoxyhexofuranoid derivatives, Carbohydr. Res. 114:21
(1983).

53. P. L. Durette, L. Hough, and A. C. Richardson, The chemistry of maltose. Part I. The reaction of
methyl J3-maltoside with sulphuryl chloride, Carbohydr. Res. 31:114 (1973).

54. J. M. Ballard, L. Hough, A. C. Richardson, and P. H. Fairclough, Sucrochemistry. Part XII.
Reaction of sucrose with sulphuryl chloride, J. Chem. Soc. Perkin /:1524 (1973).

55. L. Hough, S. P. Phadnis, and E. Tarelli, The preparation of 4,6-dichloro-4,6-dideoxy-ct-D
galactopyranosyl 6-chloro-6-deoxy-J3-D-fructofuranoside and the conversion of chlorinated
derivatives into anhydrides, Carbohydr. Res. 44:37 (1975).

56. E. H. Williams, W. A. Szarek, and J. K. N. Jones, Synthesis of paratose (3,6-dideoxy-D-ribo
hexose) and tyvelose (3,6-dideoxy-D-arabino-hexose), Can. J. Chem. 49:796 (1971).

57. R. G. Edwards, L. Hough, A. C. Richardson, and E. Tarelli, A reappraisal ofthe selectivity ofthe
mesyl chloride-N,N-dimethylformarnide reagent. Chlorination at secondary positions, Tetra
hedron Lett.: p. 2369 (1973).

58. A. A. Pavlic and H. Adkins, Preparation of a Raney nickel catalyst, J. Am. Chem. Soc. 68:1471
(1946).

59. G. Siewert and O. Westphal, Substitution of secondary p-tolylsulfonyloxy groups by iodine.
Synthesis of 4-deoxy- and 4,6-dideoxy-D-xylo-hexose, Liebigs Annalen del' Chemie 720:161
(1969).

60. W.A. Szarek, A. Zarnojski, A. R. Gibson, D. M. Vyas, and J. K. N. Jones, Selective, reductive
dechlorination of chlorodeoxy sugars. Structural determination of chlorodeoxy and deoxy
sugars by l3C nuclear magnetic resonance spectroscopy, Can. J. Chem. 54:3783 (1976).

61. O. Westphal and O. Luderitz, 3,6-Dideoxyhexoses-chemistry and biology, Angew. Chem.
72:881 (1960).

62. C. Fouquey, J. Polonsky, and E. Lederer, Synthesis of three 3,6-dideoxyhexoses. Determination
of the structure of the natural sugars tyvelose, ascarylose, and paratose, Bull. Soc. Chim. Fr.
p. 803 (\ 959).

63. J. Hill, L. Hough, and A. C. Richardson, Nucleophilic replacement reactions of sulphonates.
Part I. The preparation of derivatives of 4,6-diamino-4,6-dideoxY-D-glucose and -n-galactose,
Carbohydr. Res. 8:7 (1968).

64. E. H. Williams, W. A. Szarek, and J. K. N. Jones, Preparation of unsaturated carbohydrates from
methyl 4,6-0-benzylidene-3-chloro-3-deoxY-J3-D-ailopyranoside, and their utility in the syn
thesis of sugars of biological importance, Carbohydr. Res. 20:49 (1971).



7
Nucleophilic Displacement Reactions
of Imidazole-l-Sulfonate Esters

Jean-Michel Vatele
Universite Claude Bernard, Villeurbanne, France

Stephen Hanessian
University of Montreal, Montreal, Quebec, Canada

1. Introduction 127
II. Methods 130

A. Preparation and nucleophilic substitution reactions of
imidazole-l-sulfonates 130

B. Formation of imidazole-I-sulfonates from alcohols 130
C. Reactions of carbohydrate imidazole-l-sulfonates 131
D. Conclusion 135

III. Experimental Procedures 136
A. Preparation of imidazole-1-sulfonates 136
B. Substitution reactions 139
References 145

I. INTRODUCTION

Sincethe pioneering work of Karl Freudenberg on displacements of carbohydrate p-toluene
sulfonates [1-5], bimolecular nucleophilic substitutions became one of the most employed
andusefulreactions in carbohydrate chemistry. Indeed SN2-type reactions have allowed the
introduction of a variety of heteroatoms (halogens, N-, 0-, S-) into carbohydrates, and the
resulting compounds have been used in many synthetic and biological contexts [6].

Deoxy halogeno sugars are of particular interest because halogenated carbohydrates
and nucleosides have biologically interesting properties [7,8-14]. They are also excellent
precursors to deoxy sugars, an important class of biologically occurring carbohydrates
[9,15,16]. Introduction of nitrogen substituents by nucleophilic substitution is the most
effective way to prepare certain amino sugars [17,18], which are also of widespread
occurrence in nature [19].

127
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3.5% yield [34J
82% yield [33J

H~~O~ R3~O,
IO~ ~4~

OMe R5 OMe

70% yield [451

75% yield [44, 45J

84% yield [491
82% yield [501

Rl=R2=1, R4=OH, R3=R5=H

Rl=R5=Br, R3=OH, R2=R4=H

Scheme 4

PPh3, 12 , imidazole

PPh3,tribromoimidazole

reaction,which relies on the diethy1azodicarboxylate (DEAD)-triphenylphosphine redox

syst~m, is the most versatile and synthetically useful of phosphorus (lIl)-based reagents,

and It has been extensively used in the synthesis of estero, amino-, halo-, and sulfur

substitutedcarbohydrates [47,48]. An example of the efficiency of the Mitsunobu reaction

comparedwithp-toluenesulfonate esters to promote nucleophilic displacements is depicted

in Scheme 3 [49,50].

p-TsCI,then NaN3, DMF 120·C,19h
DIAD, PPh3, Zn(N3)2 r.t., 0.5-2h

Scheme 3

The original Rydon reagent [51], methyl triphenoxyphosphonium iodide [(PhO) P+_

Mel '], which was used extensively for the preparation of deoxyiodo sugars [52_54]3and

nucleosides [41,55-59] is still a reliable and efficient protocol.

Otherreagents, such as sulfuryl chloride [60], the Vilsmeier-Haack reagent [(Me N+=

CHX)X-] [61] and, more recently, diethylaminosulfur trifluoride (DAST) [11-13] are

useful for the direct replacement of hydroxy groups by halogen atoms.

Many reagents known for the direct conversion of alcohols into halides have been

used to achieve site-selective nucleophilic substitution in polyhydroxy compounds [44

46,62].In some cases, it is possible to effect selective displacements of primary alcohols in

the presence of secondary ones, and to achieve differential substitutions of secondary

alcohols in unprotected sugars [44,45,64,65] (Scheme 4),

Even though phosphorus-based reagents and sulfonate esters have found extensive

applications as leaving groups in carbohydrate chemistry, they have some drawbacks.

Thus, tnllat~ esters are usually. prepared from trifilic anhydride, a relatively expensive

~e,agent, which could .pr~clude Its ~se on a large scale. Because of their high reactivity,

tnlla.te esters.h~ve a limited shelf-life. Their preparation occasionally requires the use of

specific so~htsttcate~ bases s.uchas 2,6-di-t-butyl-4-methylpyridine [63]. The major diffi

cu!tyexpenenced with the tnphenylphosphine-based reagents and Mitsunobu reactions is

,tlieremoval. of redox ~y-produ~ts such as triphenylphosphine oxide and diethoxycar

ponylhydrazllle,. respectively, Tnphenylphosphine-based reagents are known to under 0

rearrangements III certain cases [35,40,66,67]. g

Scheme 1

Substitution of primary and secondary alcohols by SN2 reactions is generally effected

according to two protocols, as shown in Scheme 1.The most common approach involves

the formation of a sulfonate ester which is an excellent leaving group. In the second

method, a direct conversion from the alcohol can be achieved by a transient species, usually

an alkoxyphosphonium salt.
Sulfonic esters of sugar derivatives provide a versatile and simple method for

activating hydroxy groups for a bimolecular displacement reactions with nucleophiles.

Until the late I970s, the most common sulfonate leaving groups consisted of either

p-toluenesulfonates or methanesulfonates [20-22]. The use of a p-bromobenzenesulfonate

(brosylate), a leaving group ten times more reactive than a p-toluenesulfonate group [23],

has been occasionally reported [24], and has allowed, for example, substitutions under mild

conditions at the C-4 position of n-gluco- and o-galactopyranoside derivatives with a

variety of nucleophiles [25,26]. The introduction of the trifluoromethanesulfonate group

(triflate) [27,28] in the field of carbohydrate chemistry, greatly improved the efficiency of

displacement reactions [29,30], which were sluggish or impossible when other sulfonic

esters were used [22,31,32]. Nucleophilic displacement reactions of secondary sulfonates

have been discussed in terms of polar and electronic effects [32]. In general, SN2 substitu

tions at C-2 in alkyl o-o-glucopyranosidcs are difficult to achieve. It is thus not easy to

prepare 2-substituted alkyl o-o-mannopyranosides by displacement of 2-arylsulfonates, for

example. Even with the more reactive triflates, a temperature of 80°C (5 h) was needed to

effect a displacement with benzoate ion [33]. The corresponding reaction with a mesylate

leaving group was not possible even at 153°C (120 h) [34] (Scheme 2).

120h,153·C
5h,80·C

Scheme 2

A variety of phosphorus-containing reagents have been employed in sugar chemistry

in the direct S 2 replacement of hydroxy groups mainly by halide ions [35]. Most of these

reagents used Na combination of triphenylphosphine with an electrophilic halogen source

such as N-halosuccinimide [36,37], carbon tetrahalides [38-41], and more recently, tri

haloimidazole or iodine and imidazole [42-45] or related reagents [46]. The Mitsunobu
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II. METHODS

A. Preparation and Nucleophilic Substitution Reactions of
Imidazole-l-sulfonates

The imidazole-l-sulfonate (imidazylate, Imz) group was a "designed" leaving group for
SN2 displacement reactions by virtue of its inherent structure [68]. It represents a different
notion of reactivity because, in addition to the inherent sulfonate-type character, its reac
tivity can be enhanced by remote activation involving a nitrogen atom (Scheme 5).

trimethylsilyl ether with tetrabutylammonium fluoride [68] followed by addition of N,N'
sulfuryldiimidazole,

Most carbohydrate imidazylates have good crystallization properties, and they are
stable at room temperature. Common functionalities encountered in carbohydrates are
compatible under the conditions of formation of imidazylates. For imidazolylsulfonylation
of vicinal secondary diols, the obtained product depends on the method used. Thus, in the
sulfuryl chloride method (method A), a sugar disulfonate was obtained [72], whereas the
use of NaH/N,N' -sulfuryldiimidazole led to a cyclic sulfate [73].

Scheme 5

Method A

Lt.,2d.
85%

'lf~ _<": _---=.cc:..::=-=---=_....."o~ ~
~ill~NHCbZ ~~NHCbZ

OBz OBz

Scope and Limitations

With primary or nonsterically hindered secondary alcohols, method A led exclusively to the
formation of chlorinated sugars [68]. The mildness and efficiency of this chlorination
method was used to advantage in the synthesis of a dichloro aminoglycoside, a precursor of
seldomycin factor 2 [68] (Scheme 7).

'iI f=:JR-O-S-N
n "o

B. Formation of Imidazole-1-sulfonates from Alcohols Scheme 7

Two methods have been developed for preparing carbohydrate imidazole-I-sulfonates [68]
(Scheme 6). The first, (method A) consists in allowing a partially protected sugar to react
with 1.5 eq. of sulfuryl chloride in dimethylformamide (DMF) at -40°C in the presence

Method A

Imidazolesulfonylation of the C-4 axial oxygen of galactopyranoside derivatives,
involving N,N'-sulfuryldiimidazole 1 and NaH, must be carried out a low temperature
(-30°C, 7 h). At room temperature, a product of l3-elimination was obtained [74] by a
favored anti elimination process [75], presumably induced by the sodium salt of imidazole
present in the medium.

ROH
S02CI2, DMF

excess imidazole
·40°C

r.t. ROS02-N~N
imidazole • "=I

C. Reactions of Carbohydrate Imidazole-1-sulfonates

Method B

ROH NaH, DMF RONa

Until the introduction of triflate or imidazylate esters in carbohydrates, SN2-displacements
of carbohydrate sulfonates with charged nuc1eophiles in certain positions of hexopyranose
or furanose derivatives were not possible, or gave low yields of substituted products owing
to the predominance of elimination or rearrangement reactions [6,22,32,33].

Scheme 6

of 6 eq. of imidazole, to form initially a chlorosulfate ester [69,70], in which the chlorine
atom is substituted by imidazole at room temperature. With few exceptions, ester formation
was completed within I h. In the second method (method B), the alkoxide, generated by
treatment with NaH in DMF reacts readily at -40°C with an excess of N,N'-sulfuryl
diimidazole, a stable and highly crystalline reagent [71]. An alternative method, in which
the use of NaH is avoided, consists in generating the alkoxide from the corresponding

MethodC

ROSiMe3
IJ.

Substitution Reactions

Displacements of 6-Mesylate or Tosylate Esters of D-Galactopyranose Deriva
f"tires. These reactions are known to be particularly sluggish compared with analogous
reactions in the o-glucopyranose series [20,77,76], presumably because of the polar,
repulsiveforces in the transition state involving lone pairs of electrons on the axial 0-4 and

ion the ring-oxygen atom [32]. In contrast, reaction of the 6-imidazylate ester of 1,2:3,4
JIi80-isopropylidene-a-o-galactopyranose at room temperature with a variety of nucleo
,pliiJes (azide, halides) proceeded in good yields (75-81%) at room temperature [68]. Given
JIi.e"mherent functional design of imidazylate group, treatment with methyl iodide gave the
'correspondingiodide in good yield [68,78]. The difference of reactivity between imidazyl
'at¢and tosylate groups is illustrated in Scheme 8.
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Scheme 9

Nu-

Scheme 12
lBZO~O) 1_B:0~0~

\--I6Bz \--y6BZ
BzO OSOzF BzO

OSOzN/'>N

Bno~o,L \-J Bn~~
~ ---=..:=--- Bn

OBn OBn
Nu

BZOU KHFz

OBz HF

BzO OSOzN/'>N
\-J

BU4NN3,110°C,16h 82%yield

BU4NOBz,110°C,24h 53% yield

Scheme 11

p~~ p~o~ nBU3SnH Ph~~
Imlfo ----.- 0 -""'A-IB-N--' 0

CbzHN OMe Toluene lOMe
CbzHN CbzHN OMe

Scheme 13

Imidazole-L-sulfonate Displacements at the C-3 and C-4 Positions of Sugar
Derivatives. Displacement reactions oftosylates at the C-3 position of u-o-glucopyrano
side derivatives proceed with difficulty because of a nonbonded 1,3-diaxial interaction
between the aglycone and the approaching nucleophile [32], as well as complications
arising from neighboring group participation [90].

Treatment of methyl 4,6-0-benzylidene-2-benzyloxycarbonylamino-2-deoxy-3-0
(irnidazole-l-sulfony1)-a-o-glucopyranoside with tetrabutylammonium iodide in refluxing
toluene (3 h) gave the corresponding iodo derivative in 90% yield [68] (Scheme 13). When

benzyl-4,6-0-benzylidene-a-o-mannopyranoside with tetrabutylammonium azide in re
fluxingtoluene gave the expected 2-azido-2-deoxy-gluco derivative in only 23% yield [86].
The major product was that resulting from [3-elimination. As expected, the trans relation
between H-3 and the leaving group favors elimination over substitution. Nevertheless, in
spite of the modest yield of the 2-azido product, the 2-imidazylate ester emerges as a useful
nucleofugal group here.

As in the pyranoside series, the substitution at C-2 of furanoside derivatives is also
difficult [87]. Treatment of the 2-imidazylate ester of a benzyl 5-deoxy-a-o-hexofurano
side derivative with tetrabutylammonium azide or benzoate in refluxing toluene led to the
formation of substitution products in 82 and 53% yields, respectively [88] (Scheme 11).

Another interesting use of the imidazylate group in the furanoside series has been
described by Tann et al. [89]. Thus, treatment of the C-2 imidazylate ester of the o-r»
ribofuranoside tribenzoate derivative with KHF2 and HF, at 160°C, led to the 2-deoxy-2
lluoro sugar in 63% yield, presumably through the intermediacy of the lluorosulfate ester
(HPLC). The 2-f1uoro compound is a key intermediate in the preparation of 2'-fluoro-2'
deoxy o-arabinofuranosyl pyrimidine nucleosides, which exhibit powerful antiherpetic
activity [89] (Scheme 12).

YOOBn

x
80°C,1-2h

90%

R=SOZ-o- Nal, 1OS°C, 36h 85% [79)

/'>
R=SOz-U BU4N1, 25°C, 6h 84% [68)

R=SOz-N/'>N CH31, 25°C, 8h 78% [681
\-J

Scheme 8

OBn OBn

~
£~ Ph~~OBZ ~~.

Ph~O 0 O/~~ __.:..:- • 0 ·0 0-1~
~O Bn BnO OBn BnO OBn

OSOzN/'>N
\-J

R=CF3 NaN3,DMF, 65°C, 27%

Scheme 10

As depicted in Scheme 10, displacement of the 2-imidazylate ester of a [3-L-arabino
pyranoside derivative with azide ions occurred readily in refluxing .tolue~e to at:ford a
2-azido-2-deoxy-L-ribopyranoside [84]. Treatment of the correspondmg tnflate WIth so
dium azide gave the same azido compound in only 27% yield [84].

2-0-Sulfonates of a-o-mannopyranoside derivatives are usually resistant to dis
placement with charged nucleophiles [85]. Treatment of the 2-imidazylate of methyl 3-0-

lmidazylate Displacements at the C-2 Position of Sugar Derivatives. Attempted
displacement of 2-tosylate or mesylate esters situated at C-2 of a pyranoside ring with
charged nucleophiles is normally unsuccessful [22,32,33]. In contrast, the 2-imidazylate
ester of a- or [3-D-glucopyranoside derivatives could be readily displaced under mild
conditions with halide, carboxylate, and N-nucleophiles in excellent yields [68,80]. Intro
duction of benzoate and azide groups by nucleophilic displacement reactions of 2-imidaz
ylate esters in [3-D-glucopyranoside derivatives has been used in a new synthetic strategy
for the synthesis of disaccharides having [3-D-mannopyranosyl and 2-acetarnido-2-deoxy
[3-o-mannopyranosyl units [81,82], frequently found in bacterial polysaccharides and
glycoproteins [83] (Scheme 9).
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R;(2,3,4-tri-O-methyl-B-D-xylopyranosyl)

Scheme 16

:j;6-anhydro-D-galactopyranosides during solvolysis of 6-sulfonates with alkoxy group
'participation is precedented [101,102].

Attempted displacement of the 2-0-imidazole-l-sulfonyl ester of methyl 3,4,6-tri-O
iIiethyll3-D-galactopyranoside with azide ion led to the formation of the corresponding 2,5
anhydro sugar [86], as illustrated in Scheme 17. The predominance of a ring-contraction

the tosylate ester was used as leaving group, much more drastic conditions were necessary
(144 h, reflux in DMF-butanone), resulting in a lower yield (40%) [91].

The facile formation of the iodo compound, and the subsequent reduction with
tributyltin hydride opens a new access to 2-amino-2,3-dideoxy-o-glucose (n-Iividosamine)
present in various aminoglycoside antibiotics [92]. The same strategy been used in the
synthesis of C-IO' -Col fragment of boromycin [93]. Displacement of the C-3 imidazylate
ester of a 2-azido-2-deoxy-a-o-altropyranose derivative with benzoate occurred readily
[94], compared with the corresponding tosylate [95].

The C-3 tosylate ester of 1,2:S,6-di-O-isopropylidene-a-o-glucofuranose is partic
ularly resistant to displacement with charged nucleophiles [96]. The ~-eliminationproduct
is usually observed because of the trans relation between the leaving group and H-4. The
C-3 imidazylate ester is displaced by several nucleophiles under mild conditions and in
good yields [68] (Scheme 14). The facile displacement with benzoate ion [97] is note-

.......
MeO OS02N\-IN

L(_o' DMF, r.t.

MeO~ 70%
RO OMe

MeO~OMe
RO

BU4NN3 MeO.~~eo
Toluene, 80°C, 6h

59% N3 H

OMe

worthy, and it provides an alternative synthesis of o-allofuranose derivatives, which is
normally done by an oxidation-reduction sequence [98J.

Inversion of configuration at C-4 of a sedoheptulosan derivative, involving imidazyl
ate as leaving group, is a key step in the synthesis of validamine, a known inhibitor of a-D
glucosidase [99]. Thus, despite the presence of the C-2 axial benzoate, the imidazylate
group at C-4 undergoes a facile displacement with benzoate anion (3 h, 100°C) to afford the
corresponding ~-o-ido derivative in 75% yield (Scheme 15).

o
N"N-~-N""'N
'=l ~ '=l

NaH, DMF, -20°C
850/0

Scheme 18

Scheme 17

reliction over an S 2-substitution reaction can be explained by a steric interaction between
theincoming nucleophile and the axial C-4 substituent [32], and by the favored anti parallel
m~position of the C-I-O-S bond and the equatorial leaving groups at C-2.

The excellent nucleofugal properties of the imidazylate group has been used in the
intramolecular cyclization of derivatives of N-substituted t-serine derivatives, leading to
~,1actams [105,106J (Scheme 18).

BZO~OBZ
OBz

62% (68)
72% [68J
97% [98J

Toluene
75%

80"C,5h Nu;N3
80"C,72h Nu;1
100"C,2h Nu;OBz

Scheme 14

Scheme 15

Substitution of a 4' -O-imidazylate derivative of a 13-lactoside derivative with benzo
ate in 95% yield has been described [74].

Other Reactions of lmidazole-l-sulfonates

As with other sulfonate esters, vicinal diimidazylates can give rise to the corresponding
unsaturated sugars by the procedure of Tipson and Cohen (Zn, NaI, DMF) [72].

6-0-Imidazole-I-sulfonyl esters of o-p-galactopyranosidc derivatives are easily
transformed to their corresponding 3,6-anhydro derivatives [78] at room temperature in dry
DMF, by intramolecular participation of 3-0-methyl substituent (Scheme 16). Formation of

~..Conclusion

\lJ!lejnydazole-l-sulfonate (imidazylate) group is a versatile leaving group that allows SN2
IlliJjstitutions in carbohydrates, with a variety of nucleophiles, at positions where other alkyl
'anll aryl sulfonate esters are known to be ineffective. The imidazylate group complements
iUle:ti1flare leaving group for "difficult" substitution reactions of carbohydrate derivatives.
rniiUa~ylateshave the advantage over triflates of having a longer shelflife, of crystallinity,
lIII.tl.tef'lJeing compatible with chromatographic purification. They are hydrolytically much

.1U1!i!reQstable than triflates, and they can be prepared from readily available and inexpensive
Iel\g~!1ts.
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III. EXPERIMENTAL PROCEDURES*

A. Preparation of Irnidazole-1-sulfonates

Method A (S02Cl2' Imidazole)

For 7, the reaction was effected on 85 g (0.184 mol) of 7 in 700 mL of CHzCl z. After
washing the reaction mixture with water, addition of Skellysolve B caused the precipitation
of compound 8. Recrystallization from 2-propanol gave the pure imidazylate 8 (93 g, 85%):
mp 129°-130.5°C.

12

)<~=tO"
~o3(

91%

[ref. 68J

87%

[ref. 68)

11

Ptr-"b~o, P~~q
H0-:--.Il---'------·Os~~

CbzNH OMe - CbzNH OMe

9 10

Flash chromatography of the residue obtained from 1 g (3.8 mmol) of 11 (ether
petroleum ether, 2:1) afforded the product 12 (1.36 g, 91%): mp 98°-99°C (ether-hexane),
[a]D -76.3° (c 0.8, CH2CI2) .

The residue obtained from 1 g of compound 9 was chromatographed on silica gel
(chloroform-EtOAc, 4:1) to give the crystalline imidazylate 10 (1.14 g, 87%): mp 128°
129°C (EtOAc), I«l, + 18.2° (c 0.33, CH2Clz)·

2

96%

[ref. 68]

82%

[ref. 68)

Ph'b~o,
BnO~

HO
OMe

3

General Procedure [68]. To a solution of a partially protected sugar (1.0 mmol)
and imidazole (0.41 g, 6.0 mmol) in 5 mL of DMF, cooled to -40°C. was added sulfuryl
chloride (0.12 mL, 1.5 mmol, 15 eq.) under nitrogen. The solution was stirred for 1 h at
-40°C at 1h at room temperature, then water and ether (orCHzClz) were added, depending
on the solubility of sulfonate. The aqueous layer was extracted with ether (or CH Cl ) and
th bi d . 2 Ze com me orgaruc extracts were washed twice with water, dried (Na

ZS04
) , and evapo-

rated. Flash chromatography of the residue afforded the desired imidazylate. For compound
2 (ether-petroleum ether, 2:\), oil; (0.97 g, 83%); [a]n -55° (c 1.16,CH

2Clz)
starting from

0.8 g of 1.

Flash chromatography of the residue obtained from 1 g of 3 (ether-petroleum ether,
3:1) gave the sulfonate 4 (1.3 g, 96%) as an oil; l«l, +29.2D (c 0.59. CH

2Clz).

Chromatography on silica gel of the residue obtained from 3 g (8 mmol) of 5 (ether
petroleum ether. 3:1) furnished compound 6 (3.42 g, 85%) as a foam: [a]n -1.5° (c
1.3, EtOH).

Ph'b~ f~
B~O~

OMe
5

[ref. 861
85%

To the diol13 (2 g, 7.1 mmol) in 25 mL of dry DMF, cooled to -40°C, was added
sulfuryl chloride (2.3 mL, 28 mmol, 4 eq.). The temperature was allowed to reach -30°C
within 30 min and then to 25°C in 15 min. Imidazole (11.6 g, 142 mmol) was added with
cooling over a period of 3 min. After stirring 3 h at room temperature, the reaction mixture
was worked up as usual to give the diimidazylate 14 (2.8 g. 73%) as a semicrystalline
compound.

'Optical rotations were measured at 20-22°C.

BZO~O)

\----f'BZ

BzO OH

7

[ref. 89)

85%

8

THF

15

N,N' -Sulfuryldiimidazole [71]. To a well-stirred solution of imidazole (19.9 g, 292
mmol) in 360 mL of THF, cooled in an ice bath, was added SOzClz (9.83 g, 73 mmol) in
5 mL of toluene. After stirring 1 h at room temperature, the precipitate of imidazolium
chloride was filtered and the filtrate concentrated. Recrystallization from ethanol gave 15
(9.91 g, 68%): mp 141°-141.5°C.
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On silica gel (toluene-EufAc, 2:1) to afford 23 (0.283 g, 48%) as a syrup: [a1o +54° (c
l·O, CHCI3) ·

General Procedure [68]. To an ice-chilled solution of partially protected sugar (
mmol) in 5 mL of DMF, was added, under nitrogen, NaH (60% dispersion in mineral oil
0.06 g, 1.5 eq.). The suspension was stirred at room temperature for 30 min and cooled tc
-40°C. A solution of N,N' -sulfuryldiirnidazole 15 (0.30 g, 1.5 Eq) in 3 mL of DMF was
added, and the mixture stirred for 30 min at -40°C. After addition of MeOH (0.2 mL), and
stirring for 30 min at -40°C, the reaction mixture was poured into cold water and extracted
twice with ether. The combined etheral extracts were washed with water until pH 7, dried
(N~S04)' and evaporated to dryness.

OBn
.: Ptr\::~o n~ACNH

~1I0~~ 0
OH

OBn
22

[ref. 82]

48%

12

From Trimethylsilyl Ethers [68J

)<~~.
H TMSCI. HMDS

0)( Pyridine

11

B. Substitution Reactions

Halide Nucleophi/es[68]

.A,

votL~O~,=,N vLCo
!"o~ A_.N_a....:I•....:D_M_F..:.,....:r.""l..:c.6....:h • !"o~

~ B. CHal, DMF, r.t., 8h ~

2 ~

. 1. . A mixture of imidazylate 2 (0.25 g, 0.6 mmol) and Nal (0.25 g, 2.5 Eq) in
s~lutlOn I.n 2.5 mL of DMF was stirred at room temperature for 6 h. The solution was
diluted With ~ther and washed with a saturated solution of N~SZ03 then water. The organic
layer was dried (NaZS04) and evaporated. The oily residue was purified on a pad of silica
gel (eth~r-petroleum ether, 1:4) to give the iodo derivative 24 (0.19 g, 81%) as an oil.which
crystallized slowly on standing: mp 70°C; [a1o -47.3° (c 0.82, CR Cl ). reported [1071
mp 70°C; [a]o -500. z z' ,

2. To a solution of 2 (0.25 g, 0.6 mmol) in 2.5 mL of DMF were added imidazole
(0.04 g, 0.6 mmol, 1eq.) and iodomethane (0.5 mL, 12eq.). The solution was stirred for 8 h
and worked up as for I to give 24 (0.184 g, 78%) which was identical in all respects to the
product prepared in method 1.

To a s~lution of diacetone glucose 11 (0.4 g, 1.5 mmol) in 5 mL of pyridine were
successlv~]y added .1 mL of hexamethyldisilazane and a 0.5 mL of chlorotrimethylsilane.
The ~olutlOn was stJn:edfor 30 min at room temperature and evaporated to dryness. To a
s?lutJonof the crude silylated ether in CHzClz (10mL) were added 2.5 mL of Bu NF (1Min
THF) and N,N'-sulfuryldiimidazole (0.46 g, 1.5 eq.). The solution was reflux~d for 4 h
diluted with CHzClz, washed twice with water, dried (N~S04)' and evaporated. Flash
chromatography of the residue (ether-petroleum ether, 2:1) gave the imidazylate U (0.55
g, 91%): mp 98.5°-99.5°C (ether-hexane).

19

95%

[ref. 78]

73%

[ref. 86]

81%

[ref. 681

18

Ph"";~O.
Bno~

HO OMe
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Met{:

MeO~

't.~~OOMe
OMe

20

Me~ (o:e
MeO~OMe

OH

16

Flash chromatography of the residue obtained from 3.82 g (16.2 mmol) of 16 (ether
MeOH, 97:3), gave the pure sulfonate 17 (4.33 g, 73%): mp 125°C (ether), [a1

D
+24° (c 1.6,

CHzClz)·

The residue, obtained from 4.9 g (0.02 mol) of 18, gave a solid, which was crystal
lized from ethyl acetate-hexane to give 19 (6.7 g, 92%): mp lUO- lI2°C [a1o +50.2°
(c 1.01, CRCI3) .

Flash chromatography of the product obtained from 3 (ether-petroleum ether, 3:1)
gave the sulfonate 4 (81%): l«l, +28.7° (c 0.42, CHzClz).

The dried organic extract obtained from (0.40 g, 1mmol) of 20 was concentrated to a
syrup, which crystallized on storage at O°C. Recrystallization from ether gave the disac
charide imidazylate 21 (0.5 g, 95%): mp 95°-99°C.

The residue obtained from 22 (0.497 g, 0.64 mmol), was purified by chromatography
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General Procedure [68]. To a solution of imidazlyate 4 (0.5 g, 1mmol) in 10mL of
toluene was added tetrabutylammonium halide (X = CI, 0.5 g; X = I, 1.1 g) (3 mmol). The
solution was refluxed 3 h (X = Cl") or 18 h (X = I-), diluted with toluene, washed with
water, dried (NazS04)' and evaporated. The residue was purified by chromatography on a
silica gel (ether-petroleum ether, 1:4).

[ref.68l

[ref. 841

31

33

BU4NCI, NaN3

Toluene, 11O°C,6h
80%

4

~~--Xhl;
N\-INS020 OMe OMe

32

N3

Ph~O~ BU4NCI,NaN3 Ph~O~
BnO • BnO
N~NSO 0 Toluene, 110°C, 6h
'=' 2 OMe 90% OMe

The reaction mixture was heated at 110°Cfor 6 h. After a usual workup, the residue,
obtained from 0.41 g (1.0 mmol) of crude 32, was purified by flash chromatography to
afford 33 (0.245 g, 80%) as a syrup: [a]o +66.8° (c 1.1, CHCI3) .

Flash chromatography of the residue, obtained from 0.55 g (1.1 mmol) of 4 (ether
petroleum, 1:3) gave the azido derivative 31 (0.39 g, 90%) as an oil: [a]o +30.1 0 (c 5.4,
CH2C11) ·

A solution of imidazylate 10 (0.4 g, 0.74 mmol) and tetrabutylammonium iodide
(0.84 g, 2.3 mmol, 3 eq.) in 8 mL of benzene was refluxed during 3 h. After a usual workup,
flash chromatography of the residue (EtOAc-CHCI3, 2:98) afforded thc iodo derivative 30
(0.345 g, 90%) as a foam, which crystallized slowly from ethanol: mp 1l00_111°e.

N-Nucleophiles

General Procedure [68]. A solution of imidazylate (1mmol) and tetrabutylammo
nium azide [109] (0.85 g, 3 mmol, 3 eq.) in 8 mL of toluene was heated during 1-6 h,
depending on the substrate. The reaction mixture was washed with water, dried (Na2S04),
and evaporated.

Alteratively, tetrabutylammonium azide, which is not available commercially, can be
replaced by tetrabutylammonium chloride and sodium azide according to the following
protocol:

A mixture of imidazylate (1 mmol), tetrabutylammonium chloride (0.84 g, 3 mmol, 3
eq.) and sodium azide (0.23 g, 3.5 mmol, 3.5 eq.) in 8 mL of toluene was stirred at room
temperature for 30 min and then heated, as described in the foregoing, to give the azido
derivative.

28

[ref. 89]

29

27

KHF2' aqueous HF

CH3(CHOH)2CH3, 160°C, lh
63%

8

12

BzO~O) __...--.:~~.:.--__.,--,.--_~ZO~O~
~~ ~~

BzO OS02l',j"""'N BzO
\-I

To a mixture of 8 (100.8 g, 0.17 mol), KHF1 (53.1 g, 0.68 mol) in 250 mL of 2,3
butanediol, was added HF (50% in H20, 23.5 mL, 0.68 mol) under mechanical stirring at
160°C. After 1h of heating, the reaction was quenched (150 mL of ice and 150mL of brine)
and extracted with CH

2Cl1
. The extract was washed with brine, H20, saturated NaHC03,

dried (NaSO ). After filtration through a pad of silica gel, the solvent was removed to
give an oil, which was crystallized from 250 mL warm 95% EtOH giving 29 (48.6 g, 63%):

mp 82°C.

For the chloro sugar 25 (0.18 g, 78%), oil: [u]o +3.10 (c 0.29, CH2CI2);for the iodo
sugar 26 (0.39 g, 81%): [a]o ~34.2° (c 0.5, CH2CI2) ·

To a solution of compound 12 (0.2 g, 0.5 mmol) in 5 mL of benzene was added
tetrabutylammonium iodide (0.55 g, 1.5mmol, 3 eq.). After refluxing the solution for 72 h,
usual workup gave a crude product. Flash chromatography of the residue (ether-petroleum
ether, 1:3) gave first the unsaturated sugar 28 (0.018 g, 12%): mp SlOe. The second fraction
was the desired iodo derivative 27 (0.133 g, 72%): [a]o +67.2° (c 0.58, CHzCI2); reported
[u]o +66.3° (c 2.2, CHCI3) ·

283412

The reaction mixture was heated at 80°C for 5 h. Flash chromatography (ether
petroleum ether, 1:3) of the residue, obtained from 0.3 g (0.8 mmol) of 12, gave the first
unsaturated sugar 28 (0.055 g, 29%): mp 51°C; reported [96], mp 51°C, followed by the

[ref. 68]

BU4N1, benzene

80°C,3h
90%

Ph~O~ Ph~O~
N~NS020 --------.
\-I I CbzNH

CbzNH OMe OMe

10 30



142 Vatele and Hanessian Displacement of Imldazole-1-Sulfonate Esters 143

The reaction mixture was heated for 2 h at 100°C. Flash chromatography (hexane
ether, 5:1)of the residue, obtained from 7.8 g (20 mmol) of crude 12, afforded the benzoate
40 (4.95 g, 68%): mp 72°_73°C (CRzClz-hexane); reported [111]; mp 75°C.

Bno~ BU4NOBz, Toluene B..nO~PBZ
OBn 110°C, 24h Bn [ref. 88]

Bn 53% Bn

OSO;lNA>N
'=1

3-azido derivative 34 (0.136 g, 62%) obtained as an oil: [aJo +74.6° (c 1.90, CRzClz);
reported [96J, [aJo +72.0° (c 1.0, CRC13) ·

36
41 42

The reaction mixture was heated at 80°C for 1 h. Flash chromatography (hexane
ether, 19:1)of the residue, obtained from 5.95 g (21 mmol) of crude 35, afforded 36 (2.08
g, 85%): [aJo +2° (c 0.3, CRC13) .

The reaction mixture was heated for 24 h at 110°C. Chromatography of the residue
(hexane-EtOAc, 95:5), obtained from 1.05 g (1.18 mmol) of crude 41, afforded the
amorphous benzoate 42 (0.38 g, 53%): [aJo +61° (c 1.3, CRzClz).

38

Su..NN3

Toluene, 110°C. 2h
95%

37

OSn N3 OSn
Ph/\'""o~O ~sn Ph/\'""O~ ·io~sn
SnO~o 0 _--:::-"""";'--"--::-:-:__ s~o~ 0 [ref. 81J
N"NSo,O SnO s-o
'=J OMe OMe

43 44

A mixture of 43 (0.15 g, 0.15 mmol) and Bu4NOBz (0.21 g, 0.58 mmol) in 3 mL of
toluene was stirred at room temperature for 1 h, diluted with toluene, washed with water,
dried (N~S04)' and evaporated to give 44 (0.12 g, 95%): mp 168°-170°C (ethanol
acetone: [aJ

D
-43° (c 1.0, CRzClz).

The reaction mixture was heated at 110°Cfor 3 h. The crude product crystallized from
ethanol to give 38 (95%): mp 121°C; [aJo +15.5° (c 1.1, CRCI3) ·

O-Nucleophiles

Benzoate anion was used as an oxygen nucleophile for imidazylates 4, 12, 41, 43; acetate
ion was used for imidazylate 19 (acetate), and nitrite ion for imidazylate 22.

General Procedure with Tetrabutylammonium Benzoate [68]. A solution of
imidazylate (1 mmol) and tetrabutylammonium benzoate (1.1 g, 3 mmol, 3 eq.) in 10 rnL of
toluene was heated for a period. The reaction mixture was cooled, washed twice with water,
dried (NaZS04), and evaporated to dryness. 19 45

[ref. 94]

OBz

Ph~O~ BU4NOBz Ph~~lq
BnO .. BnO~

N""NSO 0 Toluene, 100°C, 4h OM
2 OMe 85% e

'=I

4 39

[ref. 68]

A solution of 19 (3.95 g, 9.0 mmol) and tetrabutylammonium acetate (15.3 g, 50
mrnol, 5.5 eq.) in 350 rnL of toluene was boiled under reflux for 2 h. The mixture was
partitioned between EtOAc and water, the organic phase was washed with water, dried
(N~S04)' and evaporated. The residue was purified on a Lobar column (hexane-EtOAc,
3:1) to give 45 (1.93 g 63%) as a syrup: [aJ

D
+39.1° (c 1.0, CRC13) .

47%

The reaction mixture was heated for 4 h at 100°C. Flash chromatography (ether
petroleum ether, 1:4) of the residue, obtained from 0.25 g (0.5 mmol) of 4, gave 39 (0.2 g,
85%) as a foam: [aJo -56.7° (c 0.37, CRzClz); reported [110]; [aJD ~52.9° (c 1, CRC13) ·

OBn

Ptrb~o sno~ 1. Su..NNO", DMSO, r.f.
AJJ<~0-t-z:.rj 2. H,O
~S020 OSn

OBn

~~OH 9!lCNHPhO OSnO
• MO 0 0

OBn

lref.82J

A mixture of imidazylate 22 (0.055 g, 0.06 mmol) and tetrabutylammonium nitrite
(0.483 g, 1.68 mmol) in 2 rnL of DMSO was stirred at room temperature. The reaction
mixturewas diluted with water and extracted with ether. Flash chromatography on silica gel
of the residue (petroleum ether-EtOAc, 1:4) afforded 46 (0.022 g, 47%): [a]o +74.0°
Ie 0.25, CRC13) .12

[ref. 97]

22 46
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Ring Contraction Reactions: Synthesis of a D-talitol Derivative. A mixture of
disaccharide 47 (4.74 g, 6.4 mmol) and tetrabutylammonium benzoate (7 g,I9 mmol, 3 eq.)
in 50 mL of toluene was heated 6 h at 80°C and then was evaporated to dryness. Flash

[rel.105J

54

o
N.;"-N-~-N..A>N
'=l ~ '=l

NaH, DMF, -20'C
85%

53

methanol and chloroform were added and the mixture was washed with brine, then with
water. After evaporation of volatiles, the residue was crystallized from EtOAc to give 54
(0.41 g, 85%): mp lSOo-180.5°C; [a]D +48.5° (c 1.30, CHCI

3
) ,

<fH(OMe12
HCO

CM/ "2
OCH

HHb
HCO
I'

I-\1CO·CM"2
830/0

Toluene,80'C,6h

Other Reactions

47
48a,b
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I. INTRODUCTION

Deoxygenation of various natural products plays an important role in the synthetic transfoi
mation of these compounds, including various carbohydrates and antibiotics. Deox
sugars, as well as their deoxyarnino sugar counterparts, are useful groups of compounds [1
Deoxy sugars are important in the chemistry of various antitumor compounds and othe
bioactive molecules. Methods for selective removal or replacement of one or more hJ
droxyl (or amino) group(s) in these complex carbohydrates, arninoglycoside antibiotic
and the like, are important for the synthesis of novel semisynthetic derivatives. Thes

1!
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II. METHODS

A. Radical Chain Deoxygenations

Radical chain chemistry is often employed for the transformation of an alcohol to the
corresponding deoxy derivative. The secondary alcohol 1 is first converted into a suitable
thiocarbonyl derivative. The first derivatives investigated were thioxobenzoates 2, xan
thates3, and thiocarbonylimidazolides 4 (Scheme 2). On reduction with tributyltin hydride,
these derivatives afforded a good yield of the appropriate deoxy compounds [8-10].

Li I EtNH2

Scheme 1

compounds show a different, sometimes improved, biological profile and often enhanced
bioactivity. These derivatives remain similar to their parent molecules; consequently, they
can still be recognized by the specific target enzymes involved in their bioactivity. How
ever, with certain functional groups removed, the enzymes involved in the deactivation
of the parent bioactive molecules are often unable to deactivate the new deoxy or deamino
compounds. Various polydeoxy monoamino sugar components are found in important
anticancer drugs (such as anthracycline antibiotics) and their semisynthetic derivatives [2].
These deoxygenated carbon sites are also less vulnerable to undesired enzymatic bio
transformations than their hydroxylated counterparts. The various methods leading to
polydeoxy and polydeoxy-monoamino sugars are covered in an excellent book by Pelyvas
and coauthors [3]. Various aspects of the chemistry of anthracycline antibiotics, aureolic
acids, cardiac glycosides, and other antibiotics, and the chemistry of orthosomycine anti
biotics was discussed by Thiem and Klaffke [4]. Selected syntheses leading to deoxy sugars
are discussed by Collins and Ferrier in their recent book [5]. These methods include
opening of an epoxide ring, reduction of suitable functional groups, additions to unsatu
rated compounds, and other methods, including synthesis from noncarbohydrate com
pounds and various degradation and chain-elongation procedures.

The classic ionic methods for the removal of an unwanted hydroxyl group are
summarized in detail in the book by Larock [6]. One method involves-for primary and
unhindered secondary alcohols-the synthesis ofthe corresponding mesylates or tosylates.
These compounds are prepared readily and then transformed into the corresponding deoxy
compounds by reduction [7]. Alternatively, introduction of a thiolate or halogen by a
nucleophilic reaction can also be used. These compounds can then be readily desulfurized
or dehalogenated (Scheme 1). Tertiary alcohols present no problem either, because a

dehydration-reduction sequence leads to the required deoxy compound in high yield [7].
However, deoxygenation of secondary alcohols with hindered hydroxyl groups may be
difficult. Often the SN2 reaction is disfavored, and other methods of deoxygenation are
needed. Various polyhydroxy compounds, such as carbohydrates and other carbohydrate
containing natural products, can be found in this group.

Scheme 2

The mechanism of the reaction is summarized in Scheme 2. The thiocarbonyl
derivative 5, on attack by the tributyltin radical, affords, with formation of a tin-sulfur
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C. Alternative Hydrogen Atom Sources and Chain Carriers

Although tributyltin and triphenyltin hydrides are excellent reagents for radical chemistry,
they have the disadvantage that they are costly and of relatively high molecular weight. For
small operations, in the laboratory, this is not serious. However, there is a major additional
problem, particularly for industrial use, because of the toxicity of these tin compounds and
because of the difficulty of removing "tin dimers" that are formed as by-products [13].
Similar comments apply to germanium hydrides, which are even more expensive [21].

Of the various elements with weak M-H bonds that combine the ease of homolytic
rupture [22] with little or no toxicity and reasonable price, silicon has attracted most
attention. The organic chemistry of silicon [23-25] has provided many potential reagents.
However, tris(trimethylsilyl)silane 17 was the first silane shown to be a good replacement
for tin hydride [26]. The mechanism of this type of reaction is exactly the same as that
which applies for tributyltin or triphenyltin hydride (see Scheme 2). There have been many
applications of tris(trimethylsilyl)silane 17 recently [27-30], and authoritative summaries
have been published [31,32]. However, this reagent has the disadvantage of being of high
molecular weight and its expense per hydrogen atom delivered is prohibitive for normal
organic synthesis. It is, in fact, a valuable tool, not a reagent.

Diphenylsilane is a convenient alternative [33]. Triphenylsilane and phenylsilane are
also quite suitable [34,35]. Even triethylsilane can be used if it serves as solvent [36], but
it is not as efficient as other silanes because the Si-H bond strength is too great.

Another ingenious way in which to use triethylsilane is by polarity reversal, using a
thiol. Other trialkylsilanes of higher boiling point can also be used to advantage [37].

Me
I

Me3Si-Si-SiMe3
I
SH

16

-.><~
01-

14 R = H
15 R =C(S)-SMe

bond, the intermediate radical 6. This then fragments into the desired carbon radical 7 and
the thiocarbonyltin derivative 8. Finally, radical 7 is reduced by hydrogen atom transfer to
the desired product 9 with reformation of the tributyltin radical. The derivatives of type 8
are not stable. At room temperature they lose COS and afford the tin compounds 10 and 11.
This does not apply to the thioxobenzoates where the analogue of 8 is 12, which is stable.

Primary alcohols can also be deoxygenated by radical chemistry [Ila,Ilb]. However,
it requires a higher temperature to break the carbon-oxygen bond in radical 13. Secondary
alcohols can be conveniently deoxygenated in benzene under reflux (80°C), but primary
alcohols require toluene or xylene under reflux.

The xanthates of tertiary alcohols are unstable compounds. However, they can be
prepared [l lc.l ld] and even characterized by microanalysis. Their deoxygenation is rela
tively simple because of the weak tertiary carbon-oxygen bond.

The work so far described has been dependent on the Sn-H bond in tributyltin
hydride. Triphenyltin hydride can also be employed [l le.l lf]. The unusual efficiency of
triphenyltin hydride for the desulfurization of thiocarbonyl compounds has only recently
been reported [12]. There are specialized texts on organotin compounds [13] in which the
properties of the Sn-H bond are discussed at length.

The Barton-McCombie deoxygenation reaction was invented for use in the manipu
lation of aminoglycoside antibiotics. It has become a popular method because of the mild
conditions employed. Radical reactions have advantages over ionic reactions for carbohy
drate chemistry. In this context, there is little neighboring group interference in cationic
reactions and little elimination compared with normal nucleophilic displacement reactions.

The first sugar derivative to be examined [10] was 1,2:4,6-di-O-isopropylidenegluco
furanose 14. This was converted, in excellent yield, to the corresponding methyl xanthate
15. Reduction with tributyltin hydride in toluene under reflux afforded the desired 3-deoxy
derivative 16 in 80-90% isolated yield (Scheme 3). Hitherto, this had been a difficult and

Scheme 3

cumbersome transformation, with low yields. All subsequent syntheses of 3-deoxyglucose
derivatives have used this, or an equivalent, radical procedure [14].

B. Mechanistic Considerations

The original conception of Barton and McCombie [10], which is summarized in Scheme 2,
was later questioned [15]. The alternative mechanism summarized in Scheme 4 was
suggested. However, a low-temperature study using the nuclear magnetic resonance
(NMR) of 119Sn confirmed the original proposal [10]. The evidence for the correctness of
Scheme 2 is summarized in several communications [16-20] so that further discussion is
not needed.
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Reductions with tris(trimethylsilyl)silanethiol 18 [38J and with heptamethyltrisilane-2
thiol19 [39] are also effective, but again the cost of these reagents would be prohibitive per
hydrogen delivered for larger-scale synthesis.

The P-H bond is also weak enough to serve in thione-based radical chemistry. The
first success was achieved with dialkyl phosphites [40a]. However, hypophosphorous acid
and its salts proved to be even better [40b]. In a final paper [40cJ, the various phosphorus
based reagents were compared. The crystalline salt N-ethylpiperidine hypophosphite was
very convenient and has been commercialized [40cJ. The use of hypophosphorous acid has
the advantages of nontoxicity, cheapness, and ease of removal from the organic reduction
products. It already has several industrial applications.

advantage given their nontoxicity and cheapness. The authors have been informed of a
deoxygenation, repeatedly carried out in this way on a 300-g scale, in an industrial
laboratory.

There remains an area where progress is still to be made. This is in the invention of
new, inexpensive, and temperature-variable initiators. The present reliance on azoiso
butyronitrile (AIBN) and dibenzoyl peroxide limits the temperature range, and there is
always some danger with peroxides. The use of triethylborane and oxygen, originally
introduced by Brown some decades ago, has recently been appreciated better because it
permits radical initiation at low temperatures.

III. EXPERIMENTAL PROCEDURES*

A. Deoxygenation with Tributyltin Hydride

Typical Procedure for Deoxygenation with Tributyltin Hydride Without a Radical
Initiator [10J

The S-methyl dithiocarbonate [Eq. (I)J 20 (1.75 g) in toluene (40 mL) was added over 1h to
tributylstannane (TBTH, 2.1g) in toluene (30 mL) under argon and at reflux. Refluxing was
continued overnight, and the solvent was then removed at 50°C and 15 mmHg. The product
was chromatographed over silica gel [elution with light petroleum (bp 40°-60°C) contain
ing an increasing proportion of ether (5% increments)]. After elution of tin compounds,
followed by a minor by-product (a carbohydrate derivative also containing a tributyltin
residue), the desired deoxy compound 21 was obtained as an oil (1.04 g, 85%); [a]D -7.5°
(c 10, EtOH).

D. Variations in the Functionality of the Thiocarbonyl Group

The first studies on the deoxygenation of secondary alcohols were carried out with thioxo
benzoates, methyl xanthates, and imidazoline thiocarbonyl derivatives. Thioxobenzoates
are prepared using Vilsmeier chemistry; however, this is a two-stage process. Likewise,
methyl xanthates require the reaction of the anion of an alcohol with CSz followed by
methylation with an excess of methyl iodide. In general, this is a simple one-pot procedure.
Thiocarbonyl-bis-irnidazoline is a convenient reagent that affords the thiocarbonyl deriva
tive directly in one step. Another one-step reagent was introduced by Robins. This is
phenoxythiocarbonyl chloride, PhO-CS-CI. It has the advantage of reacting with alcohols
under mild basic conditions at room temperature [41]. Pentafluorophenoxythiocarbonyl
chloride is another useful reagent that is preferred for the deoxygenation of hindered
secondary hydroxyl groups [42,43J. The analogous 4-fluorophenoxythiocarbonyl chloride
[33aJ is also a useful and less expensive reagent. All three of these reagents are commer
cially available.

The relative rates of acylation and of deoxygenation have been determined with these
various reagents [44J. As expected, the pentafluoro reagent reacts the fastest with an
alcohol under standard conditions, followed by the 4-fluoro reagent, and the phenyl
derivative is the slowest. However, for the deoxygenation reaction the fastest group is the
methyl xanthate. The slowest is the pentafluorophenyl derivative. This is not important
because all of the thiocarbonyl derivatives mentioned give very fast radical reactions [44].

A useful variation for the deoxygenation reaction is to react the alcohol with thiophos
gene and then to treat the resultant thiocarbonyl group with the appropriate phenol [43]

R ~ C(~S)-SMe

20

T8TH .-
PhMe I ~

21

(1)

(2)

23

T8TH-polymer )<~b
)0

R = C(=S)-OPh

22

'Optical rotations were measured at 22°_25DC.

Typical Procedure for Deoxygenation with a Polymer-Supported Tin Hydride
[13aJ

)<~~

at-

E. Summary

This chapter shows how radical chemistry based on thiocarbonyl derivatives of secondary
alcohols can be useful in the manipulation of natural products and especially in the
deoxygenation of carbohydrates. From the original conception in 1975, the variety of
thiocarbonyl derivatives used has increased, but the methyl xanthate function still remains
the simplest and cheapest, when other functionality in the molecule does not interfere.
Otherwise, selective acylation with aryloxythiocarbonyl reagents is important. Many of the
functional groups present in carbohydrates and other natural products do not interfere with
radical reactions.

Whereas the nature of the thiocarbonyl function has hardly changed over the years,
the type of reducing reagent has improved greatly. Although small-scale work with tin
hydrides may continue, synthesis on a multigram or kilogram scale will be done with Si-H
or P-H reagents. The use of hypophosphorous acid salts would seem to be a major
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'dmervals under reflux. After evaporation of the solvent, the residue was analyzed by NMR
iioc'give 90% of the deoxy product 25.

To a solution of 0.79 g (2 mrnol) 1,2:5,6-diisopropylidene-3-phenoxythiocarbonato-a-D
glucose [Eq. (2)] 22, in 50 mL of dry toluene under an argon atmosphere, 3.3 g (4 mmol
SnH) of the polymer and 5 mg (30 urnol) of AIBN were added. The mixture was stirred
slowly (magnetic stirrer, about 60 r/min) and heated to 80°C for 9 h. After 4 h an additional
5 mg portion of AIBN was added. After cooling, the polymer was filtered off and washed
twice with 20 mL of toluene. The combined filtrates were evaporated to dryness, and the
foamy residue was chromatographed (silica Si-60; CHzC~-EtzO, 9:1). The isolated solid
was recrystallized from ether-petroleum ether to give 0.41 g (85%) of 1,2:5,6-diisopropyl
idene-3-deoxy-a-o-glucose 23. >C:~

OH
c) Mel
d) TBTH I PhMe I L1

(5)

Typical Procedure for Deoxygenation with the N-Ethylpiperidine Salt of
Hypophosphorous Acid [40b,40cJ 26 94% overall 27

29

R = O(C=S)SMe

28

R=H

Preparation of 1,2:5,6-Di-O-isopropylidene-3-0-(methylthio)thiocarbonyl-a.-0
g!ucofuranose 29 [45J

)<~~ a) NaH I imidazole I THF )<~b
_0 b) CS2 _0

---------l.~ (6)of- c) Mel of-

The solution of NaH (1.53 g, 60% dispersion, 38.4 mrnol), diacetone-o-n-glucose, [Eq. (6)]
28 (5 g, 19.2 mrnol), and imidazole (65 mg, 0.96 mrno!) in THF (40 mL) was stirred for 2 h
under argon. Carbon disulfide (5.77 mL, 96 mrno!) was added and the mixture was stirred
for 12 h. Mel (6 mL, 96 mrnol) was added, and the solution was stirred for another 2 h. The
organic layer was washed with I M Hel, saturated NaHC03, brine, and dried over
anhydrous MgS04• After evaporation of the solvent, the residue was recrystallized (EtOHl
HzO) to afford 5.51 g (82%) of the xanthate 29: mp 58°-59°C.

A mixture of 1,6-anhydro-3,4-0-isopropylidene-13-o-galactose, [Eq. (5)] 26 (900 mg),
, sodium hydride dispersion (80%; 270 mg), imidazole (5 mg), and dry tetrahydrofuran (12

ml.) was stirred for 0.5 h at room temperature. Carbon disulfide (2 mL) was added and
stirring was continued for 1 h. Methylation [Mel (0.5 mL)] and the usual workup gave a
yellow oil, which was heated under reflux in toluene (40 mL) during addition, over I h, of a
solution of tributylstannane (THTH, 1.6 g) in toluene (30 mL) under an argon atmosphere.
Refluxing was continued for 16 h, the solvent was evaporated, and the residue was
chromatographed over silica gel. Evaporation of the pure fractions gave the deoxy com
pound 27 (780 mg, 94%). Distillation gave an analytical sample of bp 75°C at 2 mrnHg:
[a]D -141°.

(3)
AIBN I L1

25

(M'OI'HP=OJd;"ao,i:'~' °;"0 (4)

dibenzoyl peroxide ~i
0--(-

24

24

The solution of 1,2:3,4-di-O-isopropylidene-o-galactopyranose-6-0-(4-fluorophenyl)
thionocarbonate [Eq. (3)] 24 (0.166 g, 0.4 mmol) and the N-ethylpiperidine salt of hypo
phosphorous acid (H3POz-NEP, 0.72 g, 4.0 mmo!) in dioxane (3 mL) under argon was
treated with 150 fLL of AIBN solution (0.2176 g of AIBN in 3 mL of dioxane) seven times
(every 30 min) under reflux. The solution was washed with water and dried over anhydrous
MgS04. After evaporation of the solvent, the residue was analyzed by nuclear magnetic
resonance (NMR) to give 91% of the corresponding deoxy product 1,2:3,4-di-O-isopropyl
idene-6-deoxy-o-galactopyranose 25.

Deoxygenation of 1,2:3,4-di-O-isopropylidene-o-galactopyranose
5-0-(4-f1uorophenyl)thionocarbonate [40a,40cJ

The solution of 1,2:3,4-di-O-isopropylidene-o-galactopyranose-6-0-(4-fluorophenyl)
thionocarbonate as in A [Eq. (4)] 24 (0.197 g, 0.475 mrnol) and dimethyl phosphite (0.22
mL, 2.38 mmol) in dioxane (3 mL) under argon was treated with 150 fLL of dibenzoyl
peroxide solution (0.387 g of benzoyl peroxide in 3 mL of dioxane) three times at 30 min

Deoxygenation of 1,2:5, 6-Di-O-isopropylidene-a.-o-glucofuranose xanthate 29
with Diethy! Phosphite [40a,40cJ

The solution of 1,2:5,6-di-O-isopropylidene-a-o-glucofuranose xanthate, [Eq. (7)] 29
(0.28g, 0.8 mmo!) and diethyl phosphite (0.52 mL, 4 mrnol) in dioxane (3 mL) under argon
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was treated with 38.7 mg of dibenzoyl peroxide twice at 30-min intervals under reflux.
After evaporation of the solvent, the residue was analyzed by NMR to give 90% of the
deoxy product 30.

1,2:5,6-0i-0-isopropylidene-a.-o-qlucoturenose
3-0-(pentafluorophenyl)thionocarbonate 31 [42]

R = O(C=S)SMe

29

)<~b(EtO)2HP=O I dioxane III °•dibenzoyl peroxide °
01--

30

(7)

To a solution of diacetone-o-n-glucose [Eq. (9)] 28 (2.60 g, 10 mmol), N-hydroxy
succinimide(NHS, 0.115g, 1mmol), and dry pyridine (2.43 mL, 30 mmol) in THF (50 mL)
was added 4-fluorophenyl chlorothionoformate (3.81 g, 20 mmol) dropwise at room
temperature under argon. The solution was stirred for an additional 2 h. The organic layer
was washed with I M HCI, saturated NaHC03, brine, and dried over anhydrous MgS04·

After evaporation of the solvent under reduced pressure, the thionocarbonate by-product
was precipitated with hexanes. After filtration and evaporation, the crude product was
purifiedby column chromatography over silica gel (eluting with n-hexane-Clf.Cl, 7:3) to
afford 3.13 g (76%) of the thionocarbonate 32: mp 82°-83°C (EtOH-HzO); [a]" -33° (c

I, CHCI3) .

B. Deoxygenation with Dimethyl Phosphate and Related Agents

Deoxygenation of 1,2:5,6-0i-0 -isopropylidene-a.-o-qlucoiutenose
3-0-(pentafluorophenyl)thionocarbonate 31 with Dimethyl Phosphite [40a,40c]

.. )<~I R
NHS I pyridine I PhH ,--~o

•
CI-C(=S)OCsFs °01--

(8)
(MeO)2HP=O I dioxane I Ll•dibenzoyl peroxide

(10)

28

R = O(C=S)OCsFs

31

R = O(C=S)OCsF s

31 30

To a solution of diacetone-o-o-glucofuranose [Eq. (8)] 28 (1 g, 3.84 mmol), N-hydroxysuc
cinimide (NHS, 0.044 g, 0.384 mmol), and dry pyridine (0.93 mL, 11.52mmol) in C6H6 (20
ml.) was added pentafluorophenyl chlorothionoformate (1.54 mL, 9.6 mmol) dropwise at
room temperature under argon. The solution was stirred for an additional 2 h. The organic
layer was washed with 1 M HCI, saturated NaHC03, brine, and dried over anhydrous
MgS04. After evaporation of the solvent under reduced pressure, the thiocarbonate by
product was precipitated with hexanes. After filtration and evaporation, the crude product
was purified by column chromatography over silica gel (eluting with n-hexane-EtOAc 8:2)
to afford 1.45 g (77%) of the thionocarbonate 31: mp 65°-66°C.

The solution of I,2:5,6-di-O-isopropylidene-a-o-glucofuranose-3-0-(pentafluorophenyl)
thionocarbonate) [Eq. (lO)J 31 (0.195 g, 0.4 mmol) and dimethyl phosphite (0.18 mL, 2
mmol) in dioxane (3 mL) under argon was treated with 150 I-LL of benzoyl peroxide solution
(0.387 g of benzoyl peroxide in 3 mL of dioxane) four times at 30-min intervals and under
reflux. After evaporation of solvent, the residue was analyzed by NMR to give 100% of the
deoxy product 30.

Deoxygenation of 1,2:5,6-0i-0 -isopropylidene-a.-o-glucofuranose
3-0-(4-f1uorophenyl)thionocarbonate 32 [40a, 40c]

Preparation of 1,2:5,6-0i-0 -isopropylidene-3-0 -(4-f1uorophenoxy)
thiocarbonyl-a.-o-glucofuranose 32 [33a]

The solution of 1,2:5,6-di-O- isopropylidene-a-o-glucofuranose-3-0-(4-fluorophenyl)
thionocarbonate [Eq. (11)] 32 (83 mg, 0.2 mmol) and diethyl phosphite (138 I-LL, 1mmol) in
dioxane (1.5mL) under argon was treated with 10mg of dibenzoyl peroxide twice at 30-min

(11)

30

dibenzoyl peroxide

(EtOl2HP=O I dioxane I Ll•

R = O(C=S)OCSH 4-4F

32

)<~~_0

01--
(9)

)<~I R

NHS I pyridine I PhH • I"'-O~
CI-C(=S)OCsH4-4F 0-J-

R = O(C=S)OCSH4-4F

3228
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intervals and under reflux. After evaporation of the solvent, the residue was analyzed by
NMR to give 91% of the deoxy product 30.

Deoxygenation of 1,2:5,6-Di-0-isopropylidene-a -o-glucofuranose-3-0
(4-fluorophenyl)thionocarbonate 32 with Hypophosphorous AcidlTriethylaminel
AIBN [40b, 40cJ

(14)

36

AIBN I PhMe I ~

~
N

PhOne °nOPh

s s
35

C. Deoxygenation with Organosilanes

2,4-Dideoxygenation of 1,6-Anhydro-o-Glucose by the 2,4-bis
Phenylthionocarbonate 35 with tris(Trimethylsilyl)silane and AIBN [47, 48]

(12)
A/BN I ~

OJ--

The solution of 1,2:5,6-di-O-isopropylidene-a-o-glucofuranose-3-0-(4-fluorophenyl)
thionocarbonate [Eq. (12)] 32 (83 mg, 0.2 mmol), hypophosphorous acid (0.1 mL, I mmol),
and triethylamine (0.154 mL, 1.1 mmol) in dioxane (1.5 mL) under argon was treated with
AlBN (6.5 mg) twice at 20 min intervals and under reflux. After completion, the reaction
was washed with water and dried over anhydrous MgS04.After evaporation ofthe solvent,
the residue was analyzed by IH NMR to give 100% of the deoxy product 30.

A mixture ofNaH (64 mg, 2.66 mmol) and the acetonide [Eq. (13)] 33 (500 mg, 1.42 mmol)
in dry THF (IS mL) was stirred for 30 min and then treated with CS z (0.65 mL, 2.14 mmol).
After 1h stirring at 20°C, Mel (0.29 mL, 4.46 mmol) was added. The suspension was stirred
for 30 min (TLC-control), ice water (1 mL) was added, and the solvent was removed under
reduced pressure. The residue was dissolved in water and extracted with diethyl ether
(3 x 20 mL). The combined ethereal extracts were dried over NazS04' filtered, and
evaporated to dryness under reduced pressure. The crude xanthogenate was dissolved in
toluene (5 mL) and this solution was added dropwise under argon to a boiling solution of
tributyltin hydride (TBTH, 0.65 mL, 2.41 mmol) in toluene (25 mL). After completion of
the addition, the mixture was refluxed for 14 h (TLC-control) and evaporated to dryness
under reduced pressure. The product was chromatographed over silica gel [25 g, elution
with light petroleum (bp 30°-70°C), containing an increasing proportion of ether (5%
increments)]. After elution of organic tin compounds, the 2,4-dideoxy-6,7-isopropylidene
3,5-di-O-methyl-L-xylo-heptose trimethylene dithioacetal 34 was obtained as an oil (310
mg, 81% yield): [a]D -23.7° (c 1.13, CHCI).

Deoxygenation of 2-Deoxy-6, 7-isopropylidene-3,5-Di-0-Methyl-L -Manno
Heptose- Trimethylene Dithioacetal 33 [46J (15)

3837

A solution of the starting 2,4-bis-thionocarbonate [Eq. (15)] 37 (174 rng, 0.40 mmol),
chlorotrimethylsilane (0.31 ml., 2.4 mmol), and triethylamine (0.5 ml., 3.6 mmol) in
benzene (3 mL) was stirred for I h at room temperature. After filtration, the solvent was
evaporated. The residue was dissolved in toluene (I mL) and diphenylsilane (294 fLL,

1.6 mmol) was added. The reaction mixture was heated to reflux and treated under argon
with ISO mL portions of an AlliN solution (262 mg of AIBN in 3 mL of dioxane) five times
(at 20 min intervals) under reflux. After evaporation of the solvent under reduced pressure,
the residue was analyzed by IH NMR to give 85% of the 2,4-dideoxy-3-trimethylsilyl-I,6
anhydro-n-glucose product 38.

Monodeoxygenation of Methyl-2,3-di-0-methyl-a-o-glucopyranoside-4,5
dithiocarbonate to Methyl-4-deoxy-2,3-di-0-methyl-a-o-glucopyranoside 39 with
TBTH and AIBN [49J

MethyI2,3-di-O-methyl-a-o-glucopyranoside 4,6-dithiocarbonate [Eq. (16)] 39 (0.264 g),
tributyltin hydride (0.582 g), and AIBN (0.015 g) in dry toluene (20 mL) were successively
added dropwise to refluxing toluene (20 mL) under argon over a period of 45 min.
Subsequent additions of the tin hydride (2 x 0:292 g), together with AIBN (2 x 0.01 g)

2,4-Dideoxygenation of 1,6-Anhydro-o-glucose by the 3-0-Trimethylsilyl-2,4-bis
phenylthionocarbonate 37 Derivative with Diphenylsilane and AIBN [47J

M"sth!
PhOne 0yOPh

s S

A solution of the starting 2,4-bis-thionocarbonate [Eq. (14)] 35 (87 mg, 0.20 mmol),
tl'is(trimethylsilyl)silane (136 fLL, 0.44 mmol), and AIBN (1.6 mg, 5 mmol %) in toluene
(1.5mL) was refluxed under argon for I h. After evaporation of the solvent under reduced
pressure, the residue was analyzed by IH NMR to give 87% of the 2,4-dideoxy product 36.

(13)

30

a) ~:~~~~~:.t. ~
b) TBTH/PhMe~6 ~:J

005
/ "

34

R = O(C=S)OCeH4-4F

32

33

-t-O QH
O~

6 0 5 ........ .",

/ "V
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after 2 and 4 h, were necessary. The reaction was complete after 6 h. The solution was
hydrolyzed with aqueous sodium hydroxide (40°C, 12 h). Workup (separation, extraction,
and evaporation) gave the 4-deoxygenated product 40 (0.125 g, 61%) as an oil: [a]o +70°
(c 1.0, MeOH), vrnax (Nujol) 3605 cm '! (OH).

S)-~.O
MeO

MeO
OMe

39

a) TBTH / AIBN / PhMe.. HO~MeO
MeO

OMe

40

(16)

TBTH•AIBN

43

o

O~Me

i:;d
Me

Me

AcHN 0 C02Me

OC(=OjPh

44

(18)

Transformation of Methyl-{methyl 5-acetamido-3,5,9-trideoxy-9-iodo-4, 7-bis
O-[(4-methylphenoxy)thiocarbonyIJ-B-O-[(methylthio)carbonyl]-[3-o-glycero
0-galacto-2-nonulopyranosidjonate 41 to Methyl-{methyl-5-acetamido-3,4,5,7,9
pentadeoxy-B-O-[(methylthio)carbonyIJ-[3-0-lyxo-2-nonulopyranosid}onate 42
with TBTH and AIBN [50J

To a solution of 41 (448 mg) [Eq. (17)] in toluene (10 mL) was added TBTH (3 mmol) and a
trace amount of AlBN. The solution was then heated under argon for 2.5 h at 110°C. After
evaporation of the solvent, the residual foam was dissolved in acetonitrile (30 mL), and the
solution was extracted three times with hexanes to remove several tin compounds. The
acetonitrile was evaporated, and the residue was purified by chromatography over silica gel
(40 g) to yield 165 mg (83%) of 42.

(19)

R =OH (45)

~A
R = OC(=S)OCsFs (46)

~~
R = H (47)

I. Preparation of the Pentafiuorophenylthionocarbonate 46: The disaccharide 45:
[Eq. (19)] (0.1 mmol) was diluted with 1mL of dry toluene, and N-hydroxysuccinimide (0.1
mmol) was added. Pentafluorophenyl chlorothionoformate (0.12 mmol) was then added
dropwise, and finally anhydrous pyridine (0.5 mmol) was added. The yellow reaction
mixture was heated to 80°C until TLC indicated that the reaction was complete. The
product was purified by placing the entire reaction mixture on a 2 x 16-cm bed of silica gel
and eluting with 4:1 petroleum ether-diethyl ether to give 0-(3,4,6-tri-0-benzyl-2-0
[(pentafluorophenoxy)thiocarbonyl]-[3-o-glucosy1)-(1~6)-1,2:3 ,4-di -0-isopropylidene
a-o-galactopyranose 46 in 77% yield and as a colorless oil: [a]o -53.8° (c 0.40, CHCI3) ·

2. Preparation of the 2-deoxy-[3-glycoside 47 with triphenyltin hydride: The
thionocarbonate 46 (0.1 mmol) [see Eq. (19)] was diluted with anhydrous toluene and AIBN
was added (0.025 mmol as a standard solution in toluene). The reaction mixture was purged
with argon and then heated to 110°Cfor 5 min, after which triphenyltin hydride (0.2 mmol)
was added dropwise as a solution in toluene. The reaction mixture was heated for 1 h,
cooled, and purified by placing the entire reaction mixture on a 2 x 16-cm column of silica
gel. Elution with 85:15 hexanes -ethyl acetate afforded 0-(3,4,6-tri-0-benzyl-2-deoxy
l3-o-glucopyranosyl)-(1~6)-1,2:3,4-di-O-isopropylidene-a-o-galactopyranose 47 [see Eq
(19)] in 90% yield and as a clear liquid: I«l, -45.1° (c 0.57, CHCI3) .

3. Deoxygenation ofa phenyl glycoside by the same method: Application of proce
dure I to phenyl glycoside 48 [Eq. (20)] gave phenyI3,4,6-tri-0-benzyl-2-0-[(pentafluoro
phenoxy)-thiocarbonyl]-[3-o-gluco-pyranoside 49 in 93% yield and as a slightly yellow oil
[a]o -6.52° (c 0.23, CHCI3) ; application of procedure 2 to 49 gave phenyl 3,4,6-tri

Synthesis and Deoxygenation of 3,4,6-Tri-O-benzyl-2-0
[(pentafluorophenoxy)thiocarbonyIJ-f)-glycoside 46 [43a]

B"~~O~
R 0X 0

o

XO(17)

42

AIBN

TBTH•

R = 4-methylphenyl

41

Transformation of Methyl-{methyl-5-acetamido-4-0-benzoyl-3,5,9-trideoxy-9
iodo-7-0-[(4-methylphenoxy)thiocarbonyl]-B-O-[(methylthio)carbonyIJ-[3-o
glycero-o-galacto-2-nonulopyranosid}onate 43 to Methyl-{methyl-5
acetamido-4-0-benzoyl-3,5, 7,9-tetradeoxy-B-O-[(methylthio)carbony/j-[3 -0
galacto-2-nonulopyranosid}onate 44 with TBTH and AIBN [50J

By application of the method described for the synthesis of 42, [see Eq. (17)J, 465 mg of 43
[Eq. (18)] yielded 250 mg (86%) of 44.
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B~Oo
BnO

BnO 0'0
R I

~

R=OH(48)tA (93%)

R = OC(=S)OC 6Fs (49)

t.li (100%)

R= H (50)

(20)

R=OH (53)

1
A) TPOSCI2 I pyridine

780;' B) PTC-CII MeCN I OMAP
° C) TBTH I AIBN I PhMe

0) TBAF/THF

R=H (54)

(22)

O-benzyl-2-deoxy-J3-D-glucopyranoside 50 in quantitative yield and as a clear liquid: [a]D
-6.32° (c 1.29, CHCI 3) .

3' -Deoxy-per-N-ethoxycarbonylseldomycin Factor 5 52 from the
3' -Thiocarbonylimidazolide 51 with TBTH [51]

NHC02Et

~a
~H~Et

HO~NHC02Et

EtC02NH~Me
NHC02Et

W ,r-:::-N
x = -O-C-N~ (51)

(21)

'Was, evaporated, and the residue was partitioned between EtOAc and H20. The organic
·p!lilSezVas washed with 2 x 20 mL of cold 1 M HCI, HzO, saturated NaHC03, dried over
;~:ljS9~,filtered, and evaporated. The resulting amorphous solid was of sufficient purity for
,@~ct use in the next step.

2. To the vacuum-dried residue obtained in step I was added 15 mL of anhydrous
:M~CN; 250 mg (2.05 mmol) of DMAP, and 200 ILL (1.1mmol) of phenyl chlorothionocar
bonate (PTC-Cl). The solution was stirred at room temperature for 16 h. The solvent was
evaporated and the residue was worked up as before (see Sec. 5, procedure 1 for converting
45 to 46). The resulting product was sufficiently pure to be used directly in the reduction
step 3. (The thionocarbonate can be isolated in this step on a silica column in 91% yield).

3. For the deoxygenation the crude thionocarbonate was dissolved in 20 mL of
distilled toluene, and 32 mg (0.2 mmol) of AlBN and 400 ILL (1.5 mmol) of TBTH were

, added. The solution was degassed with oxygen-free N2 for 20 min, and then heated at 75°C
for 3 h. The solvent was evaporated and the residue was purified over silica gel to give the
deoxy compound (370 mg, 75%): mp 113°-114.5°C.

4. The crude deoxy compound (before chromatography) can be used for deprotec
tion with TBAF and THE

Treatment of 1.068 g (4 mmol) of adenosine 53 [Eq, (22)] by the four-step sequence
described in the foregoing gave 780 mg (78%) of 2' -deoxyadenosine 54 after recrystal
lization.

(23)

55

ITBTHI AIBN

fPhMe I/).

56

0-'
H... I ~OMePh>'\. ....f---

0-- -'OBn

i) Ph3P+CH20CH 3CI- I n-BuLi
ii) Thiocarbonylimidazole

D. Deoxygenation and Carbocycllzation

Deoxygenation and Cyclization of the Carbohydrate-Derived Thiocarbonyl
iinidezolide 55 with TBTH and AIBN [52]

~ ~ImyMe
CICH2CH2CI a• .. °

s P~~O" -'OBn

!TBTH /di"oo,

x=H (52)

A solution of per-N-ethoxycarbonylseldomycin factor 5-3'-thiocarbonylimidazolide 51
[Eq. (21)] (12.5 g, 12.58 mmol) in anhydrous dioxane (750 mL) was added dropwise to a
refluxing suspension of tri-n-butylstannane (TBTH, 14.0 g, 12.7 mL, 48 mmol) in an
hydrous dioxane (1200 mL) under a nitrogen atmosphere. After 2.5 h, the solvent was
removed under reduced pressure, and the residue was chromatographed over silica gel to
yield 9.8 g (90%) of 3'-deoxy-per-N-ethoxycarbonylseldomycin factor 552.

Radical Chain Deoxygenation of Adenosine 53 by 2' -O-phenoxythiocarbonyl
3',5' -0-(1, 1,3,3-tetraisopropyldisilox-1,3-diyl)adenosine with TBTH and AIBN
[41a]

1. To 267 mg (I mmol) of dried adenosine 53 [Eq. (22)], suspended in 10 mL of dry
pyridine, was added 320 ILL (316 mg, I mmol) of 1,3-dichloro-I,I,3,3-tetraisopropyl
disiloxane (TPDSCI2) , and the mixture was stirred at room temperature for 3 h. Pyridine
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A solution of 6.13 g (12.8 mmol) of the thiocarbonyl-imidazolide 55 [Eq. (23)], 5.15 mL
(19.1 mmol) of tributyltin hydride (TBTH), and 0.12 g of AIBN in 120 mL of dry toluene

was refluxed for 1 h. Additional TBTH (0.5 Eq) and AlBN (60 mg) were added and the

refluxing was continued for 1 h. The reaction mixture was added to 400 mL of ether, and

washed with 80 mL each of saturated KF, 1 M HCI, and saturated NaHC03• The organic

layer was washed with three more 50-mL portions of saturated KF solution and dried over

anhydrous MgS04• Concentration and chromatography of the crude mixture yielded 3.59 g
(58% for the two steps) of the cyclopentane derivative 56: [a]D -23.8 :!: 0.8°.

Deoxygenation of Diacetone-o.-o-glucose 28 via 1,2:5,6-Di-O-isopropylidene
3-0-(imidazolyl)thiocarbonyl-a-o-glucofuranose 57 [53]

R = OH (28)

)<~~ ~A) TCDllTHF/d

R 0 S
- II ;::=::-N

R =-O-e-N~ (57) (24)O-}- ~

~ B) TBTH I PhMe I d

R = H (30)

1. Solid N,N' -thiocarbonyldiimidazole (TCDI, 6 mmol) was added to a solution a

diacetone-o-n-glucose 28 (3 mmol) [Eq. (24)] in THF (15 mL). The reaction mixture was

gently refluxed under nitrogen atmosphere until TLC indicated complete consumption of
the starting material. The solution was cooled, concentrated under vacuum, and flash

chromatographed (eluent ethyl acetate-hexane 1:1 v/v) to give 1,2:5,6-di-O-isopropylidene

3-0-(imidazolyl)thiocarbonyl-a-D-glucofuranose 57 as an oil (2.79 mmol, 93 % yield):

[a]D -49.6° (c 0.9, CHCI3) ·

2. A mixture of the thiocarbonylimidazolide 57 (3 mmol) [Eq. (24)] in dry toluene

(50 mL) was added dropwise over 30 min to a stirred, refluxing solution of toluene (200

mL) and tributyltin hydride (TBTH, 4.6 mmol) under nitrogen atmosphere. Refluxing was

continued until TLC indicated complete reduction ofthe starting material. The solution was

cooled and concentrated under reduced pressure. The residue was extracted with hot
acetonitrile (3 x 50 mL) and the combined extracts were washed with hexanes (4 x 50 mL)
to remove tin-containing compounds. The acetonitrile layer was concentrated under re
duced pressure and flash-chromatographed to give pure 1,2:5,6-diisopropylidene-3

deoxy-n-o-glucose 30 as an oil (2.22 mmol, 74% yield): [a]D -6.9° (c 2.6, CHCI3) .
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(Scheme 1) whereas the reaction with the D-manno-hexodialdo-l,5-pyranose derivative 3
produced, in low yield, the cyanohydrin 4 having an L-glycero-o-manno configuration and
the stereoisomeric epimer at C-5, rather than at C-6 [14]. With an aim toward the synthesis
of D- and L-glycer~-o-manno-heptoses, the reaction of 3 with other reagents (2-methyl
furan,alkyl magnesium chlorides) was also explored, without any substantial improvement
of either stereoselcctivity or yield.

Although the reaction of sodium cyanide with 2,6-anhydro-o-glycero-L-manno_
heptose (6) (Scheme 2), a C-formyl galactopyranoside, seemed to occur with high level of
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The emergence of information on the role that carbohydrates play in a variety of molecular
recognition processes in biological systems [1] and the awareness of the convenient
exploitation of these compounds as precursors to chiral building blocks for organic syn
thesis [2], have stimulated increased demand for practical synthetic methods in carbohy
drate chemistry. In response, new chemical and biological synthetic strategies have been
developed in recent years for the stereocontrolled synthesis of natural oligosaccharides and
glyconjugates and their unnatural analogues [3]. Among monosaccharides, considerable
attention has been given to the synthesis of modified sugars and to compounds containing
seven or more carbon atoms, the so-called higher-carbon sugars [4]. Syntheses have been
carried out by various approaches: (I) from nonsugar precursors [5]; (2) direct coupling of
two monosaccharide subunits (C-glycosidation), or construction of a second unit on a
preexisting one [6]; (3) chain-elongation of either sugar or nonsugar starting materials by
installation of a carbon chain bearing an apparent or masked functional group [7]. Each of
these synthetic strategies has its own validity, provided it involves chemically and stereo
chemically efficient steps. However, prominent approaches are those based on the homolo
gation of readily available natural sugars because, in principle, they should permit access
ing various types of compounds and higher-carbon sugars of any required length. Quite
interesting, although multicarbon homologation appears attractive and spectacular because
of the rapid growth of the chain, sometimes iterative one-carbon homologation is more
convenient, for it permits a full range of stereochemical variations and the introduction of
differentially protected functional groups. While moving from one-carbon homologation
based on the cyanohydrin and nitromethane syntheses (i.e., the roots of a great deal of
carbohydrate chemistry), we will first shortly review recent methods reported from other
laboratories. For a critical and comparative evaluation, only those methods will be de
scribed wherein the whole sequence, starting from an aldose or a ketose, and ending with
the corresponding one-carbon higher homologue has been completed. However, formal
homologations (i.e., methods dealing with intermediates that have been previously trans
formed in aldoses or ketoses) will be also considered. We will then describe in some more
detail our own method that is based on the application of the thiazole-aldehyde synthe
sis [8].

I. INTRODUCTION

II. METHODS

A. One-Carbon Homologation: The State of the Art

Among the classic methods for the extension of the aldose chain by one carbon atom from
the reducing end [9J, the Kiliani-Fischer cyanohydrin synthesis [10] is a milestone in
carbohydrate chemistry. However after 110 years from discovery and numerous applica
tions [11], including the preparation of carbon and hydrogen isotopically labeled com
pounds for mechanistic and structural studies [12], there are still several drawbacks that
make the method impractical. These are the low and variable degree of selectivity and the
harsh reaction conditions that are required to reveal the aldose from either the aldonic
acid or directly from the cyanohydrin. Synthetic applications that have appeared in recent
times confirmed these limitations. For instance, a quite low selectivity was registered [13]
in the addition of the cyanide ion to the o-galacto-hexodialdo-l,5-pyranose derivative 1

diastereoselectivityon the basis of the isolation of 3,7-anhydro-o-threo-L-talo-octonitrile 7
as a single product, this was actually the result of the preferential crystallization of this
com~ound, ra~h~r than a real stereochemical control [15]. The reaction with hydrogen
cyamdein pyridine led to a 1:1mixture of cyanohydrin epimers. Moreover, the reduction of
the~eracetylated ~ure cyanohydrin 8 by the method of Moffatt caused epimerization at C-2
leadingt? 9 as a rruxture of stereoisomers in a 2.4:1 ratio. Although recent chemical Ilti] and
enzymatic [17~ methods have been described for the asymmetric addition of hydrogen
cyamde and trimethylsilyl cyanide to carbonyl compounds, these approaches have not yet
been employed for carbohydrate homologation.

An interesting variation of the cyanohydrin synthesis is based on the application of
theStrecker reactio~ [18~, ~r an a~propriate modification of it, to protected dialdo sugars to
glv.e glycosyl tx-ammomtnles, WIth good levels of diastereoselectivity (ds > 90%) [19J.
ThIS approach was employed for a formal synthesis of the amino octose lincosamine from
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Scheme 4

the dialdose 1 [20] although o-glycero-o-galacto aminonitrile (lOa), the target stereoisomer
required for the synthesis, was obtained as the minor product (Scheme 3).

The Sowden homologation [21], based on the nitroaldol condensation (Henry reac
tion) [22] between the aldehydo sugar and nitromethane in basic medium, followed by the
Nef decomposition [23] of the resultant nitronate in strongly acidic conditions, has been
employed in a more limited number of cases than the cyanohydrin synthesis. A recent
example in this area is shown by the stepwise homologation of N-acetyl-o-mannosamine
(11) into N-acetylneurarninic acid (12) [24] (Scheme 4). Also, this procedure has found
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dtates bearing aldehyde side chains by addition of 2-LDT (13) to blocked cyclic uloses
followed by Hg(II)-mediated hydrolysis of the 1,3-dithiane ring [27]. Stereoselectivity
based on isolated products ranged between 62 and 89%. In the same instance it was pointed
ogf that the addition of 13 to an acyclic blocked aldehydo sugars occurred with scarce
diastereoselectivity as proved by the reaction with 2,3:4,5-di-O-isopropylidene-o-arabino
pyranose, which afforded a mixture of adducts with o-gluco and o-manno configuration.
Bycontrast, good levels of anti selectivity were registered by Chikashita and co-workers
[28) in an iterative homologation sequence (Scheme 6) starting from 2,3-0-cyclohexyl
Idene-o-glyceraldehyde (17). On the other hand syn selectivity remained substantially low.

An iterative chain-elongation process employing chiral boronic esters as templates
has been described by Matteson [29] (Scheme 7). The homologative cycle involves highly
stereoselective reaction of (S)-pinanediol [(benzyloxy)-methyl]boronate (21) with (di
btomo-ethyl)lithium to give the [2-(benzyloxy)-1-bromoethyl]boronate (22) and replace
ment of the a-bromine by benzyl oxide. The sequential installation of three benzyloxy
methylene groups appeared to have been the limit of the repetitive homologation sequence
since L-ribose was the higher homolog accessible by this methodology, Quite correctly,
it has been emphasized that the synthetic utility of this strategy is limited to the prepara
tion of specifically labeled sugars [30],

Other methods have been reported which, however, lacked generality. One of these
described the approach to L-glycero-o-manno-heptopyranosides by stereoselective chain
extension of suitably protected hexodialdo-l,5-pyranosides with silylmethylmagnesium
chlorides [31]. Another method, quite reminiscent of the Masamune-Sharpless approach
[7g], reported the synthesis of four stereoisomeric tetrose derivatives by homologation of
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application for the synthesis of isotopically labeled compounds [24]. Unfortunately, the
efficiency of this synthesis was somewhat diminished by the numerous protection
deprotection steps of the hydroxyl groups. These manipulations were required when it was
found that nitromethane did not always undergo base-catalyzed addition to unprotected
hemiacetalic glycoses, whereas the reaction appears to be of general application with
acyclic aldehydo sugars.

Examples of sugar homologation based on the use of 2-lithio-I,3-dithiane (2-LDT,
13) are surprisingly rare relative to the popularity of this reagent [25]. Stereoselective chain
extension of a partially protected hexose, 2,3:5,6-di-O-isopropylidene-a-o-mannofuranose
(14), into a o-glycero-D-galacto-heptose derivative (16) was reported by Paulsen and his co
workers several years ago [26] (Scheme 5).

In an earlier report, the same author described the synthesis of branched carbohy-
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of mercury(ll) chloride to assist the hydrolysis of the thiazolidine in the final step. It is
worthwhile at this stage to emphasize that both the original and the modified thiazolyl-to
formyl unmasking protocols involve reactions that proceed under almost neutral condi
tions, thereby ensuring the configurational integrity of stereocenters and the stability of
acid- and base-sensitive protective groups.

Although the synthetic equivalence of 2-TST (25a) to the formyl anion synthon was
evident from the foregoing model study, the challenge lay in demonstrating the scope and
limit of this strategy as a homologation technique. Hence, the iterative addition and
unmasking protocols were repeated over several consecutive cycles so that the chain
elongation of the triose 26 was brought up to the nonose 31 through the series of lower
homologues having an all-anti configuration in the 1,2-polyol units (Scheme 9). This
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vinylsilanes to E-butenes, using phenyl (trimethylsilyl)methyl sulfide, followed by the
Sharpless kinetic resolution and epoxidation [32].

B. One-Carbon Homologation: The Thiazole-Based Approach

For a simple, yet seemingly trivial, operation, such as the stepwise construction of a
polyhydroxylated aldehyde by adding one-carbon unit at a time, one needs to use a good
reagent that serves as the formyl anion synthon for the iterative addition to the carbonyl
of the aldehyde. If one wishes to proceed through an efficient synthetic route, the formyl
anion equivalent must feature some essential characteristics, including (1) high stability,
ensuring ease of preparation and storage; (2) high and stereocontrolled reactivity, giving
rise to short reaction times and allowing the creation of new hydroxymethylene groups with
the required configuration; (3) compatibility with various hydroxyl protective groups;
(4) tolerance to synthetic manipulations of the polyhydroxylated carbon chain partially or
completely constructed; (5) facile releasing of the formyl group under mild and neutral
reaction conditions. Very few reagents of the old [33] and new repertoire [34] of formyl
anion equivalents appear to qualify for such a role. Also newcomers show serious draw
backs and limited applications [35,36]. Hence, because we have been working for several
years with 2-metalated thiazoles (25; Fig. I), it is now convenient to evaluate their synthetic
usefulness as formyl anion equivalents in the specific area of carbohydrate homologation.

Acyclic Homologation

Previous work from our laboratory [37] showed the use of 2-(trimethylsilyl)thiazole
(2-TST) (25a, R = SiMe3) as a stable and easily storable thiazolyl carbanion equivalent in
reactions with various carbon electrophiles. All reactions occurred without the need for any
added catalyst. Although a mechanistic rationale for this unique organosilicon reagent was
later provided [38], we were initially stimulated to examine the reaction with 2,3-0
isopropylidene-n-glyceraldehyde (26) as an approach to a new one-carbon homologation
method of sugars [39] (Scheme 8). The system proved to work quite well both in our
and other hands [40]. The addition of25a to 26 occurred with a high level of anti selectivity
to give the alcohol 27 in almost quantitative yield. This product was protected as a-benzyl
ether and then converted by one-pot cleavage of the thiazole ring into the D-erythrose 30.
Alternatively, the intermediates 28 and 29 of the unmasking sequence (N-methylation,
reduction, metal-assisted hydrolysis) were isolated and characterized [41]. Later on we
reported [42] an improvement of the original unmasking protocol wherein methyl triflate
replaced methyl iodide in the N-methylation step and copper(lI) chloride was used instead

Figure 1
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sequential assembly of benzyloxymethylene groups does not appear to have been pushed
to the limit, for high chemical yields (60-80%) and levels of selectivity (90-95%) were
maintained over the whole iterative sequence.

Extension of the scope of the method by full control of the stereoselectivity failed
because the use of Lewis acids as che1ating agents to induce the syn addition of 25a to
aldehydes produced instead a substantial desilylation of the reagent. A remedy to this
limitation was provided by the conversion of the anti adduct into the syn isomer by an
oxidation-reduction sequence [43] (Scheme 10).

Therefore, a more complex homologative cycle was set up involving the addition of
25a to alkoxy aldehydes and the inversion of the hydroxyl group. By this reaction sequence
the aldehyde 26 was converted into the two tetroses 30 and 34 and four pentoses 35, 37:
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synthesis of sphingosines. The anti selectivity observed for the addition of 2-TST (25a) to
the N,N-diprotected amino aldehyde 46 can be reversed to syn selectivity by using a
N-monoprotected derivative [46b]. Tunable stereoselectivity by the N-protecting group
control has been achieved in other cases, thus extending considerably the scope of the
a-amino aldehyde homologation with the use of 25a.

The chain-extension of dialdoses provided a faster access to higher-carbon sugars,
The building up of a stereochemically defined polyhydroxylated carbon chain at C-5 of a
pyranose ring, is a quite important operation for the construction of the sugar moieties that
are present in various antibiotics, such as hikizimycin [47] and tunicamycin [48]. Indeed,
the application of the foregoing iterative addition-unmasking sequence to pentodialdo-I,4
furanose 49 and hexodialdo-l,5-pyranose 1 (Scheme 15) led to the corresponding series of
one-carbon higher homologues in good yield and stereoselectivity in each cycle [39c,49].

The results of the one-carbon homologation of 49 to 50 and 1 to 52 were confirmed
by recent work of Momenteau [50] and Aspinall [51] and their co-workers. However, with
the aim of extending this homologation technique to other dialdoses, methyl 2,3,4-tri-O
benzyl-a-D-manno-hexodialdo-I,5-pyranoside (54; Scheme 16) reacted with 2-TST (25a)
with poor diastereoselectivity to give the adducts 55a and 55b in 55 and 37% yield,
respectively [51]. Poor selectivity was also observed with the gluco analogue of 54,
Conclusions on the reasons of the discrepancy between our and Aspinall's observations
should be drawn after comparison of compounds having the same hydroxyl protective
groups.

Results of this section illustrate quite well the efficiency and some limitations of the

The direct homologation technique was then extended to the synthesis of various
uncommon carbohydrate structures. Thus, higher sugars of the L-series were obtained
starting from 2,3-0-isopropy!idene-4-0-benzyl-L-threose (43) [39c] (Scheme 13), and the
amino tetrose 47 and pentose 48 were prepared from the a-amino aldehyde 46 derived from
t-serine [46a] (Scheme 14). These amino sugars were used as chiral building blocks for the
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41, and 42 [44], with high stereoselectivity in each step (Scheme 11), with the exception
of one reaction showing an unexpected stereochemical outcome (Scheme 12). A quite
similar approach has been recently reported by Chikashita and co-workers using 2-LDT
(13) as a formyl anion equivalent (Scheme 6) [28].
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the N-benzyl nitrone 56 derived from 26, the reaction was successfully carried out with
2-lithiothiazole (2-LTT, 25b) [57]. The addition of this organometal to 56 was highly
stereoselective (ds 92%) giving rise to the syn-N-benzylhydroxylamine 57a as major
product. Also the reaction with 56 precomplexed with Lewis acids (Et2AlCl, TiCI4) was
highly stereoselective (ds 95%), but in this case the anti-epimer 57b was the main product
[58]. The chemical yields of isolated hydroxylamines 57a and 57b were 82 and 84%,
respectively.The conversion of these compounds to the corresponding a-amino aldehydes
58a (2-deoxy-2-amino-n-threose) and 58b (2-deoxy-2-amino-n-erythrose) was carried out
by a high-yield reaction sequence involving the reductive dehydroxylation and debenzyla
tion (TiCI3 in MeOH-H20) of the hydroxylamino to amino group, the protection of the
latter as N-Boc derivative, and finally the usual thiazolyl-to-formyl deblocking.

Having set up a protocol for the aminohomologation of various aldehydo sugars, the
value of the method was tested by the synthesis of simple natural products. The first
example involved [57aJ the conversion of 2,3:4,5-di-O-isopropylidene-n-arabinose 59
(Scheme 18) through the nitrone 60 into the N-acetyl-n-mannosamine diacetonide 61
and the deprotected compound 11,both well-known key intermediates for the synthesis of
N-acetylneuraminic acid (Neu5Ac) [59,60]. Unfortunately, in this case the addition of
2-LTT (25b) to the nitrone 60 occurred with modest selectivity (ds 75% to the best);
therefore, the overall yield of 61 was quite low (29%).

Scheme 17

The choice of nitrones as iminium cation equivalents stemmed from the ease of
synthesis and purification of compounds derived from a large set of polyalkoxy aldehydes,
and their stability to handling and storage [54]. Moreover, it was expected that the high
polarity of the nitrone group and the interaction with external additives [55] could be
effectivelyexploited to affect both reactivity and stereoselectivity. The model aminohomo
legation of 2,3-0-isopropylidene-n-glyceraldehyde (26) illustrates the details of this
method [56J (Scheme 17). Having observed that the silyl derivative 25a was inert toward
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Acyclic Aminohomologation
A remarkable extension of the foregoing method carne from the idea that the reaction of a
2-metalated thiazole 25 with a nitrone derived from an o-alkoxy aldehyde, would give an
hydroxylamine adduct that could be converted into an a-a~no \3-al~oxy aldehyde homo
logue (Fig. 2). The chain elongation of aldehydo sugars and installation of an ammo g~oup

in the same homologation cycle (aminohomologation) appeared relevant to the sy.ntheslsof
amino sugars, particularly higher-carbon members. Also in this approach, ~he ~lm was to
developing a strategy that could overcome the limitations of the cyano amination [19,20J
and possibly show higher efficiency than other syntheses of ammo sugars [53].

~~H
~ +
ROMe

55a(55%)

Scheme 16

homologation technique of aldehydo sugars employing 2-TST (25a) .as ~ f~rmyl ani~n
equivalent. Several advantages over the existing methods arise from the mtnnsic p:ope~les

of this reagent which, in fact, combines high stability for easy storage an~ ~~mp~la1Jon
with high reactivity under different conditions. Chemical yields and selectivities, III gen
eral, were satisfactory, if not excellent, in most of the studies. A limitation stems from the
failure to obtain total stereochemical control of the addition to the carbonyl by the
intervention of external agents. Finally, the thiazole-to-formyl conversion constitutes a
simple and highly reliable operation that can be carried out without affecting protect~ve

groups and stereogenic centers. The potential and synthetic value of this new homologation
method has been graciously recognized [52].
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the dialdose 1, was achieved by precomplexation with different Lewis acids (i.e., MgBr2 or
ZnBr

2
) to achieve syn selectivity (ds 80%) and Et2AICI or TiCl4 to achieve anti selectivity
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Homologation of Furanoses and Pyranoses

Because considerable attention has been focused in very recent years on C-formyl glyco
sides (FGL) {j.e., stereochemically well-defined 2,5- or 2,6-anhydro sugars) as key inter
mediates to C-glycosyl amino acids and a variety of modified glycoconjugates [67], the
one-carbon homologation of sugars in their cyclic form has become an issue of increasing
importance. Retrosynthetic analysis (Fig. 4) indicates that the construction of a C-formyl
glycoside corresponds essentially to the displacement of the hydroxyl group at the ano
meric carbon by a formyl anion synthon. The execution of this seemingly simple operation

member of a class of sugar analogues that are attracting increasing interest as glycosidase
inhibitors and potential antiviral agents [66], completes the illustration of the conspicuous
synthetic potential of the aminohomologation strategy.

The glycosyl a-amino aldehyde 70 obtained from the dialdose 49 through the nitrone
69 appeared nicely tailored for a rapid conversion to 71. This simply involved the reduc
tion of the formyl group and removal of the hydroxyl and amino protective groups. This
approach should be extendible to the synthesis of various aza sugars containing suitable
structural modifications.

65a and 65b was about 90%. The elaboration of these adducts afforded the diastereo
isomeric galactosyl a-amino aldehydes 66 and 67. The aldehyde 66 and the amino alcohol
68 obtained by reduction of 67 had been previously prepared by other routes and converted
to lincosamine 63 [64] and destomic acid 62 [65], respectively.

The synthesis of the aza sugar D-nojirimycin (71 Scheme 20) [56], a well-known
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The stereoselective aminohomologation of the dialdose 1 [61] (see Scheme 12) was
employed for the formal synthesis of destomic acid 62 and lincosamine 63, the sugar
constituents of the antibiotic natural products destomycin [62] and lincomycin [63], respec
tively. This approach was suggested by the observation that both compounds 62 and 63
(Fig. 3) feature a polyhydroxylated carbon chain with the galacto configuration that bears
an aminomethylene group with Sand R configuration, respectively.

Stereocontrolled addition of2-LTT (25b) to the nitrone 64 (Scheme 19), derived from
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X>CHO = X>OH + CHO

Figure 4

through the thiazole-aldehyde synthesis was quite challenging, both to confinn the syn
thetic value of the method [68] and to overcome the limitations of the very few existing syn
theses of C-fonnyl glycosides [69]. Although synthetic methods of various C-glycoides
have become available in recent years [70], the installation at the anomeric carbon of a sim
ple, yet very important, functionality such as the fonny! group was still an open problem.

After unsuccessful attempts of Cl(sugar)-C2(thiazole) bond formation by electro
philic glycosylation of thiazole, using a pyranosyl acetate or trichloroacetimidate in the
presence of Lewis acids, and by nucleophilic displacement of anomeric nitrate or tosylate
by 2-LTI (25b), the problem was solved through an efficient, although slightly longer,
route involving sugar lactones as activated substrates [71]. The example shown (Scheme
21) illustrates this synthetic method. The addition of 25b to 2,3,4,6-tetra-O-benzyl-D-

BnO OBn

BnO'-S.-o. R,
'~

R2

whose configuration was in agreement with the hydride addition to the less hindered side of
(he pyran or furan oxonium ion. In all cases, the level of diastereoselectivity and chemical
yields were good, if not excellent. Hence, a general and efficient reaction method that
allows access to C-formyl glycosides bearing various glycosidic units appears to have been
established. Subsequent to our first report [7la], a quite similar approach employing
2"lithio-I,3-dithiane(13) as formyl anion equivalent [74] has been applied to 72 to give the
C-glycosylaldehyde74. A second example dealing with the C-fonnylation of a mannofura
nose derivative was also reported. In both cases the yields were much lower than those
obtainedby the thiazole-aldehyde synthesis. More promising, particularly for the synthesis
of a-linked C-formyl glycosides, is the approach through alkynyl C-glycosides [74,75]. A
reaction sequence involving the reduction of the alkynyl group to the alkenyl group and
cleavage of the latter by ozonolysis was employed to reveal the formyl group. This
procedure may be a serious limitation of the method since common hydroxyl protective
groups such as the benzyl group do not tolerate strong oxidizing conditions [76].

The remarkable stability of the thiazole ring allowed synthetic manipulations of the
thiazolylketol acetates, which extended considerably the scope of the above C-fonnylation
method offuranoses and pyranoses. Instead of the reductive removal of the acetoxy group,
the N-glycosidationof either a- or [3-anomer73 with TMSN3 afforded stereoselectively the
azido galactopyranoside 75 in 88% isolated yield (Scheme 22) [77]. The cleavage of the
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Owing to the combination of a high chemical stability and easy cleavage, the thiazole ring
has emerged as a valuable synthetic auxiliary in different types of one-carbon homologa-

Scheme 22

thiazole ring to the formyl group gave the azido aldehyde 76, which was then sequentially
transformed into the azido and amino esters 77 and 78. The feature of 78 that is peculiar
withrespect to the most common types of C-glycosyl amino acids is that it shares its central
carbon atom with the sugar moiety.

The same type of reaction sequence was employed for the conversion of the thiazolyl
ketol acetate 79 into the azido aldehyde 80 (Scheme 23) [77], a key precursor of the natural
product hydantocidin 81 [78].

74 (60%)

Scheme 21

galactopyranolactone (72) at -80DC, followed by treatment with acetic anhydride at the
same temperature, afforded the ketol acetate [3-73 (75% yield). On the other hand, the
acetylation at room temperature of the ketol, obtained after an aqueous quenching of the
reaction mixture, gave as a major product the ketol acetate a-73 (78% yield). The different
distribution of the a- and [3-epimer ketol acetates 73 appeared to reflect the kinetic and
thermodynamic control on the configuration of the anomeric carbon. In other words, the
stereoselective addition of 25b to the less-hindered face of the carbonyl of 72 at low
temperature should lead to a [3-ketol that equilibrates at higher temperature to the more
stable a-isomer. The reductive removal of the acetoxy group [72] from either a- or [3-73
or a mixture of them in the presence of Et3SiH and TMSOTf [73] afforded the same
[3-linkedthiazolyl C-glycoside which, subjected to the usual thiazolyl-to-formyl deblock
ing sequence, produced the corresponding C-fonnyl glycoside 74 in 60% isolated yield
from the lactone 72.

This homologation method was successfully applied to other pyrano-(gluco, manno,
2-deoxy-2-azido-galaeto) and furano- (manno, ribo) lactones bearing various hydroxyl
protective groups. The addition of 2-LTT (25b) always proceeded smoothly to give either
the a- or [3-epimer ketol acetate, depending on the quenching procedure of the reaction
mixture. Similarly, the reduction of the ketol acetates produced the thiazolyl C-glycosides,

BnO't/o,-Q

\-("OAC
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Scheme 23
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tion methods of carbohydrates. 2-Metalated thiazoles serve as efficient formyl anion
equivalents. Although only 2-(trimethylsilyl)thiazole (25a) and 2-lithiothiazole (25b) have
been extensively employed, one can foresee the preparation of other members of this class
of reagents and their application in stereocontrolled homologation methodologies.

(4)

(3)
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D. One-Carbon Homologation of Dialdoses [49]

A mixture of alcohol 82 (1.34 g, 4.0 mrnol) [Eq. (3)], sodium hydride (0.18 g, 4.4 mol, of
a 60% dispersion in mineral oil), and dry THF (50 mL) was refluxed for 20 min, then cooled
to room temperature and treated with Bu4NI (0.15 g, 0.4 mrnol) and benzyl bromide
(520 j.LL, 4.4 mmol). The mixture was stirred at room temperature overnight, then concen
trated, diluted with saturated aqueous NaHCO J (40 ml.), and extracted with CH2CI2(2 x 50
ml.). The combined extracts were dried (NazS04) and concentrated. The crude product was
eluted from a column of silica gel with 3:2 hexanes-diethyl ether to afford the benzyl ether
(1.53 g, 90%) as an oil: [a]o +75.0° (c 1.4, CHCIJ).

A solution of the benzyl ether (1.53 g, 3.6 mmol) and iodomethane (2.2 mL, 36 mmol)
in acetonitrile (30 rnl.) was refluxed overnight, then cooled to room temperature, and
concentrated. The residue was treated with Etz0 to precipitate the N-methylthiazolium salt,
which was collected by filtration. To a stirred solution of the salt in MeOH (30 ml.) was
added portionwise NaBH4(0.27 g, 7.2 mmol). The mixture was stirred at room temperature
for an additional 30 min, then concentrated, diluted with brine (30 ml.), and extracted with
CHzCI2 (2 x 40 ml.), The combined extracts were dried (NazS04) and concentrated. To a
solution of the thiazolidine in 5:1 CHJCN-HzO (50 mL) was added HgCI2 (0.98 g,
3.6 mmol). The mixture was stirred at room temperature for 20 min and then filtered
through Celite. Acetonitrile was evaporated, the residue was suspended in CH2CI2 (100
ml.) and washed with 2% aqueous Kl (2 x 20 mL). The organic layer was dried (NazS04)
and concentrated to give the crude aldehyde, which was eluted from a short column of silica
gel with 3:2 hexanes-diethyl ether to afford 35 (1.07 g, 80%) as an oil: [a]o +45.1° (c 1.2,
CHCIJ); reported [79] [a]o +46.3° (c 0.7, MeOH).

Toa stirred solution ofaldehyde49lEq. (4)] [80] (0.70 g, 2.5 mmol) in dry CH2Cl2(20 mL)
was added dropwise a solution of 2-(trimethylsilyl)thiazole (0.59 g, 3.7 mrnol) in dry
CH2Cl2(10ml.). The solution was kept at room temperature overnight, then the solvent was
removed under vacuum. The residue was dissolved in THF (30 mL) and treated at room
temperature with a I-M solution of Bu4NF in THF (2.5 mL, 2.5 mmol), After 2 h the
solution was concentrated, the residue was dissolved in CH2Clz(40 mL), and washed with
H20 (2 x 20 mL). The organic phase was dried (NazS04) and concentrated. The residue was

C. Preparation of Polyalkyoxyaldehydes [44]
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III. EXPERIMENTAL PROCEDURES

A. Addition of 2-(Trimethylsilyl)thiazole to Aldehydes [44]

(~
S~SiMe3

25a

B. Inversion of Configuration of the Hydroxyl Group [44]

To a cooled (- 30°C) and stirred solution of aldehyde [Eq. (I)] 30 [40] (1.25 g, 5.0 mmol)
in dry THF (25 mL) was added dropwise a solution of 2-(trimethylsilyl)thiazole (1.18 g, 7.5
mmol) in dry THF (IS mL). Stirring was continued at room temperature overnight, then the
solvent was removed under vacuum. The residue was dissolved in THF (40 mL) and treated
at room temperature with a I-M solution of Bu4NFin THF (7.5 mL, 7.5 mmol). After 2 h the
solution was concentrated, the residue was dissolved in CH2CI2 (40 mL), and washed with
H20 (2 x 20 mL). The organic phase was dried (NazS04) and concentrated. The residue was
purified by column chromatography on silica gel (3:2 diethyl ether-hexanes) to give 82
(1.21 g, 72%) as a white solid: mp 105°-107°C (from hexane-diethyl ether), [a]o + 10.70
(c 0.2, CHCIJ).

A solution of 82 [Eq. (2)] (0.67 g, 2.0 mmol) in DMSO (9.0 mL) and acetic anhydride
(4.0 mL) was kept at room temperature overnight, then was diluted with saturated aqueous
NaHCPJ (l00 mL). The mixture was stirred for 30 min, then extracted with Etz0 (50 mL).
The organic phase was washed with H20 (2 x 20 rnl.), dried (Na2S04), and concentrated.
The residue was purified by column chromatography on silica gel (3:2 hexanes-diethyl
ether) to give the ketone (0.59 g, 88%) as an oil: [a]o +13.9° (c 0.3, CHClJ).

To a cooled (-78°C) and stirred solution of the ketone (0.59 g, 1.8 mrnol) in dry THF
(90 mL) was added dropwise potassium tri-sec-butylborohydride (K-Selectride, 3.6 mL,
3.6 mrnol, of a I-M solution in THF). The mixture was stirred at -78°C for an additional
hour, then was treated with H20 (7 mL), warmed to room temperature and concentrated.
The residue was suspended in CH2CI2 (100 ml.), washed with brine, dried (NazS04)' and
concentrated. The crude product was eluted from a column of silica gel with 3:2 diethyl
ether-hexanes to afford 83 (0.53 g, 90%) as an oil: [a]o + 19.5° (c 1.8, CHCIJ).
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A mixture of aldehyde 26 [Eq. (5)] [81] (2.60 g, 20.0 mmol), N-benzylhydroxylamine [82]
(2.46 g, 20.0 mmol), anhydrous MgS04 (2.41 g, 20.0 mmol) and CHzClz (150 mL) was
stirred at room temperature for 4 h, then filtered through Celite and concentrated. The
residue was eluted from a column of silica gel with 8:1 ethyl acetate-hexanes to give 56
(4.04 g, 86%) as a solid: mp 88°C, [al

D
+96.7" (c 0.5, CHCI3) .

purified by column chromatography on silica gel (1:1 petroleum ether-ethyl acetate) to
give the thiazolyl adduct (0.73 g, 80%) as a syrup.

A mixture of the alcohol (0.73 g, 2.0 mmol), sodium hydride (88 mg, 2.2 mmol, of a
60% dispersion in mineral oil), and dry THF (25 ml.) was refluxed for 20 min, then cooled
to room temperature and treated with Bu4Nl (74 mg, 0.2 mmol) and benzyl bromide
(260 f.LL, 2.2 mmol). The mixture was stirred at room temperature overnight, then concen
trated, diluted with saturated aqueous NaHC03 (20 mL), and extracted with CHzClz (2 x 30
mL). The combined extracts were dried (NazS04) and concentrated. The crude product was
eluted from a column of silica gel with 7:3 petroleum ether-ethyl acetate to afford the
benzyl ether as a syrup.

A solution of the benzyl ether and iodomethane (1.2 mL, 20 mmol) in acetonitrile
(20 mL) was refluxed overnight, then cooled to room temperature and concentrated. To
a cooled (-10°) and stirred solution of the N-methylthiazolium salt in MeOH (20 mL)
was added portionwise NaBH 4 (0.15 g, 4.0 mmol). The mixture was stirred at room
temperature for an additional 30 min, then diluted with acetone, and concentrated. The
residue was diluted with brine (20 mL) and extracted with AcOEt (2 x 30 mL). The
combined extracts were dried (NaZS04) and concentrated. To a solution of the thiazolidine
in 5:1 CH3CN-HzO (20 mL) was added HgCl, (0.54 g, 2.0 mmol). The mixture was stirred
at room temperature for 15 min and then filtered through Celite. Acetonitrile was evapo
rated, the residue was suspended in CHzClz (50 mL), and washed with 20% aqueous KI
(2 x 10ml.). The organic layer was dried (NazS04) and concentrated to give almost pure 50
(0.46 g, 74%) as an oil.

(~

--j-~~-+ 0'
S~Li

o~~Z 25b
(7)

Bn Et2A1C1 ; N

Et20, ·80 'C N(OH)Bn

56 81% 57b

H. Reduction of N-Benzyl Hydroxylamines [56]

Toa cooled (- 80°C) and stirred solution of nBuLi (10.0 ml., 16.0 mmol, of a 1.6-Msolution
in hexanes) in dry EtzO (30 mL) was added dropwise a solution of freshly distilled
2-bromothiazole (2.46 g, 15.0 mmol) in dry EtzO (15 mL), over a 30-min period (the
temperature of the solution was not allowed to rise above -70°C). The yellow solution was
stirred at -80°C for 20 min, then cooled to -90°C. To a stirred solution of nitrone 56
[Eq. (7)] (1.17 g, 5.0 mmo!) in dry EtzO (100 mL) was added EtzA1CI (5.0 mL, 5.0 mmol,
of a I-M solution in hexanes) in one portion at room temperature and stirring was continued
for 15min. The mixture was transferred under argon atmosphere into a dropping funnel and
added slowly to the solution of 2-lithiothiazole to keep the temperature of the reaction
mixture below -80°C. After an additional 30 min at -80°C, the mixture was quenched
with I-N aqueous NaOH (100 ml.), stirred at room temperature for 10 min, and extracted
with Etz0 (3 x 50 mL). The combined organic extracts were washed with brine, dried
(MgS04), and concentrated. The residue was eluted from a column of silica gel with 7:3
hexanes-diethyl ether to give 57b (1.30 g, 81%) as a white solid: mp 157-159°C, [a]D

-9.0° (c 0.4, CHCI3) .

G. Addition of 2-Lithiothiazole to Lewis Acid Nitrone Complexes [56]

temperatureof the solution was not allowed to rise above -70°C), The yellow solution was
stirred at -80°C for 20 min, then cooled to -90°C. A solution of nitrone 56 [Eq.(6)]
(1.17 g, 5.0 mmol) in dry THF (60 mL) was added slowly to keep the temperature of the
reaction mixture below -80°C. After an addition 15 min at -80°C, the mixture was
quenched with saturated aqueous NH4CI (15 mL), stirred at room temperature for 10 min,
and diluted with EtzO (25 ml.). The layers were separated and the aqueous layer extracted
with EtzO (3 x 50 mL). The combined organic extracts were washed with brine, dried
(MgS04), and concentrated. The residue was eluted from a column of silica: gel with 7:3
hexanes-diethyl ether to give 57a (1.18 g, 74%) as an oil: [a]D -7.8° (c 0.7, CHCI3) ·

(5)
BnNHOH

CH2CI2, r. t.
86%

E. Synthesis of N-Benzyl Nitrones [54]

To a cooled (-80°C) and stirred solution ofnBuLi (10.0 ml., 16.0 mmol, ofa 1.6-Msolution
in hexanes) in dry EtzO (30 ml.) was added drop wise a solution of freshly distilled
2-bromothiazole (2.46 g, 15.0 mmol) in dry EtzO (15 ml.), over a 30-min period (the

(8)J:v,)
NHBoc

84

TiCI3 BOC20

H20, r. t. Dioxane, r. t.
74%

J:v,)
N(OH)Bn

57a

A solution of hydroxylamine 57a [Eq. (8)] (1.28 g, 4.0 mmol) in MeOH (50 mL) was
treated with 20% w/w aqueous solution of TiCI3 (1.55 g, 10.0 mmol, in 6.2 mL of HzO) at
room temperature for 15 min, then 5-M of aqueous NaOH was added, and stirring was
continued for an additional 5 min. The mixture was extracted with ethyl acetate (4 x
25 mL), the combined extracts were washed with brine, dried (MgS04), and concentrated to

(6)
J:v,)

N(OH)Bn

57a

Et20-THF, ·80 'C
74%

56

F. Addition of 2-Lithiothiazole to Nitrones [56]

If~
«S~Li

25b
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J. Aminohomologation of Dialdoses [56]

afford the crude amine, which was used in the next step without purification. A solutionof
the crude amine and di-tel1-butyl dicarbonate (1.53 g, 7.0 mmol) in 1,4-dioxane (30 mL)

was kept at room temperature for 12 h, then saturated aqueous NaHCOJ (80 mL) and
CHzClz (SO mL) were added. The organic layer was separated and the aqueous layer was
extracted with CHzClz (2 x 25 mL). The combined extracts were dried (MgS04) and
concentrated. The residue was purified by column chromatography on silica gel (6:4
hexanes-diethyl ether) to give 84 (0.93 g, 74%) as a white solid: mp 75-76°C, [0.]0 -18.6°
(c 0.9, CHCIJ).

A mixture of 84 [Eq. (9)] (0.94 g, 3.0 mmol), activated 4-A powdered molecular sieves
(6.0 g), and dry CHJCN (SO mL) was stirred at room temperature for 10 min, and then
methyl triflate (373 I1L,3.3 mmol) was added. The suspension was stirred for 15 min and
then concentrated to dryness. The crude N-methylthiazolium salt was suspended in MeOH
(SO mL), cooled to O°C, and treated with NaBH4 (252 mg, 6.6 mmol). The mixture was
stirred at room temperature for an additional 10 min, diluted with acetone. filtered through
Celite, and concentrated. To the solution of the crude thiazolidine in 10:1 CHJCN-HzO
(SO mL) was added CuO (0.72 g, 9.0 mmol) and CuClz·2HzO (0.56 g, 3.3 mmol). The
mixture was stirred at room temperature for 10 min and then filtered through Celite.
Acetonitrile was evaporated (bath temperature not exceeding 30°C), the residue was
diluted with EtzO (80 ml.), and washed with brine (80 mL). The aqueous layer was
extracted with Etz0 (2 x SO mL), the combined extracts were washed with saturated
aqueous EDTA (disodium salt) and brine, dried (MgS04), and filtered through a short pad
of Florisil (100-200 mesh) to afford 58a (0.50 g, 64%) as an oil: [0.]0 +8.1° (c 0.5, CHCll)'

I. Preparation of a-Aminoaldehydes [56]

To a cooled (-80°C) and stirred solution of nBuLi (8.7 mL, 13.8 mmol, of a 1.6-M
solutionin hexanes) in dry Et.O (30 mL) was added dropwise a solution of freshly distilled
2-bromothiazole (2.11 g, 12.9 mmol) in dry Etz0 (15 mL) over a 30-min period (the
temperatureof the solution was not allowed to rise above -70°C). The yellow solution was
stirred at -80°C for 20 min, then cooled to -90°C. To a stirred solution of nitrone 69
(1.65 g, 4.3 mmol) in dry EtzO (100 mL) was added EtzAICl (4.3 mL, 4.3 mmol, of a I-M
solution in hexanes) in one portion at room temperature and stirring was continued for 15
min. The mixture was transferred under argon atmosphere into a dropping funnel and
slowly added to the solution of 2-lithiothiazole to keep the temperature of the reaction
mixture below -80°e. After an additional 30 min at -80°C, the mixture was quenched
with I-N aqueous NaOH (100 mL), stirred at room temperature for 10 min, and extracted
with Elz0 (3 x SO mL). The combined organic extracts were washed with brine, dried
(MgS041; and concentrated. The residue was eluted from a column of silica gel with 6:4
hexanes-diethyl ether to give the hydroxylamine (1.73 g, 86%) as an oil: [0.]0 -26.5°
(c 0.5, CHCll)'

A solution of the hydroxylamine (1.73 g, 3.7 rnmol) in MeOH (SO mL) was treated
with a 20% w/w aqueous solution of TiCIJ (1.43 g, 9.2 mmol, in 5.7 mL of HzO) at room
temperature for IS min, then 5-M aqueous NaOH was added, and stirring was continued
for an additional 5 min. The mixture was extracted with ethyl acetate (4 x 25 mL), the
combinedextracts were washed with brine, dried (MgS04) , and concentrated to afford the
crude amine, which was used in the next step without purification. To a cooled (O°C)and
stirred mixture of the crude amine and 7% aqueous NaHCOJ (20 mL) in 1,4-dioxane
(50 mL) was added benzyl chloroforrnate (0.57 mL, 4.0 mmol). Stirring was continued
atODC for 20 min, then HzO (80 mL) and CHzClz (50 mL) were added. The organic layer
was separated, and the aqueous layer was extracted with CHzClz (2 x 25 mL). The
combined extracts were dried (MgS04) and concentrated. The residue was purified by
columnchromatography on silica gel (6:4 hexanes-diethyl ether) to give the N-benzyloxy
carbonyl derivative (1.49 g, 81%) as a syrup: [0.]0 -4.9° (c 0.8, CHCIJ).

A mixture of the N-benzyloxycarbonyl derivative (1.49 g, 3.0 mmo1), activated 4-A
powderedmolecular sieves (6.0 g), and dry CHJCN (50 ml.) was stirred at room tempera
turefor 10min, and then methyl triflate (373 I1L,3.3 mmol) was added. The suspension was
stirredfor 15min and then concentrated to dryness. The crude N-methylthiazolium salt was
suspendedin MeOH (SO mL), cooled to O°C,and treated with NaBH4 (252 mg, 6.6 mmol).
Themixturewas stirred at room temperature for an additional 10min, diluted with acetone,
filtered through Celite, and concentrated. To the solution of the crude thiazolidine in 10:1
CHJCN-HzO(50 mL) was added CuO (0.72 g, 9.0 mmol) and CuClz·2HzO (0.56 g, 3.3
mmol).The mixture was stirred at room temperature for 10 min and then filtered through
Celite.Acetonitrile was evaporated (bath temperature not exceeding 30°C) and the residue
was diluted with Etz0 (80 mL) and washed with brine (80 mL). The aqueous layer was
extracted with Etz0 (2 x SO ml.), the combined extracts were washed with saturated
aqueous EDTA (disodium salt) and brine, dried (MgS04) , and filtered through a short pad
ofFlorisil (100-200 mesh) to afford 70 (1.01g, 76%) as an oil: I«l, -26.1° (c 3, CHCIJ).

(9)

1. MeOT!
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81%
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25b
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A mixture of aldehyde 49 [Eq. (10)] [80] (1.39 g, 5.0 mmol), N-benzylhydroxylamine [82)
(0.61 g, 5.0 mmol), anhydrous MgS04(0.60 g, 5.0 mmol), and CHzC~ (40 mL) was stirred
at room temperature for 4 h, then filtered through Celite, and concentrated. The residue was
eluted from a column of silica gel with 4:1 diethyl ether-hexanes to give the N-benzyl
nitrone 69 (1.65 g, 86%) as a solid: mp 96°C, [0.]0 -135.7° (c 0.4, CHCIJ).

K. Addition of 2-Lithiothiazole to Sugar Lactones (71]

Toa cooled(- 80°C) and stirred solution of nBuLi (7.6 mL, 12.1mmol, of a 1.6-Msolution
in hexanes) in dry Et.O (17 mL) a solution of freshly distilled 2-bromothiazole (1.80 g,
Il.lmmol) in dry Et.O (4.3 ml.) was added dropwise over a 30-min period (the temperature
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To a stirred mixture of a-73 [Eq. (12)J (1.00 g, 1.5 mmol), activated 4-A. powdered
molecular sieves (1.0 g), dry CHzClz (12 ml.), and triethylsilane (2.4 rnl., 15.0 mrnol) was
added dropwise trimethylsilyl triflate (775 !-LL, 4.2 mmol). The mixture was stirred at room
temperature for 30 min and then neutralized with ESN, diluted with CHzClz, filtered
through Celite, and concentrated. The residue was eluted from a column of silica gel with
5:2 petroleum ether-ethyl acetate to give 85 (0.87 g, 96%) as a syrup: l«l, 0°, [o:J436 -3.9°
(c 1, CHCI3).

of the solution was not allowed to rise above -70°C). After the yellow solution had been
stirred at -80°C for 20 min, a solution of 2,3,4,6-tetra-O-benzyl-D-galactonolaclone
72 [Eq. (lI)J [71] (5.00 g, 9.29 mmol) in dry THF (17 mL) was added slowly (25 min). After
an additiona120 min, the mixture was allowed to warm to -65°C in 30 min and poured into
200 rnL of a I-M phosphate buffer (pH = 7). The layers were separated, and the aqueous
layer was extracted with CHzClz (2 x 100 mL). The combined organic layers were dried
(NazS04) and concentrated. Flash chromatography (5:2 petroleum ether-ethyl acetate) of
the residue gave 4.50 g (78%) of thiazolyl ketose as a syrup: [0:]0 +6.4° (c 1, CHCll)'

To a solution of thiazolyl ketose (4.50 g, 7.21 mmol) in CHzClz (17 rnL) were added at
room temperature Et3N (7 mL) and AczO (7 rnL). After standing overnight at room
temperature the solution was concentrated to give 4.72 g (100%) of 0:-73 as a syrup:
[0:]0 +34.7° (c 1, CHCI3)·

(15)

1. MeOTI
2. NaBH4 1. A920
3. HgCI2. H20 2. CH2N2

54%

O. Preparation of Glycosyl a-Azidoesters [77]

(14 ml.) cooled to O°C, and treated with NaBH4 (126 mg, 3.3 mmol). The mixture was
stirred at room temperature for an additional 10 min, diluted with acetone, filtered through
Ce'1tte, and concentrated. To the solution of the crude thiazolidine in 10:1 CH3CN-HzO
(14 mL) was added HgCl z (0.41 g, 1.5 mmol). The mixture was stirred for 15 min and then
fI1teredthrough Celite. Acetonitrile was evaporated (bath temperature not exceeding 40°C).
The residue was suspended in CHzClz (100 ml.) and washed with 20% aqueous KI (3 x
20mL)and water (20 mL); the organic layer was dried (NazS04) and concentrated to give a
syrup that was diluted with 40 mL of Et.O and filtered through a short pad of Florisil (100
200mesh) to afford a colorless solution. After a further washing of Florisil with AcOEt
(15 ml.), the organic phase was concentrated to yield 0.67 g (80%) of almost pure 74 (NMR
analysis) as a syrup. The crude aldehyde decomposed partially when submitted to silica gel
chromatography; nonetheless, this product was suitable for further elaborations.

N. N-Glycosidation of Thiazolyl Ketol Acetates [77]

Bn~oBno53 Bn~oBnoS~
\ TMSN3. TMSOTf ,.»

BnO "N BnO "N (14)
BnO OAe CH2CI2. r. l. BnO Na

88%
73 ~

A mixture of 0:- or 13-73 [Eq. (14)] (1.00 g, 1.5 mmol), activated 4-A powdered molecular
sieves (0.6 g), trimethylsilyl azide (300 !-LL, 2.2 mrnol), and dry CHzClz (6 mL) was stirred
at room temperature for 10 min, and then trimethylsilyl triflate (136 !-LL, 0.75 mmol) was
added. The mixture was stirred at room temperature for 20 min, then neutralized with Et3N,
diluted with CHzCl z, filtered through Celite, and concentrated. The residue was eluted from
a column of silica gel with 6:1 cyclohexane-ethyl acetate to give 75 (0.86 g, 88%) as a
syrup: [a)D +33.7° (c 0.7, CHCI3).
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L. Deoxygenation of Thiazolyl Ketol Acetates [71]

A mixture of 85 [Eq. (13») (0.92 g, 1.5 mmol), activated 4-A. powdered molecular sieves
(3.0 g), and dry CH 3CN (14 rnL) was stirred at room temperature for 10 min, and then
methyl triflate (223 !-LL, 2.0 mmol) was added. The suspension was stirred for 15 min and
then concentrated to dryness. The crude N-methylthiazolium salt was suspended in MeOH

M. Preparation of e-Formyl Glycosides [71]

85

1. MeOTf
2. NaBH4
3. HgCI2. H20

00'/0

BnO OBn

BnO~CHO
BnO

74

(13)

A mixture of 75 [Eq. (l5)J (0.70 g, 1.08 mrnol), activated 4-A powdered molecular sieves
(1.0 g), and dry CH 3CN (3.6 mL) was stirred at room temperature for 10 min, then methyl
triflate (159 !-LL, lAO mmol) was added. The suspension was stirred for 15 min and then
concentrated to dryness (bath temperature not exceeding 40°C). To the crude N-methylthi
azolium salt was added cold (O°C) MeOH (3 rnL), and then NaBH4 (90 mg, 2.37 mmol).
The mixture was stirred at room temperature for an additional 10 min, diluted with acetone
(8 ml.), filtered through Celite, and concentrated. To a solution of the crude thiazolidine
in 10:1 CH3CN-Hp (8 ml.) was added HgClz (176 mg, 0.65 mrnol). The mixture was
stirred for 15 min and then filtered through Celite. Acetonitrile was evaporated (bath
temperature not exceeding 40°C) to afford a residue that was suspended in CHzClz (20 rnL)
and washed with 20% aqueous KI (3 x 10 rnL) and water (10 rnL); the organic layer was
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I. INTRODUCTION

Occurrence in nature of branched-chain carbohydrates has prompted interest in the syn
theses of these complex structures and stimulated the preparation of analogues for biolog
ical evaluation. Consequently, new methods for the construction of these particular skele
tons have been devised [1]. The use of carbohydrates as a cheap source of chiral starting
materials [2-4] for the synthesis of complex, nonsugar molecules has prompted the
emergence of new imaginative methods for formation of carbon-carbon bonds adapted to
the particular reactivity of sugar moieties.

The purpose of this chapter is to provide details on some selected methods of
C-branching of sugar, with a particular emphasis on the more recent methods of general

207
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unsaturated Grignard reagents or lithio derivatives. This allows subsequent chemical
manipulations such as oxidative cleavage of the carbon-carbon double bond, giving the
formyl derivatives, which can be reduced to hydroxymethyl derivatives. Hydroxylation of
the double bond or Wacker oxidation or epoxidation are valuable transformations that
permit further chain elongation. Functionalized alkyllithiums are less common, but some of
them, as well as functionalized carbanions, such as dithiane, enolates, and such, have been
successfully used. Some of these branched-chain sugars having an heteroatom at the
branching point can be obtained by chemical manipulation of alkylidene sugars, which are
readily available through Wittig and related reactions. Nitrogen-substituted type I branched
chain sugars have been prepared using the nucleophilic addition of cyanide ion on keto
sugars, followed by aziridine formation. Other new routes to aziridine formation have been
developed.

Deoxygenation of the tertiary alcohol of the preceding type I compounds (path h
Scheme 3) should, in principle.Jead to branched-chain sugars having a C-C-H branch (type
II). This reaction is rather difficult, so direct formations of C-C bond on the sugar template
have been developed. The main,problem of this method is the control of the regio- and the
stereoselectivity. This problem is well solved by the opening of epoxides with nucleophiles
(path a). The reactivity of these species, easily obtained from diols or olefins, has been
reviewed [8]. Carbon nucleophiles, such as organometallics and stabilized carbanions, have
been used with success. Another fairly often used reaction is the 1,4-addition of carbon
nucleophiles on activated double bonds. Organocopper derivatives are reagents of choice
for this purpose, as well as dithiane and its derivatives. Usually, 1,4-addition on carbohydrate
derived enones occurs with high stereocontrol, axial approach of the reagent being favored
(path b). By using enolones, it is possible to retain an oxygenated substituent, often a keto

between the carbonyl of the aldehyde and the ring oxygen is responsible for the high
stereoselectivity of attack [6,7]. Coordination of magnesium to the carbonyl group and
adjacent alkoxy groups may fix the conformation of the ketosugar and thus direct attack
of the Grignard reagent. The chelation-controlled addition could give results complemen
tary to those obtained with alkylithium reagents. Some examples of such effects are
described in Yoshimura's review [1].

Variations on this basic theme have been reported to reach more or less complex Type
I branched-chain sugars (Scheme 2). A particular emphasis has been given on the use of
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The synthesis of type ill branched-chain sugars is based mainly on the use of
ketosugars treated under Wittig-type conditions (see path a, Scheme 4) [13]. Several other
methods, such as aldolization-crotonization or direct alkylidenation at the ex-position of the
carbonyl group of a keto sugar have been developed (path b).

It is clear that all the preceding methods of formation of a C-branching in sugars can
be applied several times on a substrate to give multibranched-chain sugars. Moreover,
impressive developments of new specific methods for the synthesis of doubly and even
triply branched-chain sugars of type IV and type V have been reported. Some examples of
synthesis of such multibranched-chain sugars involving sigmatropic rearrangements or
double alkylation reaction will be given at the end of this chapter.

The methods often used for the branching of carbon chain are also suitable for the
chain extension of sugars at both ends (e.g., C-I and C-5/C-6). Several developments of
chain extension have recently culminated in the synthesis of long-chain carbohydrates of
biological interest.
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Addition-fra mentation radical reactions have been also explored With su~cess. FI~ally,
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can be further used in new sets of reactIons.

II, Methods

A. Compounds with a C-C-X Branch (Type I)

Use of Grignard Reagents

The availability of these reagents is at the origin of numerous reports on their use in
the carbohydrate field. For methyl branched-chain sugars obviously methyl Grignard or
methyllithium are reagents of choice. An interesting procedure for the Swern oxidation of
alcohols and subsequent use of the resulting highly reactive carbonyl compounds has been
reported by Ireland and Norbeck [15]. Application of this oxidation process to sugar
alcohols and subsequent reaction with methyl magnesium bromide gave excellent results
(seeSec. III). One of the most fruitful methods is the condensation of unsaturated organo
magnesium derivatives, because they can be further manipulated essentially by oxidative
procedures. Ethynylation of ketosugars has been extensively explored. In this case, partial
reduction of the triple bond is of interest to obtain vinylic derivatives [16]. A typical
example is provided by the reaction of 1,2:5,6-di-O-isopropylidene-ex-D-ribo-hex-3-ulo
furanose 1 (Scheme 5) with the Grignard derived from acetylene, recently reported by
Kakinuma et al. [17]. For steric reasons, nucleophilic addition proceeds exclusively from
the 13-face of the furanose ring.

Alternatively, vinylation can be achieved in useful yields using readily available
vinylmagnesium bromide. The allylic tertiary alcohol resulting from this condensation on a
ketosugar can be further elaborated by suitable modification of the vinylic group.

Among this group of branched-chain sugars, those having an oxygenated substituent are
widelydistributed, but other derivatives having a nitrogen at the branching point have been
described. From a chemical point of view, the synthesis of these type I branched-chain
carbohydrates consist of nucleophilic addition onto ketosugar derivatives. A few classes of
carbon nucleophiles are well suited for this particular reaction. Accordingly, the use of
Grignard reagents, alkyllithium, or functionalized carbanions is described in the following.
These nucleophilic additions are often very stereoselective. Moreover, different selec
tivities may be observed on going from alkyllithium to Grignard reagents, mainly because
of the possible complexation of magnesium with another oxygenated group of the molecule
that directs the nucleophilic attack. This point has been already discussed [1,14].

X=O, Y = H, OSiR3

X=Br,Cl,=O

~r

Q
R, 0

X

Type III
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Use of Alkyllithium
The use of alkyllithium is less documented, essentially because of the limited availability of
these reagents, their often strong basicity, and the restricted number of functionalities
compatible with the use of these reagents. MetlIoxyvinyllithium has been successfully
introduced by Brimacombe's group for the introduction of acetyl and 2-hydroxyacetyl
groups [21-23]. A typical procedure of l-methoxylithium condensation on ketone 7

(Scheme 7) is given in the experimental section.

This particular reaction has been reported recently by Lukacs in the context of
complex molecules synthesis by Diels-Alder cycloaddition [191· A typical example is
given in the experimental section. Note that the reaction of 5 with vinyl magnesium
bromide gave a mixture of 4 and 6 because of epimerization of the axial methyl group

at C-2 owing to the basicity of the reagents [20].

Ozonolysis and subsequent reduction open the way to formyl and hydroxymethyl branched
chain derivatives [18).High stereoselectivities are generally observed on Grignard addition
on conformationally biased ketosugars such as 3 (Scheme 6). equatorial attack being
strongly favored, giving the axial alcohol 4 as the major product.
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chain sugars have been described in the same paper. Azide aldehydes have been prepared
and used in a formal synthesis of myriocin by Lucaks et al. [29].

philic ring opening by azide anion to furnish o-azidc aldehyde 22 [37]. The stereosel
ec

tivity is excellent onto the conformationally biased systems 7 and 18. This approach has

been used in the formal synthesis of myriodn [29].
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B. Compounds with a C-C-H (Type II)

Thesynthesis of type II branched-chain sugars should seem .
needsactivation of a carbon atom on the sugar tida more difficult task because it
courseof the carbon-carbon bond format' 0 Prob ~te an a control of the stereochemical
severalmethods have been devised in thelast d 0 d I~ because of this apparent difficulty. s eca e III particul . th fi I
metallic and free radical reactions. ' ar, III e e d of organo-
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Dithiane. Condensation of dithiane or substituted analogues [30] on ketosugars has
been described by several groups [1]. Further deprotection of dithiane gave formyl deriva
tives. Acetyl or 2-hydroxyacetyl groups can also be obtained using suitably substituted
dithiane derivatives. Extensive work by Paulsen et al. has been reported and typical proce-

dures have been published [31].
Enolates Type Anions. The well-known Reformatsky reaction allows the intro-

duction of a functionalized two-carbon chain. Modified experimental procedures have now
been proposed, such as the reaction of ethylbromoacetate with ketosugar 18 (Scheme 10)
in the presence of zinc/silver graphite prepared from CgK,giving 19 in excellent yield [32].

A three-carbon unit can be introduced on ketosugars under Reformatsky conditions,
as recently demonstrated by several groups [33,34]. The analogous Dreiding-Schmidt
procedure has also been applied in this case with successful double stereodifferentiation
[35]. This is exemplified on ketone 18 which yields lactone 20 as a single isomer (see
Scheme 10). The condensation on ketosugars of trimethylsilylacetate [36] or acrylate [33],
in the presence of fluoride ion, has also been used with success for the synthesis of

l3-hydroxy acids or u_methylene--y-Iactones, respectively.
The Darzens condensation of chloromethyl p-tolysulfone has also been successfully

employed for the synthesis of u,l3-epoxysulfone 21 (Scheme 11), which undergo nucleo-

Use of Functionalized Carbanions
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Table 1 Opening of Epoxide 29 with Organornetallies

Reagent (Eg.) 30 (yield %) 31 (yield %) 32 (yield %)

op~ning with dithiane itself is described by Scheme 15 and in the experimental section as a

typical procedure [19].

Scheme 15

With Malonat~. Seminal examples of epoxide opening with malonates have been

reported by Hanessian [57,58]. Once again high regio- and stereoselectivities were ob

served (Scheme 16).
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HexMgCI, CuI (10%)

HexMgBr (2), CuCN (I)

HexLi, CuI (2), ether

HexLi, CuI (2), THF

HexLi (2), CuCN (1), THF

Opening of Epoxides

Major achievements have been reported in the ring opening of 2,3 or 3,4 epoxides of

carbohydrates by a variety of carbon nucleophiles. An excellent review gives the state

of the art [8]. The stereochemical course of these reactions is often clearcut, in particular for

conformationally biased pyranosidic ring systems. The major product always results from

an axial approach of the reagent, giving the well-known "trans-diaxial" arrangement of the

branched chain and the vicinal alcohol according to FUrst-Plattner rules. Opening of 2,3

anhydro furanose is more dependent of anomeric configuration and of polar and steric

effects [1,44,45].
With Organometallic Reagents. Grignard reagents have been used for the ring

opening of epoxides [8]. However, they often gave by-products resulting from the opening

of the epoxide by halogen and subsequent reductive elimination [46-48]. Anomalies in the

stereochemistry of epoxide ring opening by Grignard reagents have been reported [49].

Some improvements have resulted from the introduction of copper salt catalysis in these

reactions [50]. The development of new organocopper reagents gave new solutions to this

problem [44,51,52]. One side reaction with R2CuLi [2RLi + CuI) reagents is the opening

by iodide ion arising from the formation oflithium iodide [53]. Glycals may also be formed

by reductive elimination of iodine at C-2 and of the aglycon. For the synthesis of biolog

ically active 13-lactones, such as tetrahydrolipstatin, we have recently investigated the

formation of C-2 branched-chain sugars by opening one of the most widely used epoxides

of allo-configuration with different organometallics [54]. As seen from Table 1 most of the

combination of Grignard reagents with copper salts and Gilman reagents gave either glycal

31 or alcohol 32 (Scheme 14). However, the high-order cyanocuprate [55] derived from

Conjugate Addition to Enones and Related Olefins

With copper catalysi.s, organomagnesium derivatives can add in a 1,4 fashion [59]. The

developm~nt of efficient organocopper derivatives has stimulated their use as reagents in

the?ranchin? of sugars from unsaturated carbohydrates. For enone, the resulting branched

chal~ su.gar IS deoxygenated at the a-position [60]. The addition of these organometall'

species IS. always regiospecific .and highly stereoselective. Many examples are aVailab:~

fromthe literature [1]. O?~ seminal example of addition of cuprate onto enone 37 is given

by Scheme 17 [61]. Addition proceeds mainly from the axial direction giving only _

~~.
~

NaCH(COOE1)2
~

~o oWe

38

~
Me

o ,
EtOOC

gCH2COOEI

36

SCheme 17

Scheme 16

67 %

3S

37

~o oWe

p~
"RCu" P~-

o We HO oWe

29 30

Ph~ Ph 7=;
HO HO oWe

31 32

Scheme 14

hexyllithium and copper cyanide gave reproducible yields of the expected alcohol 30. A

typical example is given in the experimental section.

With Functionalized Carbanions. Other nucleophilic carbanions, such as lithio

dithiane or sodiomalonate or acetylene anion react easily with epoxides.

With Dithiane. Dithiane is one of the most popular functionalized carbanion used

for the ring opening of epoxides. This reaction has been studied by different groups [31,56].

The anion of bis(phenylthio)methane has been successfully used for the opening of

epoxides derived from furanose [56]. This method is an excellent way to prepare formyl

derivatives that are suitable for chain extension by olefination. Alternatively formyl deriva

tives can be reduced to hydroxymethyl derivatives. A recent application of epoxide 33
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Radical Reactions

The recognition of the usefulness of radical reactions as a synthetic tool has prompted the
exploration of this method for branched-chain sugars synthesis. Radical addition to an
olefinis one of the most popular reactions yet investigated [10].Two approaches have been
devised: an intramolecular version, which is mostly a 5-exo cyclization and an inter
molecular version in which the radical is trapped by an activated olefin.

Intramolecular Reactions. The intramolecular version is based on tethering, by
carbon or heteroatom linkage, of an olefin to a carbon chain suitable for radical generation.
The acetal linkage has been widely used as a "detachable radical" since its introduction by
Ueno[69] and Stork [70]. In the carbohydrate field, two main pathways are investigated. In
the firstone, the radical is generated on the tether and added to a double bond located on the
sugar template [Eq. (1), Scheme 21). The reverse principle is applied in the second version,
for which the radical is generated on the sugar template and adds to an extracyclic olefin
anchored to the sugar at the anomeric or at an allylic position by an oxygen atom [see
Eq. (2), Scheme 21].

The radical addition on unsaturated carbohydrates has been investigated indepen
dentlyby several groups [71-76]. We, and others, have studied several types of linkage. A
glycosidiclinkage is obviously used at the anomeric position. At other allylic positions we
have used also acetal linkage [Z = CHaR; Eq. (1); 77], although a 1:1mixture of epimers
results from acetal formation [78]. The radical is generated from the corresponding bro-

Y ; Br, I, SePh, OC(S)SR etc

Scheme 21

synthesis of C-2 branched-chain nitrosugar 45 by organocopper addition onto 44 which
occurred anti to the aglycon [63] (see Scheme 19).

As with epoxides, carbanions can add in a 1,4 fashion to enones or nitrosugars.
Nitromethane anion has been used [64). Dithiane anion has been successfully used in the
addition to nitroolefins [65) and to enones [66]. Accordingly, C-5 branched-chain glucose
derivatives 47 and 48 have been prepared from nitroolefin 46 (Scheme 20) [67,68].

Sugar-derived enones have been also used as acceptors in free radical reactions
to trap alkyl radicals as well as anomeric radicals (see Schemes 29 and 30).
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~o OMe
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Scheme 20
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Scheme 18

Oh; l Oh; 1"~ Me2CuLi~ Me2CuLiAcO~ _~ -
--- ~OMe OMe 83%

OJ 0
38 r'j=o 39

a
Me

Scheme 19

Nitroolefins are good Michael acceptors and have been used as such in the c~b~hy
drate series. One advantage of this approach would be the subsequent transformation into
branched-chain amino sugars after reduction of the nitro group. Baer has reported the

successively: cleavage of the enol ester bond, formation of the corresponding ketone, and
subsequent J3-elimination of ester group at C-4, yielding the enone 39. Subsequent 1,4-
addition of cuprate led to the ketone 40 in excellent yi~ld.. . . .

Along the same lines, enolones also undergo an interestmg addition wI~h o~g~no

cuprates, as reported by Lichtenthaler [9]. For example, enolone 41 react~ WIth hthium
dimethyl copper to give primarily 1,4-addition (e.g., compound 42), WhICh undergoes
benzoyl migration to yield 43 (Scheme 19).

\

OBz ~ OBz

~M~O, ,OMe M~OMe
70% ~~ 0 OBz

BzO 0

42 43

An interesting reaction has been developed by Hanessian to reach the same type of
branched-chain derivatives, without the need to prepare enones [62]. The enol acetate 38
(Scheme 18), easily prepared by Ferrier rearrangement of 2-acetoxyglucal, underwent
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In the second version of the intramolecular approach, the radical is generated on the
sugar template and adds to an extracyclic olefin. As in the preceding approach, several
variants have been proposed in the carbohydrate field and in the nucleoside field. In both
cases, different linkages of the olefinic partner onto the sugars, such as acetal [87-89J, ether
[90,91J, ester [92J, carbon [93J or silyllinkages [94,95J, have been used. This approach has
been applied for the synthesis of C-2 branched-chain sugars, such as 62 and application to
the connection of two sugar residues, such as 64 and 65, has been reported by De Mesma
eker [96J (Scheme 25).

substituted vinyiic bond in 54, which can be destannylated to give 55 or oxidatively cleaved
to the corresponding ketone 56 (Scheme 23). This is formally a unique acylation procedure
at C-2 of a carbohydrate template. Reduction of the exo-methylene group in 55 gave only
compound 57.

The use of a silyl ether temporary linkage introduced by Nishiyama [82J and Stork
[77,83J allows the facile cleavage of the five-membered ring formed in the cyciization by
oxidation of the carbon-silicon bond. This procedure has been successfully used for the
hydroxymethylation of sugars at position 3, 4, and 6 [84-86J (Scheme 24).
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This technique has been successfully used with 2,3- 3,4-, and 4,5- unsaturated sugars
to form C-2, C-3, and C-4 branched-chain carbohydrates. Oxygen-substituted double bonds
are also good radical acceptors [74,78J. Radicals also add to a glycal double bond to form
C-2 branched-chain sugars [79J.

Vinylic radicals, generated by tributyltin hydride addition on triple bonds, also add on
2,3 double bonds [80,81]. One advantage of this method is the presence of a tributylstannyl-

mide or iodide. The tin method has been used with success in the slow-addition mode. The
configuration of the starting alcohol has no influence on the cyclization, which proceeds
well in the 5-exo mode, with complete stereocontrol that always gives a cis ring fusion. The
synthesis of C-2 and C-3 branched-chain structures 50 and 52 from 49 and 51, respectively,
is illustrated by Scheme 22. Attempts to form six-membered rings are always sluggish and
give extensive reduction of the radical precursor.
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The radical is generated on the sugar template using mostly the tin hydride method
and halo derivatives [72,87,89J, thionocarbonate [90-9IJ, or selenium derivatives [91,94,
95]. Again, in these reactions, the kinetically controlled 5-exo cyclization is always
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preferred over the 6-endo cyclization. The question of the stereocontrol of this radical
addition on the double bond is raised because a new stereogenic center may be formed in
the process. The influence of the substituent of the olefin [96] as well as the configuration of
the center bearing the tether have been discussed [91].One relevant example in the field of
nuc1eosidesusing phenylselenyl derivatives 67 as radical precursors is given in Scheme 26.

Intermolecular Reactions. The intermolecular version of free radical reactions of
sugar-derived radicals consists mainly of addition onto suitably activated olefins, such as
acrylonitrile, generally used in excess. This approach has been explored by Giese [102].
The stereochemical course of the reaction is dictated by steric effects of the vicinal
substituents, as seen from the reaction of radical 71 where equatorial attack is favored over
the axial with acrylonitrile (Scheme 28). Only equatorial attack is observed using

Finally, this free radical approach is a good way to form carbocyc1es on the carbohy
drate templates, provided the tether between the radical center and the olefin is a carbon
chain [93,99-101], see also other contributions of this book describing the carbohydrate to
carbocyc1e transformations.

-'0\31 AlIyIBr

-~ BU3SnH MMTr°J(Jt
NaIl CH3- -72% 79%

PhSe PhSe

66a 67a 68a

-'0\1 AIlyIBr

-'~ -'\;1NaIl BU3S~-72% 92%

OH SePh o SePh
~ CH3

66b 67b 8: 1 68b

Scheme 26

The reaction has been applied to the synthesis of C-2', C-3' branched-chain uridine
derivatives of either lyxo 67a or ribo configuration 67b. Interestingly, only one diastereo
isomer 68a is formed when the olefin chain is located on the J3-face of the furanose ring
(lyxo configuration), whereas a mixture of the two possible diastereoisomers 68b is
obtained when the olefin is located on the a-face (ribo configuration) [91] (see Scheme 26).

The presence of a silicon atom in the tether strongly influences the cyc1ization mode.
The 6-endo mode and even the 7-endo are favored over the 5-exo because of the greater
Si-O bond length, compared with that of C-O [94,97].

The use of complex radical donors and radical acceptors, such as carbohydrates
tethered by an acetal-containing linkage, has been reported by Sinay [98]. Here, the radical
addition of an anomeric radical to a 4-exo-methylene sugar derivative (compound 69)
proceeds in the 8-endo mode, with formation of a eight-membered acetal ring. The end
product of this reaction, after removal of the tether and acetylation, is the C-disaccharide 70

(Scheme 27).

O/Je

~ ~~~
-7'CN -0.. h;0 + /JeO

OMe Me

CN

71 728 65: 35 72b

X~ -7'CN XXr. X~...
75%

CN q- + NC q-
73 748 75: 25 74b

Scheme 28

£$, CH30 H ~~~.. HO 0 0
hv +

OIBu
61 %0 o OISu 0 OIBu

75 76e 8: 1 76a

OBz -1-1
OBz

~~~ IBU~ ~
-0... + tBu

BU3SnH

83% o BzO OBz o OBz

77 78 4: 1 79
Scheme 29

fumaronitrile as the trapping olefin. More recently, the zinc-copper couple has been pro
posed to generate a radical from iodide 73, which is trapped with good selectivity by
acrylonitrile [103].

The photochemically induced radical addition of alcohols to enones has been de
scribedby Fraser-Reid [104-109]. Here again, the sense of addition depends on the steric
effects of substituents, attack anti to the C-5 substituent being preferred [108,110]. Other
uses of sugar-derived enones to trap radicals have been reported [111]. Enolone 77 gave
interestingresults in terms of selectivity [112]. In this instance, radical addition occurs with
an equatorial selectivity, whereas cuprate addition occurs with an axial selectivity [9,62].
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This reaction has been also exploited for the branching at C-4 [99J, and chain extension at

C-6 of sugars [119]. .
Analogous addition of a sugar radical to an unsaturated sulfone has been d~s~nbed

by the same authors in the course of pseudomonic acid synthesis. For this, UV irradiation of
the iodosugar was used to generate a secondary radical [120).

Note also the radical migration of the benzoyl group from C-2 to C-3, as in the anionic

version (Scheme 29).
Anomeric radicals can be trapped by sugars having an exo-methylene group. This

principle has been applied to C-2 exo-methylene lactones, opening the way to the interest
ing new class of carbon-linked disaccharides [113,114] (Scheme 30).

Scheme 32
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using different alkyl groups, including phenyl and t-butyl, with the same complete regio
and slereoselectivity, whatever the alkyl group. More recently, in the context of tetra
hydrolipostatin synthesis, we have investigated the reaction of copper iodide-catalyzed
Grignard reagents. Although the C-6 acetate can be attacked by this reagent, it allows the
introduction of long-chain aliphatic residues in good condition. This method is also
efficient with C-glycosidic compounds and is one of the key reactions in Danishefsky's
synthesis of avermectin Ala [124,125].

Other investigations along these lines have been reported using allylic benzothiazolyl
(BTZ) ethers [126] and benzothiazolyl thioethers [127). The reaction of copper-catalyzed
Grignard reagents with the allylic systems such as 90 and 92 (Scheme 33) follow a different
route. It proceeds with net I'-syn-substitution with alkyl group-derived organometallics.
This is explained in terms ofcomplexation of the copper reagent by the nitrogen atom of the
benzothiazole ring system. This complexation forces attack of the copper reagent to occur
syn to the leaving group. However, a phenyl group is introduced in the I'-anti fashion on
compound 92. This could be explained in terms of steric interactions that may result from
the attack of the cuprate from the a-face of the molecule, syn to the aglycon. A case ofdirect
-y-substitution has been reported by the same authors.

One may assume that all these reactions proceed by formation of a IT-allyl copper

Direct Addition to Olefinic Compounds

Allylic systems are interesting substrates for the investigation of new methods of C-C bond
formation. Some of these methods have been adapted to the carbohydrate field. Enopyrano
sides are often crystalline compounds readily available, for example, using Ferrier re
arrangement of tri-O-acetyl glycals with alcohols or its variants with carbon nucleophiles.

Use of Organocopper Derivatives. The reaction of allylic systems with organo
copper, introduced by Crabbe [121), has been extensively studied by different groups using
several combinations of organometallic species [55). In our group some years ago, we
investigated the application of this reaction to the carbohydrate field [122]. We found,
for the first time, that carbohydrate allylic acetates react cleanly with cuprates obtained
from alkyllithium and copper cyanide with complete regio- and stereocontrol. The use of
cyanide as the ligand of copper [123) seems to be of tremendous importance. These now so
called low-order cuprates [55] gave excellent yields of C-2 branched-chain sugars in which
the alkyl chain was introduced anti to the acetate leaving group. The reaction was a
pure SN2' substitution.

The reaction is believed to proceed via a IT-allyl copper complex, in which the
carbon-copper bond is formed at the I'-position, anti to the acetate leaving group. Reduc
tive elimination of copper led to pure I'-substitution. With cyclic aliphatic allylic acetates,
the selectivity is generally lower because the IT-allyl copper complex can isomerize to the
1T-allyl complex with loss of regioselectivity. '

Our strategy has been applied to the well-known erythro derivative 88 (Scheme 32)
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In our group, we have explored the radical addition of alkyl radicals [97] and
anomeric radicals [115] to sugar enones 134 having an exo double bond (see Schemes 46
and 47). Comparison of radical and anionic 1,4-addition, shown here, yields strictly
equivalent stereose1ectivities. The selectivity also depends on the na~ure of the ent~ring
radical, and reversal of stereoselectivity is observed on going from pnmary alkyl radicals
to the larger t-butyl radical [for analogous observations see also Ref. 116].

In all free radical cyclizations, a radical is formed on the sugar template (see Scheme
21 top line). Trapping of these intermediate radicals located at C-3 or C~2 [74] or ~t .C-l
[79,85 J with activated olefins has been reported and is a good way to obtain doubly VICInal

branched-chain sugars in a single process.
Another interesting procedure is the free radical addition-fragmentation developed

by Keck [117]. A radical is generated from a suitable carbohydrate precursor 86 and reacts
with allyltributyitin to provide the allyl branched sugar 87 in good yield (Scheme 31) [118].
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Rearrangements

Molecular rearrangements, such as Wittig, Claisen, or Ireland-Claisen, have been applied
to carbohydrate chemistry. The starting compound is generally an allylic alcohol. In a
pioneering work, Ferrier and associates [141] describe the Claisen rearrangement of allyl
vinyl ether derived from 2,3-unsaturated glycosides on heating at 180°C. A two-carbon
chain, bearing an aldehyde function, is introduced at C-2 with a configuration dictated by
that of the starting allylic alcohol, the rearrangement occurring in a cis fashion [141]. This
strategy has been adapted to introduce the branch at C-3. Isomerization of allyl glycoside
100 gives the O-vinyl derivative 101 (R = H) which, on heating, rearranges to the C-3
branched glycall02 (Scheme 36) [142].Other conditions have been proposed by Descotes,
starting from 2,3-unsaturated glycosides of I-hydroxypentanone 103 [143]. Photolysis of
this glycoside yields the corresponding anomeric O-vinyl derivativelOl, which undergoes
the thermic rearrangement. Glycoside 104 prepared from 2-(phenylselenyl) ethanol is also a
valuable intermediate en route to O-vinyl glycosides [144].The Still-Wittig rearrangement
of stannyl ether has been used for the introduction of a hydroxymethyl group at C-4 of
hex-2-enopyranosides [145].

The introduction of an N,N-dimethylacetamido function is possible from allylic

This reaction has been discussed in terms of stereoselectivity, which is often 'very
high on conformationally stable sugar templates [134]; a cis-fused isoxazolidine is always
obtained. Subsequent cleavage of the N-O bond unravels the hydroxyl group on the sugar
ring and the amino group on the branched chain [135]. With nitrones, a new stereogenic
center is formed in the cycloaddition process (see compound 99, Scheme 35). The endo
approach of the Z nitrone accounts for the observed configuration at this center [134,136].
One of the limitations of this approach is the often low reactivity of complex nitrones.
Nitrile oxides have also been used [137,138]. An intramolecular version of this approach
has been reported by Curran in his elegant synthesis of (- )-specionin from D-xylose
[139,140].

Recently the use of allylic halide (see compound 96, Scheme 34) or sulfonate for the
introduction of a malonyl residue at C-2 of pyranose derivatives using tetrakis(triphenyl
phosphine)palladium complex has been reported [132]. In this case, the malonyl chain is
introduced anti to the leaving group at the -y-position.

Nitrone-Nitrile Oxide Cycloaddition. Unsaturated sugars have been used for the
simultaneous formation of carbon-carbon and carbon-oxygen bonds in a cis-relation. One
of the best ways to achieve this transformation is the cycloaddition of nitrone or nitrile
oxides. The cycloaddition of nitrones with olefins has been reviewed [133].The regioselec
tivity is almost complete when using activated double bonds, such as enone, enelactone
(see compound 98, Scheme.35), or esters.
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p . f d'methylmalonate that occurs with net retention of configuration (i.e., two
~eactl~n OS) I'slone of the main advantages of this approach [129]. Contrary to the use of
inversion ith tention
organocopper reagent, the result is a direct replacement of the acetat~ group, WI re d

f fi U· n This method has been used by Curran in a synthetic approach to pseu 0-
o con gura 0 . . . tal d

. id [130 131] The substitution of the acetate group by malonate amon IS ca yz~

~o~~(~~~ppe ~d o~curs with retention of the configuration and retention of the allylic

s;stem. This is exemplified on Scheme 34.
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Another interesting variant of Claisen rearrangement has been introduced by Ireland
[149], and used by his group in carbohydrate chemistry. The starting compound is again an
allylic alcohol that is esterified by a suitable carboxylic acid. This ester is enolized in basic
medium, and quenching of the intermediate enolate at low temperature gives a ketene silyl

alcohols, using the Eschenmoser variant of Claisen rearrangement [146] with amide acetals.
This procedure has been applied to the synthesis of thromboxane B2 [147]. The ortho-ester
variant [5] of Claisen rearrangement has also been studied. For the same purpose, Pelyvas
and Thiem recently investigated the Eschenmoser-Claisen and the ortho-ester rearrange
ments to introduce a two-carbon chain at C-4 [148]. Yields varying from 50 to 70% are
obtained in the transformation of 105 into 106 using both methods (Scheme 37). A typical
procedure of this process is given in the experimental section.
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2) R'X,HMPA

30-50%
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o OMs
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OMs liO 40-50% 0 OMs

113 114

Ph\O~ Ph'\'O~o ~ 0
2)COz

o I 3)H+ 0 MoOOC I
MoO 4) CH2N2 MoO

1" 1~

Scheme 39

Alkylation and Aldolization of Carbohydrate Enolates

The chemistry of enolates has provided excellent routes to highly complex structures, in
particular in the total synthesis of natural products. Because of the highly oxygenated
structures of carbohydrates, enolate formation could easily result in J3-elimination of a
suitably located oxygenated group (ethers, esters, and such) to provide enone. For these
reasons, the chemistry of carbohydrate enolates has been poorly documented.

One seminal example has been reported by Butterworth and associates, who de
scribed the methylation of a 2-deoxy 3-ketosugar with methyl iodide and barium oxide in
dimethylformamide (DMF) [153].

Given the availability of compound 18 from the reaction of methyl di-Ci-benzylidene
D-mannopyranoside 113 with butyllithium [154,155], we reasoned that the intermediate
enolate114should be sufficiently stable to be alkylated at low temperature (Scheme 39). We

hav.e shown this was indeed true [11]. Alkylation occurs with complete stereoselectivity,
givmg the equatorially oriented derivatives branched at C-2115. The process can be used a
secondtime with these monoalkyl derivatives to provide dia1ky1 compound 116, having a
quaternary chiral center that can be obtained in a predictable configuration. Fraser-Reid's
group has shown that the enolate alkylation reaction can be applied to C-glycosidic
structuressuch as ketone 117 to give, for example, C-2 acyl derivatives 118 [156]. Further
developments by this group in relation with the synthesis diquinanes structures [157], and
b~ o~er~, have been report~d [15~]. The unusual stability of the enolate 114 toward aglycon
elimination has been explained III terms of stabilization of the negative charge at C-2.

The aldol reaction of enolate 114 has been investigated by us [12] and Fraser-Reid

acetal, which rearranges on warming or heating. This tactic has been successfully used
for the connection of two sugar units in the total synthesis of lasalocid A [150]. In the course
of pseudomonic acid synthesis, Curran described the formation of C-glycoside 109 from
glycal derivative 108 where two hydroxyl groups were protected as ketene silyl acetals
[130]. The first rearrangement gave a second allylic system that did not rearrange under the
same conditions [lSI]. The same strategy has been used in the synthesis of specionin
[139,140]. The first step is the formation of the C-2 branched-chain sugar 112 from allylic
acetate 110 [152] (Scheme 38).
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[159-161]. Excellent l3-facialselectivity on the enolate was observed, but there was a lower

facial selectivity on the aldehyde partner. The cation was of tremendous importance, as

seen from the reversal of selectivity when going from lithium to zinc or magnesium

enolates [12] (Scheme 40). This is explained by a Zimmerman-Traxler model in which a

[Ph\~O ]o RCHO

- oMe~
MetO

119

Met=Zn 2.6 Ph~~ Ph~~ Ph\~o Ph"p=cH2 0 0 82"" 0 0

Bn ~ BoO - BnO

o Me 68% Me 92% HO Me

123 124 125 I : I

C. Compounds with a C=C Branch (Type III)

From a Carbonyl Group

As previously reported in the first part of this chapter, nucleophilic addition to keto sugars is

the central point of the approaches to oxygen-substituted branched-chain sugars. Obvi

ously, the availability of ketosugars has prompted their use as surrogates for the synthesis

of branched-chain sugars having a double bond at the branching point (Scheme 42). The

Scheme 3) is a valuable process that can take advantage of steric effects to direct the

reduction in the desired direction. Many examples are available in the literature [1].

~
R ••'~OH

Ph"'\O H

o
+

o OMs

120b

one
isomer
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~ Mel=Zn
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R "IH

Ph~~·'t0Ho-M
o OMs

120a

ref. 160

R=

R=Me

ref. 12I)WA t
2) MetX2

chelation of the bivalent cation with the ring oxygen is assumed. Complex structures can be

developed using this process, in particular a sugar aldehyde can be linked through this

method with high diastereoselectivity [160,162].

This enolate approach is also efficient for methylation as well as hydroxymethylation

of a-oxygenated enolates using methyl iodide or formaldehyde as the electrophile, as

demonstrated in a series of papers by Klemer's group [163].

A related method involving the samarium iodide-mediated coupling of o-benzoyloxy

lactones with ketones has been reported recently by Enholm [164,165].

One of the limitations of this approach is the necessary absence of a substituent at C-3

which could be eliminated. Probably, for that reason, the coupling of the assumed Sm(lll)

enolate derived from 121 (Scheme 41) with simple ketones proceeds with modest facial

Phb~q Me,SiCH2Mg:;Ph~~O, ~Ph~~o

~~ ""'3S~ 90%
o BzO OMe HO BzO OMe 2.teps HO OMe

main reaction used is the Wittig reaction and its variants (e.g., Wadworth-Emmons,

Wittig-Homer, and others). Its use in carbohydrate chemistry has been reviewed [13].Both

stabilized and unstabilized Wittig-type reagents have been used. Methylenation has re

ceived much attention because it is an easy way to introduce a methyl group after

hydrogenation or to obtain more oxygenated derivatives, for example, by dihydroxylation

of the double bond. In this case, stereoselectivity opposite that resulting from nucleophilic

att~ck ~n the carbonyl group may be observed [compare Ref. 166 and 167]. exo-Methylene

derivatives are also good starting compounds for the synthesis of hydroxymethylated

sugars by hydroboration of the methylene group [168,169]. The more recent Peterson

olefination method has been investigated with success for the introduction of a methylene

group [39,1:0].. An interesting use of the Tebbe's reagent for the synthesis of 4-C-formyl

gl~cose denvatIve from the corresponding 4-keto derivative by the 4-exo-methylene deriv

ative has been reported recently by Schmidt and Dietrich [169].

An interesting application to the direct methylenation of enol ester 128 (Scheme 43)

127126

Scheme 42
125

~OH
, 0

BzO
BzO~~

"'0 "'0 d"'

Scheme 40
18

o
~~~ SmI2

BzO BzO bBZ HMPA, n:;;
72%

selectivity on the enolate to give 122, but with higher diastereoselectivity using complex

ketones, such as (- )-methone (14:1) or dibydrocarvone (99:1).

121 122a

Scheme 41

3.2 122b
kG

~O'~
130

Miscellaneous Methods

Other methods are available to prepare type II branched-chain sugars. In particular

the classic reduction of the double bond of type III branched-chain sugars (see path g,

Scheme 43

has ~een described by Hanessian's group in the course of pheromone synthesis [171].Diene

130IS formed in excellent yield through the intermediate enone 129, which was not isolated.
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Introduction of a two-carbon functionalized chain is easily achieved by the reaction
of ketosugars with carboethoxymethylentriphenylphosphorane [172] or related reagents
[173]. A classic example is given in Section III [172] (Scheme 44). Here, the problem is

Aldolization-Crotonization
Aldol reactions of sugar enolates have provided a good entry to C-C double bond
branched-chain sugars [178]. As already mentioned, condensation of aldehydes, such as
acetaldehyde or propionaldehyde, gives a mixture of aldol 120 of R,S configuration at the

136b

p~ 1) Red. p~ p~• o BU3SnH•

o OMs 2) dr , /0 48% .....f,~O OMe
~CI

S' OMe
R / \..-Br Me

134 137

!3s~
138

p~ '~
0 BU3SnH o 0

OMe 92% o a OMe
,0 Et
5.// \..-Br .....f~

139 140

Scheme 47

newly created c~al center (see Scheme 40). Facile epimerization of the axially oriented
hydroxyalkyl.chams readily occur.s on column chromatography. Formation of an enone
stru~ture readily occurs on mesylf!.tio~ or acetylation of the aldol mixture by ~-elimination

A single olefin 134 having the E configuration is obtained. .
Th.ese activated double bonds can undergo various interesting reactions providin

new entries to ~ore complex branched-chain structures. For example, the enone 'system 13~
under?oes facile and 'clean hetero Diels-Alder reaction with electron-rich olefins under
eu~opIUm salt catalysis [178]. Only one isomer 135 is formed by an endo-transition state.
This two-ste~ pr~cedure a~ords ~n easy way to incorporate new chiral centers in the
br~ched-cham With.often high regro- and stereoselectivities. Compounds 134 also under 0

facile cuprate or radical lA-addition (Scheme 46) In both th .g. cases, e same type of regio-

R ,'H

Ph\:~"OH Ac"].O:h~~ Ph\""T:Po pyridine 0 0 0

70-80% OMe

o "'" O~ ~o ". R ~ ~",,'l;: RO~
Eu(fodh OEI!65 - 90 % 50- 70 % +.:b ~ 8: I

PtrT"O~
o \~
o~R°Ms

135

Scheme 46

sfeleCtIth'vitYI is o~served. The major compound 136a results from attack of the nucleophile
rom e ess-hindered ~-face.

Intramolecular free radical reactions have been also exploited using silica t
~tratta~hment ~97]. Reduction of enone 134, gave the corresponding allylic alcO:OIe:K:~
IS ans ormed into the bromomethyl-(dimethylsilyl) ether 137 (Scheme 47). Radical cy-
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obviously this cis-trans geometry control which can be achieved by careful choice of
the solvent and reaction conditions. Again, in this case, reduction of the double bond or
further manipulation of the double bond (e.g., lA-addition [174] or hydroxylation [175]) are
possible with these branched-chain sugars to reach more complex branched-chain struc-

tures.
The Peterson olefination has been also investigated for the introduction of a two-

carbon chain as in 132 [39,175,176]. This alternative procedure compares well with the
reaction of stabilized Wittig-type reagents [compare both procedures in Ref. 175].

Another route to create a carbon-carbon double bond on a ketosugar is the
Knoevenage1 reaction and its variants. It has been applied by Szarek and Ali to prepare
olefin 133 (Scheme 45) suitable for the formation of a doubly branched-chain sugar [177]

[see Section I1.D].
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D. Compounds with Two Branched Chains

The synthesis of doubly branched-chain sugars should, in principle, follow the same
principles through two successive formations of carbon-carbon bonds as described in the
foregoing. However, additional methods especially designed to introduce two carbon
chains on the same carbon (type IV) or on two vicinal carbons (type V) are now available.

Geminal Doubly Branched-Chain Sugars (Type IV)

The formation of quaternary chiral centers, which is of general interest in modem organic
synthesis, has attracted interest from carbohydrate chemists. One of the earliest report
came from Szarek and Ali, who reported nucleophilic addition of cyanide anion to olefins
under phase-transfer catalytic conditions [177]. Nitromethylene derivatives also undergo
nucleophilic addition of Grignard reagents to give the geminal branched-chain sugar 148
(Scheme 50).

148

MeMgI

Scheme 50
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Scheme 48

. bered ring compound 138. However, the C-3 epi-
clization gave the trans-f~sed slx-~e~o ive the cis-fused six-membered ring 140. The
meric silyl ether 139 eycb zes read ob g d thway whatever the configuration at C-3.

.. de is the only 0 serve pa . h .
6_endo-cychzatlOn mo e I d f th di ct introduction of an alkybdene c am

Methiniminium salts have been ~~~9] 0~_C~I~:~_3_phenyIProp-2-enylidenedimethyl-
at the cy-position of a carbonyl group . 7 nd 18 in the presence ofDBD to form

·th 2- or 3-ketosugars a . h
iminium perchlorate reacts WI 142 (Scheme 48). Amide acetals also react Wit
an E-Z mixture of compounds 141 and

. . excellent ields. These rather unstable compounds
ketone 18 to form the.enammo. ketonfem

f
rther ch~in extension on reaction with organo

should be valuable mtermedIates or u

metallics, for example [115]. . n of C-C bond at C-2 of glycals, with retention of t~e
Two new methods of formatIo tl Vilsmeier-Hack reaction is involved tn

glycal doubl~ bond, have been pUb;~~:~I~~~:ft~·reaction of acyl chlorides with glycals, in
the formylatlOn of glycals [180].~. . d f the C-2 acylation of glycals (Scheme
the presence of aluminium chlonde, ISreqUIre or

49) [181].

As mentioned earlier, alkylation of sugar enolates is a method of choice to introduce
two different carbon chains in a defined sequence to construct a quaternary chiral center
with the desired configuration [11] (see Scheme 39). Several other methods have been
proposed, such as the ring opening of spirocyclopropanes [182] or the l,4-addition of
dimethylcuprate on a [3-methyl-substituted enone [183].

A well-developed concept to achieve high stereocontrol in the formation of a quater
nary chiral center has been introduced by Fraser-Reid, using the Claisen rearrangement
along two lines. In the first approach a type III branched-chain sugar is prepared by Wittig
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Systematic studies of the dicyclopropanation of olefinic sugars have been published
[194].Dichlorocarbene, generated under phase-transfer catalysis reacts with 2,3-unsaturated
pyranosides, such as 161to yield a single isomer of the expected cyclopropane 162 (Scheme
55). A typical procedure is given in Section III. The reaction is also possible with an enol

formed stereogenic centers. Some examples of these different approaches to cyclic struc
tures will be examined in this section.

Cyclopropane. The formation of cyclopropane-containing sugars has been investi
gated by several groups. One interesting reaction is the direct cyclopropanation of epoxides
using phosphonoacetate [190,191].A synthesis of chrysanthemic acid, using cyclopropane
160, has been devised using this strategy [192,193] (Scheme 54).

156

65%
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HO

. f he ester function to yield the al1ylic alcohol. Vinyla-
reaction and subsequent reductI~n 0 t . ther which undergoes thermal rearrange-
tion of this alcohol gave the requrre~ al~~-v:;Yl ~V s~gar (Scheme 51) [156,174,184].

ment to provide the v.my1branch~; :::IIT:n~ement depends on the position of the sug~
The stereocheml~al c?urse 0 IS

d
Equatorial attack of the folded vinylic system IS

ring at which the reaction IS perform.e, k . d minant at C-2 and C-4. This was
.. C 3 whereas axial attac IS pre 0 .

favored at positron -, . . t tions of the oxygen ring lone pair and the spiro
explained in terms of stereoelectroruc ~n erac IdS USI'ng the Eschenmoser-Claisen re-

bi 1 [185] Alternative proce urecarbon center or Ita '. t [186] have been described by the
arrangement [157] or orth~-ester-~~~~e~nre=::g;=:;s combine the enolate alkylation
same group. The strategies ~escn e 11 branched-chain sugar, then Wittig reaction (see
method (see Sec. l1.B) to obtain a typ h d hai ugar and finally a rearrangement

hi h type III branc e -c am s ,
Sec. l1.C), w IC gave a ith high stereoselectivity The ortho-ester-

h rnplex structures WI .
technology to reac co . t' t d by Tadano's group on hexofuranoses

. ment has also been mves iga e . 1 h
Claisen rearrange 1 alcohol 155 of E configuration is heated m ethy ort ~-
[172,187,188]. For example, ally . le i (Scheme 52) The corresponding Z allyhc
acetate at 135°C to provide 156 as a sing e Isomer .

ether double bond (3,4-eno-furanoside or 5,6-eno-pyranoside). The reduction of162 to the
cyclopropane derivative 163 has also been reported in the same studies [194].

Cyclobutane. A few examples of cyclobutane derivatives have been described in
the carbohydrate series. Formation of this type of ring involves a 2+2 cycloaddition.
Relevant examples of cycloaddition of dichloroketene on glucals, explored by Redlich
[195] and Lallemand [196,197], and significant transformations of the four-membered ring,
such as ketone 165a, are given in Scheme 56.
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An interesting procedure has been eve ope . .t of the Claisen rearrangement of
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allyl (vinylsulfi.nyl) ether 158 ~en~~mi~~:Cm of sulfenic acid (Scheme 53).
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Vi' I Doubly Branched-Chain Sugars (Type V) . d
lcma . . . d boh drates can be achieved, as mentIone

The synthesis of VICInal doubly sUbs~ltut~ b~:nch~-chain carbohydrates. Other methods
earlier, by successive formatIOn of sunp . f 3- 4- 5- or 6-membered ring fused

tly based on the formation 0 , , , 1
have emerged that are mos. . all high stereocontrol on the two new y
to a pyranose-furanose nng. ThIS process ows

Cyclopentane. Until recently there were only a limited number of reactions form
ing cyclopentane rings. The different strategies used to form cyclopentanes on sugar
templates have been reviewed by Ferrier and Middleton [198]. Only recently published
methods will be reported here. A strategy, based on the Pauson-Khand reaction of ene-yne
[199], has been exploited recently by several groups. In this intramolecular strategy, a yne
residue is anchored by an oxygenated tether to an unsaturated sugar. Thus, Lindsell et al.
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Scheme 57

[200] examined the reaction of the hex-2-enopyranosides such as 166 [80,81] (Schem~ 57)
with octacarbonyldicobalt hexacarbonyl. However, if the hexacarbonyl dlcob~t comp exes
with the sugar are formed, they do not undergo the expected Pauson-Khan reaction on

SiO or under CO atmosphere. . f 167
2 In a closel related work, Marco-Contelles succeeded in the transformation 0

into CYclopentan~ne 168 using oxidative conditions. Di~er~nt cyclopentanones anchored at
C-l'C-2, C-2:C-3, or C-3:C-4 were obtained along this h~e [201].

, More recently Voelter reported a related approach us~ng a carbon tetherdtoca:;;;~~

d
. ti [132J The formation of these branched-cham sugars has been escn e

yne enva ives . I f yne 169 in ben-
t' II B Formation of the hexacarbonyl dicobalt comp ex rom ene-. .

Sec 10~ II' . d by heating in DMSO yields the biscyclopentano sugar derivative 170.
zene, ~ ~w~exane Here again a comprehensive review of the different methods used
to form ~~~ohexan~s in carbohyd~ate chemistry appeared r~cently [198]. Only ~e .ge:eral
strategies developed are given in the following. The formation of cyclohexane enva ves
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E. Conclusion

is by far the most studied, essentially using the Diels-Alder reaction, for which two main
strategies have been adopted. In the first one, the unsaturated sugar (2,3-enoside) acts as the
dienophile. More efficient results are obtained with activated double bond (enones) [202
205, see also Ref. 85 and references cited therein], or using an intramolecular Diels-Alder
reaction (IMDA). In the latter approach, either an O-glycosidic tether [206] or a C-gly
cosidic one [85,207-209] has been successfully used to anchor the diene and the dienophile
(see compound 171,Scheme 58). In the second strategy, the diene is first constructed on the
sugar ring by appropriate C-branching of a vinyl appendage on an unsaturated sugar
(compound 173) and opposed an external dienophile, in general an activated double bond
[210]. Either intermolecular [211-213] or intramolecular approaches can be used [214].

In the following we describe a typical example of the IMDA strategy taken from our
recent investigations [215] toward the synthesis of the hexahydronaphthalene ring system
of pravastatin, a potent HMGCoA reductase inhibitor [216]. The diene was anchored to the
pyranoside system by means of a Ferrier rearrangement. Activation of the 2,3-double bond
is necessary through oxidation at C-4. The cycloaddition of compound 175 proceeds well
on heating in toluene in the presence of hydroquinone, giving the tricyclic derivative 176
as a single isomer (Scheme 59).
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As a matter of fact, carbohydrate chemistry knows a renewed interest and, as seen from the
foregoing examples, the synthesis of branched-chain sugars still continues to be a subject of
intense investigations. Several reasons for this interest may be invoked. The large variety of
sugar structures available, combined with the emergence of new synthetic methods pro
motes the application of many of these new processes to the carbohydrate field. A typical
example can be found in the tremendous development of free radical reactions in the
carbohydrate field, which started with the deoxygenation problem. New routes for carbon
carbon bond formation using free radicals have been discovered en route to branched-chain
sugars and to more complex noncarbohydrate structures. The recognition that sugars can be
nucleophiles in alkylation reaction is also of interest and has led to outstanding develop
ments in relation to total synthesis. There is no doubt that the now growing field of
glycobiology will stimulate the emergence of new methods. A particular need will certainly
arise in the future in connection with the synthesis of new chimeric carbohydrates that
may act as surrogates of biologically active carbohydrates. We will probably assist in the
development of a "carbohydrate mimics" chemistry that will make large use of ancient
methods of branching sugars, but will also stimulate the search for new selective processes
for the formation of C-C bonds that are well adapted to carbohydrate substrates.
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etherallayers were washed with 1N HCI, saturated aqueous NaHC03, and brine, and then
dried (MgS04). Evaporation of the solvent provided a crude crystalline residue that was
recrystallized from n-hexane-ether to give compound 2 (25 g, 88%): mp 105°C.

II EXPERIMENTAL PROCEDURES*I.
A. Compounds with a C-C-X Branch (Type I)

o id ti and Methyl Grignard Condensation [15J'_:;:iqo Xl Haow~ H I)(COC1» DMS':. • r\p"~HO~
\' ' """ 2) MeMgBr, Et20 \"'~H'

_78,_50°C
85 %

(1)

Condensation of Vinylmagnesium Bromide [19]

Ph\;~O, _~_M_9_B.~ Ph\;?-o.

I"'l~ THF,-50°C ~
o OMI 92% OH Ml OMl

(3)

Condensation of Methoxyvinyllithium [21]

Ph~~ M.~>= .PhV~Ms~P~': (4)
TIlF pentane dioxane - ~

o Me ~oc OH Me 41 % OHOMs

Vinylmagnesium bromide (1-M solution in THF, 18 ml., 18 mrnol) was added dropwise to a
solution, at -78°C under argon, of ketosugar 3 or 5 (1 g, 3.6 mrnol) [Eq. (3)]. After the
addition was complete, the reaction mixture was kept at - 50°C for 4 h and then quenched
with a saturated solution de NH4CI (40 mL). This mixture was stirred for 1 h at room
temperature and diluted with CH2CI2 (150 mL). The layers were separated and the aqueous
layer was extracted with CH2CI2 (2 x 100 mL). The combined organic extracts were washed
with water, dried (NazS04)' and concentrated. The products were purified by column
chromatography to give compound 4 (1.018g, 92%) [Eq. (3)]; mp 163-167°C, [a]o + 114.20

(c 0.7, CHCI3) or compound 6 (590 mg, 54%), mp 157-160°C, [a]o +79.4° (c 0.6, CHCI3) .

177
. 0 77 mmol) in 2 mL of dry tetrahydrofuran (THF)

To a solution of oxalyl chlonde (67 fL~ (DMSO' 57 fLL 081 mmol). This solution was
at -78°C was added dimethylsu~oXI e , 1 d t ~780C A solution of alcohol 177

350C for 3 nun and then recoo eo·
allowed to warm to - . d tetrah drofuran was then added to the cool
(169 mg, 0.734 mmol) [Eq. (1)] in 1~ of ry II dYt warm to _ 35°C and kept at this

lti lution was a owe 0
reaction mixture. The .resu ng so treated with triethylamine (0.51 ml., 3.7 mrnol). The
temperature for 15 min and then briefl to room temperature and then recooled to
reaction mixture was al~owed to ~~ 8-M ~olution in ether, 1.31 ml., 3.67 mrnol) was
-78°C. Methylm~gneslumbr~rm e . tirred reaction mixture. The temperature of the
then added dropwlse to the VlgOroUS;~o~ 1 h recooled to -78°C, and cautiously
solution was .allowed to warm t~ ~dthenolv~of~saturatedaqueoussolutionofNHFI
hydrolyzed With0.5 mL of ethano , onia The resulting mixture was warmed
buffered to pH 8 with concentrat~d aj~e~ a;: abo~ebuffer and extracted with ether (2
to room temperature and poured into 0 dri d (MgSO ) Concentration and chroma
x 150 mL). The combined etherallayers w~ed e d 178 (153 mg 85%) as colorless
tography (ether-petroleum ether, 1:1) affor e coml~~) ,
oil: bp 100°C (0.005 mmHg), [a]o + 105° (c 1.8, 3 •

3 4

(2)

Reformatsky Reaction of Methylbromoacetate [32]

To a suspension of CsK (0.1 mol) freshly prepared in 15 mL of dry THF were added ZnCI
2

(14.95 g, 0.11 mol) and AgOAc (1.826 g, 0.011 mol) at room temperature. This suspension

To a stirred solution of I-methoxyvinyllithium [217] (22-30 mmol) in THF-pentane at
- 60°C under inert atmosphere was added dropwise a solution of compound 7 (2.1 g,
8 mmol) [Eq. (4)] in 40 mL ofTHF. The reaction mixture was stirred at this temperature for
30 min before it was allowed to warm slowly (0.5-1 h) to O°c. It was then quenched with a
saturated solution of NH4Cl, and the resulting mixture was extracted with diethyl ether
(3 x 100 mL). The combined organic layers were dried (MgS04) and concentrated to a
syrup. The crude syrup, which contained compound 8, was dissolved in 1,4-dioxane (100
ml.) and treated with hydrochloric acid (0.04 M aqueous solution, 100 mL) at room
temperature for 3 h. The aqueous solution was extracted with chloroform (3 x 150 mL), the
combined organic extracts were washed with saturated solution of NaHC03 and dried
(MgS04). Concentration under reduced pressure provided a crude crystalline residue that
was recrystallized from diethyl ether-light petroleum to give compound 9 (1.05 g, 41%):
mp 117-117.5°C, [a]o + 108° (c 1, CHCI3) ; reported [218] mp 117°C, [a]o + 103° (c I,
CHCI3) ·

987
Condensation of Ethylmagnesium Bromide [17J

)<:~EtMgBr---p. ~ 0
H == H .L>

TIIF, r.t. OH 0 I
88 % 2

1
. d with a mechanical stirrer containing 650 mL of dry

Into a 2-L three-necked flash equippe I 1 'ntroduced at room temperature for 1 h.
THF, purified, and dry acetylene gas was sdow ~ 1 th I magnesium bromide (3-M solution
While acetylene gas was continuously intro u~e , e y5 h The reaction mixture was stirred

L 300 01)was added dropWlse over . f THF
in ether, 100 mt., ~ . fl 234 ,90.7 mrnol)[Eq. (2)] in 100 mL 0
1 h more after the addition. A solution 0 ( . g40 . nd stirri.ng was continued for 1 h.

th f mixture over nun, a
was added dropwise to e reac Ion t bout 200 mL and then saturated

centrated under vacuum 0 a ,
The reaction mixture was con . I t was removed under reduced pressure,
aqueous NH4C1 solution was added. Orgamc sod with ether (4 x 200 mL). The combined
and the residual aqueous mixture was extracte WI

'Optical rotations were measured at 20-25°C.
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18

. d then cooled to -78°C. To this cold suspension, a
was heated at reflux for 30 mm an 0 I mol and the ketone 18 (26.4 g, 0.1 mol) [Eq. (5)]
solution of ethylbromoacetate (16.7 g, .' ) . d t -780C for 15 min. The mixture
. 0 mL) was added and the mixture was strrre a
in THF (40 . . . dieth I ether (400 ml.), and washed with aqueous Na zHP04
was then filtered, dllu.ted With /. d (M SO) and evaporated under reduced pressure.

(100 ~). The orgam.cfiladyebry~~~U1~:chro~at~graphY to afford compound 19 (32.38 g,
The residue was pun e
92%): mp 90-91°C, [a]o +72° (c 0.2, CHCI 3) ·

18 74 % 20

. . 56 130 mmol) at 150°C for 30 min and clean, freshly cut
A mixture of degased graphite (1. g,. d t 1500C [32] To the resultmg

. (066 169 mmol) was stirred un er argon a .
potassIUm . g, . d din 100 mL ofTHF was added, in several portions, a mixture
bronze-colored. CgK sus~en e 2 mmol and silver acetate (0.12 g, 0.72 mmol) at room
of anhydrous zmc chlonde (1..1 ~, 8. Th d)dition of these salts caused the solvent to boil;

t e with vigorous stirring. ea. I d
tempera ur . d f dditi al 25 min The suspension was coo e to
heating with reflux was contmue or a~ a

18
1(10

; 0 g 7 9 ~mol) [Eq. (6)] and ethyl(2-
- 30°C and the solution of co~pounI . 15 ml. ofnlF was added slowly. After stirring
bromomethyl)acrylate (1:70 g, 8. mmfilo) d

m
ad of Celite diluted with ethyl acetate

f 7 h t 30°C the mixture was tere over a p ,

(~~O rot), ~nd w~shed with ~~~~::~~e~l~;~e:n:r:;~~;e(~e::;\~~.oi~n~~;~J:~ :~~
dried (NaZS04) and concen r h (A OEt-hexane 10:1 ;3 5:1) to afford compound 20
purified by column chromatograp Y c
(1.84 g, 74%) as an oil: [a]o +59° (c 1, CHCI 3) ·

(8)

(9)

Pb~
HO OMe

30

38

~o OMe

MeLi, CuBrIMezS
•

Ether, -45 °C

94%

37

Ph\~ (Ct;H13nCuCNLi2
~

1HF,O°C
o OMe 76%

29

Conjugate Addition of Organocopper to Enone [61J

Ring Opening of Epoxide with Organometallics [54J

To a suspension of CuCN (1.25 g, 14 mmol) in dry THF (150 mL) cooled at -78°C was
added hexyl lithium (0.45-M solution in hexane, 60 mL, 27 mmol). The reaction mixture
was allowed to warm to O°C. Crystalline epoxide 29 (1.5 g, 5.62 mmol) [Eq. (8)] was added
in small portions into the green, clear solution. The mixture was stirred at - 10 to O°C for
40 min to a dark, clear solution. Saturated aqueous NH4CI solution (20 ml.) was added,
and the reaction mixture was diluted with Etz0 (200 mL). The resulting suspension was
filtered through a pad of Celite, the two phases were separated and the organic layer was
washed with water (3 x 20 rnl.), dried (MgS04), and concentrated. The syrupy residue was
purified by column chromatography (hexane-EtOAc, 6:1) to give compound 30 (1.5 g,
76%) as a gum: [a]o +41.4° (c 1.5, CHCI3) .

To a solution of 1,3 dithiane (7 g, 60.8 mmol) in dry THF (300 mL) was added at -78°C
butyl lithium (1.6-M solution in hexane, 35.6 mL, 57 mmol). After the addition, the reaction
mixture was allowed to warm to -40°C and was stirred at this temperature for 1 h. The
reaction mixture was recooled to -78°C and HMPA (15 mL, 183 mmol) was added
dropwise to the solution and the mixture was warmed to -40°C for 30 min. The tempera
ture was recooled to -78°C and crystalline epoxide 33 (5.02 g, 19 mmol) [Eq. (7)] was
added. Stirring was maintained for I h at -78°C, and the reaction mixture was kept at O°C
for 60 h. The solution was washed with water (3 x 150 mL), the organic layer was dried
(N~S04)' and concentrated. The residue was purified by column chromatography (EtOAc
petroleum ether, 4:6) to give compound 34 (4.88 mg, 67%): mp 195°-197°C, [a]o + 1120 (c
2.3, CHCI 3) .

(6)

(5)Phb~,
EtO~

o OH OMe

19

BrCH2COOE~

Zn/Ag,CgK
THF
92%

Phl;D~

o OMe

Dreiding-Schmidt Condensation of 2_Bromomethylacrylate [35J

Br~(X)()a Ph'$O
Me It •• ,

Zn/Ag, CgK~ 0 OMe

THF 0

B. Compounds with a C-C-H (Type II)

Opening of Epoxide with Dithiane [19J

PIl"\:~ 0 P~6:0~Oo 0 Lte
TIIF ~ OMe

Me -78 °C to O°C
80 % 34

33

(7)

A suspension of dimethyl sulfide copper bromide (17 g, 82 mmol) in 600 mL of dry diethyl
ether under argon was cooled to -78°C, and methyl lithium (1.6-M solution in diethyl
ether, 100 ml., 160 mmol) was added. The reaction mixture was allowed to warm until clear
and was then recooled to -78°C. A solution of compound 37 (16 g, 39 mmol) [Eq. (9)]
in 150 mL of dry diethyl ether was added. After 0.5 h at -78°C the solution was allowed to
warm to -40°C and maintained at this temperature for an additional 0.5 h. The reaction
mixture was then washed with water (4 x 300 ml.), dried (MgS04), and concentrated.
Purification by column chromatography (AcOEt-petroleum ether, 10:90) gave compound
38 (15.69 g, 94%).
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(14)

(13)

60

68a

71 %

79 %

I) BrCHzSi(CH 3h..
2) BU3SnH, AIBN

benzene, reflux
3) H20Z, NazC03

benzene, reflux

182

toIMfrO,~;tr

~
PhSe

67a

,J~Bn

HO~Bn
BnO

Cycliration of Carbohydrate-Derived Radicals on Olefins [91]

Intermolecular Radical I,4-Addition on Enone [Ill]

To a solution of compound 182 (945 mg, 7.5 mmol) [Eq. (15)] and iodomethane (1.4 mL,
22.5 mrnol) in 1,2-dimethoxyethane (30 mL) under argon, refluxing over a 500-W heat
lamp, Bu3SnH (0.6 mL, 22.3 mmol) was added dropwise over 3 h. After the addition, the
mixture was allowed to cool to room temperature, diluted with CH3CN (150 mL), and
extracted with light petroleum (5 x 30 mL). The acetonitrile layer was concentrated, and the

The solution ofcompound 67a (220 mg, 0.32 mmol) [Eq. (14)] in 15 mLofdry benzene was
degased with a stream of argon for 10 min, and a mixture of Bu3SnH (130 f.LL, 0.45 mrnol)
and AIBN (7.2 mg, 0.045 mmol) in dry benzene (7 mL) was added dropwise under reflux
over 3 h. The reaction mixture was then refluxed for 2 h more, then allowed to cool to room
temperature, and concentrated under reduced pressure. Purification of the crude residue by
column chromatography afforded compound 68a (137 mg, 79%).

A solution of compound 182 (55.3 mg, 0.13 mmol) [Eq. (13)], (bromomethyl)chloro
dimethyl silane (23 f.LL, 0.17 mmol), and triethylamine (35 f.LL, 0.26 mmol) in 1 mL of dry
CHzClz was stirred for 3 h at room temperature, and then the solvent was evaporated under
reduced pressure. The residue was rapidly eluted from a column ofbasic silica gel (hexane
EtOAc, 3:1) to afford an unstable syrup. This silyl ether was dissolved under argon in 2
mL of dry degased benzene. This solution was heated under reflux, and a solution of
tributyltin hydride (56 mg, 0.2 mmol) and AIBN (2%) in 1 mL of benzene was added
dropwise over 1 h. The heating was continued for 3 h, and benzene was evaporated.
Methanol (0.2 mL), THF (0.2 mL), 30% HzOz (0.3 mL), and NazC03 (16 mg) were added to
the residue. The mixture was refluxed for 4 h. Evaporation and column chromatography
(hexanes-EtOAc, 1:1) gave the diol60 (40 mg, 71%) as a gum: [n]o -12° (c I, CHCI 3) .

Hydroxymethylation by Radical Cyclization of Silicon-Containing Tether [84J

H°1-.L.~Bn

HO~OBn
BnO

solution of Bu3SnH (1.3 mL, 4.72 mmol) in benzene (20 mL) was slowly added with a
motor-driven syringe over 4 h. The mixture was stirred under these conditions until thin
layer chromatography (TLC) monitoring indicated complete reaction. After removal of the
solvent, the crude residue was purified by column chromatography (hexane-EtOAc, 8:1) to
give compound 54 (1.79 g, 75%) as a syrup: [n]D +78.4° (c 0.4, CHCI 3) .

(12)

(11)

(10)

52

54

O~'
~Et

EtC
8S %

Toluene, reflux

179

~
~

53

Com ound 53 (1.15 g, 4.29 mmol) [Eq. (12)] was dissolved in degased benzene (200 mL)
~. AlBN (52 mg 0 43 mmol) and the solution was refluxed under argon. Acontammg , . ,

51

To a solution of iodo compound 51 (258 mg, 0.5 mmol) [Eq. (11)] and AlBN (8 mg,
0.05 mmol) in refluxing degased benzene (25 mL) under nitrogen was added Bu 3SnH (0.15
mL 0 55 mmol) and the mixture was stirred for 1 h. The solvent was removed and the
res~lti~g syrup ~as purified by column chromatography (hexane-EtOAc, 4:1) to afford
compound 52a (40 mg, 43%): [n]o +83.3° (c 0.2, CHCI 3) ; and compound 52b (39 mg,

42%): [n]o +21.5° (c 0.3, CHCI 3) ·

Radical Cyclization of Iodo Acetals [78J

orr

«(~OEt
EtC'1

1

180 RI = H, Rz= dilhianyl
181 RI = dilhianyl, Rz = H

To a solution of 179 (3.2 g, 10 mmol) [Eq. (10)] in 15 mL of dry THF cooled ~t -:-45°C was
added a solution of 2-lithio-l,3-dithian freshly prepared at -45°C from 1,3~dlthlan (1.68 g,
14 mmol) and butyl lithium (1.8-M solution in hexane, 7.7 mL, 14 mmo~).m 20~ of d?,
THE The reaction mixture was kept at -45°C for 45 min and the~ aCldJ~ed with acetic
acid. After usual workup, the crude syrup (4.8 g) was washed three times WI~ ho~ hexane,
and com ounds 180 and 181 were crystallized from methanol. Recry:talhzatlon from
ethanol g~ve 180 as fine needles (1.5 g, 34%): mp 165°-166°C, l«l; -34 (c 1.0, acetone).
Chromatography on silica gel of the residue obtained after evaporation of the filtrate of 180

afforded 181 (1.3 g, 29%) as a syrup: [n]D -45° (c 1.3, acetone)

Conjugate Addition of Dithiane to Nitroolejins [67J

~
N02

R, Rt,
Bn

4-
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(18)
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t:\osn
~~OOt.'e
- COOt.'e

PPh3' Pd(Ph3)4, THF, O°C

76%

~
OSn

Palladium-Catalyzed Substitution of Allylic Halide [132J

COOMe
~ I ,NaH
-c~COOMe ..

(15)

Chapleur and Chretien

R
CH3 a

183

CH3I, BU3SnH
•

hv, DME, reflux

80%

182

a
246

Addition-Fragmentation of Allyltributyltin to Thionocarbonate [118J

residue was purified by flash chromatography [petroleum ether-EtOAc (1-3:1)], to give
compound 183 (630 mg, 59%): [a]o -2900 (c 1, CHCI3) ; reported [219] [a]o -29904 (EtzO).

9796

A solution of compound 9' (1.0 g, 4.5 mmo\) [Eq. (18)], triphenylphosphine (29.27 mg,
0.11 mmol) and tetrakis(triphenylphosphine)palladium (128.96 mg, 0.11 mmol) in dry THF
(10 rnL).was ~tirr~d at ?OCun~er argon for 20 min. In another flask, to a suspension ofNaH
(60% dispersion In nuneral 011, 179 mg, 4.5 mmol) in THF (10 rnL), dimethyl propargyl
malonate (0.68 rnL, 4.5 rnmol) was added dropwise under argon at O°C and the reaction
mixture was stirred for 20 min at this temperature. The first solution was added to the
second one by a double-ended needle, and the reaction mixture was stirred at O°C for 1 h.
After completion of the reaction (TLC analysis), the solvent was evaporated. Purification
by column chromatography (CHFlz-petroleum ether 0.5-4:10) afforded compound 97
(1.330 g, 76%).

(16)

87

hv

80%

Substitution of Allylic Esters by Organocopper Reagents [54 J

~
PeO HO~o C",,13MgC1,CuI~

~ . ~ ~ ~
_ Ether O°C-f.!. '\.'\. + '\.'\.

EI' OEI OEI

A solution ofthionocarbonate 86 (11.16mg, 26.8 rnmo\) [Eq. (16)] in 54 rnL of toluene was
placed in a Hanovia photolysis apparatus and allyltributylstannane (17.68 mg, 53.6 mmol)
was added. After thoroughly degasing the solution with argon, it was irradiated during 65 h
at room temperature with a 450-W Hanovia lamp with Pyrex filter. Solvent was removed
under reduced pressure, and the crude product was purified by chromatography over silica
gel (ether-hexane, 5:95) affording 87 (6.25 g, 80%) as a colorless oil: mp 43°-44°C; [a]o

-70.30 (c 0.08, CHFlz)·

To a suspension of dry copper iodide (220 mg, 1.16 mmol) in anhydrous Etp (40 rnL),
cooled at O°C under argon, was added hexyl magnesium chloride (1.22-M solution in THF,
6.67 ml., 11.6 rnmol). After stirring at this temperature for 20 min, the solution was
transferred, using a double-ended needle into a solution of compound 88 (1 g, 3.87 rnmol)
[Eq. (17)] in anhydrous Etp (40 rnL). After stirring at room temperature for 1 h, the
reaction was quenched with saturated aqueous NH 4C1 solution (20 rnL), and the resulting
mixture was extracted with CHzClz (3 x 150 rnL). The combined organic layers were
washed with water, dried (MgS0

4
) , and concentrated. The residue was purified by column

chromatography (hexane-EtOAc, 9:1) to afford compound 893 (357 mg, 38%) as a
gum: [a]o +96.90 (c 1.6, CHCI

3
) ; and compound 89b (590 mg, 52%): [a]o +142.1

0

(c 1.1, CHCI 3) ·

(19)

(20)
TBD~O,

t.'e2~. ~-O~
o

•
Toluene, rflx

82%

Bn. H;N=(
o t.'e

Eschenmoser-Claisen Rearrangement [/48J

TBDMS~O0
(M"2N)CH(OMel2

•
O~ neal, 25-175°C

OH 70%

k:~
O......N CH

O
I 3

98 99 Bn

A mixture of (Z)-methyl-N-benzylnitrone (447 mg, 3 mmol) and compound 98 (684 mg
3 rnmol) [Eq. (19)] in methanol (5 ml.) was refluxed for 1 h, and then the solvent was
evaporat~d. The crude residue was purified by column chromatography (hexane-EtOAc,
1:1) to gIve compound 99 (923 mg, 82%) as a syrup: [a] -6530 (c 1 CH Cl )D • , 2 2'

105 106

A mixture oflOS (900 mg, 3 mmol) [Eq. (20)] and N,N-dimethylfonnamide dimethyl acetal
(lOA g, 78 rnmol) was slowly heated, from 250 to 17YC (bath temperature) during 2 h
in the .di~tillation flask of a microdistillation apparatus filled with a short Vigreux column:
The distillate collected at 90 0 -110°C vapor temperature was recycled into the distillation
flask, the column was replaced by a reflux condenser, and the mixture was heated at 175 0



180°C for 3.5 h. The dark reaction mixture was evaporated and coevaporated with dry

Nitrone Cycloaddition on Enelactone [136J

89b38% 52%89a88
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toluene (3 x 5 mL), the residue was dissolved in dry methanol (5 mL), and treated with a
catalytic amount of sodium methoxide at room temperature for 16 h. The solvent was
evaporated and the residue was dissolved in water (5 mL), the pH of the solution was
adjusted to 7 by addition of HCl (2 N), and the neutral aqueous solution was then saturated
with NaCl and extracted with CH2CI2(4 x 5 mL). The organic layers were combined, dried
(Na

2S0 4
) , and concentrated. The crude product was purified by flash chromatography

(CH2CI2-MeOH, 99:1) to afford compound 106 (760 mg, 68%) as a syrup: [u]o +77°

(c 0.9, C~Cl2)'

(24)

(23)

127

Ph\~KF 0 0..
THF, reflux

90% HO OMe

Ph\"'~o 0
BnO

Me

124

11IF, r.t.

68 %

125

Ph\"'~o 0
BnO

o Me

123

Peterson Methylenation [170J

Butyl lithium (1.6-M solution in hexane, 7.6 ml., 12.1mmol) was added dropwise at -40°C
to a solution of methyltriphenylphosphonium bromide (4.34 g, 12.1mmol) in THF (60 mL),
and the reaction mixture was stirred for 1 h at -40°C and then allowed to warm to O°C. A
solution of compound 123 (3 g, 8.1 mmol) [Eq. (23)] in THF (300 mL) was rapidly added.
The mixture was left to warm up to room temperature during 1 h, and then washed with
water (50 mL). The organic layer was dried (Na2S0 4) and concentrated. The residue was
purified by column chromatography (CH2CI2) to give compound 124 (2.02 g, 68%): mp
lW-IWC, [u]o + 15" (c 2.2, CHCI3) . .

tography (EtOAc-petroleum ether, 1:1) to give compound 185 (760 mg, 73%): mp 146°
147°C, [U]D +27.8° (c 1.2, CHCI3).

C. Compounds with a C=C Branch (Type III)

Wittig Methylenation [168J

Phb~O.
~ (21)
o ROMe

115

HMPA, -4Q°C

BrCHzCOOMe..BuLi

113

To a solution of compound 113(6.72 g, 20 mmol) [Eq. (21)] in dry THF (100 mL) was added
butyl lithium (1.6-M solution in hexane, 31.25 mL, 50 mmol) at -40°C. The mixture was
stirred at this temperature for 30 min, and a mixture of HMPA (9.78 g, 60 mL) and methyl
bromoacetate (7.65 g, 50 mmol) was slowly added. The reaction mixture was stirred at
-400C until TLC (Et.Oc-toluene, 1:1)indicated complete disappearing of the intermediate
ketone. Saturated aqueous NH

4Cl
solution (20 mL) was added at -40°C. The reaction

mixture was diluted with Et20 (100 mL), the two phases separated, and the organic layer
was washed with water (2 x 15ml.), dried (MgS04) , and concentrated. The crude syrup was
purified by column chromatography to give compound 115 (4.7 g, 70%): mp 78°-80°C,

[U]D +82.6° (c 1.0, CHCI3)·

Alkylation of Carbohydrate Enolate [11J
Ph

P~
OMe

To a solution at O°C of compound 18 (700 mg, 2.65 mmol) [Eq. (22)] in THF (50 mL),
potassium bis(trimethylsilyl)arnide (0.65-M solution in toluene; 4.9 mL, 3.18 mmol) was
rapidly added. The pale yellow solution was stirred at O°C for 30 min and then cooled to
-780C. To this cooled solution, ZnCl2 (l-M solution in E~O, 3.2 ml., 3.2 mmol) was
added, and the reaction mixture was stirred for 30 min. (R)-2,3-0-isopropylidene glycer
aldehyde (450 mg, 3.46 mmol) was added in one portion and the resulting mixture was
stirred at -78°C for 0.5 h, and then allowed to warm slowly to -40°C. After the reaction
reached completion (1.5-2 h), saturated aqueous NH4Cl solution (15 mL) was added at
-400C. The reaction mixture was diluted with EtOAc (20 mL), the two phases separated,
and the aqueous layer was extracted with EtOAc (3 x 15ml.), The combined organic layers
were dried (MgS0

4
) and concentrated. The crude product was purified by flash chroma-

Magnesium turnings (2.57 g, 106 mmol) were placed under dry argon in a 1-L three-necked,
round-bottom flask equipped with a condenser, a dry ice condenser, and a dropping funnel,
with a pressure equalization arm. A solution of (bromomethyl)trimethylsilane (0.841 g, 5
mmol) in anhydrous diethyl ether (75 mL) was then added. To this mixture a solution of
chloromethyltrimethylsilane (14.2 g, 116 mmol) in 50 mL of diethyl ether was added at a
rate sufficient to maintain reflux. The reaction mixture was stirred under reflux for an
additional hour. The solution was then allowed to cool to room temperature, and a solution
of the ketosugar 125 (6.33 g, 16.5 mmol) [Eq. (24)] in warm toluene (400 mL) was added
dropwise. The solution was stirred for 3 h, and quenched with a saturated solution of
NH4CI, extracted with diethyl ether (3 x 350 mL). The combined etheral extracts were dried
(MgSO4) and evaporated under reduced pressure to give the crude compound 126 (8.85 g)
as a syrup, which was used for the next step without further purification. A solution of the
crude product 126 in anhydrous THF (250 mL) was added dropwise to a suspension of
potassium hydride (8.5 g, 205 mmol) in THF (225 ml.) under argon. The reaction mixture
was then heated to reflux for 4 h. The resulting brown solution was then slowly poured into
a mixture of saturated solution of NH4CI (300 mL) and diethylether (500 mL). The layers
were separated, and the aqueous layer was extracted with diethyl ether (2 x 200 mL). The
combined extracts were dried (MgS04) and concentrated, under reduced pressure, to give
the crude product 127. Purification by recrystallization from dichloromethane-hexane

R=l:)< (22)
THF, _78°C

2) ZnC1z, RCHO 0 OMe

73 % 18518

Phb~

o OMe

Aldolization of Carbohydrate Enolate [161J

~
R " 'IH

Ph OH
1) KN(SiMe3h b -0..
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afforded pure compound 127 (2.71 g, 58%): mp 194.5°-195°C, I«l, + 145° (c 1, CHCI3) ;

reported [220) mp 192.5°-194°C (ethanol), [u]o +159° (c 1, CHCI3) ·

To a solution of dicyclohexylamine (363 mg, 2 mmol) in THF (10 ml.) under an atmospher.e
of argon at -78°C, butyl lithium (1.6-M solution in THF; 1.25 ml., 2 mmol) a~d tn

ethylmethylsilylacetate (320 mg, 2 mmol) was added dropwise, and then a solu.tlon of
compound 125 (384 mg, 1 mmol) [Eq. (25)] in THF (5 mL) was added ov;r 10 nun. The
solution was kept at -78°C for 1 h, then at -25°C for 1 h, and finally at 0 C for 1 h. T.he
reaction mixture was poured into a saturated solution of NaCI. and then e~tracted With
EtOAc (3 X 50 mL). The combined organic layers were washed Withwater, dried (MgS04),
and evaporated to give a syrupy residue that was purified by fl.ash chromatography
(hexane-EtOAc, 3:1) to give compound 186 (440 mg, 97%) as a mixture of the Z and E
isomers in 2.3 ratio.

Condensation of Silylated Enolates on Ketone [I 75J

(27)
Ph
b R O

OMe
o R

134

95 %

toluene, reflux

(MeOhC(Me)NMe2

•

CH2Cl2, Lt.

75%

MsCl, pyridine
•

126

~
H

Ph~ OH
o -0

o OMe

D. Compounds with Two Branched Chains (Types IV and V)

removed under reduced pressure. The residue was diluted with CHzClz (250 mL) and
washed with water (2 x 20 mL). The organic layer was dried (MgS04) and concentrated to
give a crude crystalline residue, which was recrystallized (CHzClz-hexane) to afford pure
compound 134 (3.466 g, 75%): mp 178°-179°C, [u]o +84.6° (c 1.0, CHCI3) .

Geminal Doubly Branched-Chain Sugars by Eschenmoser-Claisen Rearrangement
[157J

Ph\~o 0

OMe

HO CH:!OH

(25)
Ph~~O\

H~Me
eOOEt

186

Me3SiCH2COOEt ..

LiDCA, TIlF, -25-0°C

97 %

125

Phb~

o BzO OMe

Aldolization-Crotonization of Ketone Enolate [178J

To a solution of compound 126 (4.895 g, 15.2 mmol) [Eq. (27)] in a mixture of CHzClz
(60 mL) and pyridine (20 mL), cooled at O°C, mesyl chloride (1.8 ml., 22.8 ~.ol) was
added. The reaction mixture was stirred at room temperature for 24 h, and pyridine was

(29)

151

162

Ph\~O,

o ~
OMe

TEBAC,r.1.
60%

CHCl3,NaOH
•

150

161

Ph\~O.
o ~

OMe

Dichlorocyclopropanation Under Phase-Transfer Catalysis [194J

A mixture of a solution of 161 (744 mg, 3 mmol) [Eq. (29») and benzyltriethylammonium
chloride (6.8 mg, 0.03 mmol) in CHCl3 (5 mL) and 50% aqueous NaOH solution (5 mL)
was vigorously stirred at room temperature for 18 h. Water (10 mL) was then slowly added
to the reaction mixture, and then extracted with diethyl ether (2 x 15 mL). The combined
organic layer was washed with water (10 ml.), dried (MgS04), filtered, and concentrated
under vacuum. The residue was purified by column chromatography (hexane-Et.O, 3:2) to
afford compound 162 (596 mg, 60%): mp 134°-135°C, [u]o +30° (c 1.5, CHCI

3
) .

To a solution of the allylic alcohol 150 (16.7 g, 49.7 mmol) [Eq. (28)] in 500 mL of toluene,
under argon, was added N,N-dimethylacetamide dimethyl acetal (33.117g, 249 mmol). The
reaction mixture was heated at reflux for 10 h, with continuous removal of methanol by
molecular sieve (4 P..) trap. The reaction mixture was then cooled to room temperature and
concentrated under reduced pressure. The residue was purified by flash chromatography on
silica gel (EtOAc) to afford compound 151(13.6 g, 68%) as a white foam. The correspond
ing acetate was obtained in 27% yield and quantitatively transformed into 151: [u]o +2.7°
(c 1.1, CHCI3) .131 Z

~
O~
o

(26)

MeOOe 0+

75: 18

+

131 E

~o
eOOMe-t-

NaH, THF, r.t,

75%

(ELOjzP(O)CH,COOMe..

1

To a suspension of sodium hydride (60% in mineral oil, 340 mg, 8.5 mmol) in 20 mL of dry
THF was added diethyl[(ethoxycarbonyl)methyl]phosphonate (3.308 g, 17 mmol). The
reaction mixture was cooled to O°Cand stirred for 30 min, and a so.lutio~ of the ketosugar 1
(2.19 g, 8.5 mmol) [Eq. (26)] in THF (40 mL) was added. ~he react.lOn mixture was allowed
to warm to room temperature, stirred for 1 h, and then diluted With water (500 mL). The
phases were separated, and the aqueous layer was extracted with CHzClz.(3 x 100 mL), the
combined organic layers were dried (NazS04) and evaporated. The residue was chroma
tographed (hexane-EtOAc, 10:1 to 5:1) to afford compound 131Z (504

0m

g, 18%): [u]o
+220.70 (c 1, CHCI

3
) ; and compound 131E (2.104 g, 75%): [u]o +174.9 (c 1.4, CHCI3) ·

Wittig-Horner Olefination [InJ
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III
Chemical Synthesis of 0- and
N-Glycosyl Compounds, and
of Oligosaccharides

THE~ES: 0- ~n<! N-Glycopeptidesi Oligosaccharide Synthesis from Glycosyl
0- Trlc~/or~acetlm'.dates,Thio:thers, Flu.orides and 4-Pentenyl Givcosides: Sialyl
Glycosides; Glvcosides and Oligoseccberides by Remote Activation- Glycosides and
Oligosaccharides from Unprotected Glycosyl Donors '

I beli~ve it was Sir Derek ~arton, who once remarked that half of carbohydrate chemistry
was situated at the an?menc carbon atom. Indeed, the chemical synthesis of the glycosidic
bond has ~een a CO?tllluOU~ challenge ever since Emil Fischer's venerable acid-catalyzed
glycosyl~tlOn reactlO~ of simple alcohols in 1893. Curiously, Fischer had been preceded
by A. MIchael, who III 1879, described the synthesis of a phenylglucoside under base
catalyzed conditions. In the ensuing century, the chemistry of the glycosidic linkage has
enjoyed e?o~~us researc~ activity on many fronts, culminating with the emergence of a
new subdiscipline, glycobiology, in which oligosaccharide chemistry plays a dominant
role. ?Iycobiology can be ~onsidere~ as the .meeting grounds of carbohydrate chemistry
and biology..A panoply of Important mteractions at the molecular level, ranging from the
mode.of actI~n ~f lifesaving. antibiotics and antitumor agents, to cell surface phenomena
~ssoC1ated with Immunological responses that are vital for maintaining life processes,
l~v~lve carbo?y~rate ~otifs ..T?e importance of carbohydrate components of many anti
biotics for their biological activity was recognized many years ago. Streptomycin, one of a
handf~1 of wonder drugs of the middle of the century, is an example. Several amino
glyc?slde and macrolide antibiotics soon followed, and were marketed as important thera
pe~tl~ agen~s .. ~nusual natu.rally occurring nucleosides with antibiotic, antitumor, and
antiviral actrvities emerged III the 1960s and 1970s. Nature continues to adorn its most
com~lex chemical structures with glycosidic appendages, as in calicheamycin and aver
mectln B1a· So~e of th~ most interesting aminodeoxy, deoxy, and branched-chain sugars
have been associated WIth natural products, originally found in soil samples or other exotic
sources, then produced by fermentation on tonnage scale.

The animal and plant worlds have yielded some of the more fascinating carbohydrate
based polymers as ho~?- and heteropolysaccharides, as glycoproteins, as lipopolysac
chandes, and as glycolipids, to mention a few. Blood group substances, antigenic detenni-
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nants, and cell surface carbohydrates provide a fascinating array of oligosaccharide struc

tures, which often include sialic acid as a terminal unit.

Many biologically important interactions at the molecular level involve carbohy

drates and proteins, and there is no natural recognition mode that is more intimate and

specific.
Although the entire topology of a sugar molecule is critical for its designated

biological function, the ex or 13 nature of the glycosidic linkage plays an equally, if not more

important role. Marvel, for example, at the anomeric specificity of glycosidases and

glycosyl transferases, on the one hand, and the requirement of a given anomeric configura

tion for maximal antibiotic or antigenic activity on the other.

The advent of glycobiology and the tremendous recent advances in understanding

interactions at the molecular level, have instigated the need to devise stereocontrolled

syntheses of oligosaccharides, of glycopeptides, and of related compounds. Significant

progress has been made in the stereocontrolled assembly of oligosaccharides in single

units, or by so-called block synthesis over the past 20 years. Still, there is no universal

method for glycoside synthesis. Small variations in the nature of the donor or acceptor

molecules may result in inefficient coupling or an altered a113-ratio compared with a

seemingly related case (e.g., n-gluco and o-galacto donors vis-a-vis the same acceptor).

The necessity to use O-protected donors and selectively O-protected acceptors adds to the

already tedious operations of synthesis and assembly.

Unlike solid-phase peptide synthesis, automated oligosaccharide assembly is still

highly experimental, but it is being actively explored. Fortunately, in many instances,

carbohydrate-based biological function manifests itself at the oligosaccharide level. There

fore, our present needs are for easy accessibility to stereochemically defined oligosac

charides, 0- and N-glycopeptides, and related compounds of reasonable molecular weights.

Such structures are currently accessible through existing methodology, even if it is some

times at a premium.
The next ten chapters should provide the reader with state-of-the-art methods in

glycoside and oligosaccharide synthesis from leading researchers in the field.

I. INTRODUCTION

Results of cell biological, biochemical, and immunologic;l research of th t d d

have revealed that glycosylation is a very common osttranslan e p~s ~ca es

proteins in eukaryotic cells [1].The carbohydrate ortiots f I slatIOn~ modl.ficatIOn of

important roles in the organized distribution of th~se rna 0 g lycoPlrotel.ns .0bvIOusly play
cromo ecu es within the cells and
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within multicellular organisms. in particular, they are recognition signals involved in

intercellular communication, for example, in cell adhesion, regulation of the cell growth,

infectious processes, and immunological differentiations [2]. For structural elucidation of

these biological selection processes, model glycopeptides of exactly specified carbohydrate

and peptide structure (e.g., type 1 and 2 are of interest.

Because O-glycosylation can also be accomplished with active esters (e.g., penta

fluorophenyl esters) [Il] of Fmoc serine and threonine, the Fmoc technique provides a

general method for the synthesis of glycopeptides. Thomsen-Friedenreich antigen glyco

peptides and neoglycoproteins have been obtained by this method in preparative amounts

[12]. In combination with acid-labile polymeric benzyl ester anchors, this Fmoc technique

was applied to solid-phase syntheses of glycopeptides [11,13,14]. 76%
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Until the late 1970s 0- and N-glycosylated amino acids were constructed and used as

standards for structural elucidations of the linkage regions between carbohydrate and

peptide parts of glycoproteins [3,4]. However, the synthesis of glycopeptides demanded the

development of versatile and selective protecting group techniques [5]. This holds true, in

particular, for glycopeptides with complex oligosaccharide portions, which themselves

must be formed in laborious multistep syntheses [6,7]. Much attention has to be paid to the

glycosidic bond present in all natural glycoproteins. The acetal-type glycosidic and inter

saccharidic bonds are potentially sensitive to strong acids and, for O-glycosyl serine and

threonine derivatives (e.g., of 2), also sensitive to bases. Therefore, controlled and selective

deblocking of only one functional group of the polyfunctional glycosyl amino acids and

glycopeptides is a critical problem in glycopeptide synthesis. Because the synthesis of

oligo saccharides and glycosides has been described in a number of reviews [6,7] and is

presented in succeeding chapters, this contribution is focused on protecting group tech

niques in glycopeptide chemistry.

A major progress in glycopeptide synthesis was achieved when it was demonstrated

that the N~-terminal 9-fluorenylmethoxycarbonyl (Fmoc) group can be selectively re

moved from glycopeptides using the weak base morpholine (pKa 8.3). This holds true for

O-glycosyl serine and threonine esters, which are sensitive to base-catalyzed ~-elimination

of the carbohydrate [10].
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1. Ho,IPd r14 R =Bz, R' = BzJ, 98%
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CHaOH --16 R = H, R' = H, 82%
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such as glycopeptides. For example, lipases exhibiting no protease activity selectively

hydrolyze glycopeptide heptyl esters [29]. Under these conditions, the ester-protecting

groups in the carbohydrate portion, the peptide bond, the amino protection, and the

glycosidic bonds remain unaffected.

The choice of protecting groups also has all important effect on the stability of

intersaccharidic and glycosidic bonds toward acids. If acidolytic cleavage of protecting

groups is necessary during the synthesis of glycopeptides, the establishment of partial or

complete acyl-type protection within the saccharide units is favorable [19,26]. For the

construction of the O-glycosidic linkages to serine and threonine derivatives, glycosyl

halides and promotion by mercury or silver salts, in particular by silver triflate [30], is

generally efficient. Mucin-type glycopeptides are accessible using 2-azidogalactose donors

[6]. Glycosyl trichloroacetimidates [7,22] and thioglycosides were also demonstrated to be

useful donors in the synthesis of O-glycopeptides. Furthermore, electrophilic activation

of glycals offers an interesting perspective in glycopeptide synthesis [31]. General access

to N-glycopeptides is attained through glycosyl azides [4,25-28] that are reduced to gly

cosylamines, and the latter condensed with aspartic acid derivatives, these being selec

tively unblocked at the 13-carboxyl group. Alternatively, N-acetylglucosarnine derivatives

react directly with ammonium hydrogencarbonate to form the corresponding glycosyl

amines [14].

21 quan!.

18

biotin..

23 overall yield 93%

3
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HN- 9H-COOlBu

fH-CHa
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B. The Fmocltert-Butyl Ester Combination

The Frnoc group can also be combined with th b .

[16,34]. The Fmoc serine and threonine ~ t: i: utyl es~er In O-glycopeptide synthesis

. d er - u y esters WIth free 13-hydroxyl
require as starting materials for this che . try Th groups are

mrs . cse compounds (e.g., the threonine

Fmoc-HN-9H-COOH
Fmoc- HN-C,H-COOtBu

C1H-CHa )
>-.-----1...~ CH- cHa

OH' I
OH

tBu-OH + DCC + Cu(I)CI (3d at 200C)

The Fmoc group, which is very useful in peptide synthesis [32], has proved an efficient

tool in glycopeptide chemistry [10]. Because the Fmoc protection of the amino function is

rather stable to acids, it can be combined with tert-butyl-type protecting groups and

exposed to stereoselective glycosylations that require a more or less acidic milieu.

Glycosylation of the Fmoc serine benzyl ester 11 with 2,3,4-tri-0-benzoyl-Ci-D

xylopyranosyl bromide 12 promoted by silver triflate (30) afforded the 13-xylosyl serine

conjugate 13 in high yield [10].The efficiency and compatibility of the Fmoc technique in

glycopeptide synthesis was demonstrated on substrate 13 [10]. Treatment with morpholine

(neat or diluted with dichloromethane 1:1 [18] or dimethylformamide [33]) resulted in

quantitative and selective removal of the Fmoc group to give 14, whereas hydrogenation

selectively deblocked the carboxylic function resulting in 15. The chemoselectivity of

the amino deprotection was also shown for the glycopeptide 17. Building blocks 14 and 15

can be used for alternative NHz- or COOH-terminal chain extension to construct glyco

peptides of a desired sequence. Removal of the O-acyl protection from the carbo

hydrate portion is achieved under weakly basic conditions, as is shown for the formation

of 16 [10].

A. The Fluorenylmethoxycarbonyl Group

Glycopeptides contain many functional groups of different reactivity as well as 0- and

N-glycosidic bonds. Therefore, the compatibility and chemoselectivity of the applied

reactions is a fundamental prerequisite in glycopeptide synthesis. In this chapter, efficient

and generally applicable methods and their combinations will be illustrated by examples

[5,8,9].

II. METHODS
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C. Allyl Ester Protecting Group

The allyl ester [22] can be selectively removed in the presence of Z- [22], Boc- [25,28], or

Fmoc amino protection [24]. For example, Fmoc threonine allyl ester 24 was glycosylated

with 2-azido-3,4,6-tri-O-acetyl-2-deoxY-0'-D-galactopyranosyl bromide 2S [6] to give the

conjugate 26 in high yield [24]. Separation of the o-anomer and transformation of its

2-azido moiety to the acetamido group using either thioacetic acid or trioctylphosphine

acetic acid afforded the Tn antigen structural element 27 [24J. Selective removal of the

Fmoc group was achieved quantitatively by treatment with morpholine (see earlier discus

sion). Again, the amino-deblocked compound 28 is not very stable and should immediately

be used for further condensation.

The alternative selective cleavage of the allyl ester was achieved by Pd(O)-catalyzed

allyl transfer. Because the Fmoc group is sensitive to morpholine, a very weak base must be

used as the allyl-trapping nucleophile. N-Methyl aniline was favorable, and its use as a

scavenger nucleophile gave rise to the acid 29 in a high yield.
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derivative 18) become readily accessible by treatment of the Fmoc amino acid with a

prereacted mixture of tert-butanol, carbodiimide, and coppeul) chloride [34]. Glycosyla

tion of 18 using the thioglycoside donor 19 yielded mainly the desired «-anomer of

conjugate 20 [34]. The pure anomers were obtained by flash chromatography. In the 0'- or,

alternatively l3-anomer of 20, the tert-butyl ester group is selectively cleaved using formic

acid or anhydrous trifluoroacetic acid/dichloromethane (1:1 v/v).

Alternatively, the Fmoc group is selectively eliminated with morpholine to give 22

[34]. Both reactions are the basis of chain-extending glycopeptide synthesis in solution as

well as on solid phases [11,12,14]. Because the free amino group in compound 22 often

gives rise to 0 ~ N acetyl transfer or l3-elimination (at least in solution), subsequent

peptide condensation should be carried out immediately. Condensation of 22 with biotin,

using a water-soluble carbodiimide (WSC) yielded the biotinyl conjugate 23 containing a

label (biotin) as well as a photoactivatable group (azide).
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including the fucoside bond, remained unaffected [19,26]. It is obvious, that this selective

and mild method is a promising tool for the synthesis of demanding glycopeptides (e.g.,

core N-glycopeptides containing the problematic 13-mannoside bond) [38]. In contrast, the

tert-butyl ester of 35 cannot be cleaved under acidic conditions without destroying the

o-fucoside bond.

The methoxybenzyl ether in 37 can be selectively cleaved, even in the presence of the

anomeric azide, by oxidation with eerie ammonium nitrate. Subsequently, the N-phthaloyl

group is removed with hydrazine, and the amino as well as the hydroxyl groups are

acetylated to give 38, which can now be used in glycopeptide synthesis. Asparagine

conjugates carrying this type of saccharide side chain can be subjected to a selective

acidolysis of tert-butyl esters and ethers without affecting the fucoside bond [19,26J.

E. Establishing Sufficient Acid Stability in the Saccharide Portion

If the acidolytic reactions often applied in peptide and solid-phase synthesis are to become

adaptable to glycopeptide chemistry, a general stabilization of the saccharide portions of

glycopeptides toward acids must be accomplished. Acetamido groups and O-acetyl

protecting groups in the carbohydrates exhibit an effective stabilizing influence on the

glycosidic bonds. Therefore, the exchange of ether-type for acyl-type protection is of

importance for a versatile glycopeptide synthesis, as is shown for fucosyl chitobiose

derivative 37 [19,26J.

'_-HN&O~O.(\....-O~N~NH~\
a 0

H DMFlMorpholine 1:1; 3eq(Boc-J>ro.oH,IDlC,HOB~ DMF; AC20fPyridine

" /CH~12flFA} Hunig Base; 4eq Fmoc-Aia-OH, DIC,HOB~ DMF; AC20

H DMFlMorpholine 1:1: 3eq Fmoc-J>ro.OH DlC HOB' DMF' A O,ID..' .
I • ... • c2~. yndme

39

..
t

Aeo~oAg t' IPh:JPJ4Pd(0),Morpholine,DMFJDMSO'CH CI

AeO
' 2 2

0rv AeNH CHC -l Jl a O~3 0ey
H3yNV ", NH NHA NH on

a 4 N YANH .i N 0N/VN~COOH
CH3 0;. a (cH;,) :

COOtBu I 3 a CH3 a
HNyNH-Mtr

HN

40 overall yield (18 steps): 95%, purity> 95% (HPLC)

In conclusion, the selective-protectin u hni

satile methods of oligosaccharidesynthesi [6
g7groJ

akP tee niques [5,8,9J together with the ver-

. SIS , m e complex gly tid .

are of mterest in interdisciplinary inv ti ti I hi . copep es available,which

choice of compatible methods determi es Itgha IOns 0 biological selection processes. The

I 1 . Illes e Successof syntheses f th I

mo ecu es. On the basis of the elaborated sele ti th d ~ ese po yfunctional

peptides delivers preparative amounts f ~ ~e me 0 s, the chemical synthesis of glyco

o mo e compounds of exactly specified structure.

/iI. EXPERIMENTAL PROCEDURES*

A. ~~hOgOnal Deprotection of Fmoc D-glycopeptide Benzyl Esters

N-(9-Fluorenylmethoxycarbonyl)_0_(2,3,4_tri_ _

Benzyl Ester 13 0 benzoyl-(3-D-xylopyranosyl)_L_serine

To a solution of silver trifluoromethanesulfonate (7 71 '.

(100mL) at -40°C in the dark is added dr . . g: 30 mmol) in dry dlchloromethane

. opwise a solutIOnof 9 fl lrn h

senne benzyl ester 11 (8.45 g 20 mm 1) 2 3 4 . - uoreny et oxycarbonyl

12 (11 14 ' 0 , , , -tn-O-benzoyl a: D x 1 I

. g, 21.2 mrnol) and tetramethyl urea (3 65 3 - - : y ?pyranosy bromide

mL). After 18 h of stirring at room tempe t . thg, 1.~ ~ol? III dlchloromethane (l00

with dichloromethane (200 rnl.) Th r~ ure, .e precipitare IS filtered off and washed

KH . e organic solution ISwashed ith

C03 solution (twice 200 mL) and water, dried with N WI water (200.mL), 1%

The crude product is recrystallized from th I llzSO4' and concentrated In vacuo.

complete, chromatography on silica gel 6; .Yt ~cetate-n-hexane. (If the reaction was not

15 g (87%); mp 136°C, [a:]o -27.80 (e 13JnC~~~ne/ethanoI9:1 is recommended). Yield:

. , 3)' Rf 0.64 (toluene/ethanol 26:1).

'Optical rotations were measured at 220C.

38 overall yield 72%

AeO~Ae
OAe

CH3 a

37

F. Allylic Anchors in the Solid-Phase Synthesis of Glycopeptides

To illustrate the progress in glycopeptide synthesis and, in particular, the efficiency of the

allylic-protecting method, the solid-phase synthesis of mucin-type glycopeptides on a

polymeric support with an allylic anchor 39 is outlined [33J. Owing to the stability of the

allylic ester to both acidic and basic conditions, the Fmoc as well as the Boc group can be

used for temporary amino protection. One advantage of this versatility is the ability to

switch from Fmoc to Boc protection on the level of the polymer-linked dipeptide to avoid

diketopiperazine formation. Furthermore, the release of the glycopeptide carried out by

paliadium(O)-catalyzed allyltransfer to N-methylaniline proceeds almost quantitatively,

and without affecting other protecting groups, to yield the glycononapeptide 40 in an

overall yield (relative to 39) of 95% and a purity of more than 95% (according to high

performance liquid chromatography (HPLC)]. Compound 40, which is selectively de

blocked at the carboxyl group, can immediately be used in fragment condensations.

Mpm

~

CH300C~-O
_ ~MPmOMpm

CH3 a
2. hydrazine hydrate

NPht 0 .. AeNH ~O

Ae~o~Q 3.~O/pyridine Aeor-J-l"o a

AeO a AeO~N3 AeO~6 AeO N3

OAe AeNH
OAe AeNH



Kunz

274
Protecting Groups in Glycopeptide Synthesis 275

h F G up' General Procedure
Removal of t e moc ro... _I cos I e tide ester (1 mmol) is stirred in
The protected O-glycosyl ammo ~cld ed~tehrlor0 gthYan;(rl)P for 30 min. After addition of

. (10 L) or morpholine-: IC oromernane u- . .
morpholme m .' h d with diluted aqueous acid (citric acid or

th (100 mL) the solution ISwas e .
dichlorome ane .' 4 50 mL) dried with N"-SO , and concentrated in

I H 4 50 mL) and WIth water ( x, -. 4 h
HC p , ., in 2 5 mL of ethyl acetate. During chromatograp Y
vac~~. The crude pro?uct ISdlssOI;t~~r eth-l-acetate (2:1), N_(9_fluorenylmethyl)morp~0
on silica gel (50 g) WIth petrolum d bl ked 'no acid or peptide ester is eluted WIth
line is eluted. Subsequently, the e oc e 1 arm nosyl)-L-serine benzyl ester 14: yield,

(2 3 4 T .-O-benzoyl-13- D - xy opyra .
methanol. 0- ,,- no. -414 (c 0.5, CH OH). N_(L_Asparagmyl-L-leucyl-)-
0.63 g (98%); mp 55 C, [la]o . l)-L-serine b~nzyl ester 17: yield, 0.85 g (98%);
0_(2,3,4,-0-benzoyl-13-D-xy opyranosy
amorphous: [a]o -42.3° (c 0.5; CHPH).

Removal of the Benzyl Ester
2 3 4 t . 0 benzoyl-ll-D-xylopyranosyl)

N_(9_Fluorenylmethoxycarbon~I)-0-(, l' - t
n- 13- (lOg 1 2 mmol) is stirred in

F 0 xylosyl senne benzy es er .,.
r.-senue 15. The moe - d bi t d to hydrogenolysis for 18 h under

mL) t temperature an su ~ec e
methanol (40 a ro?m . h al (02 g 5%) as the catalyst. The educt 13
atmospheric pressure using pal~ad~~m-~ a;o nd the ;olvent evaporated in vacuo. If the
dissolves slowly. The ca~alyst IS. tere om' a atography (TLC), it is dissolved in 2 mLof
residue is not pure accordmg to thin-layer c hom a short colunm of silia gel 60. The by
ethyl acetate and purified by chromat°

th
grap

Yth°nl cetate; the product 15 with methanol:
1 d ith petroleum e er-e y a ,

products are e ute WI ° 12 60 ( 0 3 CH OH)' R 0.64 (toluene-ethanol, 1:2).
yield: 0.85 (92%); mp 109 C, [a]o - . c., 3 'f

Removal of the Carboxyl and O-Acyl Protection
. 10 ranosyl)-L-serine. A solution of xylosyl ser-

0-(2,3,4- Trl-O-benzoyl-ll-D~( inP~ethanol (20 ml.) is hydrogenated for 18 h using
ine benzyl ester 14 (0.5 g, 0.78 mmol) 1 st. The catalyst is filtered off, and the solvent
palladium-char:oal (5%, 0.1 g) as:~ c~:~J 041 g (95%), mp 130°_133°C; [a1o -29.2
evaporated to gIve the pure produ . Y 'h' 1 ater 13'5'24).

R 048 ( thyl acetate-met ano -w . . . 1
(c 0.6, CHPH); f' e . 16 To a solution of O-benzoyl protected xylosy

O_(ll_D_Xylopyrano~yl)-L:en~e(20 mL) is added at room temperature hydrazine
serine (0.23 g, 0.4 mmol) In ~e :mo

b TLC (ethyl acetate-methanol-water 13:5:2.4)
hydrate (100%, 20 mL). Momton~gth' Y30 . After 40 min acetone (50 mL) is added to

ti t be complete WI m rmn, , " 1 h thproves the reac on 0 . (which is volatile) After stirring ror , e
th h d . e to the acetone azine w· t

transfonn e y razm. he resi d is stirred with ethyl acetate to extrac
solution is concentrated In vacuo, ~ e r~~ ue (860/<) mp 2150_2180C (decomposition);

impurities and gi~e a pu~e prodU~~~I~~d(C O.~~O), ::ported [39] [a]o _12° (c 1.0, HzO)·
reported [39] 230 -235 C, [a1o .

B. Orthogonal Deprotection of Fmoc D-Glycopeptide tert-Butyl

Esters
b l)-L-threonine tert-butyl ester 18 [34]

N_(9_Fluorenylmethoxycar ony b dii id (928 g 045 mol) tert-butanol (43.4 g, 0.58
f 1 3 di clohexyl car 0 nrm e . ,.

A mixture 0 ,- ICy. 001 mol) is stirred in a tightly sealed flask at room
mol) and copper(!) chloride (1 g, .

temperature in the dark. After 5 days, dry dichloromethane (300 mL) is added. A solution of
Fmoc threonine (47.16 g, 0.138 mol) in dry dichloromethane (300 ml.) is added dropwise to
the stirred mixture. After stirring for 4 h (TLC monitoring, toluene-ethanol 10:1), the
mixture is filtered, and the filtrate concentrated in vacuo to about 150 mL. Newly precipi
tated dicyclohexyl urea is again removed by filtration. The filtrate is diluted with dichloro
methane to a volume of 500 ml., washed with saturated NaHC03 solution (3 x 100 mL). In
cases of unsatisfactory phase separation, the aqueous layer is re-extracted with dichloro
methane. The organic layer is dried with MgS04 and the solvent evaporated in vacuo. The
remainder is dissolved in a small volume ofethyl acetate, kept at - 28°C for some hours and
filtered once more to remove any urea. The filtrate was concentrated in vacuo and the
residue purified by flash chromatography on silica gel (500 g, 0.043-0.06 mrn; E. Merck,
Darmstadt, Germany) in petroleum ether-ethyl acetate (2:1), and subsequent recrystalliza
tion from ether-petroleum ether: yield, 42 g (77%); mp 74°C, reported [161 83°C; [a1o
-9.5 (c 1.05, CHCI 3) ; reported [l61 [a1o 9.0° (c 1.15, CHCI3) .

Other N-protected threonine derivatives as well as N-protected serine derivatives
can be converted to the corresponding tert-butyl esters using this method [34].

N-(9-Fluorenylmethoxycarbonyl-O-(3.4.6-tri-O-acetyl-2-azido-2-deoxy-a-D
galactopyranosylt-t.-threonine tert-Butyl Ester 20 [341

Under careful exclusion of moisture and oxygen, a solution of ethyl I-thio-3,4,6-tri-0
acetyl-2-deoxy-2-azido-13-D-galactopyranoside [40] (375 mg, 1 mmol) and Fmoc-Thr
OtBu 18 (600 mg, 1.5 mmol) in dry toluene (10 mL) is stirred witlt powdered 4-A molecular
sieves (500 mg) for 1 h at 20°e. After cooling to 5°C, a solution of dimethyl(methyltltio)
sulfonium tetrafluoroborate [411 (520 mg, 2 mmol) in dry dichloromethane (10 mL) is
added. After 1h at 5°C and 16 h at 25°C, ethyl-diisopropylamine (130 mg, 1 mmol) is added.
The mixture is stirred for 1h, filtered, concentrated in vacuo, and toluene (10 mL) is distilled
off in vacuo from the residue. Purification by flash-chromatography in toluene-acetone
(9:2) gives the mixture of anomers: yield: 520 mg (86%), cxI13 = 3.1. Separation of the
anomers is carried out by flash chromatography in dichloromethane-acetone 100:3 on
silica gel (200 g): a-anomer 20: yield, 380 mg (63%); [a]o 84.6° (c 1, CHCI3; reported [16]
[a1o 69.3° (c I, CHCI 3) .

13 Anomer: N-(9-Fluorenylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy
13-D-galactopyranosyl)-L-threonine tert-Butyl Ester: yield, 115 mg (19%), [a1o -8.0° (c 1,
CHCI 3) ·

N-(9-Fluorenylmethoxycarbonyl)-O-(3.4.6-tri-O-acetyl-2-azido-2-deoXY-13-D
galactopyranosyl)-L-threonine 21

To Fmoc O-glycosyl threonine tert-butyl ester 20 (290 mg, 0.4 mmol) dissolved in dry
dichloromethane (5 mL) is added dry trifluoroacetic acid (3 mL) at O°C. The mixture is
allowed to warm to room temperature, and the reaction is monitored by TLC (dichloro
methane-ethanol 10:1). After 3 h, the conversion is complete. The solvent is evaporated in
vacuo. Toluene (10 mL) is codistilled in vacuo from the remainder. Small amounts of an
unpolar impurity are separated by flash chromatography on silica gel (20 g) in dichloro
methane-ethanol (15:1): yield 230 mg (90%); [a1o 69.7° (c 1, CHCI

3
) ; s, 0.32 (CH

2CI2


ethanol 10:1).
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Removal of the Fmoc Group and Labeling with Biotin

0-(3,4,6-Tri_0_acetyl-2-azido-2-deoxy-a_D_galactopyranosyl)-L-threonine tert
Butyl Ester 22. A solution of Fmoc-Thr(aAc3GaIN3)-OtBu 20 (215 mg, 0.3 mmol) in
freshly distilled morpholine (2 mL) is stirred at room temperature for 20 min. After
concentration in vacuo and codistillation with toluene (twice 3 mL) in vacuo, 22 is obtained

quantitatively. It is immediately used in the following reaction.
N_(D_Biotinyl)_0_(3,4,6-tri-0-acetyl-2-azido-2-deoxy-a-D_galactopyranosyl)-L-

threonine tert-Butyl Ester 23 [34], A mixture of D-biotin (150 mg, 0.6 mmol),
l_ethyl_3_(3_dimethylaminopropyl)-carbodiimide (EDC: 580 mg, 3 mmol), and I-hydroxy
benzotriazole (HOBt: 540 mg, 4 mmol) in dimethylformamide (DMF: 2 mL) is stirred
under exclusion of moisture at 22°C. After 45 min, the biotin is dissolved, and a solution of
freshly prepared glycosyl threonine ester 22 (0.3 mmol, preceding procedure) in dichloro
methane (2 ml.) is added at O°C. After stirring for 16 h at room temperature, the solvent is
evaporated in vacuo, the remainder dissolved in dichloromethane (50 ml.), extracted with
ice-cold 0.2 N HCI (3 x 25 ml.), water (25 ml.), and saturated NaHC03 solution (2 x
25 mL), dried with MgS0

4,
and concentrated in vacuo. purification by flash chromatogra

phy on silica gel (20 g) in dichloromethane-ethanol (25:1) yields 23; 200 mg (93%); [01.]0

96.50 (c I, CHCI3); e,0.29 (toluene-acetone 4:1).

C. The Fmoc-Allyl Ester combination [24]

N_(Fluorenylmethoxycarbonyl)-L-threonine Allyl Ester 24
To a solution of L-threonine allyl ester hydrochloride [22,42] (6.0 g, 30.6 mrnol, the
corresponding hydrotrifluoroacetate or hydrotoluenesulfonate can also be used) in satu
rated NaHC0

3
solution (100 mL) and dioxane (100 mL) is added dropwise at O°Ca solution

of 9-f1uorenylmethyl chloroformate (10.8 g, 41.8 mmol) in dioxane (50 mL). After stirring
for 24 h, the solvent is evaporated in vacuo, the remainder dissolved in ethyl acetate (200
ml.), washed with 0.5 NHCI, saturated NaHC03solution, and water (each 100 mL), dried
with MgS0

4,
and concentrated in vacuo. The crude product is subjected to chromatography

on silica gel (300 g) in petroleum ether-ethyl acetate (4:1), and the obtained product
is recrystallized from ethyl acetate-petroleum ether to give pure 24: yield, 11.2 g (96%);
mp 980-100°C; [01.]0 -17 .2° (c 1, dimethylformamide); R, 0.33 (petroleum ether-ethyl

acetate 2:1).

N_(9_Fluorenylmethoxycarbonyl)-0-(3,4,6-tri-o-acetyl-2-azido-2-deoxy-a-D

galactopyranosyl)-L-threonine Allyl Ester 26
Under argon atmosphere and exclusion oflight and moisture, a mixture of Fmoc-Thr-OAll
24 (4.9 g, 12.9 mmol), Ag

2C03
(4.0 g, 14.5 mmol), and powdered 4-A molecular sieves

(2 g) in dry toluene (60 ml.) and dichloromethane (90 ml.) is stirred for 1 h. At room
temperature, AgCIC0

4
(004 g, 1.9 mmol) is added. After 20 min, a solution of 3,4,6-tri-0

acetyl_2_azido_2_deoxy-a-D-galactopyranosyl bromide [43] 25 (4.2 g, 10.7 rnmol) in
toluene (90 mL)_dichloromethane (90 mL) is added dropwise within 1 h. After 24-40 h at
room temperature (TLC monitoring; dichloromethane-acetone 45:1), dichloromethane
(100 mL) is added. The mixture is filtered through Hyflow, and the filtrate is extracted with
saturated NaHC0

3
solution (2 x 100 mL) and water. The organic layer is dried with MgS04

and the solvent evaporated in vacuo. purification by flash chromatography on silica gel (100
g) in dichloromethane~ dichloromethane-methanol (250:1) yields a mixture of the a and

[3. anomers (a/[3 20:1), 5.8 g (79%). Repeated flash ch .
YIeld,4.5 g (61%); mp 590-610C [ ] +667° ( 1 c~omatOgraPhY gives the a anomer 26:, 01. 0 . c, CI3);RfOAO (CH2CI2-acetone 45:1).

N-(9-Fluorenylmethoxycarbonyl)-0-(2-acetamido-34 6-t '-0-
galactopyranosylt-u-threonine Allyl Ester 27 "n acetyl-Zsdeoxy-cc-t»

To a solution of Fmoc-Thr(Ac GalN ) OAlladded at 00C acetic acid (1~ a;d- 26 (4.0 g, 5.8 ~ol) in dry THF (50 mL) is
(304 mL, 704 mmol) in THF (10 ~L) A.:tubs;tue~tly, .a solu~lOn of tri-n-octylphosphine
complete the N-acetylation the remai~der~r ti ' tde ~hxture. IS concentrated in vacuo. To

(
10 mL ' ISS rre WIt acetic anhydrid (2 mL) ..

. ) for 6 h, concentrated in vacuo. Toluene 3 ... ~ -pyndme
residue, which is subsequently purified b fI h( h

X
20 mL) ISdistilled in vacuo from the

I
y as c romatography on sili 1 1

petro eum ether-ethyl acetate ~ th I n Sl ca ge (00 g) in
~ e y acetate. The product . .

acetate-petroleum ether: yield, 3.9 g (94%)' m 66 6 ° . IS recrystalli;ed from ethyl
R, 0.56 (ethyl acetate). ' p - 8 C, [aJ o +36.3 (c I, CHCl3);

The selective removal of the Fmoc rou from . . ..
Sections IILA and IILB for its removal S.g '1 p 27 IS camed out m strict analogy to
and must be subjected to further react'. I~I ar tO

d
.product 22, the obtained 28 is not stable

IOn imme lately.

N-(9-Fluorenylmethoxycarbonyl)-0-(2-acetamido-3 -'- "
galactopyranosyl)-L-threonine 29 ,4,6 trt O-acetyl-2-deoxy-a-D-

To a solution of Fmoc-Thr(Ac3GaINAc)-OAll 27 2 .
under argon atmosphere is added N-methyl aniline (6.5 g, 2.8 mmol) in ~ry THF (20 ml.)
0.043 mmol; 1.5 mol%) tetrakiS(triPhenYIPhOSPhine)Pal~~~ and(Oa)catalytl~ amo~nt \50 mg,
the dark for 2 h and then concentrated in Fl aurumrur. The mixture IS stirred in
in ethyl acetate ~ methanol and recrystal1~:~~~~ fr~Sh chromatography on silica gel (60 g)
acetate-petroleum ether gives 29 as cryst I' . Id m methanol-petroleum ether and ethyl
[16] amorphous, obtained by a different pr

a
sJle ,1.8 g (96%); mp 114°-116°C, reported

[16] [OI.J
o

+65.00 (c 1045, CDCI ). R 0 46
0c(CHureC)I;

[aC]o +75.8° (c 0.5, CHPH), reported
3' f . 2 2- HpH 1:1).

D. Removal of the Allyloxycarbonyl Group [19,23,26]

2-Acetamido-4-0-(2-acetamido-34-di-0- I 6 °
gIUCOpymnOSYI)-3-0-acetyl-6-0-(2,3,4-tr:~-be~ - 1~b~nZYI-2-deoxy-[3-D-
glucopyranosyl Azide 32 zy a L-fucopyranosyl)-2-deoxy-[3-D-

Tetraethylammonium bromide (4 19 .acetyl-6-0-benzYI-2-deoxy-[3-D-gl~~O mmol)i 2-acetanudo-4-0-(2-acetamido-3,4-di-O-
azide [26] 30 (1.25 g, 1.88 mol) and !!a~~~~:~~-o~acetYI-2-deOXy-[3-D-gIUCOPyranOSYI
dimethylformamide-dichloromethane (2'1) far3 sle:es (6 ~) were stirred in 15 mL of
b If' or 0 min Usmg a yri 23 4

enzy -a-D- ucopyranosyl bromide [35] 31 (3 6 '. s nnge, ,,-tri-O-
(5 mL) was added dropwise After 4 da th g,. mmol) dissolved in dichloromethane

b
. ys, e mixture was filtered thr h C .

s.u sequently was washed with dichloromethane (300 ~ug elite, which
nons were extracted with 1 M KHCO I' mL). The combmed organic solu-

d
. 3 so utron (3 x 100 ml.) dri d ith M

trate m vacuo, and the remainder was dried' hi h ' e WI gS04' concen-
I) . I in Ig vacuo Chromat h (100

ge m petro eum ether-ethyl acetate 2:1 di hi' ograp y g silica
recrystallization from dichloromethane dii ~ IC oromethane-methanol 20:1, and by
[01.]0 -38.650 (c 0.5 chloroform. R 0-4 (1ICsoHPCroIPYMIether gave 32: 1.5 g (74%); mp 175°C'

, , f . 3- eOH 10:1). '
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2_Acetamido_4_0_(2_acetamido-3,4-di-O-acetyl-6-0-benzyl-2-deoxy-f3-o

glucOpyranosyl)_3_0_acetyl-6-0-(2,3,4-tri-O-benzyl-a-L-!ucopyranosyl)-2-deoxy-f3-
o-

glucopyranosylamine 33
The trisaccharide azide 32 (I g, 0.92 mmol) was dissolved in methanol (20 ml.). After
addition of Raney nickel (200 mg; E. Merck, Darmstadt, Germany), which was washed ten
times with water, hydrogenation was performed for 3 h. After filtration and concentration in
vacuo the glycosylamine 33 was obtained: yield, 927 mg (95%); [a]D -24.8° (c 0.5,

CH
2CI2

) ; R
f

0.2 (CHCL3-MeOH 10:1).

N_Allyloxycarbonyl-aspartic acid a-tert-Butyl Ester 34

To a solution ofl-0-tert-butyl aspartate [44] (3 g, 15.9 mmol) and KHC03(3 g, 32 mmo1) in
water (50 mL) was added at O°C allyl chloroformate (1.7 ml, 16 mmol; E. Merck,
Darmstadt, Germany). After stirring for 1 h, the mixture was extracted with diethyl ether
(100 mL). The aqueous layer was acidified to pH 2 using 1M HCl and extracted with diethyl
ether (4 x 50 mL). These ether solutions were combined, dried with MgS04· The solvent
was evaporated in vacuo to give 34 as an oil; 3.87 g (89%), [a]D +21° (c 1, CH 2CI2) ; RfO.25

(petroleum ether-ethyl acetate 2:1).

N2_(Allyloxycarbonyl)_N4-(2-acetamido-4-0-(2-acetamido-3,4_di_O_acetyl-6-0-benzyl-2

deoxy_f3_o_glucopyranosyl)-3-0-acetyl-6-0-(2,3,4-tri-O-benzyl-a-L-!ucopyranosyl)-2

deoxy_13_o_glucopyranOSyl)-L-aSparagine tert-Butyl Ester 35 [26]

The trisaccharide amine 33 (0.5 g, 0.47 mmol), Aloc-Asp-OtBu 34 (0.2 g, 0.73 mmol), and
EEDQ [37] (0.6 g, 2.4 mmol) were stirred in dimethylformamide (5 mL). After 3 days the
solvent was distilled off in high vacuo. The remainder was purified by flash chromatogra
phy on silica gel (60 g) in petroleum ether-ethyl acetate 2:1~ dichloromethane-methanol
50:1 to give 35: 466 mg (75%), [a]D -28.4° (c 0.75, CH 2CI2) ; RfO.38 (CHCI3-MeOH 10:1).

The corresponding a-anomer was isolated by this chromatography as a by-product:
N2_(Allyloxycarbonyl)_N4-(2-acetamido-4-0-(2-acetarnido-3,4-di_O_acetyl_6_0_benzyl-2
deOXy_f3_0_g1ucopyranosyl)-3-0-acetyl-6-0-(2,3,4-0-benzyl-a_L_fucopyranosyl)-2-deoxy
a_o_glucopyranosyl)-L-aSparagine tert-butyl ester: yield, 62 mg (10%); R, 0.42 (CHCI3-

MeOH 10:1).

N4_f2_Acetamido-4-0-(2-acetamido-3,4-di-O-acetyl-6-0-benzyl-2-deoxy-f3-o
glucopyranosyl)_3_0_acetyl-6-0-(2,3,4-tri-O-benzyl-a-L-!ucopyranosyl)-2-deoXY-13-

o-

glucopyranosyl]-L-aSparagine tert-Butyl Ester 36
To a solution of N2_allyloxycarbonyl_N4_[2_acetarnido-4-0-(2-acetarnido-3,4-di-O-acetyl
6_0_benzyl_2_deoxy-f3-0-glucOpyranosyl)-3-0-acetyl-6-0-(2,3,4-tri-O-benzyl-a-L-fuco
pyranosyl)_2_deOxy-f3-o-g1ucOpyranosyl]-L-asparagine tert-butyl ester [19,26] 35 [400 mg;
0.305 mmol; [a]D -28.4° (c 0.75, CH

2Cl2
] and 5,5_dimethyl-cyclohexane-1,3-dion (dime

done, I g, 7.1 mmol) in oxygen-free tetrahydrofuran (15 mL) is added tetrakis(triphenyl
phosphine)-paliadium(O) (50 mg, 0.043 mmol) under argon atmosphere. After stirring for

2

h in the dark, the solvent is evaporated in vacuo and the remainder dissolved in dichloro
methane (200 mL). The organic layer is washed with I N KHC03 solution (50 mL) and
dried with MgS0

4.
After evaporation of the solvent in vacuo, the crude product is purified

by chromatography on silica gel (40 g) in dichloromethane-methanoI20:1 ~ 15:1 to give
pure 36: yield: 341 mg (91%), [a]D 37.4° (c 0.5, CH 2CI2) ; R f 0.35 (CHCL3-CH30H 10:1).

E. Exchan~e of Et~er-type for Ester-type Protection in the
Saccharide Portion: Generation of Stability Against Acids [19,26]

2-Acetamido-4-0-(3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-Q.-o-gluc I) 3 °
acetyl-ti-Cr-tcc-t-f) I ... opyranosy - - -

a-i-jucopyranosy )-2-deoxy-f3-o-glycopyranosyl Azide

To a solution of 2-acetamido-4-0-(3,4,6-tri-O-acet 1-2-deox - - ..
pyranosyl)-3-0-acetyl-6-0-[2 3 4-tri 0 (4 meth Yb I Y 2 phthalimido-Bvn-gluco-
Q I " - - - oxy enzy )-a-L-fucopyranosy] 2 d
...-n-g ucopyranosyl azide [26] 37 (II g 0 907 mmol) . tonitril - - eoxyeerie ammoni . 3 ., . In ace orntn e-water (9:1) is added
complete (ab::;I:a~~ g, 5.~7 ~?l), and the mixture is stirred until the reaction is
nitrile (30 mL) and c' tm~m ~nng In CHCI3-CH30H 10:1). After addition of aceto-

. . oncen ration In vacuo, the remainderis subjected to chromat
on SIlica gel (50 g) in dichloromethane-rnethancl Stl.l ~ 6'1 Th d od ographyCHCl fCH . ~ .. e cru e pr uct (R 0 15 .

3 30H 10:1), containing inorganic material stemming from th idizi f' I.n
used for further conversion. e OXI ZIng reagent IS

~~~~~~~g~;4;~-~2.-c:;etami10-3,4,6-tri-o-acetyl-2-deoXY-13-o-glycopyranosyl)-3-0-
[26] , , - n- -acety -a-L-fucopyranosyl)-2-deoxy-f3-o-glucopyranosyl Azide 38

The cmd~ .product obtained in the preceding experiment is dissolved in ethanol
after addition of hydrazine hydrate (100% 10 mL) th I' .. (40 mL).
(removal of the phthaloyl group). Acetone (30 mL i~ ad

e
so utron IS s~rred ~t 80°C for I h

in vacuo. Codistillation with acetone (30 mL) is !epeate~~~~d tthe rmxture ISco~centrated
~zi::d~~ remainder is drie~ ~nder high vacuum and diS~~~V~;~~~~:~~~:~:ti:s ~~
t~uene ~~~'~~;U;~. Aft~ s~m3~g for.18 h, concentration in vacuo, and codistillation with

, e cru e IS punfied by flash chromatogra h T I
Elution with acetone and then with dichloromethane-methanoI3&1 y .on siuca ge (70 g).
yield: 581 mg (72%); mp 137°C' [a] -725° ( 025 CH . yields pure Sdroverall
10:1). ' D • c., 2CI2); R, 0.4 (CHCI3-CH30H
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I. INTRODUCTION

Glycoside synthesis is a very common reaction in nature, thus providing a great variety of
compounds, such as various types of oligosaccharides, or glycoconjugates with lipids
(glycolipids), with proteins (glycoproteins or proteoglycans), and with many other natu
rally occurring compounds. The important biological implications of the attachment of
sugar moieties and especially of complex oligosaccharide structures to an aglycon are only
now becoming more and more obvious, thus creating a growing general interest in the field
[1-7]. The great structural variety available to sugars [la] complicates the synthesis of
glycosides and, even more so, of complex oligosaccharide structures. It has only recently
become possible to develop methods for the synthesis of such complex compounds [1-4].
The results obtained in this endeavor are summarized in Scheme 1, which will be shortly
discussed; however, the main emphasis in this chapter will be devoted to the tri-

283
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A. Activation Through Anomeric Oxygen-Exchange Reactions

The Fischer-Helfericb Method

Still the simplest glycosylation procedure available is the Fischer-Helfericli method [1,8]
(see Scheme 1, A); it consists of a convenient direct anomeric oxygen-exchange reaction
in a cyclic hemiacetal following mechanistically a typical acid-catalyzed acetal formation
reaction. This method has great merits in the synthesis of simple alkyl glycosides for which
an excess glycosyl acceptor can be employed, thereby inhibiting self-condensation of
unprotected sugar moieties and thus also acting as a solvent for the starting materials and
the product(s). However, because ofthese limitations and because of the reversibility of this
method, it has not gained importance in the synthesis of complex oligosaccharides and
glycoconjugates. For this, irreversible methods are required, which generally can be gained
by preactivation of the anomeric center, thereby generating strong glycosyl donor proper
ties in the presence of mild promoters or catalysts.

The Koenigs-Knorr Method

One of these methods that leads to strong glycosyl donor properties in the activated species
is exchange of the anomeric hydroxyl group by bromine and chlorine, respectively, in the
activation step (Koenigs-Knorr method [9], see Scheme 1, B). Thus an o:-haloether is
generated that can be readily activated in the glycosylation step by halophilic promoters,
typically heavy-metal salts, thus resulting in irreversible glycosyl transfer to the acceptor.
This method is the basis of a very valuable technique for the synthesis of complex
oligosaccharides and glycoconjugates, which has been extensively reviewed [1-4]. It has
been continually developed and widely applied (e.g., for the synthesis of 1,2-trans
glycosides by the silver triflate tetramethylurea method) [10]. In spite of the generality
of the method, the requirement of at least an equimolar amount (often up to 4 eq) of metal
salt as promoter (frequently incorrectly termed a "catalyst") and problems concerning the
disposal of waste material (e.g., mercury salts) could be limiting factors for large-scale
preparations. Therefore, alternative methods are of great interest.

chloroacetimidate method, which has become a very competitive, widely applicable proce
dure for glycoside bond formation [1,4].

The methods for glycoside bond formation developed thus far usually consist of an
activation of the anomeric center (activation step); this activated species is then used to
release the glycos' I donor, with the help of a promoter or a catalyst, to generate the
glycosidic bond to e acceptor (glycosylation step). In principle, for the activation step,
two different appr aches are employed: (I) activation through anomeric oxygen-exchange
reactions and (2) ctivation through retention of the anomeric oxygen [1]. Obviously, this
basic difference has wide-ranging implications as will be discussed later. The latter method
has been essentially developed in our laboratory [1).

Ql
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Methods Related to the Koenigs-Knorr Method

Other anomeric oxygen-exchange reactions in the activation step have been recently quite
extensively investigated. Thus, closely related to the classic Koenigs-Knorr method is the
introduction of fluorine as the leaving group (see Scheme 1, B; X =F) [3,11-13] which,
owing to the stability of the C-F bond, leads to much more stable glycosyl donor
intermediates. Because of the difference in halophilicity of this element compared with
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sugars, thereby simply generating at first an anomeric oxide structure from a pyranose or a
furanose (see Scheme 1, C and D) [IJ.
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Anomeric O-Aklylation Method

Alkylation of the ano~~.c oxide, generated by base addition to pyranoses or furanoses
should directly and irre rsibly lead to glycosides. This process was termed by us "ano
meric O-alkylation met od" [IJ (see Scheme 1, C). In the beginning, this process was
considered unlikely to f Ifill all of the requirements for glycoside and saccharide synthesis.
Even when all remaining functional groups are blocked by protecting groups, the ring
chain tautomerism between the anomeric forms and the open-chain form (Scheme 2)

bromine and chlorine, further promoter systems, besides silver salts, were found useful in
glycosylation reactions [14). However, because of the generally lower glycosyl donor
properties [Id] and because also at least equimolar amounts of promoter are required, these
intermediates generally have no real advantages over the corresponding glycosyl bromides
or chlorides.

Anomeric oxygen-exchange reactions by thio groups (see Scheme 1, B; X = SR) have
recently attracted considerable attention for the generation of glycosol donors [2,15).
Thioglycosides, thus obtained, offer sufficient temporary protection of the anomeric center,
thereby enabling various ensuing chemical modifications of the glycosyl donor without
affecting the anomeric center. Additionally, they present several alternative possibilities for
the generation of glycosyl donor properties. Besides various thiophilic heavy-metal salts
[16J, which also exhibit the foregoing disadvantages, iodonium, bromonium, and chloro
nium ions are also highly thiophilic; however, with counterions, such as bromide and
chloride, a subsequent Koenigs-Knorr type reaction is encountered [15,17).Therefore, a
poor nucleophile is required as counterion of the halonium ion, for instance use of N-iodo
or N-bromosuccinimide, enabling direct reaction with the acceptor as nucleophile. How
ever, owing to the strong activation required for thioglycosides, often low a,~-selectivities

are obtained for nonneighboring group-assisted reactions [16d,18) and, especially, for
sugars with lower glycosyl donor properties. Because of the high nucleophilicity of the
sulfur atom in thioglycosides, methyl trifluoromethanesulfonate (methyl triflate) was suc
cessfully employed for their activation [19). However, again low a,~-selectivities, the
health hazard of this reagent, the requirement of at least equimolar amounts, and possible
formation of methylation products and other nucleophilic centers (for instance, amide
groups or the hydroxy group of the acceptor) are major disadvantages of this procedure.
Consequently, commercially available dimethyl (methylthio)sulfonium triflate (DMTST),
readily obtained from dimethyl disulfide and methyl triflate, was extensively used as a
thiophilic reagent because it seems to give better results than methyl triflate [IOJ. However,
the basic drawbacks of the overall method are also associated with this promoter system.

B. Activation Through Retention of the Anomeric Oxygen
~R'X W-Z=OR,H

R • Bn, Ac, H, etc.
~R'X

already gives three sites for attack of the alkylating agent. In addition, base-catalyzed
elimination in the open-chain form of the sugar could become an important side reaction.
Therefore, the yield, the regioselectivity, and the stereose!ectivity of the anomeric O-alkyl
ation was not expected to be outstanding.

Surprisingly, no studies employing this simple method for the synthesis of complex
glycosides and glycoconjugates had been reported before our work. Only a few scattered
examples with simple alkylating agents, for instance, excess of methyl iodide or dimethyl
sulfate, have been found [l a]. However, in our hands, direct anomeric O-alkylation of
O-benzyl-, O-acyl-, or O-alkylidene-protected sugars in the presence of a base and triflates
(R-X =R-OTf) of various primary and secondary alcohols, including sugars as alkylating
agents, has become a very convenient method for glycoside bond formation [1,21). Also
O-unprotected sugars and less reactive alkylating agents have recently been successfully
employed in this reaction, furnishing directly, and often with very high anomeric stereo
control, the desired glycosidic products [22J. Potential decomposition reactions, partie-

The requirements for glycoside synthesis-high chemical and stereochemical yield, appli
cability to large-scale preparations, with avoidance of large amounts of waste materials, by
having a glycosyl transfer from the activated intermediate through a catalytic process
were not effectively met by any of the methods described in the foregoing for the synthesis
of complex oligosaccharides and glycoconjugates. However, the general strategy for
glycoside bond formation seems to be correct:

1. The first step should consist of an activation of the anomeric center under
formation of a stable glycosyl donor (activation step).

2. The second step (glycosylation step) should consist of a sterically uniform, high
yielding glycosyl transfer to the acceptor; however, by a truly catalytic process,
where diastereocontrol may be derived from the glycosyl donor anomeric config
uration (by inversion or retention), by anchimeric assistance, by influence of the
solvent, by thermodynamics, or by any other effects.

Because only simple means meeting these requirements will lead to a generally
accepted method, we decided to investigate, instead of acid activation, base activation of

a-Glycopyranoslde

Scheme 2

~-Glycopyranoside
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II. THE TRICHLOROACETIMIDATE METHOD

A. Trichloroacetimidate Formation (Activation Step)

Electron-deficient nitriles are known to undergo direct and reversible base-catalyzed addi
tion of alcohols to the triple-bond system, thereby providing a-alkyl imidates [1,26). This
imidate synthesis has the advantage that the free imidates can be directly isolated as stable
adducts, which are less sensitive to hydrolysis than the corresponding salts. Therefore,
base-catalyzed transformation of the anomeric oxygen atom into a good-leaving group
should be possible, for instance, by addition to trichloroacetonitrile in the presence of base.
Because of the experience in anomeric a-alkylation, this addition reaction seemed quite
likely to occur. Additionally, for achievement of stereocontrolled activation of the ano
meric oxygen atom, anomerization at the anomeric center had to be taken into account.
Thus, in a reversible activation step, and with the help of kinetic and thermodynamic
reaction control (provided essentially by different acidity and by the kinetic and thermo
dynamic anomeric effect, respectively), frequently both anomers turned out to be acces
sible at wish. This is exhibited in Scheme 3 for tetra-Ci-benzyl-o-glucosc, showing that
from an a and 13-I-oxide mixture the equatorial (13)-trichloroacetimidate is generated
preferentially or even exclusively in a very rapid and reversible addition reaction. However,
this product anomerizes in a slow, base-catalyzed reaction (which can be speeded up by

The Trichloroacetimidate Method

As an alternative to the anomeric a-alkylation method, the anomeric oxide can also be
used to generate glycosyl donors by addition to appropriate triple bond systems A""B or
cumulenes A =B =C (or by condensation with Z - A =BH systems, where Z represents a
leaving group). The most successful methods developed thus far using these types of
reactions are trichloroacetimidate (see Scheme 1 D, -A = BH = -C(CCI3)=NH) [I) and
phosphate and phosphite formation (A=BH = PO(OR)2' P(OR)2) [1,24). The analogous
glycosyl sulfates, sulfonatev' and sulfites have not yet been as successful and, therefore,
not as extensively investigated [1,25). All these methods are particularly tempting because
nature has a similar approach for generating glycosyl donors, namely glycosyl phosphate
formation in the activation step and (Lewis) acid catalysis in the glycosylation step. As will
be outlined in this chapter for the trichloroacetimidate method, the activation step consists
of a simple base-catalyzed addition of the anomeric hydroxy group to trichloroacetonitrile
and the glycosylation step requires only catalytic amounts of a simple (Lewis) acid for the
generation of strong glycosyl donor properties. Thus, a very economic and efficient
glycosylation procedure is available. Details of this method will be discussed in the
following sections of this chapter.

ularly by the acyclic form (see Scheme 2) or O-alkylation reactions at 0-5, can usually be
avoided. The high diastereocontrol of pyranoses is based on the enhanced nucleophil
icity of equatorial oxygen atoms (owing to steric effects and the stereoelectronic kinetic
anomeric effect) [1,23], thereby favoring;equatorial glycoside bond formation; however,
thermodynamic reaction control favors/the axial glycoside (thermodynamic anomeric
effect). Chelation control can also become a dominant factor in determining a or l3-selec
tion.
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stronger bases) through retroreaction, anomerization of the l-oxide ion, and renewed
tricholoracetonitrile addition to form the thermodynamically more stable axial «(X)

trichloroacetimidate [23] [see Sec. IILA., Eqs. (1) and (2)]. Similar results were obtained
for various other O-glycosyl trichloroacetimidates. Thus, with different bases (K2C03,

CaC03, NaH, DBU, or other) both O-activated anomers can be isolated, often in pure form
and in high yields, as shown for some further typical examples [1] (see under Sec. IILA.,
Eqs, (3)-(5)]. Both anomers are commonly thermally stable and can be prepared and
stored in any quantity. The high yields obtained display that the expected instability of
open-chain aldehydic intermediates in basic media (see Schemes 1 and 2) and undifferenti
ated reactions of other available oxide groups are usually no major problem in the
activation process [1].

B. Glycosylation Reactions (Glycosylation Step)

General Aspects

The formation of stable anomeric oxygen-activated intermediates by base catalysis requires
a different catalytic system for the generation of glycosyl donor properties in the glycosyla
tion step. Therefore, after base-catalyzed generation of O-glycosol trichloroacetimidates
(activation step), mild acid treatment in the presence of acceptors, thus leading to the
desired glycosides in an irreversible manner under the reaction conditions, constitutes the
required glycosylation step in this method. The water liberated on glycoside bond forma
tion is thereby transferred in the two separate steps to the activating species A=B ==
CCl3CN under formation of stable, nonbasic trichloroacetamide (0 == A - BH2; see
Scheme I), providing the driving force for the glycosylation reaction [1]. This is exhibited
in Scheme 1 and in Scheme 4 for the formation of N-acetyllactosamine from protected
O-galactosyltrichloroacetimidate as donor and 4-0-unprotected N-acetylglucosamine as
acceptor [25]. This process very much resembles enzymatic N-acetyllactosamine genera
tion [27]; however, the trichloroacetimidate-based process is obviously more simple,
although protection and deprotection steps have to be taken into account. Because of the
very low basicity of the liberated trichloroacetarnide, the (Lewis) acid required for activa
tion of the basic O-glycosyl trichloroacetimidates, generating an extremely powerful
leaving group, is released and is ready for further activation of unreacted glycosyl donors,
thereby leading to a truly catalytic process.

The general significance of O-glycosol trichloroacetimidates lies in their ability to act
as strong glycosyl donors under relatively mild acid catalysis. This has been over
whelmingly confirmed in various laboratories, and the scope and limitations of this method
can be readily derived from these investigations [1]. Representative examples of the
application of the trichloroacetimidate method to various important glycoside bond forma
tions are compiled in the procedures in Section III.B., Eqs, (6)-(23).

~ Selection in the Glycosylation Step

The general structure of hexoses (and pentoses) and the importance of the hydroxy group
next to the anomeric center for anomeric stereocontrol led to differentiation of four
structural situations (Scheme 5). The ease of formation of these different anomeric linkages
is mainly dependent on the strength of the anomeric effect, which is comparatively stronger
in the (X-manno-type than in the a.-gluco-type sugars, and on possible neighboring group
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____________ Glycoside synthesis, ----------
difficulty generally Increasing

support formation of the thermodynamically more stable product (i.e. a-manna- and
a-gluco-type glycosides [see Sec. III.B, Eqs. (10), (16), (20)]. Thereby the O-glycosyl
trichloroacetimidate is transformed into a (possibly tight or solvent separated) half-chair
carbenium ion (see ~~cme 6) which becau.se~f stereoelectro~ic reasons is preferentially
attacked from the axial 0.- )face, thus, for kinetic reasons, leading to the a-product with a
chair conformation, w ch is also thermodynamically favored. Therefore, under S)-type
reaction conditions f r kinetic and for thermodynamic reasons the a-manna- and the
a-gluco-type glycosides are preferentially formed [1].

Of particular interest is the influence of solvents under SNI-type conditions, as has
been well studied for ethers [1,2,8). The participation of ethers results, owing to the reverse
anomeric effect [28) under SNI-type conditions, in the generation of equatorial oxonium
ions (see Scheme 6, S = OEtz), which again favor the formation of thermodynamically more
stable axial a- products [see Sec. IlI.B, Eqs. (6), (11), (16»).

The dramatic effect of nitriles as participating solvents in glycoside synthesis has
only re~ently been observedbv us (nitrile effect) [ld,29]; this led to a more complex picture
of the influence of solvents (~e Scheme 6). The reaction is controlled by intermediate
nitrilium-nitrile conjugate formation. Provided a good leaving group L, such as the
trichloroacetimidate group, and low temperatures (up to -80°C) are employed (and, for
instance, TMSOTf as catalyst), then the glycosyl donor cleaves off its activating group
in the presence of nitriles as solvents. Consequently, a highly reactive carbeniumion is
formed, which is then attacked by nitrile molecules preferentially from the axial a-face to
afford kinetically controlled axial a-nitrilium-nitrile conjugates, which because of their
alkylating properties lead to the equatorial 13-product. On the other hand, the equatorial
13-nitrilium-nitrile conjugate is thermodynamically more stable owing to the reverse
anomeric effect (see the influence of ethers), thus favoring the axial a-product. However,
this equilibration seems to be much slower for nitriles than for ethers as solvents; therefore,
in nitriles the equatorial 13-prod~-can become the exclusive product, as found for
O-benzyl-protected azidoglucosyl donors [30] and various other cases [24,31] (see exam
ples Sec. III.B, Eq. (8), (9»).With this procedure some success in the difficult l3-manna-type
glycoside bond formation has also been gained [29c]. For the efficacy of the nitrile effect,
obviously the carbenium ion stability and the relative rates of nitrile interception both
axially and equatorially play decisive roles in diastereocontrol; however, these factors
cannot yet be fully rationalized. Obviously, the a/13 ratio of the products is practically
independent of the configuration of the glycosyl donor and its leaving group; as long as
good leaving groups are employed (as particularly granted for trichloroacetimidates), this
leads to the formation of common intermediates that govern product control (as, for
instance, clearly shown for sialylation reactions with different leaving groups in nitriles
as solvent).

Reactivity of O-Glycosyl Trichloroacetimidates

The relative reactivities of different glycosyl donors has been compared several times. A
particularly illustrative example exhibiting the high reactivity of trichloroacetimidates is
shown in Scheme 7 [32] in which the O-glycosyl trichloroacetimidate affords, even at
- 30°C and with TMSOTf as catalyst, higher yields of the desired disaccharide-a constit
u~nt of t~e impor.tant glyc~conjugate shown in Scheme 7-than the corresponding
thioglycosides, WhICh are activated by various thiophilic promoter systems at room tem
perature.
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glycosides with relatively weak Lewis acid catalysts (BF3'OEtz, and such). Strong acidic
catalysts (TMSOTf, TfOH), especially at higher temperatures and in more polar solvents,

participation of protective groups at the C-2 functionality. Thus, the ease of glycoside bond
formation decreases from the a-manna- by the 13-glueo-, to the a-gluco- and, finally, to the
13-manno-type (see Scheme 5)_

Neighboring group participation of 2-0-acyl- (or 2-N-acyl)-protecting groups is
usually also the dominating effect in anomeric stereocontrol in the trichloroacetimidate
method, thus readily furnishing a-manno- and 13-gluco-type (or 1,2-trans-)glycosides [1)
[see Sec. III.B., Eqs. (7), (10), (12-15), 17-19), (21»). When nonparticipating protective
groups are selected, in nonpolar solvents, and supported by low temperatures (which are
generally available owing to the high glycosyl donor properties of O-glycosyl tri
chloroacetimidates) SN2-type reactions can be quite frequently carried out; hence, o-tri
chloroacetimidates yield 13-glycosides and 13-trichloroacetimidatesn-glycosides (Scheme
6)_ This has been demonstrated for a-gluco- and 13-gluea-type (I,2-cis- and 1,2,-trans-)
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However, the high reactivity of O-glycosyl trichloroacetimidates can also lead to side
reactions (mainly with the counterions) or even to decomposition of the donor before
reaction with the acceptor, if not compensated for by the protective group pattern. For
instance, electron-withdrawing protective groups will stabilize labile glycosyl donors
[2a,33]. Besides stabilization of labile glycosyl donors by protective groups (as, for
instance, trichloroacetimidates of deoxysugars), also high concentrations or often more
effectively application of the inverse procedure (i.e., addition of the donor to an acceptor
catalyst solution) can lead to highly improved product yields [ld,34]. Obviously, complex
or better cluster formation between acceptor and catalyst seems to lead, with the incoming
donor, to intramolecular glycoside bond formation. Thus, in a ternary complex of acceptor
molecules, catalyst, and donor, the product is formed, thereby avoiding donor decomposi
tion by the catalyst because the acceptor is not immediately present.

IMPORTANT SACCHARIDE MOlmES

tion step, ~espectively, this method is in general also the most economical procedure [IJ.
Also, partially protected acce~t.ors and ~onors have been successfully employed in this
method. [If]. For sugars requmng relatively low activation to generate glycosyl donor
properties (ketoses, 3-deoxy:}~J¥culosonates: Neu5Ac, KDO) other methods were more
successful [38J. In these ca~es, the phosphite moiety [24,31] (see Scheme 8) provided the
same advantageous properties as the trichloroacetimidate group.

____ - PHOSPHITES---------_

Scheme 8

TR/CHLOROA.CEllMlDATES ---- - - - - - _ - -

PREF£ARW APPlICATION Of GlYCOSYl llUCHlQRQAcrnupAUs ANQ PH99PHrtES

Other Nucleophiles as Glycosyl Acceptors

~esides oxygen, other nucleophiles have also been successfully employed as acceptors. For
instance, .N-, C-, S-, and P-glycosyl derivatives have been obtained from corresponding
~ucleophiles and O-tlYosyl trichloroacetimidates in the presence of acid catalysts [I]. For
m~tance, aryl-C-glycos des have been recently synthesized from phenols in an efficient
Fnes-type rearrangem t reaction [37].

Scope of O-Glycosyl Trichloroacetimidates

For glycosyl donors requiring high and highest activation (sugar uronates of aldoses,
common aldoses, an~ deox~aldoses), O-glycosyl trichloroacetimidates are highly efficient
(Scheme 8) and, owing to simple base and acid catalysis for the activation and glycosyla-
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Glycosylation of Brensted Acids
The direct glycosylation of Brensted acids is a particularly advantageous property of
O-glycosyl trichloroacetimidates. Simple Brensted acids are able to substitute the tri
chloroacetimidate group at room temperature in high yields [l]. Because of anomerization
of possible 13-products formed at the beginning of the reaction, owing to the presence of
strong acids, generally only a-products are finally isolated. Carboxylic acids as weaker
acids usually react, presumably in an eight-membered transition state [Id], under inversion
of configuration at the anomeric center, to give 1-0-acyl compounds without addition of
any catalyst. The uncatalyzed glycosyl transfer from O-glycosyl trichloroacetimidates to
phosphoric acid mono- and diesters opens a simple route to glycosyl phosphates, glyco
phosphonucleosides, and glycophospholipids [35]; this route was extensively used, be
cause these compounds are of interest in biological glycosyl transfer and as constituents of
cell membranes. The anomeric configuration of the product is determined by the acidity of
the phosphoric acid derivative applied. Weak acids provide again, in compliance with the
proposed eight-membered transition state, the inversion products; stronger acids lead
directly owing to anomerization, to the thermodynamically more stable axial a-product
[see examples in Sec. Ill.B, Eq. (22), (23)]. O-Glycosyl phosphonates and phosphinates can

similarly be obtained [36].

Related Methods

The .13-g1ycosyl imidates prepared from a-glycosyl halides and N-substituted amides
(partlcularl~ N-~eth~lacetamide), using 3 eq of silver oxide have been relatively unstable
and unreactive in acid-catalyzed glycosylations; therefore, only a few applications have
become known [la,~~,3.9]. Reactions with the Vilsmaier-Haack reagent [la], with
2-f1uor~-I-meth.ylp~ndm1Um tosylate [40], and with 2-chloro-3,5-dinitropyridine [40] for
~nomenc O-actIvatIon have also been investigated and, also, the isourea group has been
mtroduce~ by c~bodiimide reactions [41]. However, none of these groups gives results in
te~s of YI~ld, diaster~o~ontrol, performance, or general applicability that are com etitive
WIth the tricholoracetimidate method. p

Conclusions

The requirements for efficient glycosylation methods are largely fulfilled b th tri-
hi imid th d .. yenc o:oa~etIllli ate.me 0 . ThIS ISclearly indicated by the many examples of successful

applications of this method. The results can be summarized as follows.
Features of the activation step are (1) convenient base catalyzed tri hl timid. - c oroace Imi ate

formation; (2) controlled access to a- or 13-compoundsby choice of the base; (3) thermal
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•Optical rotations were measured at 20°e.

Synthesis of an O-Acetyl-Protected I3-Trichloroacetimidate with K2C03 [23b]

To a solution of compound 3 (3.0 g, 8.61 mrnol) [Eq. (2)] and CI3CCN (2.5 ml., 24.8 mrnol,
2.9 eq) in dry CR2CI2(20 mL) was added freshly dried and powdered ~C03 (2 g) at room
temperature with stirring. After 2 h TLC indicated a/13= 1:3-1 :2). The mixture was diluted
with dry C~C~ (80 mL), and K2C03 was removed by centrifugation. The solution was
evaporated and the residue was purified by short column (2 x 2-cm) chromatography

To a solution of compound 1 (12.0 g, 22.2 mrnol) [Eq. (1)] in dry CH2CI2 (100 rnL) were
added CI3CCN (10 mL, 99 mmol, 4.46 eq) and NaH (50 mg, 2.08 mmol, 0.09 eq) with
stirring. After 15 min thin layer chromatography (TLC) indicated a/l3 ~ 1:3. For anomer
ization and completion of the reaction more NaH (700 mg, 29.2 mmol, 1.3 eq) was
added. After 2 h, the mixture was filtered (Celite), and the solution was evaporated in
vacuo. Short-column chromatography (petroleum ether-Et.O, 3:2) yielded 2 (14.6 g, 96%)
as a colorless oil, which crystallized slowly: mp 77°C, R, 0.71 (petroleum ether-Et.O, 1:1),
[a]m +61.5° (c 1, CHCI3).

stability of a- and l3-trichloroacetimidates up to room temperature; if required, silica gel
chromatography can be performed.

Features of the glycosylation step are (1) catalysis by (Lewis) acids under mild
conditions; (2) irreversible reaction; (3) other glycosidic bonds are not affected; (4) usually
high chemical yield; (5) stereocontrol of glycoside bond formation is generally good to
excellent: (a) participating protective groups give 1,2-trans-glycopyranosides, thus yield
ing l3-glycosides of Gle, GleN, Mur, GlcA, Gal, GaiN, Qui, Xyl, and o-glycosides of Man,
Rha; (b) with nonparticipating groups, BF3'OET2 as catalyst in nonpolar solvents and
at low temperatures favors inversion of anomer configuration. yielding 13 glycosides of Gle,
GleN, Gal, GalN, Xyl, Mur, GleA, Qui, whereas TMSOTf as catalyst favors the thermo
dynamically more stable anomer, yielding a-glycosides rf Gle, GleN, Gal, GaiN, Man,
Fuc, Mur; (c) the solvent ether favors under SN1-typeconditions a-glycoside, and nitriles
frequently favor l3-glycoside bond formation.

Thus, O-glycosyl trichloroacetimidates exhibit in terms of ease of formation, stabil
ity, reactivity, and general applicability outstanding glycosyl donor properties; they resem
ble in various aspects the natural nucleoside diphosphate sugar derivatives. Thus, this
method has become a very competitive alternative to the existing techniques.

(3)
DBU, CCI3CN •

(CICH.)" -SOc

98%

5

Synthesis of a-Tricholoracetimidate of Mannose with DBU [43J

~
O~

.0
BnO

BnO OH ~
OBn

Ac
.0

BnO
BnO

6 0yNH

CCI3

To a sol~tion of compound 5 (123 mg, 249/-l-mol)[Eq. (3)] in 1 rnL of (CICH) were add d
successively C13CCN (0.3 rnL, 3 mmol, 12 eq) and DBU (10 /-l-L 0.07 rnm~12 028 )e
- 5°~, under argon. After stirring for 10 min, the mixture was direct] c ,. eq at

:~~~~; i~o~~~~~:~~~c, 6:1) to give 6 (156 mg, 98%): RfO.57 (toluen:_E~:~t~~:~~~~~

~
OAe OAe

AcO 0 ~C03' CCI3CN .. ~
ACO OH CH.CI., r.t., 2 h A~co 0--.."..-CC1

3
(2)

OAe S4% II

(CH2Cl2-E~~, 1~'1)Cry'""li~li""fiOmE,,o-petro,:"m:,,m:Cl'E' 0 . ld d4
(2.29g 54%)' m 154° 155°C R 065 ( th 3 '"2 yie e
[] '+83 0 ' -, r v- e er), R f 0.80 (petroleum ether-EtOAc 1'2)
a 578 . (c, CHCI3). ' . ,

Synthesis of a a-Trichloroacetimidate ofAzidogalactose with NaH [44J
BoO / - BoOaBn OBn

o NaH. CCI,CN ~
BnO OH CH,C~, 1 h .. BnO (4)

N3 68% N
3

7 8 0yNH

CCI,

~~a sol,ution of compound 7 (500 mg, 1.05 rnmol) [Eq. (4») and CI CCN (I rnL 99 I
. eq) In dry CH2CI2(IS rnL) was added NaH (30 m 1 25 3 , . rnmo,

1 h the mixture was filtered (Celite) and the soluti g,. mg, 1.2 eq), After stirring for
b . al . ,onwas evaporated Chromatograph

asic umma (petroleum ether-E~O, 2: I) yielded 8 (445 m 68~) Y~n
Rf 0.54 (petroleum ether-EtOAc, 2:1), [a]578 +890 (c I, CH~i3)' 0 as a colorless 011:

Synthe~is of a Trichloroacetimidate of a Complex Oligosaccharide_ h D' .
Repeating Unit of X-Antigens (LeX) [30bJ t e tmenc

To a solution of compound 9 (5.41 g, 2.67 rnmol) [E (5)'
added CI3CCN (20 g, 138 rnrnol, 52 eq) and DBU (5 d~o s~ I~~ CH2~~ (l50,rnL) were
concentrated in vacuo, and the residue was chroma p. ter 30 nun the mixture was
I: I, + 1% triethylamine) to give 10 (5 8 g 10001 ) ' t°thgraph:d (petroleum ether-MeOAc,

• , 70 In e ratio a/l3 = 1'2 h
mass: lOa: R, 0.56 (petroleum ethe:-MeOAc 1'1) [] 4600 . as an amorp ous
R f 0.62 (petroleum ether-MeOAc, 1:1), [ale ":'62.0~ (; i' ~HCI )C (c I, CRCI3); 1013;
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Synthesis of an Cs-Benryl-Protected a-Trichloroacetimidate with NaH [42J

OBn

Bno~q
BoO~OH

OBn

III, EXPERIMENTAL PROCEDURES*

A. Synthesis of o-Glycosyl Trichloroacetimidates
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DBU lCH
2
C
I"C13CCN 100%

Carefully dried 15 (2.06 g, 2.21 mmol) [Eq. (7)] and trichloroacetimidate 14 (3.03 g, 4.42
mmol, 2 eq) in dry E~O (44 mL) was treated at - 20°C under argon dropwise with 0.033 M
TMSOTf in E~O (1.5 mL, 50 urnol, 0.023 eq). After 5 h, solid NaHC03was added, and the
mixture was filtered and concentrated. The residue was purified by flash-chromatography
(petroleum ether-EtOAc,ji:2) to give 16 (2.40 g, 75%) as a syrup: R, 0.23 (petroleum
ether-EtOAc, 6:4), [a];+17.5° (c 1, CHCI3).

BF3'OEt2(4.0 mL, 32.5 mmol, 1.62 eq). After stirring at room temperature for 30 min, the
mixture was poured into ice-cold saturated aqueous NaHC03 with vigorous stirring. The
aqueous layer was extracted with E~O (2 x 50 ml.), and the combined organic layers were
washed with wate~,ied (MgS04) , and evaporated. C.hromatography (petroleum ether
EtOAc, 65:35) and c stallization from EtOAc-hexane yielded 13 (14.7 g, 84%): mp
135°-137°C, Rf 0.17 petroleum ether-EtOAc, 2:1), [alD 52.4° (c I, CHC13) .

Synthesis of a Gala(1-3)Gal Glycoside: A Tumor-Associated Antigen Structure [46J
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B. Glycosylation Reactions with D-Glycosyl Trichloroacetimidates

. .• G 11l(1-4)Glc Disaccharide: A Suitably Protected Lactose Building
Svnthesis OJ a a I-'

Block [45J

20 mmol) [Eq. (6)] and the trichloroacetimidate
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23

Synthesis of a Hexasaccharide by Formation of the GlcNii-3)Gal Glycoside Bond:

intermediate in the Synthesis of Lewis X-Antigens (LeX) [30b}

A solution of the trichloroacetimidate 17 (4.75 g, 4.0 mmol) and the acceptor 18 (4.84 g,

4.5 mmol, 1.12 eq) [Eq. (8)] in dry MeCN (60 mL) was treated at -40°C with a O.OScM

solution of TMSOTf (0.8 rnL, 10 umol, 0.01 eq); 10 min later solid NaHC03 (0.5 g) was

added. The mixture was filtered and concentrated in vacuo. Short-column chromatography

(petroleum ether-EtOAc, 3:2) of the residue gave a colorless foam that was subsequently

crystallized from E~O-petroleum ether to give 19 (6.72 g, 80%): R, 0.38 (toluene

MeOAc, 4:1), [0']0 -56.5° (c 1, CHCI3) , mp 195°C.

Synthesis of a GalNAJ,(i-4)Gal Glycoside: A Building Blockfor Glycosphingolipids of

the Ganglio-Series [45}

.~-l-~,
BnO~

~
~AB

~ .0

BoO

OAB

TMSOTf
Et,6 •

92% ~
':' OAe

BoO '
BoO

~~

~
:u

BoO .0

BoO

24 OAB

(10)

To a solution of the trichloroacetimidate 20 (595 mg, 1.25 mmol) and the acceptor 21 (2.06,

2.00 mmol, 1.6 eq) [Eq. (9)] in dry propionitrile (6 rnL) was added at room temperature

Zn(OTf)2 (0.1 Min propionitrile, 125 fLL, 12.5 umol, 0.01 eq) with stirring. After 30 min,

E~O was added. The solution was washed with saturated aqueous NaHC03 and water. The

organic solution was dried (NazS04) and evaporated. Purification of the residue by flash

chromatography (toluene-acetone, 20: I or toluene-EtOAc, 8: I) yielded a small amount of

the a-isomeric trisaccharide (0.30 g, 18%): Rf O.22 (petroleum ether-EtOAc, 2:1), lc!Jo +

83.2° (c I, CHCI3) , and the trisaccharide 22 (1.19 g, 71%): R f 0.16 (petroleum ether

EtOAc, 2:1), [0']0 +14.2° (c 0.5, CHCI3) ·

Synthesis of a Manati-2)Man Glycoside: A Building Block in the Synthesis of GPl

Anchors [47}

A solution of the acceptor 23 (10.9 g, 12.5 rnrnol) and the trichloroacetimidate 6 (12.6 g,

16mmol, 1.3 eq) [Eq. (10)] in dry EtzO (200rnL) under nitrogen was stirred with molecular

sieves (4-A) at room temperature for 10 min. Then TMSOTf (0.4 rnL, 2.2 mmol, 0.18 eq)

was added, and stirring was continued for 20 min. After neutralization with solid NaHC03,

the mixture was filtered and the solution was evaporated in vacuo. Short-column chroma

tography (petroleum ether-EtOAc, 5:1) followed by MPLC (toluene-EtOAc, 20:1)

yielded 24 (17.2 g, 92%) as a colorless oil: R, 0.58 (petroleum ether-EtOAc, 8:2),

[0']0 + 34° (c 2, CHCI3) ·

(11)

(12)

29

BnOMe

HO~OBn
OBn

30

+

25

Me(2ToO~H Ph~~ Ph,,\O~
OB °HO 0 OTBS~ 0 OTBS

OBn n + _._ ..~

BoO Et,O. r.t. ~ N3

3 85% Me 0

~ OOn
BoOOBn 27

The acc~ptor 26 (2.93 g, 7.19 rnrnol) [Eq. (11)] was dissolved in a minimu

E~O. FIrSt, a O.I-M solution of TMSOTf (1 rnL 0 I m amount ofdry

concentrated solution of the trichlomacetimidate 25 (6c:~.014 eq) and, ~ereafter, a

were added with stirring at room tern era .~, . rnrnol, 1.5 eq) III dry E~O

solid NaHCO (ca 05 n\ I;lt d Pd ture. After 5 nun, the solution was treated with
3 .....bh--" ere ,an concentrated in The resi

from a column of silica gel (petroleum ether-MeOAc 7.~;Ctuo.. e
2;esldue

was eluted

mass: n, 0.54 (petroleum ether-MeOAc 5'1) [0'] -76 '00 (0 IglVe as an amorphous
, ., 0 • c, CHCI

3
) .

~:~;heSiS of a Quinovose Disaccharide: Building Unit in the Synthesis of Saponins

(9)

Zn(OTlh •
C2H sCN, r.t

71%

OBn ~OBn
MPMO~O 0

tr:~ BnO
HO OBn BnO OBn

21
20

AcO OAc

AcO~O CCl3

3Y
NH

OBn ~OBn

AcO OAc.MPM0ti!T0 0
. 0 BnO

~q 0 OBn BnOOBn
MO~

N3 22
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Synthesis of a [3-Xylopyranoside: Building Unit in the Synthesis of Saponins [48J

(14)

TMSOTf
CH2CI2• r.t, ~

78%

OAe

AcO~OAe

A~ .0

o

AcO~ACAcO ·0
AcO OAe37

BF3 OEI. ~
CH2CI2

90",,"

35

1. PdlC/~
2. AegOt y,.

91%

~"~I.os~n
HO I ~

OBn OBn

~
OBn

HO 0

Bno
BnO

OMe
39

+

OAe

AcO~OAe
AcO ·0

Ac£J

O~
36 OBn OBn

~~ml.), neutralized with Et3N (20 fLL), and filtered. The solution was evaporated in vacuo
LC (toluene-EtOAc, 5:1) yielded 36 (392.6 mg, 78%) as a syrup' [a] +450;

~I,CHC~. . 0 .

A mixture of 36 (392.6 mg, 0.369 mmol) and PdlC (10% Pd 390 ). di
(3 L) hak ' mg III oxane

m . was s en under hydrogen (l atm). After 4 h (TLC: CHCI
3-MeOH-H

0 40'10'1
the mixture was filter~d, and the. solution. was evaporated and coevaporated ~ith t~lu~n~
several times. The residua was dissolved III pyridine (5 mL) and acetic anhydride (l mL)
After 15 h.at room temperature (TLC: toluene-acetone, 2: I), toluene (5 mL) was added'
and the mixture was ~v.aporated and coevaporated with toluene in vacuo several times'
Chromatography on SIlica gel (petroleum ether-acetone, 3: I) yielded an 0./[3 mixture
(276:3 g, 91%, 0./[3 = 32: 1) as a syrup. A small quantity of the pure a-anomer 37 was
obtained by ~echromatography on s.ilica gel (petroleum ether-acetone, 3:1): [a] +33.70
(c 1, CHCI3) , the NMR data were III agreement with the reported [50] data. 0

Synthesis of a 2-Deoxy-[3-D-Glucopyranoside [51J

~
OBn

BnO 0
BnO

PhS 0 NH

38 '&::3

(13)

33

32

HO~;
Bno~OTBS

OH

+

OBn

HO~q
BnO~OTBS

o 0

A~~
A solution of the trichloroacetimidate 31 (320 mg, 0.76 mmol) and the acceptor 32
(640 mg, 1.31 mmol, 1.72 eq) in dry CHzClz (5 mL) [Eq. (13)] was stirred in the presence
of molecular sieves (4 A, 0.3 g) under argon at room temperature for 10 min. TMSOTf
(0.01 M in CHzClz, 0.6 ml, 0.006 mmol, 0.0079 eq) was added in three parts during 40
min. The reaction was monitored by TLC every 15 min. After 1 h, the reaction mixture was
treated with saturated aqueous NaHC03 (5 rnl.), the organic layer separated, and the
aqueous layer further extracted with CHzClz (2 x 15 mL). The combined organic layers
were dried with MgSO4 and concentrated. Separation of the residue by flash-chromatography
(petroleum ether-EtOAc, 3:1 and then 2:1) gave unreacted 32 (320 mg, 0.655 mmol),
compound 33 (290 mg, 51% based on 31) and the isomeric [3(1-)4)disaccharide (107 mg,
19%). MPLC on silica gel (toluene-acetone, 5:1) was carried out to afford an analytically
pure sample of 33: Rf 0.28 (petroleum ether-EtOAc, 2:1), [0.]0 -35.3° (c 1.3, CHCI3) .

The trichloroacetimidate 28 (1.76, 3.64 mmol) and the acceptor 29 (1.58 g, 3.64 mmol,
1.0 eq) [Eq. (12)] were dissolved in dry CHzClz (10 mL) and the solution was stirred in the
presence of molecular sieves (4 A, 0.5 g) under argon at room temperature for 10 min. Then
TMSOTf (O.OI-M solution in CHzClz, 0.7 mL, 0.002 eq) was added dropwise during 20
min. After 40 min, the reaction mixture was treated with saturated aqueous NaHC0

3
(5 mL). The aqueous layer was further extracted with CHzClz (2 x 20 mL). The united
organic layers were dried with MgS04 and concentrated. The residue was separated by
flash chromatography (petroleum ether-EtOAc, 3:1) to afford 30 (2.56 g, 93%): R, 0.24
(petroleum ether-EtOAc, 4:1), [0.]0 -13.4° (c 1.8, CHCI3) .

A solution of the trichloroacetimidate 38 (675 mg 1 mmol) a d 39

mrnol, 1.2 eq) in dry CHzClz (20 ml.) [Eq.(l5)] is ~tirred for 3;m:~~~~~:mte~~~r~~~e\~

Synthesis of a Heptose Disaccharide: Building Unit for Synthetic Bacterial
Lipopolysaccharide Antigens [49J

A mixture of the trichloroacetimidate 34 (528.6 mg, 0.936 mmol, 2 eq), the acceptor 35
(312.6 mg, 0.473 mmol), and molecular sieves (4 A, 700 mg) in CHzClz (10 mL) [Eq. (14)]
was stirred for 10 min, with exclusion of moisture. Then TMSOTf (0.04-M solution in
CHzClz, 1.2 mL, 0.047 mmol, 0.1 eq) was added at room temperature. After 1 h, (TLC:
petroleum ether-EtOAc, I: I) more TMSOTf solution (1.2 mL, 0.047 mmol, 0.1 eq) was
added and stirring was continued for I h. Then the mixture was diluted with CHzClz

Bno~~ Bn~BnoOMe
BnO~O 0

SPh OBn

40

Ra·Ni

~
65%

OBn B oOMe

Bno~~ Bno-,-::J:.)

Bno~O~~
OBn

41

(15)
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Glycosylation of Inositol: Synthesis of the Terminal Carbohydrate Fragment in GPl

Anchors [47J

the presence of molecular sieves (4-A, 0.5 g). After cooling to O°Ca solution of BF3"0Etz

(0.1 M solution in Etp-CHzClz 1:1, I ml., 0.1 eq) is added dropwise within 5 to 10 min.

The reaction is monitored by TLC (petroleum ether-EtOAc, 2: I). When the reaction is

completed (- IS min), NaHC03 (0.5 g) is added and stirring continued for 10 min. The

reaction mixture is filtered, and the solid material is washed with CHzClz (2 x 10 ml.), The

solvent is removed in vacuo, and the residue thus obtained is purified by flash chromatogra

phy on silica gel using petroleum ether-EtOAc (2:1) as eluent to yield 40 (890 mg, 90%)

as an oil: Rf 0.60 (petroleum ether-EtOAc, 2:1), [a]o + 12.5° (c 4, EtOAc).

To a solution of compound 40 (495 mg, 0.5 mrnol) in dry THF (30 mL) was added

Raney-nickel (W II, - 4 g) at room temperature. The reaction is monitored by TLC

(petroleum ether-EtOAc, 2:1). When the reaction is completed the mixture is filtered, and

the solid is washed with THF (3 x 10 mL). The solvent is removed in vacuo, and the

colorless residue thus obtained is purified by flash chromatography on silica gel using

petroleum ether-EtOAc (2:1) as eluent to yield 41 (292 mg, 65%) as an oil: R, 0.55

(petroleum ether-EtOAc, 2:1), [a]o +39.0° (c I, EtOAc).

(17)

(18)

46

+

CCI.ICH2CI2• r.t, ~

80%

~~i,~or;liTOkO~O~
~"11.:J..,...::.J , 0 ACO

+ Ok ACO Ok ACOO
NH

N. ~

~ f ~

~C,.H27 jBF"OE" 48

OBz 49 CH2CI2
- 2O"C
60%

Glycosylation of Azidosphingosine: Synthesis of Cerebrosides [52J

A~fi!f°4
~ OAe ~o NH

y
45 CCI

3

'7i!fO;;£~A~~'""
~ Ok O~

47

The trichloroacetimidate 45 (1.0 g, 2.33 mmol) and the aZidosphingosine derivative 46

(~.75 g,.3.66 mmol, 1.57 eq [Eq. (17)] ~ere dissolved in dry CCI
4

(50 mL) and the solution

stirred m the presence of molecular sieves (4 A 0 Ig) for 15 .
o1 M BF 'OE i ' . mm at room temperature:

. . 3. tz n dry CHzClz (1.1 mL, 0.11 mrnol, 0.047 eq) was added within 4 h The

reaction 1llixturewas diluted with petroleum ether (150 ml.) and then tr t d . h .
aqueous NaHCO (10 mL) Th ea e WIt saturated

. 3 . e organic extract was dried (MgSO ) and then conce tr t d

T?e residue was chromatographed on silica gel (petroleum ether-EtOAc, 3:2) by M;L~et~

yield 47 (2.10 g, 85%) as a colorless oil: R, 0.46 (petroleum ether-EtOAc 3'2) [ ]

-22.3° (c 3.8, CHCI
3

) . ' . , a 0

An Approach to Polysialogangliosides Containing Neu5Aca(2-8)Neu5A . S h . if
GD] [53J c. ynt ests 0

(16)
43

'0 9
O~O O-(-)Mnl

OH y
o

o X
O~O 0- (-)Mnt

o y
:Ji!) ~ a

OAe

TfOH ~

EIP-CH2C'"
(6:1) 86%

42

A mixture of the acceptor 43 (10 g, 0.019 mol), the trichloroacetimidate 42 (12 g, 0.025

mol, 1.3 eq) and powdered dry molecular sieves (3 A) in dry EtzO-CHzClz (6:1,140 mL)

[Eq.(16)] was stirred at room temperature, under nitrogen for 20 min. Then trifluoro

methanesulfonic acid (150 ILL, 1.8 mmol, 0.1 eq) was added. After 15 min, the mixture was

neutralized with solid NaHC03 and evaporated under reduced pressure. The residue was

extracted with toluene-petroleum ether (1:1) and filtered. The solution was evaporated in

vacuo. Purification by flash chromatography (toluene-EtOAc, 25:1) yielded 44 (13.8 g,

86%) as a colorless foam, which was crystallized from MeOH: mp 157°C, R, 0.35

(petroleum ether-EtOAc, 8:2), [a]o +59° (c 1, CHCI3) .

ACO~ACOOk0

o 0

k~ ~kCOOMe 0 Ok
Ok 0 Ac

o 0 0 0 N.

k~ Ok liT~o, A A. .C,.H27

Aco Ok ACO v Y V
OBz

50

To a solution of the trichloroacetimidate 48 (120 mg 0076 I) d . .

sine derivative 49 (60 mg, 0.15 mrnol, 2 eq) in dry CHzCIz ~~)~q~~~;~:~~:;;~
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I . (4 A 2 g) and the mixture was stirred for 6 h at room temperature, then

:~~::t:~~~:~. BF;'OEt~ (20fJ-L,0.16 umol, 0.002 eq).was added ~d the mixture was
. ed for a further 6 h at - 20°C. The course of the reaction was monitored by TLC. The

snrr ff d hed with CH CI and the combined filtrate and washings
solids were filtered 0 an was WI z Z, . f he residue on
were concentrated. Column chromatography (CHzClz-M~OH, 25.1) 0 o t . HCI
silica gel (20 g) gave 50 (84 mg, 60%) as an amorphous sohd: [cx]o -1.6 (c Ll , C 3)'

The trichloroacetimidate 54 (0.5 g, 0.6 mmo!) and threonine derivative 55 (0.4 g, 0.8 mmol,
1.3 eq) [Eq. (20)] were suspended in CHzClz (3 ml.) at room temperature. A freshly
prepared O.l-M solution of TMSOTf in CHzClz (0.3 mL, 0.03 mmol, 0.05 eq) was added
slowly. After 2 h, the mixture was neutralized by the addition of pyridine (3 fJ-L, 0.039
mmol). Solvents were removed under reduced pressure. After chromatography over Flo
risil (toluene-acetone, 9: 1) pure 56 (442 mg, 68%) was obtained: R, 0.61 (toluene-acetone,
3:1), [cx]o +19.4° (c 1, CHC13) .

Glycosylation of Ceramide: Synthesis of GM3 [54 J Total Synthesis of Amphotericin B with the Trichloroacetimidate of Mycosamine [56J

AcO OAe

~
Ae eOOMo OAe ~OA~

,. 0 07CT0
AeN 0 ACO

H OAe Piv0 0 NH
ACO OAe Y

eel.
51

+

(19)

Mo

TBDMSO~

I>d) 0 NH

Yco,
57 OH

511
(21)

o 0

TBDMSO~
N3

58

hexane. r.t
40%

PPTS

Stereospecific Synthesis of 13- and a-o-Glucopyranosyl Phosphates [35a]

To a solution of the cx-trichloroacetimidate 2 (685 mg, 1.0 mmol) [Eq. (22)] in dry CHzClz
(20 mL) was added recrystallized dibenzyl phosphate (278 mg, 1.0 mmol, 1 eq) at room
temperature. After 1 h the solution was evaporated in vacuo. Column chromatography on
silica gel (toluene-acetone, 9: 1) yielded 61 (745 mg, 93%): R, 0.54 (toluene-acetone, 9: 1),
[cx]578 +25.7° (c 1, CHCI 3) , mp 44°C; reported [57] mp. 45°-46°C. Synthesis of 63:

1. From 61: The 13-phosphate 61 (801 mg, 1.0 mmol) was dissolved in dry CHzClz,
which was saturated with dry HCI at room temperature. After 4 h TLC (toluene
acetone, 9:1) showed complete anomerization from 61 to 63. Evaporation in

The amphoteronolide derivative 58 (340 mg, 0.277 mmol) and the trichloroacetimidate 57
(407 mg, 0.831 mmol,3 cq}-[Eq. (21)] were dissolved in dry hexane (118 ml.) under an
argon atmosphere. To the magnetically stirred solution was added PITS (20 mg, 0.083
mmol, 0.3 eq) at room temperature, and stirring was continued for 4 h. The mixture was
then treated with saturated aqueous NaHC03 (20 mL) and diluted with EtzO (100 mL), and
the organic phase was separated. The organic solution was washed with brine (20 mL),
dried (MgS04) , and concentrated. Flash column chromatography (silica, petroleum ether
E~O, 95:5 -7 50:50) gave, in order of elution, recovered trichloroacetimidate 57 (232
mg, 43%), ortho-esser (84 mg, 39%), glycoside 59 (86 mg, 40%), and recovered aglycon
derivative 58 (169 mg, 50%). Glycoside 59: R f 0.22 (silica, petroleum ether-Et.O, 80:20),
[cx]o + 152.9° (c 0.35, CHCI3) ·

(20)

ACO OAe ACO~OBz

ACO~O 0

ACO N.

MOy-0

H~OPfP
56 FmoeN n

o

o
ACO OAe II

~
OOMO OAe ~oAe »;OAe 0 HN C 23H47

.. 0 0FTo 0, A ~/e,.H'7
AeN 0 ACO ~'(-

H OAe OAe PivO DB'
AcO

53

TMSOTf

BF. -OEt, ..

. imid 51 (22 18 urnol) the ceramide
To a stirred mixture of the tnchloroacetlml ate mg, r- ' . (4 A
., m 26 mmol, 1.4 eq) [Eq. (19)], and powdered molecular ~Ieves ,

~~~~tgl~~n5~J~ (~.'5 ml., freshly purified by passing through an active ~Iumma cOI~mn~
3 L 23 I I 3 eq) at - 5°C under argon. The mixture was stirre

was a~~~~~~~~~;n(io~12 h ar~~C, diluted with CHCI 3, and filtered through Celite. !he
for 3 , li d ith Et N and the solvent was evaporated in vacuo. The residue
filtrate was neutra Ihze

d
WI S\; (CHCI -MeOH, 49:1) to give 53 (21 mg, 65%):

was chromatograp e over I z 3
s, (HPTLC) 0.41 (CHCI

3-MeOH,
97:3), [cx]o +3.9° (c 1.4, CHCL3) ·

Glycosylation of a Threonine Derivative Suitable for Glycopeptide Synthesis [55J

Mo oH
ACO OAe ACOaOBI Y

~
0 ,

ACO
0 0 eel. + H~OP1PY FmocN n

ACO N. NH 55 0

54
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vacuo and chromatography on silica gel (toluene-acetone, 9: 1) yielded 63 (625

780/<) and a small amount (5%) of a-halogenose.
;r~m 6~ and 62: The reaction of the ()_trichloroacetimidate 62 (685 mg, 1.0
mmol) and dibenzyl phosphate (60) (278 mg, 1 mrnol, 1 eq) was done as de

scribed for the synthesis of 61 to yield 63 (761 mg, 95%): R, 0.53 (CHCI3- E tP ,

20:1), [als78 +57.0° (c 1, CHCI3) ·

1.

OBn

BoO~q 0 CCI3
Bno~y

BnO NH

~
OB~

BnO
BoO

BnO O NH

Y
2 CCI3

Synthesis of ()-L-Fucopyranosyl phosphate [58J

CCI3

OANH

Me-r--oif:l;::-J-- OAe

AcQ0h;
64 60

A solution of the trichloroacetimidate 64 (0.30 g, 0.69 mmol) [Eq. (23)] in dry. C~2C:d

(12 mL) and recrystallized dibenzyl phosphate (60) (0.1~ g, 0.68 mmol, 1 h
eq)

(ItS 1~:~e
f I h Evaporation, chromatograp Y 0

under ni~~~en a~ ;~ca:o:::'::~:;(p:ro\e~m ether-Et-D. 1:5) yields 65 (0.36, 86%)

:~e~o;:lories~:::1: s, 0.30 (toluene-acetone, 7:1), I«l, +0.5° (c 1, CHCI3) ·
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B. The Trichloroacetimidate Method

Per.haps~ore ~an any other, t~is method has enjoyed considerable success in recent years,
owmg to Its nuldness and efficiency. Developed by Schmidt [8], this reaction (Scheme 3)

R"

~OH
R'O

I. INTRODUCTION

The biological relevance of carbohydrates and carbohydrate-containing compounds is
increasingly becoming evident. Compounds of this class include glycoamine and macrolide
antibiotics, anthracycline and enediyne anticancer antibiotics, and numerous oligosac
charides implicated in cell-cell recognition, cellular-immune response, cell oncogenic
transformation and inflammation, and other cell biology phenomena fl]. As glycobiology
moves forward, the need for efficient methods to render oligo saccharides available for
further investigations becomes more acute. Despite the long history of the field, oligosac
charide synthesis lacks behind peptide [2] and oligonucleotide [3] synthesis in terms of
efficiency and automation. In this chapter, we will briefly review the main synthesis
methods available for glucoside bond formation [4] and then proceed to discuss the two
stage activation procedure based on the chemistry of glycosyl fluorides and sulfides.
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II. METHODS

A. The Koenigs-Knorr Method

This glycosidation methods dates back to 1901 [5]. As in all glycosidation reactions, this
method achieves activation of the anomeric center by decomposition of glycosyl halides,
normally bromides and chlorides, in the presence of heavy metals (usually silver or
mercury). Scheme 1 depicts the general mechanism of this reaction which involves in situ

l3-glycoslde

Scheme 1

a-glycoside

Mechanismof the Koenigs-Knorr glycosidation reaction,

1
ROH
acid

~
OR' OR'

R'O Eo reduction , ~.~
R'O _R~O~

OR OR

OR

~\=~ ROH
R~~~

1
ROH
acid

OR'

R'O~\=.'~0
R'~~

a

R"~O R"

~OR ~
R'O R'O

. OR
l3-glycoslde a-glycoside

Scheme 3 The preparationof trichloroacetirnidates and their glycosidation reaction [10].

invo.lves.thepre~~ation and use of trichloroacetimidates as glycosyl donors under Lewis or
prone acid con.d~tlO~S. The gly.cosidation ,usual~y proceeds with inversion of configuration
unless a ~-~artIC!pat1Ug gro.uP.ls present, in which case 1,2-trans systems are obtained [9].
The requisite t,nc~loroacetlnudatescan be selectively produced from the correspondin
I~ctols under kinetically (l3-anomers) or thermodynamically (a-anomer) controlled condi~
uons uoj.
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~che"me 4 Glycal-based glycosidation reactions. (a) E+ = I(collidine) CIO [11] N"ad
cinimide [12], PhSeCI [13J, PhSCI [14]. (b) Danishefsky method [15J. 2 4 ' -I osuc-

generation of the more reactive l3-halide, followed by glycosidation with inversion to
afford the a-glycoside [6]. Construction of l3-glycosides may be accomplished by neigh
boring group participation of 2-acyl substituents [7] (Scheme 2).
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Scheme 2 Neighboring group participation in the formation of 1,2-trans-glycosides (often

j3-g1ycosides).
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c. The Glycsl Method

Scheme 4 presents several variations of the glycal glycosidation method, as pioneered by
Lemieux [11],Thiem [12], Sinay [13], Ogawa [14], and Danishefsky [15]. In these methods,
an electrophile (E+) is used to attack the electron-rich glycaLas a means to activate the
anomeric center, which then reacts with a carbohydrate acceptor to afford the glycoside.
Removal of the substituent at C-2 then may lead to 2-deoxy glycosides. Of particular note is
the Danishefsky method (see Scheme 4), in which a glycal epoxide is initially formed and
subsequently activated with a Lewis acid for coupling to glycosyl acceptors. This method
has been demonstrated to work on a solid support as have a number of other methods [16].

specificity, stereoselectivity, and no protecting group requirements, these methods appear
to have considerable potential in the synthesis of complex oligosaccharides [22].

G. Oligosaccharide Synthesis from Glycosyl Fluorides and Sulfides
and the Two-Stage Activation Procedure

The two-stage activation procedure for the synthesis of complex oligosaccharides devel
oped in these laboratories [23] combines the chemistries of glycosyl fluorides and sulfides.
It is, therefore, instructional to discuss first, the use of these two classes of glycosyl donors
in oligosaccharide synthesis, before describing the two-stage activation method.

OR
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HF-Py/NBS

OR

RO-\=~
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OR

a

Glycosyl Fluorides as Glycosyl Donors

Glycosyl fluorides were first introduced as glycosyl donors by Mukaiyama in 1981 [24].
This group demonstrated the activation and coupling of these carbohydrate intermediates to
glycosyl acceptors in the presence of silver perchlorate and tin dichloride. Subsequent
reports expanded the repertoire of activators ofglycosyl fluorides to include BF3'E120 [25],
TMSOTf [26], CP2HfCI2 [27], and Yb(OTE)3 [28]. The mechanism of activation of these
glycosyl donors is presumed to be similar to that involved in the classic Koenigs-Knorr
process (see Scheme 1), and so is the stereoselectivity of the reaction. Thus, in the presence
of a participating group at C-2, f3-glycosides are formed [6], whereas in the absence of such
moiety, the o-anomers are the predominant products [7]. Several advantages of glycosyl
fluorides over their bromide and chloride counterparts should be noted. These include
(1) ease of formation by a variety of mild methods (Scheme 7) [23,29,30]; (2) relatively
high stability toward silica gel chromatography and storage; and (3) plethora of activating
methods and reagents for coupling with glycosyl acceptors [25-28].OR'
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Scheme 5 The n-pentenyl glycoside-based glycosidation method, (E+ = I(collidine)2C10 4) [17].
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D. The tt-Pentenyl Glycoside Method

Introduced by Fraser-Reid in 1988 [17], this method (Scheme 5) depends on electrophilic
addition to the olefin, followed by intramolecular displacement by the ring oxygen and
eventual expulsion of the pentenyl chain to form an oxonium species. Trapping with a
glycosyl acceptor then leads to the desired glycoside.

Scheme 7 Methods for glycosyl fluorides using (a) thioglycosides [23] and (b) lactols [29,30].

Thioglycosides as Glycosyl Donors

Thioglycosides were first introduced in glycosidation reactions by Ferrier in 1973 [31], who
used the ethylthio group at the anomeric position. Subsequently, Hanessian [32] demon
strated the usefulness of the 2-pyridylthiol. Currently, the phenylthio and the ethylthio
carbohydrate derivatives are the most commonly used glycosyl donors from this class of

E. The Glycosyl Phosphite Method

A relatively new method, this involves glycosyl phosphites as glycos~1 donors (Scheme 6).
Independently reported by Schmidt [18] and Wong's groups [19], this method has already
found important applications in the synthesis of sialyl derivatives [19],
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Scheme 6 Phosphite-based glycosidation method[18,19].

F. The Enzymatic Approach Method

In recent years enzymatic methods for c~rtain glycosidat.ions h~ve been applied to the
construction of a number of oligosacchandes [20,21]. With their proved advantages of
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compounds. Thioglycosides are quite versatile and useful intermediates in oligosaccharide
synthesis owing to their ease of preparation, stability, and rich chemistry. One of their
distinct advantages is that their thio group can serve as a temporary protecting group stable
to almost all glycosidation conditions currently in use. Thioglycosides react readily with
bromine to afford glycosyl bromides [33], chlorine to furnish glycosyl chlorides [34], and
N-bromosuccinimide (NBS) in the presence of diethylaminosulfur triflouride (DAST) or
water to give glycosyl fluorides [23] or lactols [35], respectively. Most significantly the
thioglycoside group may be introduced early in the synthetic sequence [35,36], and can be
maintained throughout the scheme, being quite stable toward most conditions used in
oligosaccharide construction.

Common usage of thioglycosides in glycosidation reactions is a relatively new
development [37] compared with the Koenigs-Knorr method. The accepted mechanism of
the thioglycoside-based glycosidation reaction is similar to that of the Koenigs-Knorr
reaction (see Scheme 1). Thus, the thiophilic reagent used as an activator initiates displace
ment of the sulfur by the lone pair of electrons of the ring oxygen to form the oxonium
species, which is then trapped by the glycosyl acceptor in the usual fashion as shown in
Scheme 8a. A variety of thiophiles "X" have been employed for the activation of

NIS-TfOH method is thought to involve iodonation at sulfur, followed by replacement
with triflic acid to give the highly reactive glycosyl triflate, which then serves as the
glycosyl donor. ,

A rather novel method oftriglycoside activation, developed by Sinay [42], involves a
single-electron transfer from sulfur to the activating agent tris(4-bromophenyl)ammo
niumyl hexachloroantimonate (TBPA+). The generated glycosyl radical cation suffers
cleavage to a thiyl radical, leaving behind an oxonium species which then undergoes
glycosidation in the expected fashion (see Scheme 8b). Another new method of glycosida
tion using thioglycosides is that developed by Kahne [43] in which the sulfur is first
oxidized by the corresponding sulfoxide and then activated further by addition of triflic
anhydride to yield, in the presence of glycosyl acceptor, glycosides as depicted in Scheme
8c. An analogous method developed by Ley [44] involves oxidation of the sulfur atom to
the sulfone stage before further activation and coupling to hydroxyl components. Both the
Kahne and the Ley procedures are related to chemistry developed previously for the
synthesis of oxocenes using Lewis acids to activate and displace sulfoxides and sulfones
adjacent to an oxygen atom [45].
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The Two-Stage Activation Procedure

The strategy of combining the chemistry of thioglycosides with that of glycosyl fluorides
for the synthesis of oligosaccharides, known as the two-stage activation procedure, was first
suggested by us in 1984 [23]. Scheme 9 depicts this strategy, which employs stable

RO~
R'O F

Scheme 8 Thioglycoside-based glycosidation reactions. (a) thiophile = N-bromosuccinimide
(NBS) [35], methyl triflate [38],dimethyl(methylthio)sulfonium triflate (DMTST) [39], or N-iodo
succinimide (NIS)-triflic acid [40].(b) TBPA+. =tris (4-bromophenyl)arnmoniumyl hexachloroanti
monate [42]. (c) mCPBA = m-chloroperbenzoic acid [43].

thioglycosides. The initial studies involved heavy-metal salts, such as those of mercury,
copper, and lead [37]. These reagents, however, suffer from low reactivity and inconve
nience and have not been extensively employed.

Recently, several more effective activators have been introduced, including NBS
[35], methyl triflate [38], dimethyl(methylthio)sulfonium triflate (DMTST) [39], N-iodo
succinimide-triflic acid (NIS-TfOH) [40], and trimethylsilyl triflate (TMSOTf) [41]. The Scheme 9 The two-stage activation procedure for glycoside bond formation [23].
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Scheme 11 Synthesis of hexasaccharide 14 [23].

8

ACO~~-
Bno~

Bno
SPh

chari~es. The fOll~wing sections demonstrate the scope and generality as well as the

expe~ental techruques of the two-stage activation procedure for complex oligosaccharide

synthesis,

H. Application of TWO-Stage Activation Procedure to Complex

Molecule Synthesis

Num.erousapplications of the two-stage activation procedure have already been rec d d

In this chapter, we highlight schematically the synthesis of the following complex :o~e~

Me

l
is" AgCI0.-SnCI2•Et,O
~ ·15 --+O°C(62"10)

CH2Me

Me'CH
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1. CAST-NBS. CH2CI2
0°C(8O%)

Scheme 10 Synthesis of avermectin B la [23].

MoO

TBSg,,~
1 SPh

phenylthioglycosides as key building blocks. In activation stage 1, the phenylthio group is

converted to the more reactive glycosyl fluoride by treatment with NBS and DAST. In

activation stage 2, the glycosyl fluoride is coupled to a glycosyl acceptor, which may carry a

phenylthio group at the anomeric position for further propagation of the oligosaccharide

chain.
The disaccharide so obtained may then be deprotected at the desired position to

furnish a carbohydrate acceptor, or converted to a glycosyl fluoride which may be used as a

new glycosyl donor, with NBS-DAST treatment. Reiteration of the process can produce

chain elongation, whereas capping with a suitable group may lead to the desired target

oligosaccharide. This strategy inherits all the advantages of the glycosyl fluoride and

thioglycoside methods. Thus, the requisite thioglycosides are prepared by a variety of

methods under standard glycosidation conditions and conventional functional group ma

nipulations. The glycosyl fluorides, on the other hand, are synthesized under mild condi

tions from thioglycosides, directly or indirectly, through the corresponding lactols and are

normally coupled under mild conditions without damaging other preexisting glycosyl

bonds or sensitive functionality. The two-stage activation procedure appears particularly

suited for solid-phase oligosaccharide synthesis [16,46] and automation owing to its

repetitive nature and mild activation conditions. This innovation remains to be seen,

however. Nevertheless, the solution version of this method has been extensively tested and

proved itself amply in the synthesis of complex and sensitive glycosides and oligosac-
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Scheme 12 Construction of Lactosyl Sphingosine Acceptor 18 (Ref. 47).

cules: avermectin Hla (Scheme 10) [23], hexasaccharide (14, Scheme 11) [23], trimeric LeX
(28, Schemes U-14) [47], sialyl dimeric LeX (36, Scheme 15) [48], sulfated Lea tetrasac
charide (43, Scheme 16) [49], globotriaosylceramide (Ob}) (50, Scheme 17) [50], elfamycin
(59, Scheme 18) [51], and NodRm-lV factor (68, Scheme 19) [52]. We also provide typical
experimental procedures for the preparation of glycosyl fluorides and their couplings to
glycosyl acceptors.
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29 : Trimeric LeX

Scheme 14 Synthesis of trimeric Lex 29 [48].

~ n
Scheme 13 Construction of the Lex fluoride 24 [47].
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37 : Sialyl dimeric Le'

Scheme 15 Synthesis of sialyl dimeric LeX37 [48].
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43 : Sulfated Le" tetrasaccharide

Scheme 16 Synthesis of sulfated Lea tetrasaccharide 43 [48].



326 Nicolaou and Ueno Chemistry of Glycosyl Fluorides and Sulfides 327

47

1. HF'Py, NBS,CHzCI2
-35 -> 0 "C (89%)

2. Hz. Pd(OH)zlC, EIOH, 25 "C
3. AczO, Py, DMAP, CHzClz

CHzClz• 0 -> 25 "C (91%, 2 steps)
AC~~C

ACO~
AcO
O~OBZ OCO'Bu

o ~Buteoo a F
ButeDa 8u coo t

OCOBu

Me~OyO
~0."T1"1

Me HoH Me

56 55

1

1. TBAF, THF, 25"C
2. AczO, OMAP, CHzClz

o "C (96%, 2 steps)
3. OAST-NBS. CHzClz

o -->25"C (83%)

F
L _<?~ __

AcO~O

L-.-o Ae
'o~\OM.

OMe
OMe

1. AgCIO.-SnClz, 4A MS. EtzO, -IS -->O"C

2. MeOH, Et3N, 25 "C (78%, 2 steps)

AgCIO.·SnClz
4AMS

PhS
L_C?~._

-----TBSO~O

EtzO L-.-OTBS
-15->25 "C(84%) 'o~\OMe

53 031:'e

F

L-.-OTBS
'o~\. OMe

OMe
OMe

52

+

PhS OMe

TBSO~~H

51

48

OTBS

HO~(CH2)12CH,
N,

Bn~~n

Bno~

Bnoo OBz OCO'Bu

BUICOO~O~\~;-- SPh

ButCOO BU'C~~IBU
46

AgOTf-Sn CI2

4AMS

EtzO, 0 "C (73%)

Bn~~~
Bno~

BnO
F

44

HO~OBZ OCO'Bu

a ~Bu'COO I a SPh
ButCOO Bu coo I

OCOBu

45

49

AgCIO.-SnClz
2,&-lutidine, 4A MS

CHzClz, 0 -->25"C (80"10)

OAeo

57

OM.
HO~O

Me / L-.-OH

~
o 0 0 'o~OMe

Me \ OM.
0, OM.

Me HOH Me M.
a N

~M. ~o]. ~.-I··)
1. HlN

M. ~• .;. h 0 OPMB
58 TMSO OTMS

AIMe3. DMF, CHzClz, -40 "C
2. HF.Py, CHzClz•0 -->25 "C (26%, 2 steps)
3. 000, MeOH, 25 "C

OM. 4. AczO, Py, 25 "C (86%, 2 steps)
HO~O

~ ~~Me
MeO OH .,--Me 08~eOMe H H

~~ 0

M. OH 0 Me Mri~ tH

AC~~~
ACO~

AcO o 08z oco'au <,?TBS

BUICOO~O.-S~;- -0~(CH2)12CH,
au'coo SuCO~~tBu N,

H:~ III
HOo OH OH gH

HO~O~\='c; 0~(CH2)12CH,
HO H~~ NHCO(CH,l1,CH,

50: GlobOlriaosylceramide (Gb,)

Scheme 17 Synthesis of globotriaosylceramide (Ob3) 50 [SO].

59 : Elfamyein

Scheme 18 Synthesis of elfamycin 59 [51].
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III. EXPERIMENTAL PROCEDURES*
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68 : Nod Rm-IV Factor

Scheme 19 Synthesis of NodRm-IV factor 68 [52].
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Coupling of Disaccharide Fluoride 4 with Avennectin Aglycon 5
To a suspension of AgCI04 (12 mg, 0.06 mmol), SnClz (11 mg, 0.06 mmol), and crushed
4-A molecular sieves (100 mg, dried) in dry ether (3.5 mL) under argon at -15°C was
added alcoholS (52 mg, 0.074 mmol) in ether (1 mL). A solution of the disaccharide
fluoride 4 (24 mg, 0.057 mmol) in ether (1mL) was added and stirring was continued at O°C
for 16h. The reaction mixture was diluted with ether (30 mL) and filtered through Celite.The filtrate was washed with saturated aqueous NaHC03 solution (5 mL) and brine (5 mL),

Preparation of Disaccharide Fluoride 4
To a solution of phenylthio disaccharide 3 (56 mg, 0.11mmol) in CHzClz (2 mL) at -15°C
was added DAST (21 fLL, 0.16 mmol), followed by N-bromosuccinimide (25 mg, 0.14
mmol). After stirring at -15°C for 15 min, the reaction mixture was poured onto saturated
aqueous NaHC03 solution (5 ml.) and extracted with ether (3 x 10 mL). The organic
extracts were combined, washed with brine (5 mL), and dried (MgS04) . Evaporation of the
solvent followed by flash chromatography (silica, ether-petroleum ether) gave the disac
charide fluoride 4 (40 mg, 85%) with an anomeric ratio of 5:1 (a/f3).

67
o

o

'Optical rotations were measured at 22°-25°C.
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and dried (MgSO ). Evaporation of the solvent and purification by flash chromatography
(silica, ether-petr~leum ether) afforded avermectin BI > bis(silyl ether) 6 (38 mg, 62%):
[ale +29.35° (c 0.51, CHzClz).

Preparation of Tetrasaccharide Fluoride 13

To a solution of phenylthio tetrasaccharide 12 (570 mg, 0.3 mmol! in cn.cr, (3 ~! v:as
added DAST (60 fLL, 0.46 mmol) at -l~o~. After stirri~g for 2 rrun,~-bromosucc~01nude
(70 mg, 0.39 mmol) was added and stirnng was continued at -15 C for 25 nun. The
mixture was diluted with CHzClz (25 ml.) and poured onto~ ice-cooled, saturated aqueous
NaHC03 solution (3 mL). The organic layer was washed Withsaturated aqu~ous NaHC03
solution (3 ml.) and brine (3 mL), dried (MgS04) , concentrated, and p~nfied b~ flash
chromatography (silica, ether-petroleum ether) to afford tetrasacchande fluonde 13
(463 mg, 85%): [ale +63.94° (c 0.011, CHzClz).
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C. Synthesis of Trimeric Lex [47]
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Coupling of Disaccharide Fluoride 15 with Alcohol 16

Tooa suspension of AgCI04 (443 mg, 2.14 mrnol), s-ci, (406 mg, 2.14 mmol), and crushed
4-A molecular sieves (400 mg) in CHzClz (10 mL) was added a solution of fluoride 15
(1.00g, 1.07mmol) and alcohol 16 (376 mg, 0.867 mmol) in CHzCl

z
(5 mL) and 2,6-lutidine

(100 fLL, 0.856 mmol) at DoC. The mixture was stirred at below 5°C for 4 h and allowed to
warm to room tem~erature. The reaction mixture was diluted with CHzCl

z
(60 mL) and

filtered through Cehte. The filtrate was washed with saturated aqueous NaHCO solution (2
x 20 .~) and brine (20 mL), dried (MgS04), and concentrated. Flash chromatogra
phytsilica, EtOAc-petroleum ether) provided 17 (6.47 g, 92%): mp 118°-120°C (from
CHpH, water), [ale -5.94° (c 3.32, CHCI

3
) .
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B. Synthesis of Hexasaccharide 14 [23]

Preparation of Hexasaccharide 14

To a suspension of AgCI04 (95 mg, 0.46 mmol), SnClz (87 mg, 0.46 mmol), and crushed
4-A molecular sieves (200 mg, dried) in ether (3.5 mL) at -15°C was added alcohol 11
(224 mg, 0.25 mmol) in ether (3.5 mL). After 2 min, tetrasaccharide fluo~de 1~ (454 mg,
025 mmol) in ether (3.5 mL) was added in one portion, and the reactI~n nu~ture was
allowed to stir at -15°C for 2 h and at room temperature for 10h. The reaction mixture v.:as
diluted with ether (50 mL) and filtered through Celite. The filtrate. was washed with
saturated aqueous NaHC03 solution (2 mL) and bnne (2 mL), dried (~~S04)' and
evaporated to give a yellow syrup. Purification by flash chromatograp~y (silica, ether
petroleum ether) afforded hexasaccharide 14 (442 mg, 66%): [a]D +66.50 (c 1.9,CHzClz).

Coupling of Trisaccharide Fluoride 24 with Octasaccharide Tetraol 27

To a suspension of AgOTf (295 mg, 1.15 mmol), CPzHfCl
z

(436 mg, 1.15 rrunol), and
crushed 4-A molecular sieves (500 mg) in CHzClz (1.5 rnl.), was added a solution of
trisaccharide ~uoride 24 (467 mg, 0.459 mmol) and octasaccharide tetraol 27 (230 mg,
0.077 mmol) III CHzClz (1.5 ml.) at O°C.The mixture was stirred at below 5°C for 4 h and
allowed to stir at room temperature for 1 h. The reaction mixture was diluted with CH Cl
(20 ml.) and ~ltered through Celite.. The filtrate was washed with saturated aqu~ou;
NaHC03 solution (2 x 10 mL) and brine (10 mL), and dried (MgS0

4
) , and concentrated.

Flash chromatography (silica, acetone-petroleum ether-CHzCl
z)

provided 28 (299 mg,
96%): [ale -36.5 (c 1.02, CHCI

3
) .
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E. Synthesis of SUlfated Lea Tetrasaccharide [49]

BnO,f
n

Meo" Act'\ ~~n OBn

~~~~O~O#OH
AcHN &Ac PhlhNDBn

Me 0 OBn

BnO°
Bn

33

oBn AcO OBn
Bnov{ Meo" L'\ :-;;. _ '\ ~n

DAST a,~:~O~O~~F
AcHN OBn 2iOAC0 PhlhNCH,CI,

-78 "C (78%) Me 0 OBn

OBn
BnO

34

AcO OAe
LS:'; NPhih

MCAO~O-r-:::L-J-SPh

~J~-;:n
Ma~OBn

BnoOBn

ACO OAe
~:~- NPMh

DAST-NBS MCAO~o-r::'-r- F

ACO o~-=~.
CH,CI, Me .-::-;.-; OBn

-78 -> -20°C (80%) ~ 0Bn

BnO
OBn

39 40

BnO~OBnMeo,cAcOL,\~~n OBn HO OBn OBn

BnO"'" 0 O~O-'\=;;· O~O _'\~;;. O(CH)CO'BU
AcHN ~~ ~~ 26 2

oao ~~.-; PhlhN ~n-1 NHAc
Mo r::!!-'-0Bn Mo~OBn
BnO0Bn BnO OBn

36

D. Synthesis of Sialyl Dimeric Lex [48]

Preparation of Tetrasaccharide Fluoride 34

To a solution of lactol33 (250 mg, 0.14 mmol) in CHzClz (7 mL) w~s add~d DAST (3: ILL,
0.27 mmol) at -78°C. After stirring at -78°C for 15min, the reaction ml~ture was diluted
with CHzCl

z
(100 mL) and washed with ~aturated aqueous NaHC03 solutlOn.(50mL) an~

brine (50 mL). The organic layer was dned (MgS04) , concentr~ted, and ?unfied by flas
column chromatography (silica, EtOAc-petroleum ether) to gIve fluoride 34 (195 mg,
78%) as a white foam. The fluoride was obt~ned as a 4:1 (J:l/a)mixture of anomers and was
used for the following step without separation.

Coupling of Fluoride 34 with Alcohol 35

To a suspension of AgOTf (50 mg, 0.19 mmol), CPzHfClz (80 mg, 0.21 mrnol), a~d crushed
4-A molecular sieves (0.3 g) in CHzClz (4 mL) at -20°C, was added a solution of the

. . t f fluoride 34 (ca Qla = 4'1 79 mg 0.043 mmol) followed by alcohol 35anomenc nux ure 0 tJ· , ,
(126 mg, 0.11 mmol) in CHzClz (4 mL) at -20°C. The mixture was.stirred ~nd allowed to
warm from -20°C to 25°C over 18 h. The reaction mixture was diluted with EtOAc (50
mL) and filtered through Celite. The filtrate was washed with saturated aqueous NaHC03

solution (50 mL) and brine (50 mL). The organic layer was dried (MgS04) , concentrated,
and purified by flash column chromatography (silica, EtOAc-p:troleum ether) to afford t~e
heptasaccharide 36 (48 mg, 37%) as a white foam: [a]o -9.4 (c 1.0, CHCI3) , along with

unreacted fluoride 34 (25 mg, 32%).

F. Synthesis of Globotriaosylceramide (Gb3) [50]

Preparation of Trisaccharide Fluoride 47

To a solution of thioglycoside 46 (830 mg, 0.56 mmo1) in CHzClz (5.6 mL) was added
Hf-pyridine complex (0.56 mL) followed by N-bromosuccinimide (110mg, 0.62 mmol) at
- 35°C. The mixture was allowed to warm to O°C over 1 h. The reaction mixture was

AgOTf-Cp,HfCI,
4A MS, CH2CI,

0°C(S8%)

AcOL\~':,"
HO~OBn

OBn

41

42

AeO OAe AcO OBn
L\=;~ PhlhN L\=~'

MCAO~O-r::'-r-O~OBn

AeO 0 -'-z.::! OBn
-:.~~.-; OBn

Me f:!!!-L- OBn

BnO°Bn

Coupling of Trisaccharide Fluoride 40 with Alcohol 41

To a suspension of AgOTf (173 mg, 0.70 mmol), CPzHfClz (260 mg, 0.70 mmol), and
crushed 4-A molecular sieves (1.0 g, dried) in CHzClz (5 mL) was added a solution of
fluoride 40 (270 mg, 0.23 rnmol) and alcohol 41 (335 mg, 0.70 mmol) in CHzClz (5 mL)
at DoC. The reaction mixture was stirred at O°C for 1 h and filtered through Celite with
CHzClz (25 mL). The filtrate was washed with saturated aqueous NaHC03 solution (50
mL) and brine (50 mL), dried (MgS04) , concentrated, and purified by flash column
chromatography (silica, ether-CHzClz) to give tetrasaccharide 42 (220 mg, 58%): [a]o
-7.9° (c 1.0, CHCI3) .

Preparation of Trisaccharide Fluoride 40

To a solution of thioglycoside 39 (250 mg, 0.20 mmol) in CHzClz (3 mL) was added DAST
(80 ILL, 0.62 mmol) at -78°C. After stirring for 20 min, the mixture was treated with
N-bromosuccinimide (45 mg, 0.25 mmol) and allowed to warm to -20°C over 2 h. The
reaction mixture was then diluted with EtOAc (25 mL) and washed with saturated aqueous
NaHC03 solution and brine. The organic layer was dried (MgS04) , concentrated, and
purified by flash column chromatography (silica, ether-CHzClz) to give trisaccharide
fluoride 40 (19(Lmg, 80%): [a]o -2.0° (c 1.0, CHCI3) .

AgOTf-CP2HfC1,
CH,CI"

-20 ->25 "C
(37%, plus 32%
recovered 34)

HOL<~':; OBn

HO~O#O(CH')'CO,'BU
~n.-,l NHAc

MO~OBn
OBn

BnO 35
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G. Synthesis of Elfamycin [51]

Preparation of Disaccharide Fluoride 55
To a solution of thioglycoside 54 (30 mg, 0.057 rnrnol) in CH2CI2(2 mL) was added DAST
(0.013 ml., 0.08 mrnol) and followed by N-bromosuccinimide (14 mg, 0.08 mmol) at O°c.

Coupling of Trisaccharide Fluoride 47 with Alcohol 48
To a suspension of AgCI0

4
(62 mg, 0.30 mmol), SnCI2 (57 mg, 0.30 mmol), and crushed

4-A molecular sieves (300 mg) in CHzCl2 (1.0 mL), was added a solution of trisaccharide
47 (179 mg, 0.15 mmol) at O°C. After stirring for 10 min, a solution of alcohol 48 (660 mg,
1.5 mrnol) in CH CI

2
(2.0 mL) and 2,6-lutidine (17 j.LL) were added, and stirring was

continued at roo~ temperature for 12 h. The reaction mixture was diluted with CH2CI2

(25 mL) and filtered through Celite. The filtrate was diluted with EtOAc (25 mL) and
washed with aqueous NaHC0

3
solution (25 ml.) and brine (25 mL). The organic layer was

dried (MgSOJ, concentrated, and purified by flash column chromatography (silica, ether
petroleum ether) to give 49 (194 mg, 80%) as a white foam: [edo +27.5° (c 1.6, CHCI3) ·

diluted with EtOAc (100 mL) and poured onto saturated aqueous NaHC03 solution (50
mL). The organic layer was washed with saturated aqueous NaHC03 solution (25 mL) and
brine (25 ml.), dried (MgS0

4
) , concentrated, and purified by flash column chromatography

(silica, EtOAc-petroleum ether) to afford trisaccharide fluoride (690 mg, 89%) as a white

foam: [a]o +30.2° (c 1.0, CHCI3) ·
A round-bottomed flask containing a solution of resulting fluoride (690 mg. 0.50

mmol) in EtOH (7.5 ml.) and 10% Pd(OHh on charcoal (354 mg) was repeatedly evacuated
and flushed with hydrogen. The reaction mixture was stirred under hydrogen for 24 h at
room temperature. At the end of this period, the reaction mixture was diluted with MeOH
and filtered through Celite and evaporated. The residual white solid was azeotropically
dried with benzene (2 x 15 mL) and dissolved in pyridine (5 ml.). 4-Dimethylamino
pyridine (10 mg) and Acp (283 j.LL) were added, and the mixture was stirred overnight.
The reaction mixture was diluted with EtOAc and washed with water and brine. The
organic layer was dried (MgS0

4
) , concentrated, and purified by flash chromatography

(silica, EtOAc-petroleum ether) to give trisaccharide fluoride 47 (543 mg, 91%, two steps)

as a white foam: [a]o +62.8° (c 1.0, CHCI 3) ·

1) MeOH 0 0

~
.

o .
= 56

Me HO H Me

AgCIO•. , SnC'" 4A MS, El,O

-15 -+O"C

2) MeOH, Et,N, 25 "C (78%, 2 sleps)

F
L _'?~ __

AcO~O

L~OAC
'o~OMe

o{)lte

DAST-NBS

CH,C',
0-+ 25"C (83%)

OM.
HO~

M.O~ 0 l~OH
M.~-Y- \O~OMe
~O~ 08~e
Me HO H M.

Preparation of Trisaccharide 57

Tooasuspension.of AgCI04 (l~ mg, 0.06 mrnol), SnCl 2 (11 mg, 0.06 mrnol), and crushed
4-A molecul~ SIeves (50 mg) in ether (I mL), was added a solution of alcohol 56 (18 mg,
0.06 mrnol) in_~her (0.5 mL) followed after 2 min by fluoride 55 (22 mg, 0.05 mmol) in
ether.(I.O ~L) at =I30~. The mixture was stirred and allowed to warm to O°Cover 6 h. The
reaction ~Ixture was diluted with ether (10 mL) and filtered through Celite. The filtrate was
washed WIthsaturated aqueous NaHCO solution (3 x 3 mL) dried (M SO) d
t t d to zi d I . . 3 ' g 4' an concen
ra e 0 give cru e g ycoside. This crude glycoside was then azeotropically dried with
ben~ene (3 x.5 mL): d.issolved in dry methanol (I mL), and treated with a catalytic amount
of ~eth~lamme. Stirring at room temperature for 48 h, removal of methanol in vacuo, and
purification by flash chromatography (silica, methanol-ether) provided pure trisaccharide
57 (24 mg, 78%, two steps): [a]o -37.4° (c 0.17, CHCI3) .

H. Synthesis of NodRm-IV Factors [52]

Coupling of Glycosyl Fluoride 63 with Trisaccharide 64

To.a suspension.of AgOTf (420 mg: 1.6 mmol), CP2HfCl2 (610 mg, 1.6 mmol), and crushed
4-A molecular sieves (3 g, flame-dned) in CH2Cl2(15 rnl.), was added a solution of fluoride
63 ~1..07 g, 1.6 mrnol), alcohol 64 (500 mg, 0.32 mmol), and 2,6-di-tert-butyl-4-methyl
pyndme (16 mg, 0.08 mmol) in CH2CI2 (IS mL) at O°C.The mixture was stirred at O°Cf 2
hand .then at ~5°C for 16 h. The reaction mixture was filtered through Celite and the fil:~te
was diluted WIthEtOAc (~O mL) and washed with aqueous NaHCOJ solution (20 mL) and
bnne (20 mL). The organic layer was dried (MgS04) , concentrated, and purified by flash

PhS
L _'?~ __

AcO~O

~\o~Me
54 OMe

OMe

The ~ixtur~ was stirred and allowed to warm to room temperature. After stirring I h, the
reaction mlxtu~e was diluted with et?er (10 mL) and poured onto saturated aqueous
NaHC03 solution (2 mL). The orgaruc layer was washed with brine, dried (MgS04) ,

concentrat~d, and p~nfied by flash column chromatography (silica, ether-petroleum ether)
to afford disaccharide fluoride 55 (21 mg, 83%): [a]o -23.94° (c 1.42, CHCI3) .

AgClO.,-SnCI,
2,6--lutidine

4AMS
CH,CI,

o -+ 25"C (80%)

AcO~~
1. HF.Py, NBS, CH,C', AcO~

.35 -+ O"C (89%) AcO 0
2. H" Pd(OH),IC, EtOH, 2S"C ~O~' ~OcO'BU

BulCOO 0 0
3. Ac,O, Py, DMAP,CH,CI" I Bu'COO F

CH,CI"O -+ 2S "C (91%, 2 sleps) Bucoo oco'Bu
47

OTBS
;

HO/'...~(CH')12CH,

ACO~OAoC 1 -N, 4Il

ACO
AcOY'( o~z oco'au QTBS

BU'COO~O£~(CH,)"CH'
BulCOO BUtcoo oco'nu N3

49

46

B:~
BnD

Y\ o~z oco'au

BU'COO~O~SPh
BulCOO BulCOO oco'ao
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OTBS oMP

~~
OMP OTPS

PMBO 0 O~~PMBO 0 0 OMPPhlhN PMBO N PMBO PMBO
AcH AcHN AcHN

65

I h matography (silica acetone-dichloromethane) to give tetrasaccharide 65 (354
:g~~;~)~~o.]D -14.4° (e 1.0,'CHCI3) , and starting alcohol 64 (180 mg, 36%).
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II. METHODS

ultimate goal of many oligosaccharide syntheses and interesting achievements have been

reported in the area [5], larger oligosaccharides still have to be prepared in solution.

[9]..At ~he completion of the reaction,. the. excess n-pentenyl alcohol can be recovered by

distillation and saved for future glycosidatinn, As expected, the reaction gives a mixture of

anomers. For example, the a113 ratio for glucose is 2:1, whereas mannose gives almost

exclusively the a-product [6],

galactose
glucosamine

glucose
mannose
galactose

-0
HO-sugar \.-.0_ --.I -sugar

-0

-{OAc

7 X

4

+
-0

J

~
-0 J X=OAc

.,J -(,0 -0
~ ~oo_~-J:+oJ

X=OAlkyl or lulidine X...OBz 8 Ph

OCOR X=OCOPh

Scheme 3

-0 HJ
rOH~-r x...-oH

5 X

n-Pentenyl glycosides (NPGs) [6,7] 1,belong to a special class of glycosyl donors in which

the activating groups at the anomeric center can be installed at the outset to protect the

anomeric center during synthetic manipulations elsewhere in the molecule, but can be

chemospecifically activated on command, to provide a leaving group, thereby generating a

glycosyl donor [2] that is ready for coupling to an acceptor (Scheme 2) [6,7].

-0 . ( + -0 X~ 0 CSX
JOL1~ Y00~=ro _

1 2 3 5
X = Br or [ -0

glucose
mannose
fucose

Scheme 2

One major advantage of NPGs is that the number of manipulative steps at the

anomeric center can be minimized. The NPGs also serve to reduce the number of starting

materials that have to be prefabricated, because a given NPG, often with slight modification

in protecting group characteristics, can be used for several different sequential couplings.

Another stepsaving device emanates from the regiospecific coupling of two NPGs under

the armed-disarmed protocol (rliscussed later). NPGs are particularly advantageous for

coupling of large segments of oligosaccharides (e.g., two tetrasaccharides), for with such

targets, multiple steps pose special problems for existing protecting groups.

Preparation of NPGs may be carried out by standard procedures for making alkyl

glycosides (Scheme 3) [6]. The most direct method is the Fischer glycosidation (5 ~ 1,

Scheme 3), in which the aldose is treated with n-pentenyl alcohol [8] and an acid catalyst

gaiactose -0
glucosamine ~

glucose -re
mannose 6 XBr

-0

00£ :r-o-C~
+ Promoter ..

Donor Acceplor

NH
~X= CI, Br, F, SR, A c c l,'

0

Scheme 1

and trichloroacetimidates, which serve only as activators of the anomeric center and must

be prepared just before the coupling event; and (2) the alkyl thio and n-.pentenylox y g~ou~s,

which serve dual functions. Thus, the latter are stable to most protectmg group man~pula

tions and, therefore, can be installed at an early stage in the synthesis, initially servm~ as

protective groups for the anomeric center and, subsequently, as activators thereof on bemg

presented with an electrophilic promoter [2]. .

Regioselectivity in glycosidations is controlled by the deployment of pr~tective

groups on the glycosyl acceptor such that (usually) only the hydroxyl groups of mter.est

remains unprotected, The a-13 stereoselectivity is hi~~y ~ependent on the protectmg

group at the C-2 position of the glycosyl don.or [~]. Participating groups such .aseste:s and

phthalimides, will engender a 1,2-t:ans relati0.n.m t?e product, whereas 1,2-CIS relatio~ by

corollary, can be best obtained With nonparticipating groups, such as ethers and ~zides

at C-2. However, for mannosyl and rhammosyl donors, a-li,n~ed products predominate,

regardless of the nature of the protective group in ~he 2-pos.itiOn [2]. .

On the other hand, the synthesis of l3-mannosides contmues to be a major .obstacle.

The most commonly used procedure involves mannosyl br~mides as ~onors and msoluble

silver salts as promoters [3]. However, the coupling often gives appreciable ~~ou~ts of the

undesired a-anomer. Recent approaches to l3-mannosides are base~ on partiCl~atlOn from

the 2-position [4], and the desired l3-anomers can thereby be obt~ned exclusivel.y, How

ever, these procedures often require multiple steps for preparation of the key mterme-

diate(s). '"

Fundamentally, there are two basic strategies for oligosaccharide assembly: stepw,ise

(linear) and block (convergent) approaches. I~ the st~pwise strategy, one mo~osacchar~de

is added at a time to the growing oligosacchande cham. In the block strategy Simpler umts,

. all d' trisaccharides are prefabricated and coupled together. The latter approach is
typic y i-or, ""

often used for large oligosaccharides, whereas the stepwise appr~ach is the baSIS for ~ohd

phase synthesis of oligosaccharides. Although an automated solid-phase procedure is the

hence, it is not coincidental that there has been a parallel explosive growth in oligosac-

charide synthetic methods [2]. . . "

The key reaction in oligosaccharide synthesis is the process m which a glycosyl

donor and acceptor are coupled together under the agency of an appropriate promoter. In

recent years, several novel and very effective glycosyl donors an~ promoters have been

developed [2]. As a result, syntheses of oligo saccharides comprismg. five un~ts are n~w

considered to be routine, in contrast with 15 years ago when the synthesis of a tnsacchande

was still a major task. .

The most commonly used glycosyl donors for oligosaccharide assembly are shown m

Scheme 1 [2]. They can be divided into two groups: (1) the chlorides, bromides, fluorides,
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be carried out, one can obtain either a glycosyl bromide 9 [20] or a vicinal dibromide 19
[20J (see Scheme 7). In the absence of other nucleophiles, the cyclic bromonium ion 17

+ HO~O !( leq.ofIDGPor ...

OGOR 0 NIS/Et3SiOTf

14

Sugar-OH ~ ~q
NIS/EI3SiOTf'" OR O~OSugar

16 OCOR

Scheme 6

Another problem is that some IDCP-promoted reactions have a tendency to stall,
leaving substantial amounts of unreacted starting materials [6]. This is probably due to an
inhibiting effect on the collidine liberated during the course of the reaction.

It was the use of NBS for NPG couplings that led to the discovery of the armed
disarmed protocol for oligosaccharide assembly [16J. Thus, it was observed that acyl
protected NPGs reacted more slowly than their alkyl-protected counterparts. These reac
tivity differences were analyzed, based on the inductive effect of the C-2 protecting group
[18]. However, reactivity differences between substrates would not have been observed if
NISlEt3SiOTf had been the promoter because, under these conditions, both NPGs would
have reacted by the time the TLC sample had been taken.

However, although the original observation might not have been detectable with NISI
Et3SiOTf, the success of the armed-disarmed strategy is independent of the promoter used
(see, e.g., Scheme 10) [6J. Thus, even with NISlEt3SiOTf, where coupling occurs within
minutes, only the cross-coupled products (e.g., 15) is observed. Because the latter can also
serve as glycosyl donors, they can be used directly for the next coupling event to obtain
16 [19].

In cases where the nature of the protecting groups does not allow the armed
disarmed strategy to be applied, two NPGs can still be coupled together by use of an
intermediate dibromination step (see Scheme 7). Thus, depending on how the reaction is to

When n-halosuccinimides (NBS, NIS) are used alone without added acid catalyst, the
NPG couplings are relatively slow, often requiring hours or days for completion [15].
A promoter of intermediate potency that has been useful in some cases is iodonium
dicollidine perchlorate (mCP) [16]. mcp is not commercially available, but it is easily
prepared as a stable crystalline salt by the procedure of Lemieux and Morgan [17]. It has
found success for coupling some reactive (armed) NPGs [16], but is not potent enough
for use with unreactive (disarmed) NPGs. For this, NISlEt3SiOTf must be employed
(Scheme 6).

a)
-0 0

xf 1+

Hot5
X:DGOR Br2 ~

b) -0 Ag+ [:fJ 11 .. =rot5H+ ~Br ~ X
X 1:/ X 12tBr2

c)

1:+0
t n f

~_, .e; [~-,] -
o 0

Scheme 5

., id al be used to catalyze the heterolysis, although operationally it is
required Triflic act can so
more in~onvenient to use than Et3SiOTf [13].

Scheme 4

. f ations can be carried out before the acid-induced
base-promoted protecnng group :a~~~~eaves a benzoate at C-2 (see Scheme 4). Many
rearrangement to an NPG o~cu~ , th lkyl glycosides are stable compounds that
NPGs are crystalline and, SimIlar to 0 er a '

d i d fi itely at room temperature. 4can be store In em. lin of NPGs to acceptors (see Scheme )
There are two various strategies :0:~~~~niu~ ion is the most widely used procedure

[7]. Direct couphng under t~e agen~Ylo. a tances conversion into the glycosyl bromide,
4 ) H ever In specla clrcums I(see Scheme a. ow , li ( Scheme 4b) or use of an n-penteny

followed by traditional Koenigs-Knorr coup mg see ,

1,2-orthoester (see Scheme .4c)~:rnd~;e~~::~;~:~u:f NPGs is NISlEt3SiOTf [13J. The
The promoter of Ch01C~ th I bloride as solvent at room temperature [14].

reaction is usually conducted in ~e Ye~e c. very fast often being completed within the
Under these conditions, the cou~hng reac hO?lSI chr~matography (TLC). The process

. I the mixture by t in- ayer I'
time It takes to sarnp e . . I . I' NIS whereby a very potent source 0

can be rationalized by an aCld-mducedhe~ro~rs 0 Iy a' catalytic amount of Et
3SiOTf

is
iodonium ion is generated (Scheme 5). su y, on

The Fisch~r glyc~sidation wor~dve~C~:a~~~~I:~~t~~~~~~:;::~::~~:~:~~~~
but gives poor Yieldswith galactose . g K 6 -7 1 or glycosyl acetate 7 -7 1 proce
can be prepared using s~andard.~~:n~f~] isn~~ prom~ter of choice for perbenzoylated
dures, In the former, silver tn a '1 b t is often used with the peracetylated
glycosyl bromides [6], whereas Sl ver car ona e

glycosyl bromides [11].. b I ted glycosyl bromides can be converted
In the absence of a silver salt, perhenz~y a[6] which can also serve as precursor for

into the corresponding n-pentenyll,2-ort oes ers 1" . g these orthoesters is that several
N.PGs [12] (Scheme 4, 10 -7 1). The advantage 0 USIn
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Scheme 9

. . Only 14steps are necessary beginning with the monosaccharide precursors 26 and 27

m this convergent assembly of nonamannan 34. The synthetic manipulations are simplified

to four ready reactions: dibromination, debromination, deesterification, and coupling [14].

Stepwise assembly of oligosaccharides with NPGs can also be accomplished as

exemplified in the synthesis of the blood group substance B tetrasaccharide [24] (Scheme

10). The four synt~ons 35, 36, 38, and 40, ~e prefabricated from n-pentenyl galactoside,

N- acetyl glucosamme, and n-pentenyl fucoside, respectively. Coupling is carried out under

the a~ency ?f NISIE~SiO:r:, re~ardless o.fwhether the donor is armed or disarmed. Owing

to n~lghbonng group participation, coupling ofNPG 35 and acceptor 36 gives the [3-disac

chande 37 as the only product. After deprotection, coupling with NPG 38 affords trisac-
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leads to the oxocarbenium ion 4, which is trapped by Br", the only available nucleophile in

the reaction mixture, to give the glycosyl bromide 9. However, if excess Be is present

(e.g., by the addition of Et4NBr), the intramolecular reaction 17~ 18 can be overwhelmed

by the bimolecular process, leading to the vicinal dibromide 19 [21]. This dibromide is a

latent [22] NPG in which glycosyl donor activity has been temporarily sidetracked.

Restoration of the active NPG is achieved by reductive debromination using zinc [18],

samarium iodide [23a], or iodide ion [23b].

The dibromination option is useful as an indirect way of coupling two NPGs together

[6] (Scheme 8). Thus, if the donor NPG 20 is titrated with bromine solution, the glycosyl

bromide 21 can be obtained. Coupling to the NPG acceptor 22 can be carried out in situ

under traditional Koenigs-Knorr conditions to obtain disaccharide 23. Alternatively, the

acceptor NPG 22 can be converted into the vicinal dibromide 24. A coupling with the donor

NPG 20 can then be accomplished under standard conditions to give 25. Restoration of the

double bond then leads to previously described 23. The overall result from both options is

the same as if two NPGs, 20 and 22 had been coupled directly under the armed-disarmed

protocol.
The option of sidetracking NPG activity, as shown in Scheme 8 [18], has the effect of

reducing the number of de novo precursors that must be prepared and, in turn, this makes

for a more rapid synthesis. This is exemplified by assembly of the nonasaccharide portion

of the high-mannose glycoprotein [14] (Scheme 9). Thus because of sidetracking, only two

starting materials, 26 and 27, are necessary to obtain the nonasaccharide 34. The promoter

for all couplings was NIS in the presence of a catalytic amount of Et3SiOTf. Direct coupling

of 26 and 27 gave disaccharide 28 which, after deprotection and further coupling to 27, was

elaborated into the pentasaccharide 29a. Reductive debromination was then carried out to

restore the pentenyl double bond 29a ~ 29b.

Preparation of the other segment of the nonasaccharide began with 27. A portion of

this material was converted into the dibromo acceptor 30, which was then coupled to 27,

paving the way for the trisaccharide 32a. Regenerati~n of the ~ouble bond a~d coupl~ng

to 26, followed by deprotection, then gave tetrasacchande 33b. Finally the crucial coupling

between the blocks 29b and 33b was carried out to give the target nonasaccharide 34

in 57% yield.
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by a carboxylic acid present in the medium, to afford an imidic anhydride 50, which
rearranges spontaneously to give the glycosyl imide 51 [27].

that can undergo some of the same coupling reactions as regular NPGs. Thus, they give
glycosides or coupling products under the agency of NISIEt:JSiOTf, and titration with
molecular bromine leads to the formation of glycosyl bromides. An example of their utility
is the rapid assembly of the trimannan 48 [12] from a single starting material, orthoester 42.

Benzylation of a portion of 42, followed by the acid-catalyzed rearrangement and
debenzoylation, afforded the acceptor NPG 44. A second portion of 42 was silylated and
benzylated to give the differentially protected orthoester 43. The armed-disarmed protocol
could not be applied for direct coupling of 43 and 44 because the acceptor (i.e., 44) is not
disarmed. As an alternative, orthoester 43 was titrated with bromine to give the glycosyl
bromide 46, and this was used in situ for coupling to 44 under modified [10] Koenigs-Knorr
conditions. The product 47a was then debenzoylated, affording disaccharide acceptor 47b.

A third portion of orthoester 42 now served as precursor for bromide 45, which was
coupled to 47b to furnish the target trimannan 48. This material was used as a building
block in the synthesis of the Thy-l GPI anchor [25].

In the mechanistic outline to Scheme 2, the intermediate oxocarbenium ion was
trapped by an oxygen nucleophile to give an O-glycoside. Further experimentation has
revealed that N-nucleophiles can also be applied, leading to N-glycosyl products [26].
Thus, if the reactions are carried out in the presence of acetonitrile, a Ritter reaction ensues
affording nitrilium ion 49 (Scheme 12). This relatively unstable intermediate can be trapped
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OBn OBn ~

~~
OBn BnO C)

a BnO 0 0
~ a 38 O~ ...

OAe AcNH NIS/EI3SiOTf
37 OBn 82%

aJll = 6/1

Scheme 10

charide 39 as a separable 6:1 mixture of <X-~ anomers. Subsequent. deprotection and
coupling with NPG 40 then gives tetrasacchari~e 41a, also as .a 6:1 mixture o~ anomers.

A characteristic of this stepwise approach IS that the chemical transformatIOns on the
growing oligosaccharide chain are kept to a minimum. Thus, once the protected monosac
charide components have been prepared, the synthetic manipulations are restricted to
coupling followed by deprotection, coupling-deprotection .. , and so on [24].

A special class of n-pentenyl glycosyl donors are n-pentenyll,2-orthoesters (Scheme 11)
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C. Preparation of NPGs from Glycosyl Acetates [6]

with saturated aqueous NaHC03 (20 mL), dried and concentrated. The residue was purified
by flash chromatography (4:1 petroleum ether-EtOAc) to afford 61 (1.71 g, 68%): R, 0.55,
mp 113°-114°C, [u]o + 18.7° (c 1.0, CHCI 3) ·

If the carboxylic acid concerned is a protected aspartic acid, an N-linked asparag~ne

results an observation that suggested that the procedure could be used for the preparation
of gly~opeptides. Accordingly, coupling of NPG 52 and aspartic ac~d 53 in acetonitrile
solvent yields the N,N-diacyl derivative 54, which can be chemoselectively N-deacetylated

with piperidine in DMF to give asparagine 55 [~9] (Scheme 13a).. .
Coupling to higher peptides can also be achieved. Thus, reaction of NPG. 56 With the

aspartoyl isoleucine derivative 57 gave glycopeptide 58 [28]. However, slmultane~us
deprotection of the N-acetyl and N-phthaloyl groups in 58 is problemati~ without cleaving
the asparagine linkage. Chemoselective conditions for these deprotections are currently

being developed in our laboratory [29].
~

~~
BnO - 0

Ae

62 OAe

HO~ ..
SnCl,

D. Preparation of NPGs by Orthoester Rearrangement [12]

1,3,6-Tri-O-acetyl-2,4-di-O-benzyl-u-n-mannopyranose 62 (4.11 g, 8.45 mmol), 4-pen
tenol (1.80 mL, 17.4 mmol) and activated 4-..\ molecular sieves in CHzClz were stirred at
room temperature under argon for 30 min and then tin (IV) chloride (1.0 mL, 8.5 mmol) was
added. After 6 h, solid NaHC03 and NazS04'IOHzO were added and the mixture was left
stirring overnight. Filtration through Celite, concentration and flash chromatography (80:20
light petroleum-EtOAc) yielded 3.46 g (80%) of 63: [u]o + 28.SO (c 1, CHCI 3) .

95%

GSA,90'OG

HO~-~
O~H

HO -0
HO OH

III. EXPERIMENTAL PROCEDURES*

A. Preparation of NPGs by Fischer Glycosidation [6]

OH

H~~ (!
59 0 0

'Optical rotations were measured aI20o-25°C.

B. Preparation of NPGs by Koenigs-Knorr Procedure [30]

n-Mannose (15 g, 0.083 mol) was added to 4-penten-l-01 (120 ml., 100 g, 1:16 ~ol), an?
camphorsulfonic acid (200 mg) was added. The solution was heated overnl.g~t in an 011
bath at 90-1OO°C under argon with stirring. The bulk of the pentenol was distilled ~n?er
vacuum using a dry ice condenser and saved for the future glycosidations. The remalm~g

mixture was basified with Et
3N

(ca. 10 drops), poured into water, and extracted With
CH Cl . Evaporation of the aqueous phase gave a residue, which was passed through a
sho~ c~lumn of silica gel using EtOAc as eluant. Evaporation yielded materials (1~.6 g,
95%) for which the IH NMR spectrum showed signals for only one anomer, HI being a
singlet at 1> =4.80 consistent with 4-pentenyl-u-n-mannopyranoslde 59; R, =0.30 (20%

MeOH in EtOAc), [u]o + 54.4° (c 1.0, CHCI 3) ·

~
D~~

BnO -0
BnO 66 OJ

l)CSA
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~
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64 Br aa% RD

a R=Bz
65 b R=H

c R=Bn

The bromosugar 64 [31] in CHzCl z (200 mL) was treated with 2,6-lutidine (28 mL, 0.284
mol) and 4-penten-l-ol (14.11mL, 0.137 mol). After 5 days, the reaction mixture was diluted
with CHzCl z, washed with saturated aqueous NaHC03 and brine, respectively, dried,
concentrated, and flash chromatographed (4:1 petroleum ether-EtOAc) to afford 52 g
(86%) of the desired orthoester 65a. The orthoester 65a (27.8 g, 0.042 mol) was dissolved
in 230mL of MeOH-CHzClz (8:1), and treated with NaOMe (1 g, 0,021 mol) for 28 h. After
completion (TLC), the solvent was removed in vacuo and the crude material was flash
chromatographed (9:1, CHzClz-MeOH) affording 14 g (95%) of the triol 65b (Rf 0.4). A
portion of the triol (7 g, 0.020 mol) in DMF (300 mL) was then treated with NaH (4.8 g
of 60% oil dispersion, 0.115 mol) and BnBr (11.82 mL, 0.099 mol), respectively. After 19 h,
the reaction mixture was cooled to O°C quenched with MeOH, diluted with EtzO (800 mL),
washed with HzO and saturated aqueous NH4Cl, respectively, dried, concentrated, and
flash chromatographed (4:1 petroleum either-EtOAc) to afford 11.5 g (94%) of 65c.
Orthoester 65c (8.94 g, 14.35 mmol) was treated with camphorsulfonic acid (63 mg) in
CHzClz (2 mL) at 50°C for 6 h. Et3N (0.10 mL) was then added to the reaction mixture and
the solution concentrated in vacuo. The crude residue was dissolved in 35 mL of MeOH
CHzClz (7:1) and treated with NaOMe (600 mg, 11.4 mmol) at room temperature for 2 h.
The solution was then cooled to 10°C, neutralized by the addition of 1% HC1 in CH

30H, and
evaporated in vacuo. Flash chromatography (3:1 petroleum ether-EtOAc) of the residue
gave the alcohol 66 (6.01 g, 81%): s, 0.25, [u]o +47.6° (c 1.4, CHCI3) .

BZO_(OB~ J
BZ~~O

BzO
6168%

AgOl!, CH2CI2

-30 -c, 2h

HO~ ..OBz

BZO~~
BZO~

BzO Br

60

To a mixture of 4-penten-l-01 (0.5 mL, 4.84 mmol), AgOTf [10] (1.2 g, 4.67 mmol) and
powdered, activated 4-..\ molecular sieves (1 g) in cn.o, (10 mL) was added at -.J0°C,
through a syringe, a solution of 2,3,4,6-tetra-O-ben~oyl-u-n-glu.copyr.anosyl bro~lde 60
[31] (2.5 g, 3.79 mmol) in CHzClz (4 mL) during 10 rmn. The reaction mixture was st1ITe~ at
_ 300C for 2 h, quenched with saturated aqueous NaHC03, and then fi~tered through Celite.
The molecular sieves were washed with CHzClz (20 mL). The organic phase was washed
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G. NPG Coupling with IDCP [19]
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OBn

Bno~BnO
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IDCP _ ~O
Et,O, CH,CI, BzO 0
10 h. rt. 63% BzO

75 BZO
OJ

The pentenyl galactoside 67 (791 mg, 1.3 mrnol) and the acceptor 68 (679.9 mg, 1.0 mmol)
were combined, rotoevaporated twice with dry toluene, and then vacuum dried for 12 h. A
solution of this mixture in dry CHzClz (7 mL) was treated under argon with NIS (351
mg, 1.56 mmol) followed by dropwise addition of Et3SiOTf (0.059 mL, 0.26 mrnol). After
10min, TLC (4: I petroleum ether-EtOAc) showed the reaction to be complete, the mixture
was diluted with CHzCl z (40 mL) and washed successively with 10% aqueous NaZSz03(70
mL) and NaHC03 solution (30 mL). The organic layer was then dried (NaZS04) , filtered,
and evaporated. The residue was flash chromatographed (87% petroleum ether-13%
EtOAc ~ 85% petroleum ether-15% EtOAc) to give 69 as a light yellow oil (1.1815g, 98%
yield based on 68) a/~ ratio, 11:1 (HPLC). For 69a: [aJo +26.8 (c 1.0, CHCI3) .

F. NPG Coupling with NIS-Stoichiometrlc Et3SiOTf [25]

To the sugar alcohol 74 (576 mg, 1.03 mmol), flame-dried 4-A molecular sieves (2 g) and
IDCP (773 mg, 1.65 mmol) was added a solution of the NPG 73 (762 mg, 1.25 mmol) in dry
EtzO-CHzClz (37.5 mL, 4:1). The mixture was stirred under argon in the dark at room
temperatu~e.After 10 h, 10% aqueous NazSz03 (10 mL) was added, the mixture was filtered,
and the 4-A molecular sieves were washed with CHCI 3 (100 mL). The combined filtrate and
washings were washed with cold (O°C) 1% aqueous HCI solution (IOOmL),and the aqueous
phase was extracted with CHCI 3 (3 x 100 ml.). The combined organic extracts were washed
with cold (O°C) 10% aqueous NaHC03 (100 mL), dried, and the solvent was removed under
reduced pressure. Flash column chromatography (light petroleum ether-EtOAc, 9:1 then
4:1) of the residue gave slightly impure 75 (808 mg, 73%). Further flash column chroma
tography (CHCI 3, 0.75% EtOH) yielded pure 75 (701 mg, 63%) isolated as an oil: [a]
+69° (c 0.83, CHCI3) . 0

H. Conversion of NPGs into Vicinal Dibromides [6,14]

I. Reductive Debromlnation of Vicinal Dibromides [14,23]

WithZn

To the dibromide 78 (285.6 mg, 0.180 mrnol) in EtOAc (3 mL) and EtOH (20 mL) were
added Zn (60 mg, 0.918 mrnol) and Bu4NI (67 mg, 0.181 mrnol). The mixture was sonicated
[33] for 18 h and then filtered through Celite and evaporated to dryness. The residue was

The pentenyl mannoside 76 (3.90 g, 9.11 mrnol) and Et4NBr (1.47 g, 4.55 mrnol) were
dissolved in CHzClz (20 mL). The mixture was cooled to O°C. Bromine (1.46 g, 9.11 mmol)
was added dropwise while allowing the solution to decolorize between addition of succes
sive drops. When the brown color persisted, the reaction was quenched with 10% Na.S 0 .
The organic phase was dried (NaZS04) and the solvent was removed by rotary evaporation.
The residue was purified by column chromatography on silica gel (15% ~ 30%, EtOAc
light petroleum) affording 77, 4.37 g (82%): Rf 0.16 (30%, EtOAc-light petroleum), [ala
+21.4° (c 1.0, CHCI3) .

BnO OBn OAcCI ~OBn"l\' --~ _<OAc HO 0 NIS/Et,SiOTI

Bn~O;':oS:'Jq + BnO BnO OBn CH,CI" rt...

AcNH n I,~ N,o~I"""-OBn 15min.66%
70 OJ ~O~OBn

71

BnO~OBn OAcCI

~
AC

o '0
BnO 0 OBn

AcNH BnO ~~

7 2 ~no~ BnO OBn
N'o~I"""-OBn
~O~OBn

To a solution of 70 (824 mg, 0.886 mmol) and 71 (1.03 g, 1.09 mrnol) in CHzClz (11 mL)
were added powdered NIS (240 mg, 1.07 mmol) and Et3SiOTf (280 ILL, 1.24 mmol) and the
mixture was stirred at room temperature for 15 min before quenching with ESN. The
solution was diluted with CHzClz (50 mL) and washed successively with 10% aqueous
NazS 0 (50 mL) and saturated aqueous NaHC03 (50 ml.). The dried crude product was
concentrated and flash chromatographed (3:2 petroleum ether-EtOAc) to give 1.05 g (66%
based on 70) of 72 and 465 mg of triethylsilylated 71 [32J which, by treatment with Bu4NF

in THF, was converted into 380 mg of recovered 71. For 72: R f 0.53, [ala +55.6°
(c 1.1, CHCI3) ·

~
O~~n

BnO -0
HO 76 OJ

Br" Et.NBr ..

CH,CI"O"C

82%

~(~:;
Bnoo~ BrBr

HO 77 O~
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purified by flash chromatography (3:7 EtOAc-petroleum ether) to afford 79 (231.7 mg,

95%): [a]D +21.2° (c 1.1, CHCI3) ·

With Nal
The starting material (0.081 mmol) was dissolved in methyl ethyl ketone (10 ml.), and
sodium iodide (20 eq) was added. The reaction mixture was heated to reflux for 4 h, and was
then taken up in EtOAc and washed with 10% sodium thiosulfate. Th~ organic phase was
dried over NazS04' and the solvent was removed by rotary evaporation.

With s-a,
The starting material (0.14 mmol) was dissolved in degassed, distilled ~HF (5 mL) un~er
argon and samarium diiodide (0.1 Min THF, 4 mL) was added by synnge. The ~eactlOn
mixture was stirred for 1h at room temperature, making sure that the blue color persisted for
at least 30 min. If it did not, more Sml, solution was added to assure complete reaction. The
mixture was filtered to remove solids and the solvent was removed by rotary evaporation.
The residue was taken up in CHzClz, washed with water, and the organic phase was dried
over NazS04' and the solvent removed by rotary evaporation.

B, Nal RO

RO~B' MEK ~

..
AgOTf, CH,Cl" ·40 °C

30 min., 89%

Bno~i~o
Bno~

82 O~

~
O~z

BnO -0
NIS/Et,SiOTf BnO OBn

CH,CI"rt... ~
10 min. 78% B 0 0'0n Br B,

ano ~

85 00

~
O~~~MS

BnO -
Bn

81 B'

~
O~:~MS

BnO -o
BnO OBn

BnO- 0:
Bn~~

83 O~

B', ..
CH,C~, DOC

AC~O0~\0~ +

BnO -0 a
BnO

84

TBDMS~O?~<J
BnO r-o a

BnO
80

L. Preparation of Glycoproteins [19,28]

To a solution of 86 (1.25 g, 1.65 mmol) in dry acetonitrile (30 mL) were added the aspartic
acid derivative 87 (652 mg, 1.83 mmol) and N-bromosuccinimide (444 mg, 2.50 mmol).
The mixture was stirred in the dark at room temperature under argon. After 1 h, aqueous
NaZSZ03 (10 ml.) was added, the bulk of organic solvent was evaporated under reduced
pressure, and the residue was partitioned between water (100 mL) and chloroform (100
ml.). The aqueous layer was extracted with chloroform (3 x 100 mL). The combined
organic layers were washed with water (2 x 75 mL) and dried, and the solvent was removed
under reduced pressure. Flash column chromatography (light petroleum-ethyl acetate, 4:1)

The alcohol 68 (2.70 g, 4.15 mmol) was dissolved in CHzClz (10 ml.). NIS (943 mg, 5.39
mmol) and the orthoester 84 (3.10 g, 5.39 mmol) in CHzClz (10 mL) were added, respec
tively. After 5 min a catalytic amount of ESSiOTf (120 fLL, 0.530 mmol) was added by
syringe. The reaction mixture was stirred for 10min, diluted with CHzClz, washed with 10%
aqueous NazSZ03 and saturated aqueous NaHC03, dried, concentrated, and flash chroma
tographed (3:1 petroleum ether-EtOAc) to afford 3.61 g (78%) of 85: Rf 0.53, [a]
+11.30 (c 1.1, CHCI3) . D

K. Coupling of n-PentenyI1,2-0rthoesters with NIS/Et3SiOTf [12]

TLC indicated complete consumption of alcohol 82. The reaction was quenched by
vigorous stirring with saturated aqueous NaHC03, diluted with CHzClz, and then filtered
through Celite. The organic solution was washed with brine, dried, and concentrated. Flash
chromatography (4:I petroleum ether-EtOAc) afforded 10.81g (89%) of 83: R, 0.63, [a1
+7.9° (c 1.1, CHCI3) . D

OBn

~
AC

Bn - 0

Bn OBn

BnO G~-
Bn~OBn
BnO~ 0:~
Bn~79 OJ

RO~

Zn, Bu,Nt ...
EtOH, rt, 18 h

95%

B'
RO~B'

~
O~;c

BnO -0

BnO ~OBn
o

BnO -0
BnO OBn

BnO - G.~- B, B'

Bn~~
78 OJ

J. Conversion of n-PentenyI1,2-0rthoesters into Glycosyl Bromides
and Coupling by the Koenigs-Knorr Procedure [12]

To the orthoester 80 (lOA g, 13.5 mmol, 2.52 Eq.) was added dry CHzClz(20 mL) and, after
the solution cooled to O°C,dropwise addition of 2.5 M Br, in CHzClz was carried out until a
faint yellow color persisted. TLC (4:1, petroleum ether-EtOAc) indicated the consumption
of the starting material iR, 0.6) and a new product, presumed to be 81 (Rr O.7) wa~ formed.
The orange solution was then concentrated under reduced pressure, and the resulting syrup
was dried for 10 min in vacuo. In the meantime the alcohol 82 (4.66 g, 8.98 mmol, I Eq.),
dissolved in 10 mL of CHzClz, was transferred to a slurry of ~gOTf (3.93 g, 15.29 ~ol,
1.7 Eq.) in t5 mL of CHzClz containing 2.0 g of powdered, activated 4-A molecular sieves
and stirred for 5 min at -60°C. A solution of 81 in 9 mL of CHzClz was then added
dropwise to the slurry under argon, and the temperature was raised to -40°C. After 10min,
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\. INTRODUCTION

Sialic acid-containing glycoconjugates, such as gangliosides and sialoglycoproteins, have
been recognized to play important roles in many biological processes [1-5]. Sialyl
oligosaccharide chains of these glycoconjugates are exposed as ligands to the external
environment, capable of expressing various biological functions, not only serving as
receptors for hormones, viruses and bacterial toxins, but also as mediators in cell differen
tiation, proliferation, oncogenesis, immunity, and so on. For example, specific recognitions
of sialyl-oligosaccharides are involved in the initial step of invasion of a mammalian cell by
influenza virus [6] or Trypanosoma cruzi [7]. The sialy1 Lewis X carbohydrate epitope,
found on neutrophils, monocytes, and tumor cells, has been identified [8-10] as the ligand
for selectins, a family of cell adhesion receptors that are implicated in the leukocyte traffic
or extravasation to sites of inflammation, platelet adhesion, and probably tumor metastasis
[11]. Various biological functions of oligo- and polysialyl glycoconjugates, such as gan
glioside GQlb [12] and polysialoglycoproteins [13,14], have also been demonstrated.

The most representative sialic acid, N-acetylneuraminic acid (Neu5Ac, 1; Fig.!) is
usually attached to 0-3 or 0-6 of galactose, or 0-6 of N-acetylgalactosamine with an
0'(2-73)- or 0'(2-76)-linkage, and to 0-8 of another Neu5Ac with an 0'(2-78)-linkage,
giving diverse structures and functions. Therefore, the systematic understanding of
structure-function relations of sialyl-oligosaccharides at the molecular level necessitates
an efficient method for regio- and o-stcreoselcctive glycoside synthesis of sialic acids.

Since 1965, a number of attempts for obtaining sialyl glycosides have been achieved
[15,16],mainly by the classic Koenigs-Knorr method using N-acetylneuraminyl halides 2 as
glycosyl donors. However, the yield and stereoselectivity of the glycosides with sugar

~~
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Figure 1

acceptors were generally poor. As critical problems, there are several disadvantages for the
stereoselective synthesis of o-sialyl glycosides. First, the anomeric position (C-2) of
Neu5Ac is not only sterically hindered, but is also electronically disfavored by the carbox
ylic aci~ ~unc~ion. Second, the lack of a substituent at C-3 precludes the suitable neighbor
mg parncipation leading to o-glycoside, Third, the thermodynamically favored product is
13.-glyco~ide. These combined factors disfavor the desired o-glycoside formation, espe
cially with secondary sugar hydroxyls. Particularly annoying is the competitive elimination
owing to the deoxy center at C-3, giving the 2,3-dehydro derivative 8 as the major by
product.

The use of 2-halo-3-I3-substituted neuraminyl derivatives 3 is an efficient approach
for overcoming these difficulties [17,18] and, in fact, many attempts have been reported
[15,191. However, additional multiple steps for preparation of glycosyl donor and removal
of the ~-3 sUb~tituent to arrive at the desired products are required, even though improve
ments In the yield and stereospecificity of the glycosides are achieved.

We have developed [20,21] a stereoselective synthesis of a variety of S-glycosides of
Neu5Ac by use of sodium salt of methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy_
2-thio-o-glycera-0'-o-galacto-2-nonulopyranosonate 4 and the l3-anomer, from which the
methyl 0'-2-thioglycoside of Neu5Ac 5 was readily prepared [22]. Thioglycosides are
stable in many organic operations, and capable of specific activations by suitable thiophilic
promoters in very mild conditions, being widely used in O-glycoside syntheses [23].

Our. prelimi~ary at.tempts [22,24] by use of 5 as a glycosyl donor and dimethyl
(methylthiojsulfonium tnflate (DMTST) [25] as the promoter, with various alcohols and
sugar acceptors, indicated that the glycosylation in acetonitrile afforded predominantly
a-gly~osides. Also, the use of lightly protected sugar acceptors (e.g., 14, 16, or 18 in Fig. 2),
in which several OH groups are unprotected, efficiently gave the desired sialyl-0'(2-73)
and sialyl-0'(2-76)-sugar derivatives (e.g., 20, 22, or 24). This method was successfully
extended [26,27] towards systematic ganglioside syntheses as described later. On the other
hand, a similar glycosylation of 5 using benzeneselenenyl triflate as a promoter in dichloro
ethane re~ulted in the predominant production of l3-glycosides [28]. Given these prelimi
nary findings, several new attempts were made employing Neu5Ac glycosyl xanthates 6
[29,30] or glycosyl phosphites 7 [31,32] as alternative glycosyl donors in acetonitrile
medium.

In the following section, our recent development of the regio- and O'-stereoselective
sialyl glycoside syntheses using thioglycosides of sialic acids in acetonitrile is described.

II. REGIO- AND a-STEREOSELECTIVE SIALYL GLYCOSIDE
SYNTHESES USING THIOGLYCOSIDES OF SIALIC ACIDS IN
ACETONITRILE

A. Monosialyl Glycoside Synthesis

Facile and highly regio- and O'-stereoselective sialyl glycoside syntheses have been
achieved by using, as glycerol donors, the 2-thioglycosides (11-13) of Neu5Ac or
3-deoxy-,:-glycero-o-galacto-2-nonulosonic acid (KDN), in which the acetamido group of
Neu?Ac IS r~placed by a hydrox'yl; and, as glycerol acceptors, the suitably protected
2-~tn~e.thylsllyl)ethyl (SE) glycosides (14-19) of o-galactose or lactose, in the presence of
thiophilic promoters, such as DMTST or N-iodosuccinimide-trifluoromethanesulfonic acid
(NISfffOH) [33,34] in acetonitrile (see Fig. 2).
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Table 1 DMTST' and NISfffOHb Promoted Sialylation of Primary and
Secondary Sugar Hydroxyls Using Methyl or Phenyl 2-Thioglycoside of Neu5Ac

Isolated yield (%)

Entry Acceptor Donor Promoter Solvent Product ct J3

1 14 II DMTST MeCN 20 52 0
2 14 II NIS MeCN 20 61 0
3 14 12 NIS MeCN 20 70 0
4 15 12 NIS MeCN 21 70 0
5 18 II DMTST MeCN 24 47 0
6 18 12 NIS MeCN 24 55 0
7 16 II DMTST MeCN 22 70 0
8 16 II NIS MeCN 22 59 0
9 16 II NIS CH2CI2 22 49 25

10 17 11 DMTST MeCN 23 50 15
11 17 II NIS MeCN 23 51 26
12 17 12 NIS MeCN 23 50 25
13 I7 11 NIS CH2CI2 23 43 50
14' 17 11 NIS CH2CI2 23 32 50
15 19 11 DNTST MeCN 25 30 8
16 19 11 NIS MeCN 25 59 10
17 19 12 NIS MeCN 25 58 11

aReactions were performed at -15°C.
bReactions were performedat -35°C.
'Reactions were performedat - 20°C.

In the initial studies, as briefly described earlier, the methyl a-2-thioglycoside of
Neu5Ac 5 [22,24], or the -1:1 anomeric mixture 11 [26,27], which can be almost quan
titatively prepared from 9 in one step, was coupled with lightly protected sugar acceptors
such as 14, 16, and 18 in the presence of DMTST in acetonitrile to give exclusively the sialyl
a(2~3)- or sialyl a(2~6)-D-galactose or lactose derivatives (20, 22, and 24) in 50-70%
yields even in large-scale reactions [26].

Iodonium ion-promoted glycosylation [33,34] is another attractive approach for
oligosaccharide synthesis. We have applied this approach to the glycosylations involving
2-thioglycosides (11 and 12) of Neu5Ac and reported [27,35,36] the comparative reac
tivities of DMTST and NIS-TfOH in acetonitrile or dichloromethane. The results are
partly summarized in Table I. Notably, with both DMTST and NIS-TfOH in acetonitrile,
the 0-3 of galactose in 14, IS, and 18 was regioselectively sialylated exclusively in
a-configuration, giving 20, 21, and 24 in 47-70% yields (see Table 1 entries 1-6), whereas
the penta-O-benzyllactose acceptor 19 afforded an anomeric mixture (all) 4:1 - 6:1) (see
Table 1entries 15-17). The yields with NIS-TfOH are relatively higher than with DMTST.
A hindered primary hydroxyl, 0-6 of 16, was also exclusively o-sialylated in acetronitrile,
whereas an anomeric mixture was produced with a less-hindered primary hydroxyl, 0-6
of 17 (see Table I, entries 10-12).

Generally, glycosylation with reactive primary hydroxyls (0-6 of glucose, glu
cosamine, and galactosamine derivatives) have resulted in anomeric mixtures (u113 4:1 
5:1, data not shown) [37] when compared with those with secondary hydroxyls, which is

25

16 R = Bz
17 R = Bn

Ht~~
R~SE

19

7ift;~
n

H SE

H Bn Bn Bn

AC~C: COzMe
Ac()oo-

AcH Ac ~

R SE
H

22 R =Bz
23 R = Bn

24

20 R1 =H, R2 = Bz
21 R1,2 = Bn

14 R1 =H, R2 =Bz
15 R1.2 = Bn

9 R=NHAc
(10 R = OAc)

7i1t~
Z

H SE

H Bz H Bz

18

AC~C COMe~ k z

~
ZMe ~z Aco- OB~Bn

Ac oJi!! AcHN 71$ SE~ ~ k ~
Ac H Bz Bz H OBn Bn

AC~ AC~~C SR'
C OAc one step Ac()oo-

~ ~ ~~
COzMe Ac z

Ac
11 R = NHAc, R' = Me
12 R=NHAc,R'=Ph
(13 R = OAc, R' =Ph)

Figure 2 An efficient regio- and ct-stereoselective synthesis of mono-sialyl glycosides. (SE =
-CH2CH2SiMe3·)
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apparently due to the differences in nucleophilicity. Thus, the reactivity of acceptor

nucleophiles strongly affect the stereoselectivity.

On the other hand, the reactions in dichloromethane (see Table 1entries 9, 13,and 14)

were of poor stereoselectivity, although the overall yield was high. Furthermore, the

formation of I)-glycoside increased with rise of reaction temperature (see Table 1,entry 14).

The use of a KDN glycosyl donor 13 that is prepared by treatment [38J oflO with thiophenol

and BF3 etherate in dichloromethane, has also given results similar to those described for

Neu5Ac [39].
This versatile method, designed for the regio- and o-stereoselective sialyl glycoside

synthesis, has been further developed to the oligosialyl glycoside synthesis.

28 (dimeric)
29 (trimeric)

Ac

30 R ~ Bz
31 R ~ Bn

B. Oligosialyl Glycoside Synthesis

Oligo- and polysialyl glycosides are common in nature, having a(2--78) glycosidic linkage

between two sialyl residues. An efficient method for obtaining oligosialyl glycosides is the

use of dimeric or trimeric Neu5Ac glycosyl donor, which can be readily prepared from

naturally available colominic acid [40J.

The lactonized phenyl 2-thioglycosides of dimeric (26) [41J and trimeric (27) [42]

sialic acids, which were prepared from the corresponding oligosialic acids according to the

procedure employed for the rnonosialyl derivatives, were each coupled with the suitably

protected sugar acceptors (14, 16, 17, and 19) by use of NIS-TfOH as a promoter in

acetonitrile, as just described for the rnonosialyl glycoside synthesis (Fig. 3).

As summarized in Table 2, the regio- and stereoselectivity of the products appears to

be comparable with that obtained for monosialylation (see Table I). The moderate yields

(30-48%) of the desired o-glycosides are quite appreciable, considering the bulkiness

of the donor and the steric hindrance on the glycosylation site.

C. Reaction Mechanism

A possible reaction mechanism is shown in Fig. 4. When the glycosyl donors (11, 13, 26, or

27) are specifically activated by the thiophilic promoter (DMTST or NIS-TfOH) at low

temperature, the cyclic oxocarbenium ion (e), necessary for almost all known glycosylation

reactions, is formed by the initially produced intermediates (a) or (b), and, subsequently,

reacts with acetonitrile to generate the I)-acetonitrilium ion (d), which then undergoes SN2

displacement at the anomeric center by sugar-nucleophiles to give predominantly «-glyco

sides. However, the conformational preference of the positively charged 13-acetonitrilium

ion (d) of Neu5Ac has been claimed to be shifted toward the equatorial conformer (e),

based on a concept of so-called reverse anomeric effect.

On the other hand, it has been demonstrated that the o-c-glucopyranosyl aceto

nitrilium ions are stereospecifically generated from the corresponding oxocarbenium ions

in dry acetonitrile [43-45]. These results indicate that the acetonitrilium ions are axially

oriented by an anomeric effect. Recently, it has been concluded from the conformational

analyses of glucopyranosyl-ammonium and glucopyranosyl-imidazolium derivatives that

the reverse anomeric effect does not exist [46,47J.

Therefore, it seems most plausible that the stereospecific generation of the I)-aceto

nitrilium ion (d) of Neu5Ac from the oxocarbenium ion (e) holds the key of the a-prepon

derant formation of sialyl glycosides in acetonitrile. Thus, the reactive nucleophiles, such

as OH-6 of 17 have a chance to attack on other intermediates (a) - (e) before the complete

/ 16.17

SPh

27

5'do~2MeOsn4n
Sn SE

HO Sn Sn

32 (dimeric)
33 (trimeric)

Figure 3 A ffici .
n e cient regro and a-stereoselective synthesis of oligo-sialyl glycosides.
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M\~SMe

f~_
(a)

DMTST /

AC~C/'i SR'

Ac j

R Ac C02Me

Isolated yield (%)

Entry Acceptor Donor Product a ~

I 14 26 28 43 0

2 14 27 29 30 0

3 19 26 32 31 0

4 19 27 33 49 0

5 16 26 30 33 10

6 17 26 31 48 16

'Reactions were performed at - 35°C.

Table 2 NIS-TfOl-l-Promoted Oligo-sialylation' of

Sugar Acceptors by Phenyl 2-thioglycosides of Dimeric

and Trimeric Neu5Ac in Acetonitrile

a. - glycoside

Figure 4 Re r hani
acetonitrile. ac IOnmec anrsm suggested for a-predominant glycoside synthesis of sialic acids in

(c)

(e)

/
11 - 13 (R' = Me, Ph)

or
26, 27

generation of (d) to give an anomeric mixture. In the chlorinated solvent, however,

nucleophiles react only with (a) - (c) to afford substantial amounts of the (j-glycosides

nonstereoselectively.
This reaction mechanism could be applicable to the method employing xanthate (6)

or phosphite (7) as the glycosyl donor in acetonitrile medium.

III. APPLICATIONS TO SYSTEMATIC SYNTHESIS OF

GANGLIOSIDES AND SIALYLOLIGOSACCHARIDES

A. Sialyl Galactose Donors as Building Blocks

The highly efficient method for o-sialyl glycoside synthesis just described has been further

extended to the systematic synthesis of gangliosides and their analogues by using the

monosialyl- and oligosialyl-galactose donors (34-36) as the building blocks. The highly

structural diversity of oligosaccharide chains in complex native gangliosides necessitates

an efficient procedure for introducing the sialyl-galactose segments into the sugar chains in

a tailor-made manner. Because our approach involves the use of 2-(trimethylsilyl)ethyl

(SE) group protection [48] at the reducing end, the channel of reaction scheme for

preparing a variety of sialyl-oligosaccharides and their conjugates is the selective anomeric

transformations into further glycosyl donors.

The selected sialyl galactose derivatives (20, 23, and 28) were readily converted by

(1)benzoylation of the remaining hydroxyls, (2) selective transformation of the OSE group

at the reducing end into the corresponding l3-acetate, and finally (3) introduction of the

methylthio (SMe) group (Fig. 5). The use of these glycosyl donors already holding the

sialyl-lX(2---?3)- or sialyl-lX(2---?6)-linkage excludes any possibility of the (j-sialyl glycoside

formation as far as the anomerization does not take place.

B. Applications

The facile and highly versatile approach, combining the selective glycosyl donors, such as

11-13, 26, 27, and 34-36, with the suitably protected mono- and oligosaccharides as

glycosyl acceptors, has been extensively applied to the synthesis of numerous gangliosides,

sialyl-oligosaccharides, and their derivatives and al .
functions [36,49]. an ogues to elucidate their biological

Gangliosides GM [50] GM [35 51] GD [4 .
synthesized directly fro~ 20 22 324 ' d' 32 3 1],~d their analogues [35] have been

, , , an , respectIVely as sh . F 6
gangliosides GM4 and GM3 were obtained from the KDN- (2 3) own

al
III ig. . KDN

lX ---? -D-g actose or -lactose
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Figure 6 A synthetic route to ganglioside OM
3

.

2) NaOMe/MeOH,

then HzO
quant,

------------. Ganglioside GM) and its analogs

galactose donor corresponding to 34. Recent reports [e.g. 78-82] have also demonstrated

that the use of thioglycosides of sialic acid as glycosyl donors in acetonitrile medium
hi W ffici was

ig y e ctent for the synthesis of o-sialyl glycosides.

As the a~pli~ation of our approach, a total synthesis of sialyl dimeric Lewis> (sialyl

SSEA-I) ganglioside has successfully been achieved [83], as shown in Figures 7 and 8.

derivative that corresponds to 20 or 24 [39]. Further glycosylations of 25a and 32 with

galactosamine, then with galactose, sialyl-a(2~3)-galactose (34) or disialyl-a(2~3)

galactose donor (35) gave a ganglio series: gang1iosides GM2 [52], GMlb [53], GMI [54],

and GDI• [55], GDz [56], GDlb [57], GT[b [57]. The first total synthesis o~ ganglioside

GQlb' which is one of the most complex gangliosides, has recentl.ybeen a~hl~ved [57,58]

by use of two disialyl-a(2~3)-galactose donors (35). The n-sertes gangliosides such as

on., [59], GM1a [60], and GQ1ba [61], have also been succes~fully s~nthesized by a

combination of the selective glycosyl donors. The tumor-associated, sialyl lacto- and

neolacto-tetraosyl ceramides [62-64], sialyl-Lewis X [65-67], sialyl-Lewis A [68], and

their various analogues and derivatives [36,69,70], have been successfully employed for

the biological investigations related to influenza virus [6,71], tumor antigens [11], and

especially to selectin binding [10, 72-76]. The KDN~lacto- and neolacto-tetraosyl cera

mides, and KDN-Lewis X ganglioside were also synthesized [77]by use of KDN-a(2~3)-D-
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Figure 7 Regioselective glycosylation of 38 with 2,3,4-tri-0-b
pyranosyl bromide (37) and the following 3-0 f enzoy~-6-0-benzyl-a-D-galacto-
(LeX) trisaccharide donor 41, which was then co -~-~- ~~~Ylat.lOn of 3? gave the Lewis
tri-0-benz~H~-D-galactopyranOSYI)-(1~4)-2,3~tt~-;~ben -(~~ethYISJlYI)ethyl ?-(2,4,6
The resulting pentasaccharide 42 was further I zyl ~ n-glycopyranoside [63].g ycosylated With the suitably protected
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glucosamine residue, regio- and l3-stereoselectively, to give 43 (see Fig. 8). The use. of
sialyl-a(2-3)-galactose derivative 34 as the next glycosyl donor afforded octasacch~de

44 from which sialyl dimeric LeX nonasaccharide 45 was prepared by the final fucosylation
with 40. The anomeric transformation of 45 was achieved according to the procedure
shown in Fig. 6 to afford the target ganglioside.

The experimental procedures for the selected sialyl-oligosaccharide syntheses are
described in the following section.

solids were washed thoroughly with CH2CI2, and the combined filtrate and washings was
concentrated. The residue was taken up into CH

2CI2
, and successively washed with l-M

aqueous Na2S 203, saturated aqueous NaHC03 and water, dried (NazS04)' and concen
trated. Column chromatography (EtOAc-hexane, 1:1) of the residue on silica gel yielded
amorphous 20 a (6.0 g, 70%): [a]D -6.0° (c 2.0, CHCI

3
) .

C Sialylation of Penta-D-benzyl-Iactose Acceptor [27,52]

NIS /TfOH
MeCN, -35°C

70%

II or 12

19

OBn ~nQ

H~Bn~OSE
HO OBn OBn

AC~AC
CO,Me OBn~OBn

Accr ~
AcH 0 BnG- OSE

AcO
Ho OBn OBn22u (u only)

11

DMTST
MeCN ,-15 °C

70%16

Hi \o~o
~OSE

Bz OH

IV. EXPERIMENTAL PROCEDURES

A. Sialylation of 3-D-Benzoyl-galactose Acceptor [24,26]

Z~Mhe
AcO

OSE
Bz

OH

B. Sialylation of 6-D-Benzoyl-galactose Acceptor [27,36]

To a solution of 12 (10.7 g, 18.3 mmol) and 1~ (3.84 g, 10 mmol! in dry MeC~ (50 mL) ~nd
CR Cl (5 mL) was added powdered MS-3 A (20 g), and the mixture was stirred overnight
at r~o~ temperature, then cooled to -35°C. N-Iodosuccinimide (NIS; 8.28 g, 36.8 m~ol)
and trifluoromethanesulfonic acid (TfOR; 540 m~, .3.6 mmol) ":,,ere added to the stlr:;ed

. t 35°C under N atmosphere and the stiffing was continued for 2.5 hat - 35 C.muturea- 2' .
The resulting dark brown suspension was neutralized with triethylannne and filtered. The

To a solution of 16 (1.0 g, 2.6 mrnol) and 11 (2;7 g, 5.2 mmol) i.ndry MeCr-: (20 mL) was
added powdered 3-A molecular sieves (MS-3 A; 3g), and the mixture was stirred for 6 h at
room temperature, then cooled to ~30°C. A mixture (6.5 g, 62% DMTST by ~e.lght) of
DMTST (3.0 Eq. relative to the donor) and MS-3 A (3 g) was added, and stlmn.g was
continued for 17 h at -15°C. Methanol (I mL) was added to the mixture, and It was
neutralized with triethylamine. The solids were filtered off and washed t~oroughly WIth
CH2CI2, and the combined filtrate and washin~s was concentrated. The residue was t~en

. to CH Cl and successively washed with I-M aqueous Na2C03 and water, dnedup m 2 2' id
(NazS04)' and ~oncentrated. Column chromatography (EtOAc-h:xane, 1:1)of the rest ue
on silica gel afforded amorphous 22a (1.56 g, 70%): [a]D -6.4 (c 0.4, CHCI3) .

46
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o
c HO OBz z

Me OBn M C
eN, -35 C Me OBn

BnO OBn 58 % OBn
(regioselective) BnO

25(u'I3,6:1)

To a solution ofl9 (1.0 g; 1.25 mrnol) and 11(1.42 g, 2.49 mrnol) in dry MeCN (10 ml.) was
added powdered MS-3 A (3.0 g), and the mixture was stirred for 5 h at room temperature,
then cooled to - 35°C. To the cooled mixture were added, with stirring, NIS (1.12 g, 4.98
mmol) and TfOH (44 fLL, 0.50 mmol), and the reaction was continued for 2 h at -350C.
The workup as described for 20a (see experiment B) and column chromatography
(toluene-MeOH, 50:1) on silica gel gave the a-glycoside 25a (980 mg, 59%), [a]D +4.20
(c 0.9, CHCI3) and the l3-glycoside 2513 (166 mg, 10%): [a]o +2° (c 1.0, CHCI

3
) , as

amorphous masses.

When the sialylation of 19 (1.20 g, 1.34 mmol) was performed with 12 (1.19 g, 2.01
mmol) in dry MeCN (20 mL) in the presence of NIS (695 mg, 3.09 mmol) and TfOH
(48 ILL, 0.54 mmol) for 6 h at -35°C, as just described, the a-glycoside 25a (1.10 g, 60%)
and the l3-glycoslde 2513 (199 mg, 11%) were obtained.

D. Sialylation of Lewis X-Relevant Trisaccharide [84]

47 (a only)

To a solution of46 (500 mg,.o.43 mmol) and 12 (420mg, O.72mmol) in 5 mL of dry MeCN
was added powdered MS-3 A (3 g), and the mixture was stirred for 5 h at room temperature,

AcO OAc-t: ?O,Me OH

Ac~o-z::::!rOSE
AcH AcO ur-~~~

HO OBz

20a (u only)

NIS /TfOH
MeCN I CH2CI2

-35°C
70%

12

14

H? \O~~
~OSE

H OH
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then cooled to - 35°C. NIS (562 mg, 2.5 mmol) and TfOH (64 fLL, 0.73 mmol) were added

to the stirred mixture at - 35°C, and the stirring was continued overnight at - 35°C. The

resulting reaction mixture was worked up as described previously. Column chromatogra

phy (toluene-MeOH, 50:1) on silica gel gave 47 (410 mg, 58%) as an amorphous mass:

[a]o -9.0° (c 1.8, CHCI 3).

E. Synthesis of Sialyl Lacto- and Neolactotetraose Derivatives [68]

OB.n ~OBn

7ifj[ 0 °° BnO OSE

I~ OBn OBn

°n.:-_o- °'1--0 OB~

51

26

NlS /TfOR
MeCN, -25°C

50%

..

OBn

AcoOAc

~
02Me 1 OBn B~noOBn OBn

Ac ~OBZ __~\=o !!nO~OSE

AcH A ° ?~ ~_-:(j
c SzO OBz ./ NHAc OBn OBn

~\o~~ Bn~Q OBn

••~~~OSE
NHAc OBn OBn

48

34

MSB/ AgOTf
CH2Cl2 ' -15°C

81 %

°2M e 0 OB
AcO" Bn ~n

AcH ~oAcO 0 BnO OSE

~ OBn OB.n:::_o' 0 n

)<0 OB~
S2 (a only)

54

To a solution of 53 (500 mg, 0.25 mmol) and 35 (500 m 038 .

was added MS-4 A(1.9 g), and the mixture was stirr dgi '5 hmmol) In CH2CI2 (9.6 mL)

c~o~ed to O°C. To the cooled mixture was added D~TS~r 200 at room temperature, then

stirrmg was continued for 2 days at 00C The lid fi ( mg, 0.76 mmol), and the

NazC03 and water, dried (NazS0 4)' and·conc::tra:e;.e~OI~::d~ff, and washed with I M

MeOH, 20:1) of the residue on silica gel afforded 54 (430 c omatography (CH2CI2

[a]o -17° (c 0.9, CHCI
3).

mg, 52%) as an amorphous mass:

35

DMTST/MS4A

CH2CI2.0°C
52 %

(regioselective)

AcO'" °2Me

AcH ~n~'Q
02Me AcO 0 Bn~OSE

~~ OBn OBn

BzO OBz HO OBn

Aco"... °2Me

AeH A ~~?>

1i!T
A~~B~ ~~OOE

HO 0 OBn

o
Ho OBn

A

53

Synthesis of Ganglioside GQ1b Oligosaccharide [57,58]

A OAe

G.

F. Synthesis of Ganglioside GD2 Oligosaccharide [56]

To a solution of 51 (1.0 g, 0.82 mmol) and 26 (1.5 g, 1.6 mmol) in dry MeCN (5 mL) was

added MS-3 A (1.1 g), and the mixture was stirred for 5 h at room temperature, then cooled

to -25°C. To the cooled mixture were added NIS (750 mg, 3.3 mmol) and TfOH (30 fLL,

0.34 mmol), and stirring was continued for 24 h at -25°C. The solids were filtered off, and

washed with CHzCI2. The combination of filtrate and washings was successively washed

with 1 M NazC03 and 1 M NazSP3' dried (NazS04)' and concentrated. Column chroma

tography (CH2CI2-MeOH, 80:1) of the residue on silica gel gave 52 (835 mg, 50%) as an

amorphous mass: [a]o -31° (c 0.7, CHCI 3)

49 P(l43),45%

50 P(l44),36%

To a solution of 48 (1.34 g, 1.05 mmol) and 34 (1.36 g, 1.37 mmol) in dry CHzCl2 (36 ml.)

were added powdered MS-4 A (6.0g), and the mixture was stirred for 8 h at room

temperature. Silver trifluoromethanesulfonate (539 mg, 2.10 mmol) was added to the

mixture, which was then cooled to -15°C. Methyl sulfenyl bromide (MSB) solution [85]

(2.2 mL, 2.20 mmol) was injected in two equal portions at an interval of 30 min, and the

mixture was stirred for 24 h at -15°C. Methanol (1 mL) and triethylamine (0.5 mL) were

added to the mixture, and the precipitates were removed by filtration and washed with

CH2CI2. The combination of filtrate and washings was washed with water, dried (NazSO4)'

and concentrated. Column chromatography of the residue on silica gel was performed using

(a) 6:1 and (b) 4:1 CHzClz~acetone as the eluants. Eluant (a) gave the ~(143)-linked

product 49 (1.06 g, 45%), and eluant (b) afforded the ~(l44)-linked product 50 (847 mg,

36%) as an amorphous mass, respectively: 49, [a]o + 14° (c 1.23, CHCI 3); 41 [a]o +26° (c

1.38, CHCI3).
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To a solution of U (308 mg, 0.53 mrnol) and 55 (300 mg, 0.26 mmol) in dry MeCN (20 rnL)
was added powdered MS-3 A (1.0 g), and the mixture was stirred for 5 h at room
temperature, then cooled to - 30°C. NIS (240 mg, 1.1 m~ol) and Tf~H (5 ILL, 0.06 mmol)
were added, and stirring was continued for 2 h at - 30 C. The solids wer~ removed by
filtration and washed with CH

2CI2
. The combination of filtrate and washings was sue-

. I h d with 1 M N~-CO and 1 M N~-S 0 dried (N~-S04)' and concentrated.cessive y was e -L 3 -L 2 3' -L

Column chromatography (CH
2
Cl

2-MeOH,
50:1) of the residue on silica gel gave 56

(191 rng, 45%), as amorphous mass: [a]o +14° (c 1.7, CHCI3) ·

34

DMTST/MS4A
CH2Cl2 , 0 °C

85 %

,Me
AcO'" rtfin~BAeH...-...-r-_

AcO 0 BnO OSE

rjf
A OBn OBn

HO 0
o

AeH~ 58
AcO~ C02Me

AcO OAe A
AcO ...l--r- ,..-<!J" n

AeH AeO 02Me

A~e0 Me ~~" AcO ~B~OSE
AcO"" 2 OBZlfAcr<OB~' OBn
AeH ~ 0

AcO ~_O 0

BZO~OBieHO

AeH
AcO C02Me 59
AcO 'OAe

To a solution of 34 (415 mg, OA2 mmol) and 58 (400 mg, 0.17 mrnol) in dry CH2Cl2 (20
rnL) was added MS-4 A(2.0 g), and the mixture was stirred for 5 h at room temperature,
then cooled to O°C. DMTST (200 mg, 0.76 mmol) was added and the stirring was continued
for 2 days at O°c. The workup as described for 22a (see experiment A) and column
chromatography (CHFI2-MeOH, 20:1) on silica gel gave 59 (475 mg, 85%), as an
amorphous mass: [al

D
-7° (c lA, CHCI3) .

J. Synthesis of Ganglioside GQ1bfi Oligosaccharide [61]

A

( (X only)56

NIS /TfOH
MeCN, -30°C

45 %

OBn~OBn

H~ 0o n OSE

A)Z~o 0'. DO.

Ae~
AC~ C02Me

AcO 'OAc

55

OBn~~
~B'-;,~OSE

NHA~loB~ , OBn

'ffitT°

Synthesis of Ganglioside GM2-Relevant Oligosaccharide [61]

12

H.

A mixture of 26 (1.75 g, 1.86 mmol), 56 (1.50 g, 0.93 mrno\), and powdered MS-3 A(4 g)

00· d for 5 h at room temperature, then cooled to -15°C. To the mixture were added
was s e . . . d f
NIS (963 mg, 4.3 mmol) and TfOH (40 ILL, OA5 mmol), and the snrnng was contmue or
2 days at -15°C. The workup as just described for 56, and column chromato~aphy

(
CH Cl -MeOH, 20:1) on silica gel afforded 57 (1.01g, 44%) as an amorphous mass. [a]D

2 2
-14° (c OA, CHCI3)
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From a strictly chemical point of view, the synthesis of glycosides still presents a formi
dable challenge to synthetic chemists in spite of major advances in the area [1]. Unlike
peptidic bonds, the formation of the glycosidic linkage is subject to various factors that
include, among others, electronic, stereoelectronic, conformational, substituent, and reac
tivity effects generally associated with incipient oxocarbenium ions derived from carbo
hydrates.

These factors are mostly concerned with the so-called glycosyl donor molecule.
Additional parameters to be considered in the formation of O-glycosides involve the nature
of the alcohol acceptor, the polarity of the solvent, and the type of catalyst or promoter
needed to activate the leaving group at the anomeric carbon of the donor molecule.

Although some methods for glycoside synthesis are more popular than others (e.g.,
so-called imidate method [2]; see also Chap. 11,and metal ion-promoted reactions [3,4]),
there is no universal protocol that can be applied to any combinations of donors and
acceptors without consideration of their substituent patterns, configurations, or position of
thehydroxy group. The analogy of peptides with oligosaccharides is an appropriate one for
comparison, because only a few amino acid-coupling steps can be considered as being
potentiallyproblematic (e.g., proline). Fortunately, the threat ofracemization, which looms
over the peptidic bond, is absent in the formation of glycosidic linkages. Finally, although

381
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the automated synthesis of polypeptides of impressive molecular weights i~ a routine
operation, thanks to the revolutionary effect of the ~e~fi~ld .solid-.phasetechniques [5,6],
the analogous technique in oligosaccharide synthesis ~s stIll.In a highly ex~loratory sta~e
[7]. Thus, the solid-phase synthesis of a tetrasacchande w~th a predetermIned an?menc
configuration at every glycosidic linkage and attached to a different hy~roxy group In each
acceptor molecule, would be an achievement of. monumental proportions today, and one
with a lasting effect, if only it could be generalized.

6. Iteration and sequential glycosidation in a stepwise manner or by block synthesis
(e.g., disaccharide donor and disaccharide acceptor for tetrasaccharide synthesis)

7. Prospects for solid-phase oligosaccharide synthesis with minimum manipulation
of protective groups or eliminating such a need altogether

8. Special cases (e.g., sialyl glycosides and oligosaccharides; glycosides of macro
lide aglycones)

III. THE REMOTE ACTIVATION CONCEPT

II. THE CHALLENGES OF THE GLYCOSIDIC BOND
\

The venerable and pioneering Fischer glycosidation [8], the first example of a heavy
metal-catalyzed glycosidation reported by Michael [9], as well as recent accomplishments
in the field [I] have relied in major part on the activation of a substituent directly attached
to the anomeric carbon. Thus, protonation of the anomeric hydroxy group in free sugars, as
in a Fischer glycosidation, and the treatment of an O-substituted glycosyl halide with
heavy-metal salts, or a thioether with a cationic specie, a Lewis acid, or a thiophilic reagent,
are examples of direct activation that lead to the dissociation of the anomeric group, with
the concomitant formation of an ion-paired oxocarbenium ion, or a dioxolenium ion if
neighboring group participation is possible. Subsequent attack by the hydroxy group of the
acceptor at the anomeric carbon leads to the intended glycoside.

The well-known effect of C-2 participating (e.g., ester) and nonparticipating (e.g.,
O-benzyl) groups [I] can be used in predicting the sterochemical outcome of the new
glycosidic linkage (e.g., 1,2-trans or 1,2-cisas major or exclusive products).

Nearly 20 years ago, we considered the prospects of designing anomeric leaving
groups that would be adaptable to the synthesis of glycosides without the need for
O-protection in the donor [10]. A successful achievement of such a challenging task was
expected to have several important consequences in the general area of glycoside synthesis.
For example, one could envisage:

I. Glycosidation of simple and complex aglycones without the need for protection
of the hydroxy groups in the donor (e.g., macrolide antibiotics)

2. Iterative assembly of saccharide units
3. Possible extension to solid-phase synthesis of glycosides, avoiding protection

deprotection steps
4. Consideration of newer generations of leaving groups from lessons learned

The design of a prototypical leaving group that would activate the anomeric carbon
atom in an unprotected glycosyl donor presents major challenges and problems, namely:

I. Reactions should be effective with a choice of reagents or catalysts in a relatively
short time period.

2. Glycosyl donors should react only with acceptor hydroxy groups and not with
themselves, thereby avoiding oligomerization.

3. The anomeric configuration of the newly formed bond should be reasonably well
controlled (i.e., major 1,2-cis or 1,2-trans glycosides).

4. The glycosyl donor should be easily accessible.
5. The glycosylation reaction should be fairly general for a variety of alcohol

acceptors.

Interestingly, the original Fischer glycosidation satisfies the first four conditions
admirably well using the simplest of glycosyl donors; namely, the free sugar itself.
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If we take the synthesis of a simple trisaccharide molecule, shown in Scheme 1, as a tar?et,
we can enumerate the choices, challenges and potential problems listed in the following:
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However, it is not applicable when the alcohol cannot be used as the solvent, as in a
cholesteryl a-D-glycopyranoside, for example. In this instance, the alternative glycosyla
tion method with O-benzyl protective groups could be problematic because of the de
benzylation step in the presence of the A-5 double bond in the aglycone.

The first generation of an O-unprotected glycosyl donor that could be activated based
on the remote activation concept was exemplified by 2-pyridylthio f3-D-glucopyranoside
1 [10], which could be easily prepared from "acetobromoglucose" [II]. Treatment of 1
with a variety of alcohols in the presence of mercuric nitrate in acetonitrile solution led,
within afew minutes, to the corresponding O-glycosides, with isolated yields and a/f3 ratios
varying from methanol (70:30, 95%), to 2-propanol (62:38; 77%), and cyclohexanol
(51:49, 75%); Scheme 2. Identical results were obtained when 2-pyrimidinylthio f3-D-
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glucopyranoside [12] was used as a glycosyl donor [10]. The synthesis of disaccharides was
also possible, but the reaction times were longer (1-3 h). Several disaccharides were t~us
prepared from the corresponding 2-pyridylthio glycosides according to the foregomg

protocol [13], .
The conceptual basis for the choice of the leaving group was based on the VarIOUS

modes of activation, shown in Scheme 3. Thus, with the mercuric salt, the sulfur or nitrogen
atoms could be coordinated to generate a reactive 1,2-trans-oriented ion pair or loose
complex, which could undergo an SN2-like attack by the alcohol.. Alternative.mod~s of
activation could involve electrophilic species, such as NBS and pnrnary orgamc halides,
Indeed, treatment of the donor with I-chloropentane and 2-propanol gave, after refluxing
for 18 h, the anomeric 2-propyl D-glucopyranosides in 70% yield. With NBS and methanol,
it was possible to obtain an 80% yield of methyl a-D-glucopyranoside and the f3-anomer

(4:1; see Scheme 3).
Ferrier and co-workers [14] had reported that treatment of phenylthio a-D-gluco-
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faster glycosidations with 2-pyridylthio and related glycosides [10,13] demonstrates the
importance of the pyridyl moiety; hence, our original choice and design of this leaving
group [10].

Several anomeric activation methods, developed in recent years for the glycosylation
of alcohols and sugars with O-protected donors, also take advantage of electrophilic,
thiophilic, or Lewis acidic reagents [I].

In spite of the successful implementation of the concept of remote activation of an
anomeric 2-pyridylthio group, there emerged various issues and questions. The absence of
self-condensation products could be ascribed to the use of excess acceptor in all cases, and
possibly to the coordination of the mercuric salt to the free hydroxy groups of the donor,
thereby diminishing their reactivity. However, the necessity to use an excess of acceptor
(> 5 eq), the formation of anomeric mixtures of glycosides, and the use of a mercuric salt,
limited the generality of this method of glycoside synthesis.

The notion of glycoside synthesis with unprotected glycosyl donors [10] has insti
gated the exploration of some new approaches using the trichloroacetimidate group [15J,
electrochemistry [16J, electron transfer [17], and Lewis acid catalysis [18]. The scope of
applicability of these newer methods remains to be tested.

. ~everal other glycosidation methods can also be considered as proceeding by remote
activation. For example, treatment of O-benzyl glycosyl trichloroacetimidates with
BF3'Etp [2; see also Chap, II], or O-benzyl pentenyl glycosides with NBS [19; see also
Chap. 13] leads to activation at an atom not directly attached to the anomeric center.

O-Glycoside synthesis from 2-pyridylthio glycosides is also possible with O-benzyl
protected donors in the presence of methyl iodide [20], silver triflate [21], or mercuric salts
[10,13,22]. The versatility of this leaving group has also been demonstrated in the synthesis
of C-glycosides [23J.

~erhaps ~he most impressive applications of O-glycosylations with 2-pyridylthio
glycosides are m the area of macrolide antibiotics. Thus, Woodward and co-workers [24J
successfully completed the total synthesis of erythromycin by adopting the remote activa
tion concept in their choice of 2-pyridylthio and 2-pyrimidinylthio glycosyl donors for the
attachment of n-desosamine and L-cladinose units to the aglycone erythronolide A. The
2-pyridylthio donor technology was also successfully used in the glycosylation ofavermec
tin Bl a aglycone [25-28]. More recently, the glycosylation of another macrolide aglycone,
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IV. NEW GENERATIONS OF GLYCOSYL DONORS

ABC

Scheme 4 MOP (A and B) and TOPCAT (C) glycosyl donors.

mycinolide, was accomplished from O-protected glycosyl fluorides in the presence of

C
p2HfCI2-AgCI04 [29].

Further studies aimed at the design of glycosyl-Ieaving groups based on the concept of
remote activation in our laboratories led to novel and versatile donor types. Thu~,. the
continued desire to achieve glycoside synthesis with unprotected donors under conditions
that lead to oligosaccharide synthesis in solution and in solid phase prompted us to study a
series of anomeric heterocyclic-leaving groups. After some exploratory. work, we ~ound
that the 3-methoxy-2-pyridyloxy (MOP) group was an ~xcelle~t l~avlllg group III the

resence of a catalytic quantity of methyl triflate or triflic aCid. III solvents such as
~itromethane, acetonitrile, or DMF [see Chap. 17] (Scheme 4). Simple alcohols, sugar
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I. INTRODUCTION

Over the past two decades, there has been a steady and rapidly escalating interest in the

important roles that carbohydrates play at the molecular level in many biological processes

[1]. Their potential therapeutic value has already been addressed in the context of drug

development [2]. Carbohydrate constituents of glycoconjugates on cell surfaces often act as

elements for signaling, for transport, and for molecular recognition that are critical in

cellular communication. The exciting achievements in the field of glycobiology, and

parallel activities in the areas of antibiotic, antitumor, and antiviral therapies, have her

alded a new carbohydrate-based bioscience that is deemed to be as important as proteins

and nucleic acids. However, compared with peptides and oligonucleotides, which can be

readily produced in an automated manner, complex carbohydrate oligomers are much more

difficult to synthesize because of their multi functionality and stereochemical variations. In

spite of great strides toward the stereocontrolled synthesis of glycosides, much more needs

to be done in this area. Thus, the development of efficient technologies for the construc

tion of simple and complex glycosides remains as a challenging objective for synthetic

chemists today.
The two major problems for the chemical synthesis of oligosaccharides [3; see Chap.

12] are stereoselectivity of glycosidic bond formation, and the need to manipulate the

hydroxy groups in donor and acceptor molecules using protection and deprotection strate

gies. As a result, numerous new glycosylation methods, dealing with different leaving

groups and promoters, as well as protecting groups, have been reported [4]. Generally,

stereocontrolled synthesis of 1,2-trans glycosides can be achieved by neighboring group

participation from the C-2 position of glycosyl donors. The reaction with glycosyl donors

bearing nonparticipating groups gives a mixture of 1,2-cis and 1,2-trans glyeosides in

which the anomeric configuration depends on the solvents used and the nature of glycosyl

donors and acceptors. The chemical synthesis of oligo saccharides has, so !far, relied on

the use of O-protected glycosyl donors in block or stepwise fashion. Regioselectivity

in glycosylation is usually achieved by the differentiation of hydroxy groups. by selec

tive protection, leaving a single position available for glycosidic bond formation of the

acceptor.
The notion of glycoside synthesis with unprotected donors may have enormous

appeal and obvious practical value for the following important reasons: (1) The number of

steps in glycoside synthesis can be reduced; (2) O-unprotected glycosyl don?rs could be

more reactive than the parent structures because of the absence of electromc effects by

protective groups, which could deactivate the anomeric-leaving group; (3) the ster~o

chemistry of the glycosidic bond could be different owing to the absence of protectIve

groups; (4) the prospects of developing an iterative or even solid-phase s~nthesis of

glycosides may also be seriously contemplated. Only a few examples of non-Flsc?er-type

glycoside synthesis with unprotected glycosyl donors have been reported In theyterature

[5J. Ferrier [6] used phenyll-thio-l3-o-glucopyranoside as a glycosyl donor, WhICh, w~en

reacted with 2-propanol in the presence of mercuric oxide for 96 h, gave the desired

2-propyl o-n-glucopyranoside in 55% yield after acetylation. In 1980, Hanessian and co

workers [7J demonstrated that O-unprotected 2-thiopyridyl I3-D-glucopyranoside can be

activated by Hg(N03)2' NBS, or alkyl halides, such as l-chloropentane in the presence of

an excess of a simple alcohol acceptor to afford the desired glycoside with good to modest

a -selectivity and in good yield.

II. GLYCOSIDE AND OLIGOSACCHARIDE SYNTHESIS USING

3-METHOXY-2-PYRIDYLOXY (MOP) o-UNPROTECTED GLYCOSYL
DONORS

A. The Method: Design and Concept

Our previous work using unprotected 2-thiopyridyl glycosides [7] led us to examine several

substituted heterocyclic compounds as anomeric-Ieaving groups. A highly stereoselective

1,2-cis~glyc.osylationusing 2-pyridyll3-o-g1ucopyranoside with 2-propanol in the presence

o~LeWIS acid ca~alysts led us to focus on this particular system. The glycosylation reactions

WIth several pyndyll3-o-glucopyranosides 1-3, by activation with stoichiometric MeOTf

In the presence of a large excess of 2-propanol proceeded with excellent a-selectivities and

gave very good yields, as demonstrated in Scheme 1 [8]. The 3-methoxy-2-pyridyloxy

1. MoOT', rt
CH,No,/2'PrOH ( 1 : 1)

2. Pyl Ae.p

5

X MeOTf (equlv.) Time (1 : P Yleld(%)

/0)) 1.1 45mln 9 : 1 78

/0 N
1)2

1.0 <5mln 8 79
MeO (MOP)

/0'Q 3 1.0 2.5h 8 88

OMe

Scheme 1 A novel anomeric-leaving group: 3-methoxy-2-pyridyloxy (MOP) group.

(MOP) group was the most reactive and efficient leaving group in the glycosylation

reaction, compared with the others. The design of the MOP-type group was predicated after

finding a promoter capable of activating the heterocycle; hence, the anomeric carbon

leading to the formation of glycosides in the presence of an acceptor alcohol in an S 2-lik~
process.

N

B. Activation of MOP Glycosldes and Mechanism

~nly a catalytic amount of MeOTf is required to activate unprotected MOP donors toward

Simple or complex alcohols in DMF or CH3NOz as solvent. The major products are the

corresponding 1,2-cis-glycosides, which are also formed in good yields as sho .

Scheme 2. ' wn In

. ~nprotected MOP glycosyl donors are preparatively stable under neutral or basic

conditions, but they can be readily activated by MeOTf in the presence of an excess of
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Scheme 2 Synthesisof l,2-cis glycosides with unprotected MOP-glycosyl donors.

acceptor. Of necessity, the acceptor alcohol should be used in excess (at least 7 eq) to

enhance the coupling process and suppress side reactions, such as hydrolysis of unprotected

MOP donors, 1,6-anhydro formation, and self-condensation. It is noteworthy that DMF,

which is seldom used as a solvent for conventional glycosylation methods [9], is admirably

suitable here, increasing the solubility of donors, and providing high a-selectivity.

As expected, unprotected MOP donors containing a 2-acetamido group give 1,2-trans

glycosides (Scheme 3), presumably by the intermediacy of an oxazolinium ion 15.

Interestingly, self-coupling of glycosyl donors was rarely observed under the condi

tions of the reactions. l,6-Anhydro-D-glucose and anomerized glycosyl MOP donors were

isolated when the MOP glycosyl donor 2 was treated with MeOTf in the absence of alcohol.

Under the same condition, 2-acetamido glycosyl donor 13 was converted into the oxazoline

14 as shown in Scheme 3. The actual catalyst for activating the MOP-leaving group in the

glycosylation appears to be triflic acid (TfOH), which is generated in situ by reaction of
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D-gluco, 13; D-galacto, 22

Scheme 5 Preparation of unprotected MOP-glycosyl donors.

2-Acetarnido glycosyl MOP donors are prepared from the COIT~sponding per~cetyl

glycosyl chlorides under phase-transfer conditions [10] in mo~erate yields. Altem.atlvel~,

they can be synthesized in good yields from the MOP 2-aZldo-2-deoxy-glycosldes, III

C. Preparation of MOP G1ycosides

Unprotected MOP glycosyl donors are easily prepared in mUltigr~ scale from the corre

sponding peracetyl glycosyl halides, followed by de-O-acetylation. They are usual~y

crystalline and have excellent shelf life. MOP donors 2, 13, 18, 19, 20, and 22, shown in

Scheme 5, are typical examples.

a-only, 41%
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which the azido group is first reduced to an amine by hydrogenation, followed by
N-acetylation.

. The ~reparation of MOP a-D-galactopyranosyl and MOP a-D-glucopyranosyl do

nors IS achieved by anomerizing the corresponding peracetyl MOP I3-D-glycosides in the

presence of Hg~r2 at high.temperature. MOP 2-azido-2-deoxy a-D-galactopyranosyl donor

c~n be.prepared m good yield by reaction of the peracetylated ~-azidoglycosyl chloride [11]

With sliver 3-methoxy-2-pyridoxide.

OH

~\~: HO~o
+ PG~OyN~ _M_eO_T_'_(O_._S_9q_U_iv_.I........ X PG~Oy""

?~ OMF. rt, 15-20min R ~
~ ?

Me

D. Selective Activation and Iterative Oligosaccharide Synthesis

Unprot~cted MOP glycosyl donors exhibit much higher reactivities compared with their

O-SU~shtuted ~alogues..Even ~ne protective group (TBDMS or benzyl group) significantly

d~actlvates this anomefolc-leavmg group. For example, completion of the glycosylation

With .(3-methoxy-2-pyndyl) 6-0-TBDMS-I3-D-glucopyranoside and with (3-methoxy

2-~yndyl) ~,3,4,6-tetra-0-be~zyl-I3-D-glucopyranosidein the presence of 2-propanol re

~Ulred 20 mm and 5 h, respectively, compared with only few minutes using the correspond

mg un~rotecte~ MO: donor. Most important was the finding that O-acyl-protected MOP

glycosides are inert m the presence of Mean or nOH [12].

It is clear, therefore, that the selective activation of unprotected MOP glycosides as

28. R. = 00, R, =H jl-only, 69% aI~. 4 : 1, 56%

Scheme 6 Selective activation: unprotected MOP donorsversus protected MOP glycosides.
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_s::~ Ag(MOP)
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MeOTf with excess alcohol in solution. In fact, glycosylation could be effected equally well

using nOH instead of Mean as a catalyst. As predicated i~ the de.signof t~e ~O: gro~p,

activation most likely proceeds through the reaction of the nitrogen in the pyridine nng with

nOH to generate a tightly bound oxonium ion pair specie in which the ~-orientated MOP

group shields the ~-side. An SN2-like attack from ~e a-.face by the. alcohol releases

3-methoxy-2(1H)-pyridone and gives the 1,2-cis-glycoslde Withregeneration of the catalyst

(Scheme 4). The released heterocycle can be easily detected by thin-layer chromatography

(TLC), which provides a convenient analytic tool to follow the progress of the glycosyla

tion reactions.
As proposed in Scheme 4, the minor 1,2-trans-glycoside could arise by an S!,2-~pe

substitution from a small amount of MOP a-glycoside generated through anomenzation.

To confirm this hypothesis, treatment of MOP a-glycoside with an excess of 2-propanol in

the presence of Mean, gave 2-propyl ~-D-glucopyranoside pre~ominantly (85:.15, ~/a).

1,2-trans-Glycosides could also be produced through the formation of. an e~o.xlde inter

mediate, followed by the ring opening by the nucleophile at the anomenc position. ': less

tightly bound ion pair, or the intervention of solvent molecules could also explain the

formation of the 1,2-trans-isomers as the minor products.
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examples of iterative synthesis of tri- and tetrasaccharides with 1,2-cis- and 1,2-trans
selectivities.

Linear l.o-o-linked D-gluco and D-galacto oligosaccharides are conveniently and
rapidly assembled by using this MOP selective activation technology. Occasionally, the
introduction of a TBDPS group in the MOP disaccharide donor, as in 31, enhances its
solubility, Compounds related to 32 and 3S can be found in the glyceroglycolipids [13]
Biologically relevant 1,2-trans-2-acetamido-2-deoxy oligosaccharides such as 38 [3d] are
easily accessible using the same strategy by employing 2-acetamido-2-deoxy derivatives

glycosyl donors can be achieved in the presence of partially esterified MOP acceptors to
give oligosaccharides. Scheme 6 illustrates examples of this strategy using unprotected
MOP donors and partially pcfluorobenzoylated MOP acceptors in the presence of catalytic
amounts of MeOTf. Di- and trisaccharides with 1,3- and 1,6-linkages are produced in
reasonable to good yields and with l,2-cis-selectivity. The p-fluorobenzoate group was
particularly suitable as a protective group to deactivate acceptor MOP glycosides because
of better solubility in DMF and ease of deprotection under very mild conditions.

To achieve efficient oligosaccharide synthesis, an excess of acceptor is still required,
which can be impractical in certain circumstances, Nevertheless, the products are easily
isolated by normal flash chromatography on silica gel column, and a large amount of gel is
unnecessary because the excess of acceptors are easily recovered by using less polar
eluants. Alternatively, the products can be isolated after O-acetylation.

This method has been successfully extended to the iterative synthesis of oligosac
charides. The disaccharides, derived from selective activations of unprotected MOP donors
and partially esterified MOP acceptors, can be converted into reactive donors simply by
deacylation. The newly generated unprotected MOP disaccharide donor can be subjected to
another cycle of glycosylation by repeating the same process. Schemes 7 and 8 illustrate
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Scheme 7 Iterative oligosaccharide synthesis.
E. Conclusion

We have described the first successful examples of oligosaccharide synthesis using un
protected glycosyl donors. Unprotected MOP donors, including MOP 2-azido-2-deoxy·
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'Optical rotations were measuredat 20°_22°C.

III. EXPERIMENTAL PROCEDURES*

A. Preparation of MOP Glycosides

Silver 3_Methoxy-2-pyridoxide
3_Methoxy-2-(IH)-pyridone (12 g. 96 mmol) was dissolved in 280 mL of water containing
3.84 g (96 mrnol) of sodium hydroxide. A solution of silver nitrate (16.32 g, 96 mmol) in 64
mL of water was added. The mixture was vigorously stirred at room temperature for 10 min.
After filtration, the solid was washed with MeOH and ether, dried in vacuo to give 21 g of

silver salt in 94% yield.

The mixture of 2,3,4,6_tetra_O_acetyl-et-o-glucopyranosyl bromide (20 g, 48.7 mmol), and
silver 3_methoxy-2-pyridoxide (18 g, 77.6 mmol) in 260 mL of toluene was refluxed for 1h.
The mixture was filtered over Celite, washed with CH2CI2, and evaporated. purification by
flash chromatography on silica gel (EtOAc-hexane-CH2CI2, 1:1:1), gave 3-methoxy-2
pyridyl 2,3,4,6_tetra_O-acetyl-13-o-g1ucopyranoside (17 g, 77%): mp 102°-103°C, [et]o

+4.5° (c 0.8, CHCI3) ·
A solution of this product (7.80 g) and 0.2 mL of 25% NaOMe-MeOH solution in 35

mL of MeOH-THF (6:1) was stirred until the reaction was completed. The mixture was
cautiously neutralized with Amberlite IR-120 (H+) ion-exchange resin. After filtration and
concentration, the desired product was obtained in quantitative yield as a white solid.
Recrystallization in EtOH gave the title compound as white crystals: mp 168°C, [et]o

-15.8° (c 0.6, MeOH).

glycosides, can be readily activated by MeOTf in the presence of variable excesses of
acceptors, and they give 1,2-cis-glycosides as major products. MOP 2-acetamido-2
deoxyglycosides give exclusively 1,2-trans-products. The technology offers a valuable
solution to the heretofore difficult problem of iterative assembly of 1,2-cis-linked oligosac
charides and other glycosides, avoiding O-benzyl protective groups. The selective MOP
donor activation relative to O-acyl MOP acceptors, the mildness of conditions, the sim
plicity of reagent design and the convenience of following the progress of the reaction
simply by monitoring the release of the chromophoric heterocycle are definite assets of this
novel glycotechnology. Direct applications can be envisaged in solid-phase synthesis [14],
combinatorial chemistry [15], protein glycosylation [16], and in related technologies. The
design of the MOP glycosyl donor, its chemical reactivity, selectivity, and adaptability to
oligosaccharide and general glycoside synthesis should pave the way to new generations of
glycosyl-leaving groups, and further innovations in this exciting field.
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3-Methoxy-2-pyridyl-a-o-glucopyranoside

A mixture of 60 mg of 3-methoxy-2-pyridyl 2,3,4,6-tetra-O-acetyl-!3-o-g1ucopyranoside

and 120 mg of HgBr2 in 3 mL of xylene was refluxed for 5 h. TLC showed most of the

starting material was converted into the a-isomer. The solution was cooled to room

temperature, filtered over Celite and washed with CH2CI2. The filtrate was treated with 10%

aqueous Na2S 203, dried over Na2S04, and concentrated. The residue was purified by flash

chromatography on silica gel (EtOAc-hexane, 1:4 to 1:2) to give 29 mg of the a-glycoside

Method 2. A mixture of 250 mg (0.57 mmol) of 3-methoxy-2-pyridyl 3,4,6-tri-O

acetyl-2-azido-2-deoxY-!3-o-galactopyranoside, 50 mg of Pd(OH)2/C, and 2 mL of EtOH

was stirred under hydrogen for 5 h, at which time the starting material completely disap

peared on TLC. Filtration over Celite, followed by concentration, gave the crude product,

which was treated with 2 mL of pyridine and 0.12 mL of Ac20 at O°C overnight. After

standard workup, purification by flash chromatography on silica gel with EtOAc to EtOAc

MeOH (7:1)gave the desired product as a white solid (200 mg, 77%): mp 148°-150°C, [a]D

+31.2° (c 0.33, CHCI3).
This product was dissolved in 3 mL of dry methanol, 14 I-lL of 25% methanolic

NaOMe solution in MeOH was added, and the mixture was stirred at room temperature

until no acetate remained. The precipitated solid was filtered, washed with MeOH and ether

to give 120 mg of the desired compound 22 (83.3%) as a white solid: mp 179°C, [al
D

+29.3° (c 0.85, Hp-MeOH, 1:1).

temperature overnight. Dilution with 50 mL of CH2Cl2 and conventional workup gave 1.8 g

of crude product.
A portion of this crude product (0.55 g) was dissolved in 3 mL of acetic anhydride,

the solution was cooled to O°C,and saturated with HCl(g). The mixture was stirred at room

temperature for 12 h, at which time TLC indicated most of the starting material had been

consumed. The mixture was poured into ice-water, extracted with CHCI3, washed with

saturated NaHC03 and brine. The organic layer was dried, filtered, and concentrated to

give 440 mg of the crude acetylated glycosyl chloride.

To a solution of 300 mg of 3-methoxy-2(1H)-pyridine and 386 mg of Bu4NBr in 5

mL of 1N NaOH was added a solution of 440 mg of the crude chloride in 5 mL of CH2Cl2
.

The mixture was vigorously stirred at room temperature until the chloride completely

disappeared (1 h). The water layer was separated, extracted with CH2CI2; the combined

organic layer was processed as usual, and the product was purified by flash chromatography

on silica gel to give the pure acetylated glycoside (l00 mg, 18%).

AcO OAe AcO OAe HO OH

~
H,. Pd(OH), ~ NaOMe ~

ON .. 0 N~
0

AcO D Ac,.o, Py AcO X) MeOH HO X)
II,

AcHN I AcHN I

? # ° # ° #

Me
~e 22 ~e

~.Anomer

....

..t. TBDMSOTF
2. FBzCI

3. TBAF. THF

MoOT! (0.2 equiv.)
CH,NO,.1I.15min

61%

H~0X)N
HO I

? #

2 Me

#-
OAC

OAc

A'iI~o ° 0 Aco 0

Aco X)'" HgBr2 .AC-£~:
° -- ~DN
~e I '"

o #
I
Me

HO~O:
NaOMa HO

- HO

MeOH 0DN

I '"
o #
I
Me

(48%): [a] +117° (c091 CHCl) D .
MeOH) D th " 3' eacetylahon under standard conditions (NaOMe

(c 0.5, J:~H).e corresponding unprotected MOP glycoside: mp 142°-144°C, [a]D +81.6:

~e;:;:~;~~~;:;;~{O;;7.t~:-6~~-jlation °bif Partially Acylated MOP Glycosides:

, • p uoro enzoyl-!3-o-g1ucopyranoside (33)

OH

H~~0X)N",
HO I

~
2 IMe

9

OH

FBZ-~\~'~
FB~~0X)N",

FBzO I
9 #

33 Ue

To a cooled solution of 3-metho 2 id I

60 mL of dry pyridine, was adde7:U;;:~s:3~-:tlucopyranOSide (3.2 g, 11.15 mmol) in

at o-c, Occasionally, it was necessary~o add . .i~~Eg.) of TBDMSOTf over 30 min

After addition of 4.3 mL (36.40 mmol) of _~~~~ MSOTf ~o complete the reaction.

was kept at O°C overnight then pou d i P
t

Id benzoyl chlonde, the reaction mixture

, re in 0 co saturated NaHCO d

EtOAc. Purification by flash chromato a h . . . 3 an extracted with

eluant gave 7.95 g of product in 93o/~i~IJ ~;l~~~!;~~~mf ~tOAc-h:xane (1:4) as the

A mixture of 0.95 g (1.24mmol) of this product, 2.5 mL:r1;~~F(C 1.6, CH~13)'

0.43 mL (7.5 mmol) of acetic acid and 7 mL fTHF' -THF solution,

bath was removed and the mixtu:e was stirr~d for 1~:s stirred at O°Cfor ~ h. The cooling

was treated with ice-water and EtOAc and th . I y. After concentratIon, the residue

cation by flash chromatography on silica gel :~~:~A~~r was pro~essed as usual. Purifi

(88%) of the title product 33 as a white solid' m 1400 1420hCexane (Ll to 2:1) gave 710 mg

. p - , [a]D +48.5° (c 0.84, CHCI
3).

B. ~~~~~~~:.:~c~~;e~~~~r~e Synthesis of 1,2-cls-Glycosides from

3-Methoxy-2-pyridyl !3-o-g1ucopyranoside (2) as a Glycosyl Donor

+~
o 0
X (10 equiv.)

H:~0X)N
AcHN I

° #
22 I

Me

NaOMa-MaOH

AcO OAc

H-MOP/Bu,NBr L\~.~- ° N

~ACO~ D
NaOH/CH 2CI 2 AcHN I

° .9
I
Me

AC~Oo:c

AcO
AcHN

CI
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3-Methoxy-2-pyridyl f',-L-jucopyranoside (21) as a Glycosyl Donor

To a mixture of 3-methoxy-2-pyridyl f',-D-glucopyranoside 2 (32.8 mg, 0.114 mmol) and
300 mg (1.15 mmol) of 1,2:3,4_di_O_isopropylidene-u-D-galactopyranose in 1.5 mL of
CH NO was added 23 J.LL (0.023 mmo!) of 1M MeOTf solution in CH3NOz· The mixture
wa; stided at room temperature for 15 min. After addition of pyridine (1 drop), the solvent
was removed in vacuo, and the residue was purified by flash chromatography on silica gel
EtOAc-hexane (2:1) then CHCI

3-MeOH
(10:1) to give 260 mg of recovered acceptor, 23.6

mg of the expected o-isomer and 6 mg of the f',-isomer in 61% yield (u/f'" 4:1). For the
o-anomer: mp 55°-57°C, [ul

D
+23.3° (c 0.78, CHC13) ; peracetate: syrup, [ulD +44.8°

(c 2.8, CHC1
3
); for the f',-anomer: syrup, [U]D -60.3°C (c 0.3, CHCI 3); peracetate: syrup,

[ul
D

-42° (c 0.82, CHCI 3) ·

3-Methoxy-2-pyridyl 2-acetamido-2-deoxy-f',-D-glucopyranoside (13) as a Glycosyl
Donor

HO_'O~ ~±~O
HO~ 0 0

AcHN

o 0

17 RXR
R, R • Cyclohexylidene

68%

MeOTlRt, (~H
o~

°XO
16 R R

( 14 equlv.)

OH

HO-C~
H~O N +

AcHN l("~
O~

13 ~e

To a suspension of 3-methoxy-2-pyridyl 2-acetamido-2-deoxy-f',-D-glucopyranoside (13.4
mg, 0.041 mmo!) 13 in 1.3 mL of dry CH3NOz were added 208 mg of 1,2:3,4-di-O
cyclohexylidene-u-D-galactopyranose and 23 J.LL of 1 M MeOTf solution in CH NO . The
mixture was stirred vigorously at room temperature (the solid disappeared immediately)
for 1 h. After addition of 1 drop of pyridine, the solvent was removed in vacuo, and the
residue was treated with pyridine and acetic anhydride. The usual workup and purification
by flash chromatography on silica gel gave 18.5 mg of 1,2:3,4-di-O-cyclohexylidene-6-0
(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-J3-D-glucopyranosyl)-u-D-galactopyranoside 17
in 68% yield: mp 135°-137OC, [U]D -49.5° (c 0.55, CHCI 3) .

12

HO

~
~o-, OH 08n

O_C~ 0

AII~~SIM"
PhthNMeOT!

43%

HO-(OB;

AIIO~O~siMe3
PhthN

C. Disaccharide Synthesis by Selective Activation

Glycosylation of 3-Methoxy-2-pyridyl 2,3,4-tri-O-p-fiuorobenzoyl-f',-D
galactopyranoside (30) with 3-Methoxy-2-pyridyl f',-D-galactopyranoside (18)

To a solution of 2_(trimethylsilyl)ethy13-0-allyl-6-0-benzyl-2-phthalimido-2-deoxy-f',-D
glucopyranoside (250 mg, 0.49 mmol) and 18 J.LL of 1M MeOTf solution in 0.5 mL of dry
dichloromethane was added dropwise 18.8 mg (0.07 mmol) of 3-methoxy-2-pyridyl f',-L
fucopyranoside in 0.5 mL of solvent over 15 min. The mixture was stirred at room
temperature for 30 min, and processed as described in the foregoing. The residue was
purified by flash chromatography on silica gel column using EtOAc-hexane, (2:1) as eluant
to recover the excess of acceptor. Elution of the column with EtOAc-hexane, (1:1)
containing 10% methanol gave 20 mg of the title product in 43% yield as a syrup.

HI'(O~

HO~0x)
HO I

o
18 ~e

FBZL,O:

+ FBZO~0X)N""
FBzO I

o A
30 ':'e

H~OO~
HO

MeOTl HO O_OFBz + ~-Anomer

~ FBZO~O N

25 FBzO If''~
O~
I
Me

3-Methoxy-2-pyridyl 2_azido_2_deoxy_f',_D_galactopyranoside (20) as a Glycosyl Donor

3-Methoxy-2-pyridyl 2_azido_2_deoxy_f',_D_galactopyranoside (40 mg, 0.128 mmol) was
added to a mixture of 1.13 g (3.84 mmol) of N-tert-butyloxycarbonyl L-serine benzyl ester
and 0.8 mL of dry CH

3NOz. This was treated with 26 J.LL of 1 M MeOTf solution in
CH

3NOz'
and the solution was stirred at room temperature until the gl~cosyl donor was

consumed. After addition of pyridine (1 drop), the solvent was removed III vacuo, and the
residue was purified by flash chromatography on silica gel using EtOAc-hexane (1:1) to
recover the excess aglycon. Elution with EtOAc-CHCI3-MeOH (2:2:1) gave 35.5 mg of
product 6 as a colorless syrup: [U]D +73.5° (c 0.52, MeOH) and 4.5 mg of the f',-isomer
(oof'" 8:1; 65%), in addition to 6 mg of the carbamate as a by-product.

NHBoc
i

Ho~oBn

o
Meon CH,NO,

HO OH

HO~ ~HBoc
N3 0 ': OBn

6 !

To a solution of 2.2 g (3.36 mmol) of acceptor and 96 J.LL of 1 M MeOTf solution in
CH3NOz in 1.6 mL of freshly distilled DMF was added dropwise 48 mg (0.168 mmol) of
glycosyl donor in 200 J.LL ofDMF over 5 min. The mixture was stirred at room temperature
for 10 min. After addition of 1 drop of pyridine, solvent was removed in vacuo, and the
residue was purified by flash chromatography on a silica gel column using EtOAc-hexane
(2:1) as eluant to recover the excess of acceptor. The column was then eluted with EtOAc
MeOH (7:1), to give 64 mg of the o-anomer 25 and 21.0 mg of a 2:3 mixture of u- and
J3-anomers (u/f'" 6:1, 62%).

For the u-anomer: mp l20-l2loC, [U]D + 190.9° (c 1.0, CHCI 3) ; peracetate: mp 110
112°C, [ul

D
+201.5° (c 0.62, CHCI 3) ; for the f',-anomer peracetate: mp 116°C, [ul

D
+ 117.4°

(c 0.82, CHC13) .

Glycosylation of 3-Methoxy-2-pyridyl 2,3,4-tri-O-p-fiuorobenzoyl-f',-D-glucopyranoside
(33) with 3-Methoxy-2-pyridyl f',-D-glucopyranoside (2)

The same procedure as the foregoing gave the u- and f',-products that were separated by
flash chromatography to give 23 and its anomer (oof'" 4:1; 68%). For the o-anomer: mp
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88-900C, [a]D +70.3° (c 0.7, CHCI3) ; for the l3-anomer: mp 96-98°C, l«l, +28.9° (c

0.55, CHCI3) ·

was observed. After addition of 2 drops of pyridine, the mixture was concentrated in vacuo
to provide a residue that was purified by flash chromatography on silica gel column using
EtOAc-MeOH (7:1) as the eluant, to give 65.5 mg (63%) of disaccharide 27 as a white
solid: mp 126°-127"C, [a]D +47.7° (c 0.85, CHCI3) .

21 36

OH
FBzO OH _\ .n OFBz
lC~ TtOH DMF Ho~o-l""\ rv

FBZO~0X)N~~ H AcHN FBZO~0X)N",
N, I 63% No I

0 4 4
I ?

Me 27 Me

OH

H~oX)N+
AcHN I

o 4
I

Mo

MeOTt H~~ + fl-Anomer

~ FBZ~~-O 0 N
FBzO~ X)~

FBzO
o 4

23 I
Mo2

OH

H~C~-~ 0 N

~DHO 1
4o

I
Mo

The same procedure gave the a- and l3-products (o/B, 6:1) that were separated after
acetylation. For the a-anomer peracetate: mp 107-108°C, [a]D + 111.9° (c 0.53, CHCI3) ; for
the l3-anomer peracetate: mp 84-85°C, [a]D + 16.8° (c 0.3, CHCI3) ·

Glycosylation of 3_Methoxy_2_pyridYI_2_azido~2_deoxy_3,4_~i_O_p_jluorobenzoyl- l3-o

galactopyranoside (36) with 3-Methoxy-2-pyndyl 2-acetamldo 2-deoXY-I3-D

glucopyranoside (21)
To a suspension of glycosyl donor 21 (45 mg, 0.138 mmol) and 762 mg (1.38 mmol) of
acceptor 38 in 0.75 mL of dry DMF was added 24.3 f1L(0.275 mmol) of TfOH at ro?m
t,.rnnpr~tllre_ The mixture was stirred for 40 min, at which time a homogeneous solution

28

OAc

~
OFBZ

AcO 0 O-~
AcO 0

AcHN FBzO 0UN",

AcHN I
9 .&

Me

~

3622

~
OH OFBz

HO O-~HO
AcHN FBzO 0UN",

N. I
o 4

I
Mo

S-Methoxy-Zspyridyl 6-0-(2-acetamido-2-deoxy-I3-D-glucopyranosyl)-2-acetamido-2
deoXY-I3-o-galactopyranoside (37)

A solution of 3-methoxy-2-pyridyl 3,4-di-O-p-fluorobenzoyl-6-0~(3,4,6-0-triacetyl-2

acetamido-2-deoxY-I3-0-glucopyranosyl)-2-acetamido-2-deoxY-I3-D-galactopyranoside

A mixture of 28 mg of azido compound 27, 8 mg of 20% Pd(OH)z!C in 1.5mL of EtOAc
MeOH (1:1) was stirred at room temperature under an atmosphere of hydrogen until the
starting material completely disappeared by TLC analysis. The catalyst was removed by
filtration over Celite, washed with MeOH, and concentrated. The residue was treated with
ACzO-pyridine at room temperature for 4 h, then the mixture was poured into cold aqueous
NaHC03, extracted with EtOAc, and the organic layer was processed as usual. Purification
by flash chromatography on silica gel column using EtOAc-MeOH (10:1) as the eluant
provided the title product (26 mg, 78%): mp 116°-118°C, [O']D +106.3° (c 0.2, CHCI3) .

3-Methoxy-2-pyridyl 3,4-di-O-p-jluorobenzoyl-6~O-(3,4,6-0~triacetyl-2~acetamido~2
deoxy-I3-0-g1ucopyranosyl)-2-acetamido-2-deoxy-I3-0-galactopyranoside

The same procedure described in the foregoing was followed using excess of acceptor 36
(20 Eq.). The disaccharide was isolated by flash chromatography on silica gel column using
the same eluant in 69% yield: mp 114°-115°C, [a]D +43° (c 0.5, CHCI3) .

Glycosylation of 3-Methoxy-2-pyridyl-2-azido-2-deoxy-3,4-di-O-p-jluorobenzoy1-13-0
galactopyranoside (36) with 3-Methoxy-2-pyridyl 2-acetamido 3-deoxy-I3-D
galactopyranoside (22)

MeaT!DMF

FBZ? (o~.

HO~O N
FBzO If··..,

9~
Mo

H~\O~
H~O N

HO oX)+
I

Mo
18

Glycosylation of 3-Methoxy-2-pyridyl 2,4-di-O-P-jluorobenzoyl-6-.0-pivaloyl~I3-0~

galactopyranoside with 3_Methoxy-2-pyridyll3-D-galactopyranoslde (18)
HO oH

HO~ OFBz OPI.

HOo~o N

FBzO U'"
o 4
I

26 Me

To a mixture of 3_methoxy-2-pyridyll3-0-galactopyranoside (7 mg, 0:025 mmol), 430 mg
(070 mmol) of 3-methoxy-2-pyridyl 2,4.di_O_p_fluorobenzoyl-6-0-plvaloyl-I3-D-galacto
p;ranoside: mp 103-104°C, [a]D +57.4° (c 0.86, CHCI3) , and 0.25 mL of dry DMF was
added 12 j.LL of 1M MeOTf in CH

3NOz. After 20 min, I drop of pyridine was added, and the
mixture was concentrated in vacuo. The residue was purified by flash chromatogr~phy ~n
'1' I column with EtOAc-hexane (2:1) to recover the excess of acceptor. Elution with

Sl rca ge ] +111 60 (
EtOAc-MeOH (7:1) gave the desired disaccharide 26 (7.7 mg, 41%): [a D • c

0.4, CHCI3) ·

Glycosylation of 3-Methoxy-2-pyridyl 2,3,4_tri_O_p_jluorobenzoyl~I3-0~glucopyranoside

(33) with 3_Methoxy-2-pyridyll3-0-galactopyranoside (18)

H~OOH ~OH H:~~'
H

0 0UN F~~~o 0 0UN", MeOTt ~~ + fl-Anomer

HO I ~ I ~ 0
+ FBzO 0 4 DMF FBzO 0 N

o 4 FBzO If''~'''
I I FBzO ~

18 Me 33 Me 24 9
Me
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Glycosylation of 3-methoxy-2-pyridyl 2,3,4-tri-O-p-jluorobenzoyl-~-D

galactopyranoside (30) with 3-Methoxy-2-pyridyl 6-0-(6-0-t-butyldiphenylsilyl-a-D
galactopyranosyl)-~-D-galactopyranoside (31)~

OH OH

HO 0 O-~
H HO

AcHN UN""
AcHN

o ~
I

37 Me

(26 mg) in 1.5 mL of half-saturated NH3-MeOH was stirred at room temperature for 24 h.
The mixture was concentrated to give a residue that was washed with diethyl ether to
remove methyl p-fluorobenzoate. The product 37 (14.5 mg) was obtained in 95% yield: mp

182°C (dec.), [0.]0 -lOS (c 0.4, HP)·

HH~~~DPS

~-t_n
H~O N

HO oD
31 I

Me

nOH. DMF.30

64%
•

H~:BDPS

HO~

HO~~%E, + Il-Anomer

::~4o N
FBzO 1(''''
o~
I

32 Me

D. Trisaccharide Synthesis by Selective Activation

3-Methoxy-2-pyridyl 2,3,4_tri_O_p_jluorobenzoyl-6-0-(6-0-t-butyl-diphenylsilyl-a-D

galactopyranosyl)-~-D-galactopyranoside

To a solution of glycosyl donor 31 (12 mg, 0.018 mmol) and 342 mg (0.52 mmol) of
glycosyl acceptor 30 in 0.3 mL dry DMF was added 9 j-lL of I M MeOTf solution in
CH

3N02 under argon. The mixture was kept at room temperature with stirring for 45 min,
at which time TLC showed the complete disappearance of the donor. After addition of 1
drop of pyridine, the solvent was removed in vacuo, and the residue was dissolved in a
small amount of CH2Cl2, and purified by flash chromatography on a silica gel column with
EtOAc-hexane (2:1) to recover the excess of acceptor. The column was eluted with
EtOAc-CHCI3-MeOH (2:2:1) as the eluant to provide 5 mg of a-linked trisaccharide and a
mixture of 0.- and l3-products (8.5 mg), with 1.6:1 ratio (a./I3, 3:1; 64% yield). For the
a-anomer: mp 117-119°C, [0.]0 + 140.8° (c 0.5, CHCI3) .

Glycosylation of 3-Methoxy-2-pyridyl 2,3,4-tri-O-p-jluorobenzoyl-6-0-(2,3,4-tri-O
p-jluorobenzoyl-a-D-glucopyranosyl)-~-D-glucopyranoside(34) with 3-Methoxy-2
pyridyl ~-D-glucopyranoside (2)

The same procedure described in the foregoing was followed using 30 eq of the acceptor
34, and t~e desired trisaccharides were isolated by flash chromatography on silica gel
column using EtOAc-MeOH (7:1) as the eluant in 56% yield, Pure 0.- and l3-anomers were
obtained by chromatography on preparative silica gel thin plate using MeOH-CHCI3

EtOAc (1:2:2) as the eluant. For the a-anomer: mp 129-130°C, [0.]0 + 119° (c 0.5, CHCI3) .

Glycosylation of 3-Methoxy-2-pyridyl 3,4-di-O-p- jluorobenzoyl-2-azido-2-deoXY-I3-D
galactopyranoside (36) with 3-Methoxy-2-pyridyl 6-0-(2-acetamido-2-deoXY-~-D

glucopyranosyl)-2-azido-2-deoXY-I3-D-galactopyranoside (37)

To a mixture of glycosyl donor 37, (8,6 mg, 0.016 mmol) and 270 mg (0.48 mmol) of
acceptor 36 in 0,3 mL of dry DMF was added 4.2 fLL (0.048 mmol) of TfOH under argon.

A mixture of 3_methoxy_2_pyridyI2,3,4-tri-O-p-fluorobenzoyl-6-0-(a-o-galactopyranosyl)
~-D-galactopyranoside 25 (30 mg, 0.0368 mmol), 10.4 fLL (0.04 mmol) of TBDPSCl, 3
mg of imidazole, a catalytic amount of DMAP, and 0.3 mL of dry THF was stirred at room
temperature for 4.5 h. After concentration, the residue was treated with cold saturated
aqueous NaHC0

3
and EtOAc. The organic layer was processed as usual, and the product

was purified by flash chromatography on silica gel, with MeOH-EtOAc-CHCI3 (1:4:4) as
the eluant to give the desired product as a white solid (31 mg, 80% yield): mp 105°-106°C,

[0.1
0

+ 150.5° (c 0.84, CHCI3) ·

3_Methoxy_2_pyridyl-6-0-(6-0-t-butyldiphenylsilyl-a-D-galactopyranosyl)-~-D

galactopyranoside (31)

HH~:~DPS

~OH

~~~ODN""
HO I

o ~

31 Me

A solution of the preceding compound (30 mg) in 1.5 mL of half-saturated NH3-MeOH

was stirred at room temperature overnight. After concentration, the residue was washed
with diethyl ether twice to remove methyl p-fluorobenzoate. The title product (18 mg) was
obtained as a white solid in 95% yield: mp 103°-104°C, [0.]0 +34.8° (c 1.2, MeOH),

H~FBz 0
FBzO

FBzO

FBZ~~O 0))
FBZO~ ..,

FBzO I
o ~
I

Me
34

TfOH, DMF,2

56%

H.?~:'
o~

o
FBzO~O.
FBZO~ + ~-Anomer

FBZ:~ -0 0 N

FBZ~X)""FBzO
29 0 AP

I
Me
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OH
oH ~HO

£;V HO H 0 O-~ OFBz
HO 0 O-~ TIOH,DMF,36 HO HO 0 O-~

H HO 0 0 N_ .. AcHN 0

- D'~ -~ °D~AcHN 46% N3 I
'? 0 ~

37 Me 38 ~e

The resulting mixture was vigorously stirred at room temperature for 45 min. After addition
of 2 drops of pyridine and concentration, the residue was acetylated. After usual workup,
purification by flash chromatography on silica gel using EtOAc-hexane (2:1) gave the
unreacted acetylated acceptor. Elution with EtOAc-CHCI3-MeOH (4:4:1) gave a crude
product that was further purified on silica gel thin plates (MeOH-EtOAc, 1:10) to give
8.7 mg (46%) of the trisaccharide 38: [a.]D +67.8° (c 0.2, CHCI3) .

by flash chromatography on silica gel column using EtOAc-hexane (1:3) as the eluant gave
the title product as a white solid (86 mg, 91%): mp 109°-110°C, [a]D +85.1° (c 0.5, CHCI

3
) .

3-Methoxy-2-pyridyl 2.3,4-tri-O-plluorobenzoyl-6-0-(2,3,4-tri-O-p-jluorobenzoyl-a-o
glucopyranosyl)-~-o-glucopyranoside (34)

OH

FBZO~FBzO
FBzO

FBZ~~-O 0 N
FBZO~D

FBzO I
° A

34 Me

A mixture of the preceding product (84 mg, 0.060 mrnol), 0.24 mL of I M TBAF in THF
solution and 27.4 u.l, of HOAc was stirred at room temperature until the reaction was
completed. After dilution with EtOAc, the mixture was processed as usual, and the residue
was purified by flash chromatography on silica gel column using EtOAc-hexane (2:1) to
provide the desired product as a white solid (53 mg, 76%): mp 121°-123°C, [a.]D +88°
(c 0.61, CHCI3) ,

To a mixture of 4 mg (5.82 urnol) of 3-methoxy-2-pyridyl 6-0-(6-0-t-butyldiphenylsilyl
a-o-galactopyranosyl)-13-o-galactopyranoside 31and 206 mg (0.17 mrnol) of 3-methoxy
2-pyridyI2,3,4-tri-O-p-fluorobenzoyl-6-0-(2,3,4-tri-O-p-fluorobenzoyl-a.-o-glucopyrano
syl)-13-o-glucopyranoside 34 in 0.15 mL of dry DMF, was added 3 u.l. of I M MeOn in
CH3NOz· After stirring at room temperature for 50 min, I drop of pyridine was added and
the mixture was concentrated in vacuo. The residue was purified by flash chromatography
on silica gel using EtOAc-hexane (2:1) to recover the excess of acceptor. Elution with
MeOH-EtOAc (7:1) gave 5.4 mg of tetrasaccharides in 54% yield (a113, 4.5:1), [a]
+ 105.1° (c 0.6, CHCI

3
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Glycosylation of 3-Methoxy-2-pyridyl 2.3,4-tri-O-plluorobenzoyl-6-0-(2.3,4-tri-O
p-jluorobenzoyl-a-o-glucopyranosyl)-~-o-glucopyranoside(34) with 3-Methoxy-2
pyridyl-6-0-(6-0-t-butyldiphenylsilyl-a.-o-galactopyranosyl-)~-o-galactopyranoside (31)
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To a mixture of 3-methoxy-2-pyridyl 2,3,4-tri-O-p-fluorobenzoyl-6-0-(a-o-glucopyra
nosyl)- ~-o-glucopyranoside (80 mg, 0.10 mmol), 10 mg (0.15 mmol) of imidazole, 2 mg of
DMAP, and I mL of dry THF, was added 31 ul, (0.12 mmol) of TBDPSCI. The resulting
mixture was stirred at room temperature until the starting material completely disappeared.
After concentration, the residue was treated with ice-water and EtOAc, and the organic
layer was processed as usual. Purification by flash chromatography on silica gel column
using MeOH-EtOAc (1:10) as the eluant provided the desired product (88 mg, 85%): mp
105°-106°C, I«l, +56.9° (c 0.3, CHCI3) .

To a cooled solution of the preceding compound (70 mg, 0.066 mrnol) in 1 mL of dry
pyridine was added 39 u.L (0.331 mrnol) of p-fluorobenzoyl chloride at O°C. After 30 min,
the mixture was stirred at room temperature overnight, then it was poured into cold aqueous
NaHC03, extracted with EtOAc, and the organic layer was processed as usual. Purification

E. Tetrasaccharide Synthesis by Selective Activation

3-Methoxy-2-pyridyl 2,3.4-tri-O-p-jluorobenzoyl-6-0-(6-0-t-butyldiphenylsilyl-a -o 
glucopyranosyl)-~-o-glucopyranoside
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3-Methoxy-2-pyridyl 2,3.4-tri-O-p-jluorobenzoyl-6-0-(2,3,4-tri-O-p-jluorobenzoyl-6-0
t-butyldiphenylsilyl-a-o-glucopyranosyl)-~-o-glucopyranoside
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X= CI,B.

Scheme 1 1,2-trans-glycoside synthesis by Koenigs-Knorr-type glycosidations, and 1,2-cis
glycosides by the halide ion catalyzed method.

before the glycosylation step, anomeric thiomethyl- and thiophenyl-Ieaving groups may be
introduced at earlier stages in the donors. A new method that uses glycosyl sulfoxides as
donors has been developed by Kahne [8]. In this method, the anomeric sulfoxide group is
activated by triflic anhydride, which generates the oxocarbenium ion intermediate. The
method has been suggested to be particularly useful for the glycosylation of unreactive
hydroxy groups, and its potential in polymer-supported glycosylation has been shown [9].

Glycosyl fluorides offer a similar advantage as thioglycoside donors in terms of
stability. Glycosylations with glycosyl fluorides can be promoted by strong Lewis acids,
such as AgCI04-SnClz [10],BF3 [11], TMSOTf [12], and CPzHfClz-AgCI04 [13].Applica
tion of the fluoride method to complex oligosaccharides synthesis has been shown by its
combination with thioglycoside activation in a two-stage activation procedure developed
by Nicolaou and his co-workers [14].

n-Pentenyl glycoside donors developed by Fraser-Reid [15], can be activated by
electrophilic reagents such as NIS. The reaction may be accelerated in the presence of
TfOH or TMSOTf which catalyzes heterolysis of NIS to generate an iodonium ion
intermediate. The method has found applications in the synthesis of some complex oligo
saccharides. Efforts have been directed toward developing new glycosylation methods
based on glycals as donors because the double bond can be readily activated with a wide
range of electrophilic reagents [16]. More importantly, the activating reagents usually
attack from a-side of the double bond so that the acceptor alcohol approaches from the
opposite side to give 1,2-trans products in the D-gluco series. For example, Danishefsky's
group has capitalized on these notions in the development of methods for the stereoselec
tive epoxidation of the glycal, followed by ring opening at the anomeric position by sugar
acceptors in the presence of an appropriate Lewis acid, to form 1,2-trans glycosides with
high selectivity [17].The potential of this method in solid-phase oligosaccharide synthesis
was recently disclosed by the same group [18], Glycosyl 2-propenylcarbonates [19], and
glycosyl phosphites [20] have been introduced for the stereocontrolled formation of
1,2-trans-glycosidic linkages, even in the absence of neighboring participating groups
at the C-2 position of the donors.

Despite the great deal of progress made in the chemical synthesis of oligosaccharides,
there is still room for innovation and improvement over existing methods, The need for
rapid and efficient construction of oligosaccharides has dramatically increased owing to the
recent advances in glycobiology and related research fields [21].
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I. INTRODUCTION

The synthesis of oligosaccharides entered a new era of practicality in the mid-1970's with
the introduction of silver triflate [1]as an activator of anomeric halides, and with the halide
ion-catalyzed procedure [2]. The stereocontrolled synthesis of 1,2-trans- glycosides can be
achieved by activation of the corresponding glycosyl halide bearing an acyl protecting
group at the C-2 position in the presence of a heavy-metal salt (Koenigs-Knorr glycosida
tion) [3]. Neighboring group participation leads to an acyloxonium cation intermediate that
reacts with an appropriate acceptor to give the 1,2-trans-glycoside directly, or through the
intermediacy of an orthoester [4] (Scheme I), When a nonparticipating benzyl group is
present at C-2, the products are usually mixtures of 1,2-trans- and cis-glycosides. Employ
ing Lemieux's halide ion-catalyzed procedure [2], the thermodynamically more stable
1,2-cis-glycosyl bromide is converted to the 1,2-trans-anomer in situ by replacement with a
bromide ion source. The 1,2-trans-bromide being more reactive than the 1,2-cis-isomer, is
attacked by the nucleophile by an ion pair species, with inversion of anomeric configuration
to generate a 1,2-cis-glycosidic linkage (see Scheme I), However, the broad applications of

these methods to the synthesis of complex oligosaccharides are often hampered owing to
the instability of the glycosyl bromides and chlorides, and the conditions involved for their
preparation. To this end, significant progress has been made in the exploration of novel and
efficient anomeric activation methods over the past 15 years [5; see also Chap. 12].

The trichloroacetimidate method introduced by Schmidt [6] is a method frequently
used in glycoside synthesis today. Its major advantages are that the glycosyl trichloro
acetimidate donors are easily prepared from the corresponding O-substituted reducing
sugars, and they can be readily activated by Lewis acids, such as BF3 etherate, to generate
oxocarbenium ion intermediates under mild conditions. On the other hand, the relative
lability of the leaving group may be a drawback in certain instances (storage, chromatogra
phy, and such).

Thioglycosides are also used as glycosyl donors [7]. In contrast with glycosyl
bromides and trichloroacetimidates, thioglycosides are more stable under most protection
and deprotection conditions. Unlike imidates and bromides, which have to be prepared just

II. o-PROTECTED 3-METHOXY-2-PYRIDYLOXY GLYCOSYL DONORS

A. 1,2-cls-Disaccharides

The utility of 3-methoxy-2-pyridyl (MOP) glycosides as glycosyl donors in the synthesis of
simple and complex saccharides was discussed in the preceding chapter [22]. One of the
major attributes of the method is the mild conditions needed to activate the MOP group, and
its adaptability to the sterocontrolled synthesis of 1,2-cis-oligosaccharides, without the
need to protect the other hydroxy groups in the donors. A prerequisite, however, is the
necessity for an excess of acceptor. Therefore, it was important to investigate the extension
of the MOP-based glycosylation method in the presence of benzyl-and acyl-type protective
groups. The O-protected MOP donors are readily prepared from the unprotected MOP
glycosides under the normal conditions, or from the corresponding per-O-acyl glycosyl
halides (Scheme 2). An additional practical amenity in the use of an MOP-leaving group
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donor 1a with 1,2:3,4-di-O-isopropylidene-a-o-galactopyranose 2 was promoted by a
catalytic amount of MeOTf (0.2 eq), to give the disaccharide with a1~ ratios of 5:4 and 5.7:1
in CH3NOz and ElzO as solvents, respectively [22]. Similarly, the reaction of 1a with
acceptor 4 in Et.O afforded predominantly the corresponding a-disaccharide. The use of a
large excess of acceptor is unnecessary in these cases. During our studies of the MOP
group, we observed that occasionally the donor 1a was anomerized to the corresponding
MOP a-glycoside 1b and that this anomer was much less reactive under the condition of
reaction. Furthermore, MeOTf was not suitable for activation of O-acyl-protected MOP
glycosides. Faced with these problems, we directed our efforts at finding a catalyst
activator that would be suitable for O-benzyl and O-acyl protective groups, with little if any
anomerization. These requirements were satisfied with copper triflate [Cu(OTf)z]; [23].

Glycosylation with MOP a-glycoside 1b in the presence of Cu(OTf)z proceeded at a
faster rate than that of the corresponding MOP ~-glycoside la, to give predominantly the
a-disaccharide in good yield (Scheme 4.) No anomerization of either 1a or 1b occurred

1.5 equlv. CH3NO,.lEI.O rl 12h 58% 2.3: 1
1.5 equlv. EI20 rl 20h 64% 5.1 : 1

Scheme 3 Disaccharidesynthesiswith O-benzylMOP glycosyldonorsusingMean as catalyst.

R = OBn, N3

Scheme 2 Preparationof O-protected MOP glycosyl donors.

is the ease of detecting the 3-methoxy 2(H)-I-pyridone that is released as the glycosylation

reaction progresses.
MeOTf was first chosen as a promoter for the activation of per-O-benzyl MOP

donors such as la, as it provided the best results in unprotected MOP glycosylations [see
Chap. 17]. As shown in Scheme 3, the coupling of tetra-O-benzyl MOP o-glucopyranosyl
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under the reaction conditions. Although a stoichiometric amount of Cu(OTf)z has to be
used for the completion of the reaction, in comparison with the catalytic amounts required
for MeOTf, the reactions are cleaner, and lead to products in high yields with good 1,2-cis
selectivity in the reactions studied.

The scope of the reaction was further investigated with compounds 6-9 in which a
free OH group was present at C-2, C-3, and C-4, respectively. The condensation of donor
1a with 7 in a mixed solvent (CHzClz-ElzO, 1:4) in the presence of CurO'If), at room
temperature for 15 h gave the corresponding disaccharide in 60% yield (a/~ 10:1) (Scheme
5). The same reaction with acceptors 6 and 9 with C-2 and C-4 hydroxy groups, respec
tively, provided only moderate selectivities. The diminished reactivity C-4 hydroxy groups,
particularly in acetylated hexopyranosides is known [24].

High a-selectivities were observed when the n-galactosyl donor 10 was used for the
coupling with secondary hydroxy groups in carbohydrate acceptors including 9 (see
Scheme 5). With the trichloroacetimidate method [5], the yields of disaccharides derived
from 6 and 7 were 85% (10:1, a/~) and 87% (only a), respectively. The condensation of 10

4.3 : 1

Scheme 4 Disaccharide synthesis withO-benzyl MOPglycosyl donorsusingCu(OTf)z aspromoter.
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~O

+Ho-~
OM.

Cu(OTI),

•
CH,CI,

or
Et,O

~O

PGo"-4~0
O--~

OM.

+ Il·Anomer

the 1,2-cis or l,2-trans-glycosides from a common MOP glycosyl donor, with good to
excellent selectivities as shown in Schemes 4-6.

Scheme 7 shows examples of 1,2 trans-glycosides synthesized from MOP glycosyl
donors that have neighboring participating groups. In the presence of Cu(OTf)2' the

x=08n, N,

6

Ph~~
ROMe

R z OAe, 7; NHCbz, 6

~
OBn

HO 0
BnO

BnO OM.

9

OH

ACO~~
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AcOOMe

4

R~\O:
~O N

R RO oD +

I
M.

R = Bz, 13
Ae,14

~
OBn

HO 0
BnO

BnoOM•

9

Cu(OT!), (1.5-2 equiv.)

C H,CI,. rt 5-8h

R1k
O:

OBn

Ro~o-..i.:.~
RO Bn~

BnO OM.

15, R = Bz, 85%
16, R = Ae, 77%

R~
~

R~ OBn

RO 0 Ox)
HO 0 Cu(OH), (2 equiv.)

+ All RO O~
RO I ZHN

OMe
CH,CI" rt. 2h RO AIIO

9 ZHN OM.

M.
17

R z Bz, 13 18, R =Bz, 69%
Ae,14 19, R =Ae, 89%

£MS HO £MS
BoO 0 Ox) B~~

Cu(OT!), (2 equiv.) BoO 0

BoO + • Bo ~
BoO ;.J; CH,CI,.rt2h BoOBnO 0BnO

OMe 60% BnO

9 BnO
20 M. 21 22

OM.

Scheme 7 l,2-trans-Disaccharide synthesis using MOP-leaving group.

The structure Gal(l-3)GaINAcal-O-Ser or -Thr and GaINAcal-O-Ser or -Thr are charac
teristic of the glycoproteins of the so-called tumor-associated T and Tn antigens [26]. It is
interesting to synthesize the glycopeptides containing immunologically relevant T or Tn
structures, because their coupling with carrier proteins could give conjugates for the
induction of antibodies against these antigens [27]. Carbohydrate antigens with T-and Tn
active structures are of considerable clinical interest.

The key step in the synthesis of mucin-type glycopeptides is the formulation of an
a-glycosidic linkage between a GalNAc residue and amino acids, such as serine or
threonine. The nonparticipating azido group is usually placed at the C-2 of the glycosyl
donor to enhance e-stereoselectivity. It is subsequently reduced and acetylated to form the
acetamido group. Trichloroacetimidate and halides (bromide and chloride) are frequently
used as leaving groups for the synthesis of glycopeptide linkages [28; also see Chap. 11].

III. APPLICATIONS TO THE SYNTHESIS OF T ANTIGEN AND
SIALYL Lex

glycosylations of hindered alcohols 9 and 17 with MOP donors 13 and 14, were carried out
at room temperature to afford l,2-trans-disaccharides 15-19 in very good yields. The
glycosyl donor 20 in which a bulky protective group is placed at the C-6 gave the expected
product 22 in acceptable yield.

5: 1,75%

3 : 1,85%

3 : 1,65%

a.-only, 75%

6: 1,63%

3: I, 70%

R =NHCbz, a-only, 53%

R .. OAe, 10: 1,60%

R =OAe, a-only, 60%
a-only, 85%MOP floGal(10)

MOP a·(N.>a.I(llb)

Scheme 5 Synthesisof l,2-cis-glycosyl disaccharides using MOP glycosyldonors.

MOP floG1e(la) 2.4 :1,64%

OBn Cu(OTI), OBn

Bno~ox)
OH (1.0equiv.) Bno£ + lX-Anomer

BnO I ... + ACO~ ..
BnO O~

BnO 0 ;.J; AcO CH 3CN
BnO AcO 0 5

AcO OMe rt.15min
Ac a

I AcO OM.
M. 67%

1. 4
5b

3 : 1

Bn~
Cu(OTI), BnO OSn

OH

'"O~O~"._.o Ox)

(1.0equiv.)

BnO N3 I'" + ACO~ •
AcO CH3CN N3 AA~O 12.

0 AcO OM. rt.12h. 60%
AcO OM•

M.
11. 4 12b

3 : 1

Scheme 6 l,2-trans-Disaccharide synthesis using CH3CN as solvent.

Similarly, glycosylation reactions with l1a under these conditions resulted in the formation
of l,2-trans-disaccharides as major products. Thus, the stereochemical outcome of gly
cosylations using MOP glycosyl donors containing a nonparticipating group at C-2 relies
heavily on the solvent used. By simply modulating the solvent system, one can synthesize

B. 1,2-trans-Glycosides

Acetonitrile is frequently used as the solvent of choice to enhance the formation of
1,2-trans-glycosidic linkages, by the intermediacy of a kinetically formed o-glycosyl
nitrilium ion [25]. Accordingly, coupling of la with 4 in CH3CN gave a reversed stereo
selectivity (a/[3, 1:3) compared with the reaction carried out in Et.O or CH2CI2(Scheme 6).

with primary alcohol 4 under the same conditions (CH2CI2, room temperature) gave the
desired disaccharide with an od[3 ratio of 3:1, and in good yield. Glycosylations with the
2-azido-2-deoxy D-galactosyl donor l1b were carried out in the same way, and they led to
high a-selectivities, especially for secondary hydroxy groups (see Scheme 5).
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We have successfully applied the MOP activation method for the synthesis of
carbohydrate entities with clustered T and Tn structures [29J. Scheme 8 shows an example

27 [e : Jl,4 : 1)

Scheme 8 Preparationof T-antigen type O-serine glycoside using an MOP glycosyl donor.

related to the preparation of disaccharide 27, which is the core structure of T antigen. The
reducing sugar 23 [30J was converted into the glycosyl chloride 24 at -78°C, in presence
of sulfuryl chloride and triethylamine, in 92% yield. The reaction of 24 with the serine
derivative 26 under the usual Koenigs-Knorr conditions (AgClOrAg2C03) , gave the
product as an a/(3 mixture in a ratio of 1:1. In contrast, the treatment of MOP disaccharide
donor 25, prepared from 24 under the standard conditions with 26 in the presence of
CU(OTf)2 at room temperature, afforded the expected 1,2-cis-glycoside as a major product
and in high yield (a/[3, 4:1, 82%).

Lex-antigenic trisaccharide (a-L-Fuc(l-3)-[[3-D-Gal-(1-4)-[3-D-GlcNAc)) and its
sialylated structure (SLe X) are terminal components of a number of glycoconjugates on cell
surfaces [31J. Sl.e- serves as a ligand for the endothelial leukocyte molecule-I (E-selectin)
[32J, which mediates the initial stages of adhesion of leukocytes to activated endothelial
cells, and pays a critical role during inflammatory responses [33J. Lex-based carbohydrates
have shown promise in therapeutic investigations related to the inflammatory process. As a
result, extensive efforts have been directed toward the synthesis of Sl.e- and related
molecules [34; also see Chap. 15J.

Schemes 9 and 10 show some examples in the successful use of the MOP-based
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~oMe
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Meo.C
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Scheme 10 Synthesis of a sialyl LeX derivative using an MOP disaccharidedonor.

method for the construction of Lex and SLeXanalogues. The sterically hindered hydroxy
group of 28 was successfully glycosylated by employing 3-methoxy-2-pyridyl 2,3,4,6
tetra-O-benzoyl[3-o-galactopyranoside 13 in the presence of CU(OTf)2 to give the trisac
charide 29 in 60% yield. This result led to the assembly of Sl.e- in a convergent, blockwise
manner from building blocks 32 and 33 that were prepared as shown in Scheme 10.
Disaccharide 30 obtained by a known method [35J, was converted into the corresponding
chloride 31 [36J, which was then heated with silver 3-methoxy-2-pyridoxide in toluene to
afford the disaccharide donor 32 in 88% overall yield. The coupling of 32 and 33 was
achieved in the presence of CU(OTf)2' to give the tetrasaccharide 34 in 40% isolated yield.

In conclusion, we have described efficient and stereocontrolled syntheses of simple
and complex oligosaccharides in good to excellent a/[3 anomeric selectivities using the
MOP-leaving group. Comparative glycosylations of MOP and trichloroacetimidate donors
using carbohydrate acceptors show excellent correlations between efficiency and selec
tivity. Glycosylations with MOP donors offer the possibility of monitoring the progress of
the reactions by TLC or other analytic methods based on the easy detection of 3-methoxy
2(H)-I-pyridone, which is released on glycosylation.
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Synthesis of a LeX derivativeusing an MOP glycosyl donor.
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12 h, 2 drops of pyridine were added and the solvent was removed. Purification by flash
chromatography on silica gel gave 24 mg of desired products Sa and 5b (aI~, 5.8:1) in 75%
yield.

IV. EXPERIMENTAL PROCEDURES*

A. General Procedure for the Preparation of Benzylated MOP
Glycosyl Donors

3-Methoxy-2-pyridyl 2,3,4,6-tetra-O-benzyl-~-v-glucopyranoside (la)

I'~n

Bn~oDN
Bn BnO I ....

o A
I

la Me

OBn

B~~0X)N....
BnO +

o A
I
Me

1a

ACn-£...O~q Cu(OTf>', (1.0 equiv) B~~~~n
A;;~ .. ~ + ~-Anomer

AcO OMe E1,o, rt, 12h O~
75% AX

C AcO
4 Sa M. Sb

Glycosylation of Methyl 2-0-acetyl-4,6-benzylidene-~-v-glucopyranoside (7) with
3-Methoxy-2-pyridyl 2,3,4,6-tetra-O-benzyl-l3-o-galactopyranoside (la)

To a cooled solution of 3-methoxy-2-pyridyl ~-o-glucopyranoside(800 mg, 2.8 rnmol) in
15 mL of DMF were added 600 mg (15 mmol) of 60% NaH and 1.5 mL (12.6 mmol) of
benzyl bromide at O°C with efficient stirring. The temperature was allowed to reach room
temperature and the reaction mixture was stirred overnight. MeOH (2 mL) was added to
destroy the excess sodium hydride, the mixture was poured into ice-water, extracted with
CH CI and processed as usual. Concentration and purification by flash chromatography
gav~ 1~6 g of the title product as a syrup in 89% yield: [~lD + 12.4° (c 1.2, CHCI 3) ·

OBn

BnO - (-~.. 0 N

Bn~,c"'l
BnO ~

q
18 Me

Phb~Q
+ HO~

AcO OMe

7

Cu(OTf), ..
CH;,C~ ,E",O

60%

Ph~~

Bno~ AcO o Me

BnoC~
OBn

18

Bn - - (o~n 0UN
8~ +

BnO

?
Me

Glycosylation of Methyl 3-0-acetyl-4,6-benzylidene-~-v-glucopyranoside (6) with
3-Methoxy-2-pyridyl 2,3,4,6-tetra-O-benzyl-l3-v-galactopyranoside (10)

Phb~O.
ACO~

o

rfj
n oMe

BnO
o

BnO OBn

CU(OTf)2

CH 2CI2
85%

6

BnL(o~n

Bn~0X)N....
BnO I

o A
I

10 Me

To a mixture of the glycosyl donor 10 (115.6 mg, 0.8 mmol), 38.7 mg (0.12 mmol) of the
acceptor 6, activated 4-A MS, and 3 mL of dry CHzCl z, was added 66.2 mg (0.18 mmol) of
Cu(OTf)z under argon' at room temperature. The mixture was stirred for 6 h, then concen
trated after 1drop of pyridine was added. The residue was purified by flash chromatography
on silica gel to give 95 mg (85%) of the desired disaccharide as the o-anomer only:
55-57°C, [~]D +59.9° (c 1.12, CHCI3) .

D. General Procedures for the Synthesis of 1,2-trans-Disaccharides

Glycosylation of Methyl 2,3,6-tri-O-benzyl-~-v-glucopyranoside (9) with 3-Methoxy-2
pyridyl 2,3,4,6-tetra-O-acetyl-l3-v-galactopyranoside (14)

To a mixture of the glycosyl donor 14 (90.6 mg, 0.20 mmol), 61.6 mg (0.13 mmol) of
glycosyl acceptor 9, activated powdered 4-A MS, and 3 mL of dry CHzClz, was added 108

To a mixture of the glycosyl donor 1a (130.8 mg, 0.20 mmol), 101.2 mg (0.31 mmol) of the
acceptor 7, activated 4-A MS, and 2 mL of the mixed solvent ofEtplCHzClz (5:1, v/v), was
added 75.0 mg (0.21 mmol) of Cu(OTf)z under argon at room temperature. The mixture was
stirred for 15 h, 1 drop of pyridine was added, then the mixture was concentrated. Purifica
tion by flash chromatography on silica gel gave 102.5 mg (60%) of the desired disaccharide
(all3, 10:1): for the ce-anomer, [~]D +76.1° (c 1.1, CHCI3) .

B. General Procedure for Glycosylation with Protected MOP
Glycosyl Donors Using MeOTf as Promoter

Glycosylation of Methyl 2,3,4-tri-O-acetyl-~-v-glucopyranoside (4) with 3-Methoxy-2
pyridyl 2,3,4,6-tetra-O-benzyl-l3-v-glucopyranoside (la)

OB"

~
OH Bn~O\

o MeOTI, (2,0 equiv.) B;;'O~"
A~c: .. BnO 0 ~+, ..p - Anomer

AcO OMe E"'O,r1.20h AC~
64% Ac

AcO
4 5.. OM. Sb

C. General Procedures for Glycosylation with Protected MOP
glycosyl Donors Using Cu(OTf)2 as Promoter

Glycosylation of Methyl 2,3,4-tri-O-acetyl-~-v-glucopyranoside (4) with 3-Methoxy-2

pyridyl 2,3,4,6-tetra-O-bellzyl-l3-v-glucopyranoside (la)

To a mixture of the glycosyl donor 1a (26.4 mg, 0.041 mmol), 19.6 mg (0.061 mmol) of
methyl 2,3,4_tri_O_acetyl_~_D_glucopyranoside4, 1 mL of EtzO, and activated 4-~ mole
cule sieve (MS) was added 15 mg (0.041 mmol) of Cu(OTf)z' The mixture was stirred for

To a stirred solution of the glycosyl donor 1a (24 mg, 0.037 mmol), 18 mg (0.056 mmol) of
methyl 2,3,4_tri_O_acetyl-~-o-glucopyranoside4 in 1 mL of EtzO was added 7.4 !J.Lof 1
M MeOTf in CH NO and the mixture was stirred at room temperature for 20 h. After
addition of 1drop ~f p~ridine, concentration followed by purification by flash chrornatogra
phy on silica gel (EtOAc-hexane, 1:2) gave 20 mg of a mixture of n- and ~-anomers III

64% yield (~/~, 5.1:1).

'Optical rotations of were measured at 22°-25°C.
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2_AZido_3_0_(2,3,4,6_tetra_0_acetyl_I3_D_galactopyranosyl)4,6-0-isopropylidene

2-deoxy-a-D-galactopyranosyl Chloride (24)

mg (0.23 mmol) of Cu(OTf}z under argon. The resulting mixture was stirred at room
temperature 5 h, and then concentrated after addition of 1drop of pyridine. The residue was
purified by flash chromatography on silica gel column to provide 81 mg (77%) of the
desired disaccharide 16: mp 54°-56°C, [a]o +14.4° (c 3.5, CHCI3) ·

3-Methoxy-2-pyridyl 2_azido_3_0_(2,3,4,6_tetra_0_acetyl_I3_D_galactopyranosyl)-4,6-0

isopropylidene-2-deoxy-I3-D-galactopyranoside (25)
A mixture of 2_azido_3_0_(2,3,4,6_tetra_O_acetyl_13_o_galactopyranosyl)-4,6-0-isopropyl
idene-2-deoxy-a-o-galactopyranosyl chloride 24 (315 mg, 0.46 mmol), 237 mg (1.02

To a mixture of the glycosyl donor 20 (30 mg, 0.042 mmol), 23.4 mg (0.050 mmol) of
glycosyl acceptor 21, 1.5 mL of dry CHzClz, and powdered 4-A MS, was added 30.4 mg
(0.084 mmol) of Cu(OTf) under argon. The resulting mixture was stirred at room tempera
ture for 2 h, and then concentrated, after addition of 1 drop of pyridine. The residue was
purified by flash chromatography on silica gel column to provide 26 mg (60%) of disac

charide 22: [aJo +11.3° (c 0.71, CHCI3) ·
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AcO N3 I
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I
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~\~~n
H"o~OSE

-T-o -J PhlhN
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BnO OSn

2-(Trimethylsilyl)ethyl 0-(2,3,4,6-tetra-0-benzoyl-I3-D-galactopyranosyl)-(]....:,4)[(2,3,4
tri-O-benzyl-a-L-fucopyranosyl)-(1....:,3)]-2 -acetamido-ti-O-benzyl-Z-deoxy-I3-D
glucopyranoside, 29

To a mixture of 3-methoxy-2-pyridyl 2-azido-3-0-(2,3,4,6-tetra-O-acetyl-l3-o-galacto
pyranosyl)-4,6-0-isopropylidene-2-deoxy-l3-o-galactopyranoside 25 (33 mg, 0.048 mmol),
23 mg (0,073 mmol) of N-carbobenzyloxY-L-serinebenzyl ester 26,1.6 mL ofCHzClz, and
activated powdered 4 A MS, was added 25.4 mg (0,070 mmol) of Cu(OTf)z' The mixture
was stirred at room temperature until the glycosyl donor had been consumed (2 h), After
addition of I drop of pyridine, the solution was concentrated to give a residue that was
chromatographed using EtOAc-hexane (1:2 to 2:1) to give 28 mg of the a-anomer 27 and
7 mg of the l3-anomer (82% yield).

To a solution of the glycosyl donor 13 (29 mg, 0,041 mmol) and the disaccharide donor 28
(16.8mg; 0,021 mmol) in dichloromethane (1.5 mL) was added activated powdered 4 AMS
(30 mg). The solution was stirred at room temperature overnight under argon, and
Cu(OTf)z (30 mg; 0.0826 mmol) was then added. Stirring was continued overnight (12 h),
the reaction was quenched with a few drops of pyridine, the mixture was concentrated, and
the residue was purified by flash chromatography on silica gel column with hexane-ethyl
acetate-dicWoromethane (2:1:0.5) to afford the title trisaccharide 29 (18,0 rng; 60%).

Glycosylation ofN-carbobenzyloXY-L-serine Benzyl Ester Using the MOP Donor, 25

mmol) of silver 3-methoxy-2-pyridoxide, and 10 mL of toluene was heated at 120°C with
stirring for 30 min. The mixture was filtered, concentrated, and purified by flash chroma
tography on silica gel column with EtOAc-hexane (1:1) to give 285 mg (83%) of the title
product 25 and 14 mg of a-isomer: mp 195°C, [a]o +1.8° (c 1.54, CHCI3) .
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To a solution cooled at -78°C containing 357 mg (0.596 mmol) of 2-azido-3-0-(2,3,4,6
tetra_O_acetyl-l3-o-galactopyranosyl)-4,6,O-isopropylidene-2-deoxy-o-galact~pyranose

23 and 332 fLL (2,38 mmol) of E~N in 10 mL of CHzClz, was added dropwise 89.3 fLL
(0.894 mmol) of sulfuryl chloride over 10 min. The mixture was stirred ~t the same
temperature for 30 min,S mL of saturated NaHC03 was added, and the orga~l1c layer was
processed as usual. After drying in vacuo for 5 h, the crude product was punfied by flash
chromatography on silica gel column (EtOAc-hexane, 1:1 to 2:1) to afford 337 mg of pure

a-chloride 24 in 92% yield.

Glycosylation of Methyl 2,3,4-tri-0-benzyl-a-D-glucopyranoside (21) with S-Methoxy-Z
pyridyl 2,3,4_tri_0_benzoyl-6-0-t-butyldimethylsilyl-I3-D-glucopyranoside (20)

Bno..-L~ cu(OTI), B~~£:~
+ 8no~ ... BzO 9nO 0

BnO OMe C H2CI2 BnO
60% Bna OMe

21 22
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0-(Methyl 5-acetamido-4, 7,8,9-tetra-0-acetyl-3,5-dideoXY-D-glycero-a-D-galacto-2

nonulopyranosylonate)-(2~3)-2,4, 6-tri-0-benzoyl-~-D-galactopyranosyl Chloride (31)

To a solution of 2-(trimethylsilyl)ethyl (methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,4-di

deoxy-o-glycero-o:-D-galacto-2-nonulopyranosylonate)-(2~3)-2,4,6-tri-0-benzoyl-~-D

galactopyranoside 30 (210 mg, 0.18 mmol) and zinc chloride (30 rng, 0.220 mmol) in

dichloromethane (2 mL) was added a,a-dichloromethyl methyl ether (40 f-LL, 0.434 mmol)

at O°c. The reaction mixture was stirred at room temperature for 4 h, then diluted with

dichloromethane, and washed successively with cold dilute aqueous sodium carbonate

solution and water, dried over N~S04' and concentrated to give the title product (187 mg,

96%): mp 75°C, [o.]D +42.36° (c LOIS, CRCI3) .
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AcO BoO
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3-Methoxy-2-pyridyl 0-(methyl 5-acetamido-4, 7,8,9-tetra-0-acetyl-3, 5

dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate)-(2~3)-2,4, 6-tri-0

benzoyl-~-D-galactopyranoside(32)

34

residue was purified by flash chromato ra h T

(3:1) to afford the title tetrasaccharide~~3~::'1~~~~~l column with benzene-acetone

A mixture of the previously obtained glycosyl chloride (186 mg, 0.19 mmol), silver

3-methoxy-2-pyridoxide, and 10 mL of toluene was heated at \lO°C for 2 h with stirring.

The mixture was filtered, concentrated, and purified by flash chromatography on silica gel

column withchloroforrn-methanol (20:1) to give the desired product 32 (\87 mg, 92%): mp

\l8-120°C.

2-(Trimethylsilyl)ethyl O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5

dideoxy-D-glycero-a-D-galacto-2 -nonulopyranosylonate)-(2~3)-(2,4,6-tri-0

benzoyl-~-D-galactopyranosyl)-(1~4)-0-[2,3,4-t
ri-0-benzyl-a-L-

fucopyranosyl-i1~3)]-2-acetamido-6-0-benzyl-2-deoXY-~-D-glucopyranoside (34)

To a solution of 3-methoxy-2-pyridyl O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5

dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylo
nate)-(2~3)-2,4,6-tri-0-benzoyl-~-D

galactopyranoside 32 (64 mg, 0.60 mmol) and 2-(trimethylsilyl)ethyl 0-(2,3,4-tri-0

benzyl-a-L-fucopyranosyl)-(I~3)-0-benzyl-2-deoxy-2-acetamido-~-D-glucopyranoside33

(\50 mg, 0.18 mmol) in dichloromethane (5 mL) was added activated powdered 4 A MS

(100 mg). The solution was stirred at room temperature overnight under argon, and

Cu(OTf)2 (43 mg, 0.12 mmol) was then added. Stirring was continued overnight (12 h), the

reaction was quenched with a few drops of pyridine, the mixture was concentrated, and the
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;~~~::~~ ~~t~:~~enmd~te ~cdtivatidon), would lea? ~o an oxocarbenium intermediate with
10XI e an a metal-pyndme compl h .

Subsequent nucleophilic attack by an alcohol would form thee;lya:O:i;ew:o~d.Scheme 1.

B. Glycosyl 2-pyridylcarbonates as Donors

~~~~:;~~~~y~~~~:~~ei~hich becan be readily prepared by the reaction of alcohols with

. ' ave en used as intermediates for the thesi f
biologically interesting carbamates [8] Foil . th syn esrs 0 some

b~s(2-pyridyl) carbonate 2 in very high ~ield ~;l~~ tr:a;:~7~~ :f~~c;~ou:e, w~ ~rep:u:ed

tnphosgene. A coupling reaction with 2 3 4 6-tetra-O-benzyl DIY Ypyridine With

~~~presence Of;SN to gi~e the expe~t~d'gIYCOSYI2_PYrid;lc~::~~~~:e~~~~~~e:
I-' anomers, ut only m 29-37% isolated yields (Scheme 2) The I . Id

. ow yre was

I. INTRODUCTION

Thioglycosides are widely used as a major class of glycosyl donors in oligosaccharide

synthesis because they are usually stable under the various conditions used for chemically

manipulating of hydroxy groups. Thioglycosides can be selectively activated with a variety

of thiophilic reagents [I; see also Chap. 11]. In 1980, we introduced the concept of remote

activation of an anomeric group in glycoside synthesis based on O-unprotected 2-thiopyridyl

glycosyl donors which, when treated by Hg(N03)2 in the presence of an excess of alcohol,

afforded the desired glycosides in good yield, with good to moderate ce-selectivities [2].

The method is applicable in the glycosylation of aglycones derived from complex anti

biotics, as in the total syntheses of erythromycin [3] and avermectin B1a [4].

An extension of the remote activation concept for the purpose of designing novel

anomeric-leaving groups, has been reported by Kobayashi and his co-workers [5]. Thus,

glycosyl 2-pyridylcarboxylates serve as glycosyl donors in the presence of CU(OTf)2 or

Sn(OTf)2 and various sugar acceptors, to give disaccharides in very good yields with high

ct- or l3-stereoselectivities.
The potential usefulness of glycosyl carbonates as glycosyl donors for the glycosyla

tion reaction was first explored by Descotes [6]. Heating glycosyl ethyl carbonates with a

large excess of simple alcohols afforded the desired glycosides, but the coupling failed with

a sugar acceptor under the same condition. Recently, Sinay [7] reported on the 2-propenyl

carbonate-leaving group that was particularly useful for the synthesis of 1,2-trans

glycosides when CH3CN was employed as solvent.

Bn_\o~n
B;;r~OH

BnO

2 (1-3 equiv,)

ElaN, CH2CI2

rt, 12 hrs
29-37%

3

A. Design of Novel Anomerlc Activating Groups

The successful applications of the MOP technology in the synthesis of oligosaccharides in

our laboratories [see Chap. 18] led us to explore the design and reactivity of other anomeric

derivatives of pyridine by the use of the remote activation concept. We designed novel

classes of glycosy1donors containing a carbonate or a thiocarbonate group that bridges a

2-pyridyl group and the anomeric center of the glycosyl moiety (Scheme 1). It was

anticipated that such glycosyl donors should be more reactive than the 2-pyridyl glycosides

in the presence of a suitable transition metal ion, such as Cu2+ or Ag". The proposed

bidentate activation through the chelation of a carbonyl or thiocarbony1group and nitrogen

Bn~
(Pyo),CO (1.2 equ;v.) OBn

Bn OH
DMAP (0.3 equ;v.) ROH

BnO
~ 3 .- Bn~

rt, 45rnin BnO R
BnO

80'1

ROH Promoter (equiv.) Solvent Temp.(oc) Time a:1I Yleld(%)

5 CU(OTlh ( 3) Et.o -20·0 10min 3.8: 1 80

4 CU(OTlh (2.5), HOT! (0.5) Etp -20-0 10min 2.5: 1 53

4 CU(OTlh (2.5), HOT! (0.5) CH.CN -20-0 Ih 1 :6 60

5AC~~
AC~ 4

AcO OMe

ROH=

Scheme 2 Gl I 2ycosy -pyridy1carbonate as a novelglycosyl donor.

attributed to the instability of the donor 3 durin the uri' ..

phy. However, treatment of the I cos 1 . g p ficali.on by SIlicagel chromatogra_

of CU(OTf)2 at room temperatu;e~or I~ ~~dYlcar~onate 3 ,:tth c?olesterol in the presence

ratio of 3.6:1. The corresponding phenylca:.::::te ;JII~~~Sld: 7 m
th60%

yiel~ with an ct/13

same conditions. 0 grve e glycoside under the

By omitting the chromatographic purification ste 2 .
as glycosyl donors in one-pot glycosylatio I' p.. -~yndylcarbonates can be used

ns, resu tmg in high overall yields and reason-

co,+

promoter

RO~
OR'

Cl+
N X
I
ML

Scheme 1 The design of glycosyl 2-pyridylcarbonate or glycosyl 2-thiopyridylcarbonate (TOP

CAT) donors basedon the remote activation concept.

x=o,s
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ably good selectivities (see Scheme 2). In som~ cas~s, (e.g., 4 a~ an acceptor!, it was
necessary to add triflic acid (0.5 eq) to the reaction nuxture to avoid the formation of an
«-glycosyl carbonate as a by-product. The use of CHFN as solvent, resulted in the
formation of 1,2-trans-glycosides as major products through a kinetically formed o-glyco-

sidic nitrilium intermediate [9]. X.OBn,N.

3: 1,69%

AC~:
A;;'~

AcOOM.

11

0-0
-z::;Q -r::oJls ...N
1,.{,,~OBn

BnOOBn

14

1.5: 1, 70%

~
OBn

H 0
Bn

BnO OM.

10

a-only, 96% a -only, 95%

Synthesisof 1,2-cis-disaccharides using TOPCAT glycosyldonors.
11 alp

Scheme 4

Phb~ Ph'1~

~RS
Ac

HO OM• AcO OM.

DONORS 12 13

9
alp 3: 1,93% 9: 1,92%

10 alp 14 : 1,87% a-only, 90%

1,2-t:ans-Disaccharides were successfully prepared by employing participating groups at
C-2 III the TOPCAT donors: The results shown in Scheme 5 demonstrate that various acyl
groups (acetyl, benzoyl, pivaloyl) are suitable to facilitate the formation of l2-trans
glycosides. The condensation of 2,3,4,6-tetra-O-acetyl-I3-D-galactopyranosyl TOPCAT 17

C. 1,2-trans-Disaccharldes

The acid~labile protective groups, such as benzylidene, acetate, esters, and silyl
et~ers,. presen~ III some sugar acceptors, are stable under the reaction conditions. Acetyl
rmgranon, which ~ay occur in the strong Lewis acid-mediated glycosylation reactions [11],
was not observed III TOPCAT-mediated glycosylations. Furthermore, l3-glycosyl TOPCAT
derivatives were more reactive toward AgOTf than were the corresponding o-isomers.

The results of this study clearly indicate that the glycosylation proceeds by an
oxocarbenium intermediate that is generated by the activation of the 2-thiopyridylcarbo
nate with silver ions, possibly through a bidentate species (see Scheme 1). We propose that
the complex of silver thiopyridylcarbonate is subsequently decomposed in the reaction
mixture into silver thiopyridine salt and CO2, This was supported by the observation of the
occasional presence of a trace amount of 2-thiopyridyl glycoside. The high o-selectivities
obtained in both galactosylation and fucosylation of hindered alcohol acceptors could be
due to a steric effect exerted by the pseudoaxial benzyloxy group at C-4 that hampers the
nucleophile approaching from the l3-side. However, electronic and conformational effects
may be equally if not more important to explain the difference in selectivities that are
consistently observed when comparing D-gluco and D-galacto donors.

AT, >90%

Et,N. CH2CI2

•
+PG~OH

B. Activation of TOPCAT Donors and Synthesis of 1,2-cls-
Disaccharides

As originally designed, the activation of the TOPCAT anomeric-leaving group w~th gly
cosyI acceptors was promoted by AgOTf under mild conditions. Scheme 4 summ~zes the
results of stereocontrolled «-glycosylations using TOPCAT donors, 9-11, WIth sugar
acceptors containing OH groups at C-2, C-3, C-4, and C-6, respectively. The results were
similar to our previous finding in the MOP-based glycoside synthesis .[see Chap .. 18].
Glycosylations with the glycosyl donors 10 and 11,led to 1,2-cis-disacchandes exclusively
or in high preponderance. As with the O-benzyl-protected ~OP donors [se~ Chap. 18],
glucosylations were still «-selective, but with diminished ratios compared WIththe o-ga-

lacto isomer.

x• BnO, AcO, BzO, PlvO, N.. etc.

Scheme 3 Preparationof glycosyl 2_thiopyridylcarbonates (TOPCATs).

To date, all TOPCAT donors prepared in our laboratory were isolated by co~umn chro~a
tography as pure l3-anomers (see Scheme 3), and they exhibited m~ch higher stability
compared with glycosyl 2-pyridylcarbonates. They are often crystallme and they can be
stored for extended periods without a detectable change. These fea~res ~e extrem~ly
important for their synthetic applications as versatile glycosyl donors in ohgosacchande

and glycoside synthesis.

II. THE METHODS: GLYCOSYL 2_THIOPYRIDYLCARBONATES
(TOPCAT)AS GLYCOSYL DONORS

A. Preparation of Glycosyl Donors

2-Thiopyridyl chloroformate has been reported as an efficient reagent to activate carboxylic
acids to give the corresponding 2-thiopyridyl esters [10]. Treatment of 2,3,4,6-tetra-O
benzyl-o-glucopyranose with freshly prepared 2-thiopyridyl chlorof?rmate i~ the .presence
of Et

3N
afforded the corresponding glucosyl2-thiopyridylcarbonate III very high yield as an

anomeric mixture (<</13, 1:2).
Encouraged by the reactivity of bis(2-pyridyl) carbonate 2, we .also ~xplored the use

of bis(2-thiopyridyl) carbonate 8 in the formation of anomenc 2-thlOpyn~y~ car~onates.
The reagent 8, prepared in quantitative yield from triphosgene and 2-pYr:dlll~thlOl,. was
used to prepare several glycosyl 2-thiopyridylcarbonates (TOPCAT) III high yields

(Scheme 3).
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with methyl 2,3,6-tri-O-benzyl-0'-D-glucopyranoside 14 in CHzClz in the presence of

AgOTf gave the desired l3-linked disaccharide 20 as the only isomer in 70% yield. This

suggests the possible use of this method for the synthesis of highly functionalized lactose

and lactosamine analogues, which are useful building blocks for the construction of

complex oligosacchardies.

A

.,...;....-...... _OSE

26

AcO

Meoe

BZ~BZ ~cOAc 2 BZ~BZ° ~oBn Ac ~ ~OBn
o 0 0 AcH' ° ° 0
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24 25
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41%
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AcO Bn
BnOoMe

AgOTl, CH2CI2H~OBn
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BnO
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+
4A MS, O°·rt. 3 h

70%
14 20

1,2,-trans-glycoside synthesis using the TOPCAT-Ieaving group.
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D. Application to the Synthesis of Sialyl Lex

In the previous chapter, we briefly discussed the relevance of sialyl Lexand we showed a

synthesis of a protected derivative that was assembled from a MOP glycosyl donor [see

Chap. 18]. This complements several other recently reported syntheses. Herein we describe

a straightforward synthesis of sialyl LeX employing the TOPCAT activation method as

shown in Scheme 6.
The key intermediates in our synthetic route are sialyl-Gal TOPCAT donor 22, Fuc

TOPCAT donor 11and the GlcNAc acceptor 23. The disaccharide donor 22 was prepared in

high yield by the treatment of the reducing sugar 21 [12] with bis(2-thiopyridyl)carbonate.

The subsequent glycosylation of acceptor 23 with 22 was carried out in the presence of

AgOTf in CHzClz at O°C for 5 h to give the trisaccharide 24 in 73% yield with the expected

l3-configuration exclusively for the newly formed glycosidic linkage. Rhodium-catalyzed

migration of the aIlylic double-bond, followed by the treatment with HgClz-HgO led to

the trisaccharide precursor 25 in 80% overall yield. The fucosyl unit was introduced in a

highly stereoselective manner by employing the l3-fucosyl TOPCAT 11as glycosyl donor,

to give the desired fully protected SLex tetrasaccharide 26 in over 41% isolated yield. It is of

particular interest that tetramethylurea (TMU), which we first used as an acid scavenger in

a AgOTf-promoted glycosylation reaction [13], was also effective to increase the yield of

fucosylation in this and other cases, especially when sterically hindered acceptors were

used.

11

NaCNBH", Hel

60%
..

Phb~O
HO~SE

PhthN

27

OBn

H~OSE
-r-O..J PhthN

~OBn
BnO OBn

1. NH2NH2• EIOH
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67%

..

28
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The synthesis of a Lextrisaccharide 34 was also accomplished by using the TOPCAT
based method (Scheme 7). Coupling of the readily available donor 31 with 23 under the

HY('"O~IV OB n

H~O~SE
'::0...) AcHN
.tJ:::.LOBn

BnO
OBn

TOPCAT IMIDATE

~~ ~!..-O ~~CCb
NH

ACCEPTOR
Bn 0"'-'-0 n::r:!w,

BnO 0 e-o 0Bn NH BnO OBn

e : ~ o: u (l

Ph-:~

ex

10<0
OM.

Yleld 90 95 87
('llo)

90

P'-'-~
ex:~ 14:1 ex 10:1 ex

HO
OM.

Yield 87 96 85
('llo)

85

Table 1 Glycosylation with TOPCAT and Imidate Donors
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Synthesis of LeX trisaccharide derivative via TOPCAT-mediated glycosylation.
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Scheme 7
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EXPERIMENTAL PROCEDURES*

Ge~eral Procedure for One-Pot Glycosylation with Glycosyl-2
pyndylcarbonates

Cholesterol as an Acceptor

Ill.

A.

previously developed conditions [13] furnished the disaccharide 32 in 74% yield with no
observation of any orthoester. Removal of the allyl group as for 2S generated the disac
charide 33 in 70% yield. Condensation of 33 and fucosyl TOPCAT donor 11 proceeded
in the presence of AgOTf and TMU at room temperature overnight, to give the correspond
ing a-linked trisaccharide in 80% yield. Hydrolysis of the acetate groups led to 34 in high
overall yield. This trisaccharide, containing a pivaloyl group at the C-6 of the Gal unit, may
be useful in other glycosylations at the C-3 with appropriate glycosyl donors to give

analogues of Sl.e".

E. Conclusion 60r7

A new method of anomeric activation was discovered based on the remote activation
concept [2]. Anomeric 2-thiopyridylcarbonate (TOPCAT) derivatives are easily prepared
from the O-protected reducing sugars to give stable, well-defined crystalline glycosyl
2_thiopyridylcarbonates. Activation with AgOTf in CH2CI2 generates reactive oxocar
benium ion intermediates that can react with alcohol acceptors to give 1,2-cis or 1,2-trans
glycosides depending on the nature of the C-2 substituent in the donor. The method is
complementary to the pentenyl glycoside [14; see also Chap. 14] and related protocols,
such as the trichloroacetimidate method [15]. In the latter type activation, the TOPCAT
donors have the advantage of being stable to chromatography and during storage without a
detectable change. The TOPCAT activation method is useful for the synthesis of simple and
more complex oligosaccharide-type products. It can also be used in conjunction with MOP·
acceptors that are relatively stable to AgOTf; hence, the possibility for selective activation
of TOPCAT donors, and the option for iterative oligosaccharide synthesis, as discussed in
Chapter 20. TOPCAT donors compare favorably with the same trichloroacetimidate coun
terparts in efficiency and selectivity of glycosylation. Table I compares the results of

disaccharide syntheses with TOPCAT and imidate donors.

To a solution of 2,~,4,6·te~ra-O-benzyl-D-glucopyranose 1 (30 mg, 0.056 mmol) and 15 mg
(0:069 mmol) ?f dl(2-pyndyl) carbonate in 1 mL of ether was added 2 mg of DMAP. The
nuxture was stI~ed at room temperature until it was homogeneous (45 min to lh), and then
cooled to -.20 C. Cu(OTf)2 (60 mg, 0.166 mmol) and cholesterol (26 mg, 0.067 mmol)
were ad~ed m order. The mixture was allowed to reach room temperature and the sf .
was contmued for 10min. Addition of pyridine (2 drops), concentration and pUrificati~:~~
flash chromatography on silica gel (EtOAc-hexane, 1:2) gave the'desired glycosid
(30 mg, 60%; alJ'\, 3.6:1). es

Methyl 2,3,4-tri-O-acetyl-a-D-glucopyranoside as an Acceptor

To a solution of 2:3,4.tet~a-O.benzyl-D-glucopyranse 1 (30 mg, 0.056 mmol) and 15 m
(0.069 mmol) of dl(2-pyndy1) carbonate in 1 mL of ether was added 2 mg of DMAP. The

'Optical rotations were measured at 22-25°C.
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mixture was stirred at room temperature until it was homogeneous, then cooled to -20°C;
28 ILL of 1M triflic acid solution in CR3N02, 50 mg (0.138 mmol) of Cu(OTf)2' and 27 mg
(0.084 mmol) of methyl 2,3,4-tri-O-acetyl-a-D-g1ucopyranoside were added, in order.
After the cold bath was removed, the mixture was stirred at room temperature for 10 min.
The reaction mixture was quenched with 2 drops of pyridine. Concentration and purifica
tion by flash chromatography on silica gel (EtOAc-hexane, 1:2) gave the mixture of a- and
l3-disaccharides (29 mg, 63% yield; a/l3, 2.5:1).

CH2C~ (5: 1,v/v) was stirred overnight under argon at room temperature and then cooled to
O°C.Silv~r triflate (143 mg, 0.555 mmol) was added to the reaction mixture, and the stirring
was continued for 5 h at O°C. The suspension was treated with a few drops of pyridine,
filtered trn;ough Celite and concentrated. Purification by flash chromatography on silica gel
column With hexane-EtOAc-CH2C12(4:1:1) gave 98 mg of the desired a- and l3-disaccha
rides (o/B, 3:1, 93%).

Glycosylation of Methyl 3-0-acetyl-4,6-benzylidene-a-D-glucopyranoside (12) with
2,3,4,6-Tetra-Cr-benzvl-ts-o-galactopyranosyl 2-thiopyridylcarbonate (10)

A mixture of the gl~cosyl donor 10, (12~ mg, 0.185 mmol), glycosyl acceptor 12, (40.3 mg,
0.13 mrnol), and activated powdered 4-A MS (200 mg) in 6 mL of EtP-CH CI (5:1 v/v)
was stirred overnight under argon at room temperature, and then cooled t; O.;C. Silver
trifl~te (142.8 mg, 0.555 mmol) was added to the reaction mixture, the stirring was
continued for 5 h at O°C. The suspension was treated with a few drops of pyridine, filtered
t~ough Celite and concentrated. Purification by flash chromatography on silica gel column
With hexane-EtOAc-CH2Cl2 (4:1:1) gave 92 mg of the desired disaccharide in 87% yield
(a/l3, 14:1). For the a-anomer: mp 5SO-57°C, [a]o +59.0° (c 1.12, CRC1

3
)

Preparation of Di(S-2-Pyridyl) thiocarbonate (8)

()STS))

To a solution cooled at O°C of 8.83 g (80.0 mmol) of 2-mercaptopyridine in 400 mL of dry
CH Cl , was added 3.94 g (13.3 mrnol) of triphosgene. Triethylamine (12 mL, 86 mmol)
wa:added dropwise over 15 min, and the mixture was stirred at this temperature for 30 min,
and then at room temperature for 1 h. The mixture was concentrated, treated with cold
saturated aqueous NaHC03, and extracted with 400 mL of EtOAc. After being washed w.ith
water and brine, the organice layer was dried over MgSO4' filtered, and concentrated to give
the product as a yellow solid that was dried in vacuo overnight (9.58 g, 97%). Pale yellow
needle-shaped crystals were obtained by recrystallization from 2-propanol: mp 45°_47°C.

B. General Procedure for the Preparation of Glycosyl
2-thlopyrldylcarbonate Donors

SnO 08n

Bn~oyslIN...,
SnO 0 V

10

Ph~~+ 0
Ac

HO OM•

12

Ph~O~
AgOTf Ac- 7f] + 13 -Anomer

87% 8n Sn OM.

o
BnO OSn

C. General Procedures for the Synthesis of 1,2-cis-Disaccharides
Using TOPCAT Glycosyl Donors

Glycosylation of Methyl 3-0-acetyl-4,6-benzylidene-a-D-glucopyranoside (12) with
2,3,4,6- Tetra-O-benzyl-I3-D-glucopyranosyl 2-thiopyridylcarbonate (9)

A mixture of 2,3,4,6-tetra-O-benzyl-D-glucopyranose 1 (330 mg, 0.61 mmol), 411mg (1.66
mmol) of di(S-2-pyridyl) thiocarbonate, 231 ILL(1.66 rnmol) of E~N and 6 mL of CH 2C12
was stirred at room temperature for 1 day. Concentration followed by purification by flash
chromatography on a silica gel column with EtOAc-hexane (1:2 to 1:1) or benzene-EtOAc
(5:1) gave the desired product 9 as a pale yellow solid (393 mg, 95%): mp 71°-73°C, [a]o
+ 15.5° (c 1.5, CHC13) .

Glycosylation of Methyl 3-0-acetyl-4,6-benzylidene-a-D-glucopyranoside (12) with
2,3,4-Tri-O-benzyl-I3-L-fucopyranosyl 2-thiopyridylcarbonate (11)

Ph~O~
AcO

o-r-n-J OM.

~osn
SnO os"

AgOTf96%

Phb~q,
+ AC~

HO OM•

12

or?")
-z:::.p-r;:oJls.A"""
I~D--=-OSn

SnO OBn

11

A mixture ofth~ glycosyl donor 11(141mg, 0.247 mmol) glycosyl acceptor 12 (40 mg, 0.13
mmol), and activated powdered 4-A MS (200 mg) in 6 mL ELO-CH Cl (5:1 v/v) was

. d . "2 2 2 '
stirre overnight under argon at room temperature, and then cooled to O°C. Silver triflate
(190.4 mg, 0.740 mmol) was added to the reaction mixture, the stirring was continued for 4
h at O°c. The suspens~on ~as treated with a few drops of pyridine, filtered through Celite,
and concentrated. Purification by flash chromatography on silica gel column with hexane
EtOAc-CH2C12 (4:1:1) gave 90 mg of the desired disaccharide (96%, a-anomer only): mp
152°-154°C, [a]o -5.6° (c 1.5, CRC1

3
) .

OBn

Et3N (3 equlv.) Bn" - (-.~"
.. B~O SUN
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OBn

Bn" - C~·· OH
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A mixture of the glycosyl donor 9 (126 mg, 0.185 mmol) glycosyl acceptor 12, (40.3 mg,
0.124 mmol), and activated powdered 4 A (molecular sieves) (200 mg) in 6 mL of E~O-

D. General Procedure for the Synthesis of 1,2-trans-Glycosides
Using the TOPCAT-Leaving Group

Glycosylation of Cholesterol with 6-0-t-Butyldimethylsilyl-2,3,4-tri-O_benzoyl_I3_D_
glucopyranosyl 2-thiopyridylcarbonate

To a mixture ofglycosyl donor 15 (30 mg, 0.040 rnmol), 17 mg (0.044 romol) of cholesterol
1.mL o~ dry CH2Cl2, and activated powdered 4-A MS, was added 21 mg (0.082 mmol) of
silver tnflate. The resulting suspension was stirred at room temperature until the reaction



was completed. One drop of pyridine was added, and the mixture was filtered through
Celite and washed with CRzClz. Concentration of the filtrate and purification by flash
chromatography on silica gel column with EtOAc-hexane (1:4) gave the desired glycoside
18 (32.5 mg, 83%): mp 188°-190°C, [a]o +13.2° (c 1.1, CRCI

3
) .

0-(Methyl 5-acetamido-4, 7,8,9-tetra-0-acetyl-3,5-dideoXY-D-glycero-a-D-galacto-2
nonulopyranosylonate)-(2-73)-2,4,6-tri-0-benzoyl- [3-D-galactopyranose (21)

~
MOO'C B~ZC QAc Z

Ac cHN; 0 0 0 OH

AcO BzO
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for 24 h at 85°C, concentrated, and purified by flash chromatography on silica gel column
with 20:1 chloroform-methanol to give the propenyl ether. This was dissolved in acetone
water 9:1 (5 mL), then mercury oxide (20 mg, 0.092 mmol) and a solution of mercury
chloride (33 mg, 0.12 mmol) in 2 mL of acetone were added successively to the reaction
mixture. Stirring was continued overnight at room temperature, then 10 mL of dichloro
methane was added, the reaction mixture was filtered through Celite, and the residue was
washed successively with acetone and dichloromethane. The filtrates and washings were
combined and concentrated. The residue was dissolved in ether, washed with 10% po
tassium iodide solution, dried over N~S04' and concentrated. Purification by flash chroma
tography on silica gel with CRzClz-MeOR (20:1) gave the desired product 25 (64 mg,
80%): mp 92°-94°C, [a]o +39.60 (c 0.78, CRCI3) .
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~
c ~Ac • BZ~Oz OBn ~co~Ac . z £n

Ac ~ __,:~.. AcO . 0 0
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24

To a solution of 2-(trimethylsilyl)ethyl O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5
dideoxy-0-glycero-o.-0-galacto-2-nonulopyranosy1onate)-(2-73)-2,4,6-tri-0-benzoy1-[3-0

galactopyranose (295 mg, 0.28 mmol) in 2 mL of dichloromethane was added trifluoro
acetic acid (2 mL) at O°C,and the stirring was continued for 2 h at O°C. Ethyl acetate (3 mL)
and toluene (3 ml) were added and the solvents were evaporated. A second portion of
toluene was added and the evaporation was repeated. Purification by flash chromatography
on silica gel column with dichloromethane-methanol (20:1) gave the hemiacetal 21
(267 mg, quantitative): mp 85°C.

0-(Methyl 5-acetamido-4, 7,8,9-tetra-0-acetyl-3,5-dideoXY-D-glycero-a-D-galacto-2
nonulopyranosylonate)-(2-73)-2,4,6-tri-0-benzoyl-[3-D-galactopyranosyl
2-thiopyridylcarbonate (22)

22

A mixture of hemiacetal disaccharide 21(248 mg, 0.258 mmol), di(S-2-pyridyl) thiocarbo
nate (191 mg; 0.77 mmol), triethylamine (110 J..I.L, 0.77 mmol), and 5 mL of dichloro
methane was stirred at room temperature for 30 h. Concentration and purification by flash
chromatography on silica gel column with 20:1 dichloromethane-methanol gave the
desired product 22 (270 mg, 95%): mp I50°C, [a]o +53.75 0 (c 0.8, CRCI3) .

2-(Trimethylsilyl)ethyl O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5
dideoXY-D-glycero-a-D-galacto-2-nonulopyranosylonate)-(2-73)-(2,4,6-tri-0
benzoyl-[3-D-galactopyranosyl)-(1-74)-2-acetamido-6-0-benzyl-2-deoxy-[3-D
glucopyranoside (25)

To a solution of trisaccharide 24 (82.5 mg, 0.060 mmol) in 5 mL of ethanol-benzene-water
(5:2:1) was added successively tri(triphenylphosphine)-rhodium(l) chloride (50 mg, 0.054
rnmol) and 1,4-diazabicyclo[2,2,2]octane (7 mg, 0.063 mmol). The mixture was stirred

2-(Trimethylsilyl)ethyl O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5
dideoxy-o-giyeeto-cc-D-galacto-2-nonulopyranosylonate)-(2-73)-(2,4,6-tri-0
benzoyl-[3-D-galactopyranosyl)-(1-74 )-2-acetamido-3-0-allyl-6-0-benzyl-2-deoxy-[3-D
glucopyranoside (24)

_~~~n
AcO ~ACMoO. BZ~OOBz ~~~OSE ~COr;,Ac

MeO•C
BZ~BZ OBn

Acu-...__.,..,...'-r-o a a OR AcHN 23 Ac '0 a a o~~=;'"
AcHN • AcHN AII~SE

AcO BzO AcO BzO AcHN
AgOTf. CH.Cl.

73%

To a solution of glycosyl donor 22 (150 mg, 0.136 mmol) and glycosyl acceptor 23 (170mg,
0.377 mmol) was added activated powdered 4-,.\ MS (170 mg). The mixture was stirred
overnight under argon at room temperature, cooled to O°C, and silver triflate (105.2 mg,
0.410 mmol) was added. The reaction mixture was stirred for 5 h at O°C then at room
temperature, the course of the reaction being monitored by TLe. The suspension was
treated with a few drops of pyridine, filtered through Celite and concentrated. Purification
by flash chromatography on silica gel column with EtOAc-CRCI3-MeOR (10:2:0.2) gave
the title trisaccharide 24 (139 mg, 73%): mp 120o-122°C, [a]o +9.75 0 (c 0.79, CRCI3) .

2-(Trimethylsilyl)ethyl O-(methyl 5-acetamido-4,7,8,9-tetra-0-acetyl-3,5
dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonate)-(2-73)-(2,4,6-tri-0
benzoyl-[3-D-galactopyranosyl)-(1-74 )-0-[2,3,4-tri-0-benzyl-a-L-
fucopyranosyl-(1-73 )J-2-acetamido-6-0-benzyl-2-deoxy-[3-D-glucopyranoside (26)

To a solution of glycosyl acceptor 25 (20.6 mg, O.oI5 mmol) in dichloromethane (2 mL)
was added activated powdered 4-,.\ MS (50 mg). The solution was stirred at room tempera
ture under argon for I h, then cooled to O°C.Silver triflate (160 mg, 0.62 mmol) was added
and the stirring was continued for 30 min. A solution of the glycosyl donor 11(300 mg, 0.53
mmol) in 3 mL of dichloromethane was added dropwise to the reaction mixture at O°e.
After 2 h, a few drops of pyridine were added, and the mixture was filtered through Celite,
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then concentrated. Purification of the residue by flash chromatography on silica gel with
benzene-acetone (3:1) gave the tetrasaccharide 26 (11 mg; 41%).

2-(Trimethylsilyl)ethyl 0-(2,3,4-tri-0-benzyl-0.-L-fucopyranosyl)-(1..-73)-2
phthalimido-4,6-0-benzylidene-2-deoxy-I3-D-glucopyranoside (28)

was dissolved in methanol (10 mL), and acetic anhydride (3 mL) was added at O°C. The
solution was stirred for 2 h at room temperature, concentrated, toluene (5 mL) was added,
and then evaporated. The solid residue was dissolved in dichloromethane, and the solution
was processed as usual. Purification by flash chromatography on silica gel with EtOAc
hexane (2:1) gave the desired product 30 (170 mg, 67%).

2-t'Irimethylsilyl)ethyl 0-(2,3.4-tri-O-benzyl-o. -L-fucopyranosyl)-(1..-73)-O-benzyl-2
deoxy-2-phthalimido-I3-D-glucopyranoside (29)

To a solution of glycosyl acceptor 27 (500 mg, 1mmol) and the glycosyl donor 11(947 mg,
1.66 mmol) in dichloromethane (10mL) was added activated powdered 4-A MS (500 mg).
The mixture was stirred overnight under argon at room temperature, cooled to O°C, then
treated with silver triflate (1.55 g, 6.0 mmol). After stirring for 1 h, the mixture was treated
with a few drops of pyridine, filtered through Celite, and concentrated. Purification by flash
chromatography on silica gel column with hexane-EtOAc-CHzClz (8:2:2) gave the de
sired product 28 (716 mg; 88%): mp 67°C, [o.]D -30.72° (c 1.1, CHCI3) .

29

2-(Trimethylsilyl)ethyl 0-(2,3,4-tri-0-acetyl-6-0-pivaloyl-I3-D-
galactopyranosyl)-(1..-74)-2-acetamido-3-0-allyl-6-0-benzyl-2-deoxy-l3-D
glucopyranoside (32)

32
74%

AgOT!. TMU

C H,CI,. 4A. ·78"C
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+
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AcO

Br

31

To a solution of the glycosyl acceptor 23 (400 mg, 0.89 mmol) in dry dichloromethane
(10mL) was added activated powdered 4-..\ MS (400 mg), and the mixture was stirred for 1
h at room temperature, then cooled to -78°C. Silver triflate (1 g, 3.89 mmol) and
tetramethylurea (316 ul., 2.56 mmol) were added successively to the reaction mixture at
-78°C, and the stirring was continued for 30 min. A solution of 2,3,4-tri-O-acetyl-6-0
pivaloyl-u-o-galactopyranosyl bromide 31 (1.2 g, 2.65 mmol) in 10mL of dichloromethane
was added to the reaction mixture. After stirring for 3 h at - 78°C, the precipitate was
filtered off, and washed with dichloromethane. The filtrate and washings were combined,
and the solution was processed as usual. Purification by flash chromatography on silica gel
with EtOAc-hexane (1:1) gave the title disaccharide 32 (540 mg, 74%): mp 69°C, [o.]D
-15.7° (c 1.05, CHCI3

) .
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2-(Trimethylsilyl)ethyl 0-(2,3,4-tri-0-acetyl-6-0-pivaloyl-0.-D-galactopyranosyl)
(1---74)-2-acetamido-6-0-benzyl-2-deoxy-I3-D-glucopyranoside (33)

To a solution of the disaccharide 28 (500 mg, 0.55 mmol) and sodium cyanoborohydride
(230 mg, 3.70 mmol) in tetrahydrofuran (25 mL) was added powdered 4-..\ MS (1 g). The
solution was stirred for 20 min at O°C, then a solution of hydrogen chloride saturated in
ether (2 mL) was added dropwise. Stirring was continued for 3 h at O°C, and the course
of the reaction was monitored by TLC. The suspension was filtered through Celite, and the
filtrate was processed as usual. Purification by flash chromatography on silica gel with
hexane-EtOAc (3:1) afforded the desired product 29 (300 mg, 60%).
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33

2-(Trimethylsilyl)ethyl 0-(2,3,4-tri-0-benzyl-0.-L-fucopyranosyl)-(1..-73)-0-benzyl-2
deoxy-2-acetamido-I3-D-glucopyranoside (30)

A solution of the disaccharide 29 (280 mg, 0.3 mmol) in 3 mL of hydrazine monohydrate
and 10mL of ethanol was heated at 95°C for 2 h. The solution was concentrated, the residue

To a solution of the preceding compound 32 (394 mg, 0.478 mmol) in 8 mL of ethanol
benzene-water (5:2:1) was added successively tri(triphenylpho~phine)-rhodium(I) chlo
ride (88.5 mg, 0.096 mmol) and 1,4-diazabicyclo[2,2,2]octane (26 mg, 0.23 mmol). The
mixture was stirred overnight (12 h) at 85°C. Concentration and purification by flash
chromatography on a silica gel column with 1:1hexane-EtOAc gave the propenyl ether.
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34

2-(Trimethylsilyl)ethyl 0-(2,3,4-tri-0-acetyl-6-0-pivaloyl-f3-D-galactopyranosyl)-(1~4)
{2,3,4-tri-0-benzyl-0'-L-fucopyranosyl)-(1~3)]-2-acetamido-6-0-benzyl-2-deoxy-f3-D

glucopyranoside

2-(Trimethylsilyl)ethyl 0-(6-0-pivaloyl-f3-v-galactopyranosyl)-(1~4)-((2,3,4-tri-0
benzyl-a-t-fucopyranosyl)-(1~3)]-2-acetamido-6-0-benzyl-2-deoxy-r3-v
glucopyranoside (34)

To a solution of the preceding compound (174 mg, 0.145 mmol) in 10 mL of dry methanol
was added dropwise 50 f.LL of 10% sodium methoxide in MeOH at O°C. The solution was
stirred for 3 hat O°C, then neutralized with Amberlite IR-120 (H+). Filtration and concen
tration gave 34 (139.3 mg, 89%): mp 97°C, [0')0 -41.5° (c 0.82, CHCI3) .

1. (a) G. H. Veeneman,S. H. van Leewen, and J. H. van Boom, Iodonium ion promoted reactions at
the anomeric centre. II. An efficient thioglycoside mediated approach toward the formation of
1,2-trans-linked glycosides and glycosidic esters, Tetrahedron Lett. 31:1331 (1990); (b) R. Roy,
E O. Andersson, and M. Letellier, "Active" and "latent" thioglycosyl donors in oligosac
charide synthesis. Application to the synthesis of o-sialosides. Tetrahedron Lett. 33:6053
(1992); (c) P. Fiigedi and P. J. Garegg, A novel promoter for the efficient construction of
I ,2-trans-linkages in glycosides synthesis, using thioglycosides as glycosyl donors, Carbohydr.
Res. 149:C9 (1986); (d) H. Lonn, Synthesis of a tri- and a heptasaccharide which contain a-L
fucopyranosyl groups and are part of the complex type of carbohydrate moiety of glycoproteins,
Carbohydr. Res. 139:105 (1985); (e) K. C. Nicolaou, S. P.Seitz, andD. P.Papahatjis, A mild and
general method for the synthesis of O-glycosides, J. Arn. Chem. Soc. 105:2430 (1983).

2. S. Hanessian, C. Bacquet, and N. Lehong, Chemistry of the glycosidic linkage. exceptionally
fast and efficient formation of glycosides by remote activation, Cabohydr. Res. 80:C17 (1980).

3. R. B. Woodward, et aJ. Asymmetric total synthesis of erythromycin. 3. Total synthesis of
erythromycin, J. Am. Chern. Soc. 103:3215 (1981).

4. (a) J. D. White, G. L. Bolton, A. P.Dantanarayana, C. M. J. Fox, R. N. Hiner, R. W.Jackson, K.
Sakuma, and U. S. Warrier, TotaJ synthesis of the antiparasitic agent avermectin B1a, 1. Arn.
Chern. Soc. 117:1908 (1995); (b) T. A. Blizzard, G. M. Margiatto, H. Mrozik, andM. H. Fisher,
A novel fragmentation reaction of avermectin aglycons, J. Org. Chern. 58:3201 (1993); (c) S.
Hanessian, A. Ugolini, P. J. Hodges, P. Beaulieu, D. Dube, and C. Andre, Progress in natural
product chemistry by the Chiron and related approaches-synthesis of avermectin Bla' Pure
Appl. Chern. 59:299 (1987); (d) S. Hanessian, A. Ugolini, D. DuM, P.J. Hodges, and C. Andre,
Synthesis of( +)avermectin Bla,J. Am. Chern. Soc. 108:2776 (1986); (e) P.G. M. Wuts and S. S.
Bigelow, Total synthesis of oleandrose and the avermectin disaccharide, benzyl o-t-oleandro
syl-a-L-4-acetoxyoleandrolide, J. Org. Chern. 48:3489 (1983).

5. K. Koidc, M. Ohno, and S. Kobayashi, A new glycosylation reaction based on a "remote
activation concept": Glycosyl 2-pyridinecarboxylate as a novel glycosyl donor, Tetrahedron
Lett. 32:7065 (1991).
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et application en synthese osidique, C. R. Acad. Sci. Ser 2: 308:919 (1989).

7. A. Marra, J. Esnault, A. Veyrieres, and P. Sinay, Isopropenyl glycosides and congeners as novel
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8. A. K. Ghosh, T. T. Duong, and S. P. McKee, Di(2-pyridyl) carbonate promoted alkoxycar
bonylation of amines: A convenient synthesis of functionalized carbamates, Tetrahedron Lett.
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therein.

12. Preparation of 21 from the corresponding 2-(trimethylsilyl)ethyl glycoside by a known method,
see K. Jansson, S. Ahlfors, T. Frejd, J. Kihlberg, and G. Magnusson, 2-(Trimethylsilyl)ethyl
glycosides synthesis, anomeric deblocking, and transformation into 1,2-trans-I-O-acyl sugars,
J. Org. Chern. 53:5629 (1988).
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A mixture of the preceding compound 33 (143.2 mg, 0.182 mmol), Fuc-TOPCAT glycosyl
donor 11 (313 mg, 0.548 mmol), activated powdered 4-A MS (400 mg), and tetramethylurea
(66 f.LL, 0.548 mmol) in 10 mL of dichloromethane was stirred overnight under argon at
room temperature, and then cooled to O°c. Silver triflate (423 mg, 1.6 mmol) was added to
the reaction mixture, the stirring was continued for 24 h at room temperature. The
suspension was treated with a few drops of pyridine, filtered through Celite, and concen
trated. Purification by flash chromatography on silica gel column with hexane-EtOAc
CHzCl z (1:1:1) gave the title compound (175 mg, 80%): mp 83°C, [0']0 -32.3° (c 0.77,
CHCI3) ·

This was dissolved in 10 mL of acetone-water (10:1), mercury oxide (200 mg, 0.92 mmol),
and a solution of mercury chloride (400 mg, 1.47 mmol) in 4 mL of acetone were added
successively to the reaction mixture. The stirring was continued for 5 h at room tempera
ture, 10 mL of dichloromethane was added, the mixture was filtered through Celite, and the
residue was washed with acetone and dichloromethane. The filtrates and washings were
combined and concentrated to give a residue that was dissolved again in ether, then washed
with 10% potassium iodide solution, dried over N~S04' and concentrated. Purification by
flash chromatography on silica gel with hexane-EtOAc (1:1) gave the desired product 33
(260 mg, 70%): mp 163°C, [0']0 -2.7° (c 1.1, CHCI3) .
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Scheme 1 Strategies for iterative oligosaccharide synthesis.

An example of this strategy consists of a two-stage activation method as reported by
Nicolaou [2]. Thus, a glycosyl fluoride derived from the corresponding phenylthioglyco
side by simple treatment with NBS-DAST, is allowed to couple with a phenylthioglyco
side to give a disaccharide. Conversion into the disaccharide fluoride as described in the
foregoing allows an iterative process to be considered. Similarly, Danishcfsky [3] reported
an iterative strategy for the stereocontrolled construction of ~-linked 1,6-glycal acceptors
and repetition of the process. The method has been explored for applications to solid-phase
synthesis of 1,6-linked oligosaccharides [4].

In an alternative iterative strategy [see Scheme 1, Eq. (2)], two glycosyl units that
have the same unique leaving group at the anomeric positions are able to function as
a donor and an acceptor, respectively, by taking advantage of differential reactivities owing
to the nature of the protective groups. Usually, ether-protected glycosyl donors, such as
pentenyl glycosides [5], thioglycosides [6], and glycals, can be selectively activated and

H~Y
etc._ R~O ~o ~Y ...._o------

DONOR

"unactivated" glycosyl Y acceptor, in which the anomeric substitutent Y must remain
intact under the coupling conditions. The subsequent transformation ofY into X leads to an
activated disaccharide donor that can be subjected to further extension of the oligosac
charide as illustrated in Equation (1) (Scheme 1).

I. Glycosylation of 3-methoxy-2-pyridyl 2,3,4-tri-0-benzyl
~-D-glucopyranosidewith 2,3,4,6-tetra-0-benzyl-~-D-

glucopyranosyl 2-thiopyridylcarbonate 460
1. Glycosylation of 3-methoxy-2-pyridyl 2,3,4-tri-0-benzoyl

~-D-glucopyranosidewith 2,3,4-tri-0-benzyl-6-0-t
butyldimethysilyl-~-D-glucopyranosyl

2-thiopyridylcarbonate 460
K. Glycosylation of 3-methoxy-2-pyridyl 3,4-di-0-acetyl-2

azido-2-deoxY-~-D-galactopyranosidewith 2,3,4-tri-0
benzyl-6-0-t-butyldimethysilyl-~-D-glucopyranosyl

2-thiopyridylcarbonate 461
L. Glycosylation of 3-methoxy-2-pyridyl 2,3,4-tri-0-benzyl

~-D-glucopyranosidewith 2,3,4-tri-0-benzyl-6-0-t
butyldimethylsilyl-~-D-glucopyranosyl2-thiopyridyl-
carbonate 461

M. 3-Methoxy-2-pyridyl 2,3,4-tri-0-benzyl-n-D
glucopyranosyl-(l--)6)-2,3,4-tri-0-benzoyl-~-D-

glucopyranoside 462
N. 3-Methoxy-2-pyridy1 2,3,4-tri-0-benzyl-6-0-tert

butyldimethyIsilyl-c-o-glucopyranosy1-(1--)6)-2,3,4-
tri-0-n-D-glucopyranosyl-1 (1--)6)- 2,3 ,4-tri-O-benzoyl-~-D-

glucopyranoside 462
O. o-o-Glucopyranosyl azide 462
P. 2,3,4-tri-0-benzyl-6-0-t-butyldimethylsilyl-n-D-

glucopyranosyl azide 463
Q. 2,3,4-Tri-0-benzyl-n-D-glucopyranosyl azide 463
R. 2,3,4,6-Tetra-O-benzyl-n-D-glucopyranosyl-( 1--)6)-2,3,4

tri-Ci-benzoyl-Bcn-glucopyranosyl-I 1--)6)-2,3,4-tri-0-
benzyl-o-n-glucopyranosyl azide 463

S. 2,3,4- Tri-O-benzyl-t-O-t-butyldimethylsilyl-n-D
glucopyranosyl-(1--)6)-2,3,4-tri-O-benzoyI-~-D
glucopyranosyl-( 1--)6)-2,3,4-tri-0-benzyI-n-D-
glucopyranosyl azide 464

References 464

Although much effort has been devoted to the development of highly stereocontrolled
methods for glycosy1ation over the past two decades [1; see also Chap. 12], the issue dealing
with strategies for the rapid and efficient assembly of oligosaccharides has been a relatively
more recent area of interest. The conventional approach to assemble oligosaccharides in a
stepwise manner relies on the condensation of an "activated" glycosyl X donor and an

I. INTRODUCTION
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coupled to the corresponding acyl-protected acceptors to form the disaccharide. Subse
quently, deacylation and O-alkylation generate activated disaccharide donors. Thus, itera
tive oligosaccharide synthesis can be achieved by repeating these procedures. Ester protec
tive groups decrease the reactivity of glycosyl donors owing to an inductive effect [7]. It is
of particular interest that the O-acylated unactivated glycosyl donors can be made to react
under more drastic conditions, producing a 1,2-trans-glycosidic linkage. For instance, an
O-acyl-protected pentenyl glycoside or thioglycoside can be activated in the presence of
NIS-TfOH and engaged in glycoside synthesis, whereas they remain unreactive in the
presence of I (collidine)2CI04 [8].

Recently, we established a novel protocol for the iteration of glycosidic sugar units,
based on the selective activation of unprotected glycosyl donors relative to O-acyl glycosyl
acceptors both bearing the same 3-methoxy-2-pyridyloxy (MOP) as an anomeric substi
tuent [see Chap. 17]. The method avoids O-benzyl protective groups and offers a more
direct route to iterative 1,2-cis-linked oligosaccharides and other glycosides as the major
anomers. Because of the mildness of conditions and the simplicity of reagent design, the
method is adaptable to an automated synthesis of glycosides and certain oligosaccharides
on a solid-phase medium [9].

The third strategy for the sequential construction of the O-glycosidic bonds involves
glycosylation of partners that have different-leaving groups, one of which may be activated
preferentially over the other. As illustrated in Eq. (3) of Scheme 1, this allows the glycosyla
tion products to be used as donors for the next coupling reaction, without any manipulation
of the anomeric center or protective groups. This strategy offers the most straightforward
way to build oligosaccharides in the least number of steps. Examples of this strategy
involve an "active-latent" thioglycosyl donor [11], selective activations of selenoglycosides
over thioglycosides [II], and arylsulfenyl glycosides over thioglycosides [12], a one-step
synthesis applicable in special cases [13], one-pot glycosylation [14], and other methods
[15]. More recently, an "orthogonal" glycosylation strategy was described by Ogawa and
co-workers [16], which combines the use of phenyl thioglycosides and glycosyl fluorides
as both donors and acceptors, resulting in an improvement of the two-stage activation
method [2].

Two novel leaving groups for O-glycoside and pyrimidine nucleoside synthesis [17]
have been developed in our laboratory. These are the 3-methoxy-2-pyridyloxy (MOP) [see
Chap. 18] and the 2-thiopyridylcarbonate (TOPCAT) groups [see Chap. 19], which can be
activated in the presence of CU(OTf)2 and AgOTf, respectively. A practical finding in
conjunction with our studies was that TOPCAT glycosyl donors could be selectively
activated by using AgOTf in the presence of MOP-glycosyl donors. The merging of the
TOPCAT and MOP-based technologies led us to a paradigm for the iterative construction of
oligosaccharides (Scheme 2). Thus, a TOPCAT O-protected donor can be activated with
AgOTf in the presence of a partially O-protected MOP acceptor to give a 1,2-cis- or
1,2-trans-linked disaccharide, depending on the nature of the C-2 substituent in the donor.
The iteration can be continued using Cu(OTfh as a promoter for the activation of the MOP
group. Alternatively, the MOP disaccharide resulting from the initial coupling can be
partially deprotected and the product used as an acceptor in another AgOTf-TOPCAT
donor-mediated glycosylation to provide a MOP trisaccharide and so on. Because MOP
glycosyl donors can form O-glycosides in the absence of protective groups [see Chap. 18],
each MOP donor can be O-deprotected and coupled with an alcohol acceptor in the
presence of MeOTf to give unprotected oligosaccharides with a "capping" acceptor
alcohol at the reducing end.
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A. Results and Discussion
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1,2_trans-oligosaccharides or glycosides in general, by t mg a van age 0

anomeric extremity,

R = Bz. 4
R = Bn, 5

B. Conclusion

We have shown that the selective activation of the TOPCAT donors is possible with AgOTf
in the presence of MOP acceptors, In a typical iterative process, one can use O-benzyl
TOPCAT donors with partially ether or ester O-protected MOP acceptors for the synthesis
of di-, tri-, or oligosaccharides with predetermined anomeric configurations in the major

Synthesis of Nephritogenoside Core Trisaccharide

To demonstrate the usefulness of TOPCAT-MOP combinations in the activation of gly
cosyl donors, we chose the trisaccharide core structure of nephritogenoside as a target for
synthesis, Nephritogenoside, a glycopeptide located in the rat glomerular basement mem
brane, is active in the induction of glomerulonephritis in homologous animals [19], The
biological activity and the unusual structure of this glycopeptide, in which the reducing end
of the trisaccharide is a-N-g1ycosidically linked to an asparagine residue of the peptide, has
been the subject of synthetic studies [20]. Application of the TOPCAT-MOP selective
activation procedures allowed us to accomplish a very short route to this core structure as
shown in Scheme 4.

Treatment of the unprotected MOP donor 14 with an excess of TMSN3 in the
presence TMSOTf gave, after workup, the crystalline e-o-glucopyranosyl azide 15 in
excellent yield and anomeric selectivity [21], This reaction most likely involves the
intermediacy of a persilylated oxocarbenium ion that is attacked almost exclusively from
the stereoelectronically favored axial trajectory to give the persilylated glycosyl azide, that
eventually leads to 15 after workup, Previous syntheses of 15 have used O-acetyl protection
[22]. Regioseleetive silylation at the C-6 hydroxy group ofl5 and benzylation, followed by
desilylation using TBAF afforded the desired 2,3,4-tri-0-benzyl-a-D-glucopyranosyl azide
16, Coupling with MOP disaccharide donors 7 and 10 individually in the presence of
CU(OTf)2 in CHFI2 as solvent gave the trisaccharides 17 and 18, respectively, in good
yields with only a [3-configuration for the newly formed glycosidic bond in each case,

We next addressed the question of anomeric stereo selectivity in the formulation of
disaccharides and oligosaccharides. The increase of 1,2-cis-selectivity, using glycosyl
donors bearing a bulky protective group at C-6, has been demonstrated previously [18].
Thus, the influence of a 6-0-TBDMS group was studied as exemplified by the reaction of
the glycosyl donor 2 with the acceptor 3 in the presence of AgOTf. The expected disac
charide was isolated in 54% yield, with no significant improvement in the selectivity,
However, the reaction with acceptors 4 or 5 with donor 2, led to 1,2-cis-disaccharides 10
and 11 with a/[3 rations of 11:1 or 10:1, respectively, and in good yields, These examples
illustrate the difficulties in predicting ratios of a/[3-anomers even if the structural variations
appear to be minor (compare 9 and 10 and 11), A combination of electronic, steric, and other
subtle effects must contribute to these differences, and this aspect of variable reactivity
among carbohydrate derivatives needs further attention.

Scheme 4 illustrates typical examples of TOPCAT-MOP combinations in the assem
bly of oligosaccharides. The removal of the TBDMS group in 10 under the normal fluoride
ion-catalyzed conditions generated the free hydroxy group in 12 which was ready for the
use as an acceptor. Glycosylation of 12 with 2 as a donor in the presence of AgOTf gave
the expected trisaccharide 13 in 71% yield (a/[3, 8:1), As with 10 and 12, the trisaccharide 13
could be extended at either end, thereby acting as a donor or an acceptor,
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th ducI'ng end portion of these products with
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products. Acuvanon 0 e 1 h 1 Hows the assembly of complex glycosl es
CU(OTf)2' and reaction with .acceP;Ut~a co g~y~~SYlations to linkages other than 1,6- ate
or oligosaccharides. ExtenSion o. ~~e general usefulness of combining TOPCAT and
obviously needed t? fu.Hy apprecI~~r th: synthesis of oligo saccharides.
MOP anomeric activating groups
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Method B

To a solution of 2.34 g (3.87 mmol) of ally12,3,4-tri-O-benzyl-6-t-butyldimethylsilyl-l3-o
glucopyranoside in 45 mL of EtOH, 20 mL of benzene, and 6 mL of water were added 358
mg (0.38 mmol) of RhCl(PPh3) 3 and 384 mg (3.54 mmol) of DAB CO. The mixture was
refluxed for 5 h at which time thin-layer chromatography (TLC) indicated the starting
material had been consumed (EtOAc-hexane, 1:9). After being cooled to room tempera
ture, the mixture was concentrated, treated with ice-water, and extracted with EtOAc, The
organic layer was washed with water once. Filtration followed by concentration gave a
residue that was purified by flash chromatography on silica gel using EtOAc-hexane (1:15
to 1:8) to afford 1.43 g (60%) of product. This was dissolved in 36 mL of'the mixed solvent
(acetone-H'D, 10:1), and mercuric oxide (643 mg) then mercuric chloride (643 mg) were
added. The resulting suspension was stirred at room temperature until the starting material
completely disappeared (TLC). After dilution with EtOAc, the mixture was washed with
5% K1 aqueous solution and water. The organic layer was processed as usual, and the
residue was chromatographed on silica gel using EtOAc-hexane (1:4 to 1:2) as the eluant to
give the title compound (1.05 g, 79%).

__(O:BDMS

B&~H
BnO

B. 6-D-t-Butyldimethylsilyl-2,3,4-tri-D-benzyl-l3-o-glucopyranose

Method A

To a solution cooled at O°Cof 2,3,4-tri-O-benzyl-o-glucopyranose (98 mg, 0.217 mmol), 51
ILL (0.52 mmol) of 2,6-lutidine, and 2 mL of CH2C12, was added dropwise 70 ILL (0.30
mmol) to TBDMSOTf. The resulting mixture was stirred at this temperature for 15 min, at
which time TLC showed the reaction was completed (occasionally an additional portion of
TBDMSOTf had to be added). Concentration, followed by purification by flash chroma
tography with EtOAc-hexane (1:4), gave 120 mg (9t%) of product (a1I3, 1.5:1), [a]o
+22.7° (c 3.4, CHC13) .

A mixture of 2,3,4,6-tetra-O-benzyl-o-glucopyranose (330 mg, 0.61 mmol), 411 mg (1.66
mmo1) of di(S-2-pyridyl)thiocatbonate, 231 ILL (1.66 mmol) of Et3N, and 6 mL of CH2Cl2
was stirred at room temperature for 1 day. Concentration followed by purification by flash
chromatography on silica gel column with EtOAc-hexane (1:2 to 1:1) or benzene-EtOAc
(5:1) gave the desired product 1 as a pale yellow solid (393 mg 95%): mp 71-73°C, [a]o
+15.5° (c 1.5, CHC13) ,

II. EXPERIMENTAL PROCEDURES

A. 2,3,4,6-Tetra-D-benzyl-l3-o-glucopyranosyl 2-thiopyridylcarbonate (1)
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6_o-t_ButYldimethYlsilyl-2,3,4,tri-o-benZYI-~-D-9IuCoPyranosyl
C. 2_thiopyridylcarbonate (2)
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reparation of1 gave the title product (94%): mp 90-92°C, [a]D
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G. Glycosylatlon of 3-Methoxy-2-pyridyl 2,3,4-tri-o-benzoyl-~-D
glucopyranoside (4) with 2,3,4,6-Tetra-D-benzyl-fl-o
glucopyranosyl 2-thiopyridylcarbonate (1)

3-Methoxy-2-pyridyl 6-0-t-butyldimethylsilyl-~-D-glucopyranoside (76 mg) was dis
solved in 1mL of DMF, and 34 mg of 60% sodium hydride was added to this solution. After
addition of 76.7 f1L of benzyl bromide, the mixture was stirred at room temperature for 12
h, then poured into ice-water, extracted with CH2CI2, and processed as usual. Flash
chromatography on silica gel (eluant: EtOAc-hexane 1:4) gave 102 mg of 3-methoxy-2
pyridyl 2,3,4-tri-O-benzyl-6-0-t-butyldimethylsilyl-~-D-glucopyranoside in 80% yield.
This product (62 mg) was dissolved in I mL of THF and treated with 140 J.LL of Bu4NF
solution in THF at room temperature for 3 h. The solution was poured into ice-water and
extracted with CH2CI2• Concentration and purification by flash chromatography on silica
gel gave 44 mg of the title compound (85%): mp 104°-106°C, [a]D +9.3° (c 0.75, CHCI3) .

To a mixture of the glycosyl donor 1 (50 mg, 0.074 mmol), the glycosyl acceptor 4 (30 mg,
0.05 mmol), powdered 4-A MS (100 mg), ether (1.6 mL), and CH

2CI2
(0.4 rnl.), was added

AgOTf (38 mg, 0.148 romol). The resulting suspension was stirred at room temperature

F. 3-Methoxy-2-pyridyl 2,3,4-tri-D-benzyl-fl-D-glucopyranoside (5)

rnmol) of benzoyl chloride was added, the mixture was kept at O°Cfor 12 h. Pyridine was
removed in vacuo, and then the residue was treated with cold saturated NaHC03 and
extracted with CH2CI2. The organic layer was washed with brine, dried over MgS04, and
concentrated. Purification by flash chromatography on a silica gel column with EtOAc
hexane (1:4) provided 4.6 g (79%) of the product as a white solid: mp 62°_64°C, [aJ

D

+38.3° (c 1.0, CHCI3) .

A solution of this product (3.8 g, 5.3 rnmol) and 1.37 mL (24 rnmol) of acetic acid in
10mL of THF was treated with 8 mL (8 rnmol) of 1 M TBAF in THF solution at O°c. The
resulting mixture was stirred at this temperature for 30 min, then at room temperature for 24
h. After concentration, the residue was treated with ice-water, extracted with CH2CI2, and
the organic layer was processed as usual. The residue was purified by flash chromatography
on silica gel using EtOAc-hexane (1:1 to 3:1) as the eluant to afford the desired product as a
white solid (3.0 g, 94%): mp 161°-162°C, [a]D +49.1° (c 0.85, CHCI3) .
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To a mixture cooled at 0 C contamm~d" gas added dropwise 2.1 mL (8.97 mmol) of
glucopyranoside in 50. mL of dryl P5yn. meT~e resulting mixture was stirred at O°C for
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g, 4.8 mrnol), m 20 mL of pyn '. e at 00C over 30 min. The mixture was stirred for
fluoromethanesulfate was added dropwls I' kept at O°Cfor 15 h. The reaction

mL) th added The so ution was
30 min, ACzO (2 was en . d tr t d with CH CI The extraction was pro-

d . to i water an ex ac e 2 2' .
mixture was poure. mo. Ice- sh chromato raphy on silica gel using 2:1 (v/v) he~ane-
cessed as usual. punficatlon by fla I 2 'd I~ 4_di_O_acetyl-6-0-t-butyldimethylsllyl-2
EtOAc as the irrigant gave 3-methy.- -pyn y I' I rup (2 21 g 90%): [a] -0.62°
aZido_2_deoxY-~-D-galactopyranosldeas a co or ess sy ., . D

(c 6.2, CHCI3) · . • mound (342 mg, 0.67 mrnol) in 1.5 rnL of
To a cooled solution of th~ pre~edmg co mLP flO M Bu NF in THF were added at

L (2 0 01) of acetic acid and 0.8 or r. 4 .d
THF, 115 J.L . mrn . h at 00C and the solvents were evaporated. The resi ue
O°c. The mixture was stirred for 24 d.tit CH Cl The organic layer was processed as
was treated with ice-water, and extrac~~ ~~ b ~a:h chromatography on silica gel gave
usual. Concentration followed by pun ~a 10~'d~ 58-600C [a] +3.8° (c 1.0, CHCI3) ·
the title product (248 mg, 93%) as a white so I . mp , D

D. 3_Methoxy-2-pyridyl 3,4_di_o-acetyl-2-azldo-2-deoxY-~-D

galactopyranoside (3)



Lou et al. Activation with MOP- and TOPCAT-Leaving Groups 461

~
OTBOM S

Bn 0
Bn

BnO
AgOTl O#~-Anomer
~ BzO 0 N

74% Bz D
BzO I

10 0 Q
I
Me

Bn~O~BDMS
Bn

BnO ~c+ (i-AnomerAgOTl --54% Ac 0yN"'l
N. ~

9 'I
Me

4

BZ~0x)
Bz BzO I ....
+ 0 Q

I
Me

2

OTBDMS

BB~O'V"ShN"'l
BnO g V +

2

L, Glycosylation of 3-Methoxy-2-pyridyl 2,3,4-tri-o-benzyl-13-o
glucopyranoside (5) with 2,3,4-tri-o-benzyl-6-o-t
butyldimethylsllyl-13-o-glucopyranosyl 2-thiopyridylcarbonate (2)

K. Glycosylation of 3-Methoxy-2-pyridyl 3,4-di-o-acetyl-2-azido-2
deoxY-13-o-galactopyranoside (3) with 2,3,4-trl-o-benzyl-6-o-t
butyldimethylsilyl-13-o-glucopyranosyl 2-thiopyridylcarbonate (2)

The same procedure described in the foregoing was followed to give the a-linked disac
charide 9 and the l3-anomer, which could not be separated by chromatography on silica gel
(0:/13,4:1,54%).

mg of activated powdered 4A MS. After the mixture was stirred at room temperature for 30
min, 117mg (0.455 mmol) of AgOTf was added and the resulting suspension was stirred
until the donor 2 disappeared by TLC analysis. After addition of a few drops of pyridine,
the mixture was filtered through Celite and washed with CH2CI2.Concentration, followed
by purification by flash chromatography on silica gel (EtOAc-hexane, 1:2), provided the
desired disaccharide 10 along with the J3-anomer (130 mg, 74%; a/J3, 10:1). The a- and
J3-anomers could not be separated chromatographically (a/J3 ~ 10:1, determined by
IH NMR).
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. . . was com leted. After addition of 1drop of
for 6 h, at which time TLC mdlcated the rea~:IO~oncentra~ion, followed by purification on
pyridine, the mixture was filtere~ ~ve\:ei~%g of product in 64% yield (a/l3, ~:1). The a
silica gel with EtOAc-hexane (1.2 , ga d hr matographic purification With EtOAc
and l3-anomers were separated by a .seco~70~6~OC [a] +56.00 (c 1.35, CHC13) ; for the
hexane 0'4 to 1:2). For the a-anomer. mp , 0

. 620 64°C [a] +40.5° (c 0.8, CHCI3) ·
l3-anomer: mp - , 0

rid I 3 4_di_o-acetyl-2-azido-2-
H. Glycosylation of 3-Methoxy~2-P(i) w~h 234 6-tetra-o-benzyl-13-o-

deoxy_13-o-galactopyranosl e , , ,
glucopyranosyl 2_thiopyridylcarbonate (1)

The same procedure as before gave a mixture of the a-linked disaccharide 11 and the
f3-anomer, which could not be separated by flash chromatography on silica gel using
various eluants (0:/13, 10:1, 77%).

1

th d l3-products that could not be separated by
The same procedure as befo.r~ gave :si~- a~tOAC-hexane (1:2 to 2:3) as eluant (a/I',
flash chromatography on Silica gel g

5:1,71%).
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or 2 160 mg, 0.228 mmol), 92 mg (0.154 mmol) of the
To a solution of the glycosyl dO~f the ~xed solvent (CH2CI2-E~0, 1:4) was added 500
glycosyl acceptor 4 and 8 mL
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Q. 2,3,4-Trl-D-benzyl-a-o-glucopyranosyl Azide (16)

P. 2,3,4-Tri- D-benzyl-6-D-t-butyldimethylsilyl-a-o-glucopyranosyl
Azide

R. 2,3,4,6-Telra-D-benzyl-a-o-glucopyranosyl-(1~6)-2,3,4·trl-D

benzoyl-Il-0-glucopyranosyl-(1~6)-2,3,4-tri-D-benzyl-a-o
glucopyranosyl azide (17)

A solution of 25 mg (0.051 mmol) of the preceding compound 16 in 1 mL of dichloro
methane was stirred in the presence of powdered 4-A molecular sieves and 26 mg (0.073

To a solution of the preceding product (342 mg, 0.67 mmol) in 4mL ofTHF was added 1.35
mL of I M Bu4NF in THF at O°c. The mixture was stirred for 24 h, and the solvent was then
evaporated. The residue was dissolved in EtOAc, the organic layer washed with saturated
NaHC03 and processed as usual. Chromatographic purification (CClcacetone, 15:1) gave
the title compound 16 as a crystalline solid (235 mg, 74%): mp, 68°C (EtOH); [a]o + 96.0°
(c 0.9, CHCI3) .

To a solution of 275 rng (1.34 mmol) of the previously-obtained glucosyl azide in 7 mL of
DMF were added 201 mg (2.95 mmol) imidazole and 222 mg (1.47 mmol) of TBDMSOTf
at O°C.The mixture was stirred at O°Cfor 4 h, EtOAc was then added, and the solution was
poured into ice-water. The water layer was extracted with EtOAc and the combined organic
layers were processed as usual. Concentration gave the crude product, which was dissolved
in 7 mL ofDMF; 130mg (5.38 mmol) of sodium hydride and 540 j.LL (4.52 mmol) of benzyl
bromide were added at o°c. After stirring for 30 min, EtOAc was added and the organic
layer was processed as usual. Purification by flash chromatography with CC14-acetone
(50:1) gave the title compound (499 mg, 63%): [a]o +72.8° (c 1.6, CHC13) .

The resulting mixture was stirred at room temperature for 5 h, water (100 j.LL) was then
added. After stirring for 5 min, the mixture was treated with 1mL of pyridine. The solvent
was evaporated, and the residue was purified by flash chromatography with EtOAc-MeOH
(7:1), then with MeOH-EtOAc-CHC13 (1:4:4) as eluant to give the title compound 15
(196 mg, 95%): mp 175°C, [a]o +254.7° (c 1.3, MeOH) [22].
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A mixture of glycosyl donor 2 (31 mg,O~~~~~g of powdered 4-A MS was stirre~ at
0.4 mL of dry CH2C12, 1.6 mL of dry E~ 00432 mmol) of AgOTf was added, the resulting
room temperature for 2 h. After 22.4 mg ( . f 24 h One drop of pyridine was added, the
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2C1 2. Concentration of the
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filtrate, followed by punficauon Y4 m of the desired trisaccharide in 71% yield as an
hexane (1:2) as the eluant, gave ~~13 '"~:1).
inseparable mixture of anomers
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IV
Enzymatic Synthesis of Sialic Acid,
KDO, and Related Deoxyulosonic
Acids, and of Oligosaccharides

THEMES: Aldolase-catalyzed Reactions; Glycosyl Transferase-catalyzed Reactions

As a Ph.D. student working under the direction of the late M. L. Wolfrom at the Ohio State
University, I had successfully completed most of my requirements, including a thesis
dealing with the reaction of carbonyl sugar derivatives with organometallic reagents. This
was the first example of the application of Cram's rules to explain stereochemical control,
currently known as a "chelation-controlled" mechanism. I had synthesized a derivative of
t.-idose, then (and even now) considered a "rare" sugar. A last requirement before
graduation was a preceptorial examination given internally by "Doc." My assignment
was a take-as-long-as-you-want session to discuss the chemistry of t-gulose, another rare
sugar. Soon after graduation, I discovered at Parke-Davis in Ann Arbor, Michigan, that rare
sugars were not just those you could not buy, but also those you could not easily make.
Hence, my introduction to sialic acid and 3-deoxY-D-manno-2-octulosonic acid (KDO),
compounds needed in my project, which I could make in minuscule quantities and after
much effort. Today, i.-idose is still a rare sugar, but sialic acid and KDO can be obtained in
gram or kilogram quantities, obviously for a price.

The difference between then and now can be attributed in major part to the advent of
enzymes in organic synthesis. Aldolases are nature's catalysts for the "poor man's"
chemical aldol reaction. These remarkable enzymes can produce rare and important deoxy
ulosonic acids such as sialic acid and KDO on a small or large scale.

The natural synthesis of oligosaccharides is performed in a stepwise manner using
glycosyl transferases that are specific to the donor sugar. Unlike peptide or protein syn
thesis, which takes place on a template on a ribosomal unit, oligosaccharides are assembled
by specific glycosyl transferases. The enzymatic synthesis of complex oligosaccharies,
previously accessible only through multistep chemical processing, has revolutionized this
area of glycotechnology. Although the methods are not universal, they work remarkably
well in those instances for which the transferases are available and when cofactors can be
regenerated in situ. Research in this area is enabling chemists to have access to rare
oligosaccharides of therapeutic potential. One pertinent example is the enzymatic synthesis
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of sialyl Lewis" a tetrasaccharide expressed on the sUrfa~e of leukocytes and im~licate~~:
some fascinating interactions with proteins of endothelial ~el1s .. A new res~arc. are~ n

d in the synthesis of sialyl Lewis' analogues and rnimetics (glycomll~etlCs), in a
emerge . .. fl ti nd other disease states.
effort to develop a therapeutic agent against pam, m aroma on, a

My prediction is that if carbohydrate-like molecules b~come ~ontenders as dr~g
candidates, enzyme-based technology for their synthesis on an industrial scale may be t e

method of c~l~:~~ two chapters on the use of enzymes in the synth:sis. of rare sugars, and
in the-:~:~bIY ofgoligosaccharideS should dispel all fears and prejudIces of the uncom

mitted and the skeptics in this area.

Stephen Hanessian
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I. INTRODUCTION

Enzymes are being recognized as efficient catalysts for many of the stereospecific am
regioselective reactions necessary for carbohydrate synthesis [1-4]. Thus, natural anc
cloned glycosyltransferases are now being used in oligosaccharide synthesis, wherea:
aldolases belonging to the class of lyases have been applied in preparative synthesis 0:
common monosaccharides and analogues. These enzymes, which have mostly catabolic
function in vivo, catalyze reversible stereoselective aldol reactions between a nucleophilic
donor and an electrophilic acceptor. Excluding deoxyribose aldolase that catalyzes aldo
condensation between two aldehydes [5], aldolases can be classified into three majo
classes, according to the type of donor substrate required: pyruvate-dependent, phospho
enolpyruvate-dependent, and dihydroxyacetone phosphate-dependent lyases. The laue
class has been extensively investigated; the most widely used enzyme is fructose diphos
phate aldolase (FDPA), which catalyzes the reversible aldol addition of dihydroxyacetom
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phosphate (DHAP) and o-glyceraldehyde-3-phosphate to form 1,6-diphosphate fructose,
thus creating a new C3-C4 bond with o-threo stereochemistry (Scheme 1) [6].

HO~;32-
HO~COO

OH

HHr~ n

H0-9--COO

OHOH
2 3

Scheme 2 The most important3-deoxy-2-keto-ulosonic acids.

involved in mammals in a great variety of recognition phenomena, including infection, cell
adhesion, and metastasis [15]. Natural sialic acids are derived from N-acetylneuraminic acid,
the parent molecule by esterification, mostly acetylation of the hydroxyl functions.

Inbacterial glycoconjugates, 3-deoxy-o-manno-2-octulosonic acid (KDO; 2) occurs
as the essential component in aIllipopolysaccharides (LPS) of gram-negative bacteria [16].
Because the incorporation of KDO is a vital step in LPS biosynthesis, the synthesis of KDO
analogues has become of great interest for developing a new class of antibiotic against
gram-negative bacteria. Moreover the seven-carbon homologue, 2-deoxy-arabino-heptulosonic
acid phosphate (DAHP) is the first intermediate in the biosynthetic route of aromatic amino
acids by the shikimate pathway in plants and bacteria [17].

Enzymatic synthesis relying on the use of aldolases offers several advantages. As
opposed to chemical aldolization, aldolases usually catalyze a stereoselective aldol reaction
under mild conditions; there is no need for protection of functional groups and no cofactors
are required. Moreover, whereas high specificity is reported for the donor substrate, broad
flexibility toward the acceptor is generally observed. Finally, aldolases herein discussed
do not use phosphorylated substrates, contrary to phosphoenolpyruvate-dependent aldo
lases involved in vivo in the biosynthetic pathway, such as KDO synthetase or DAHP
synthetase [18,19].

purposes. This type of aldolases generates a new chiral center on C-4 and leads to
3-deoxy-2-keto-ulosonic acids.

The most representative example of this family is N-acetylneuraminic acid (Neu5Ac
1; Scheme 2), a nine-carbon sugar, ubiquitous in the animal kingdom and especially
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o OH OH

Table 1 Main Aldolases Using Pyruvate>

o

HYOP03 2

OH
Scheme 1 Reversiblealdol addition reactioncatalyzedby fructose diphosphate aldolase.

Besides FOPA, three other aldolases using DHAP as the donor are known; each
aldolase generates a new C3-C4 bond with a different stereochemistry: o-erythro for
fuculose-l-phosphate aldolase, L-threo for rhamnulose I-phosphate aldolase, and o-erythro
for tagatose 1,6-diphosphate aldolase [7]. These aldolases accept a great variety of electro
philic substrates, which has been widely exploited in synthesis of sugar analog~es [8,9].

This chapter deals with the other group of aldolases that catalyzes the reversible aldol
reaction of pyruvate as the nucleophilic donor and a sugar as the electrophilic acceptor.
Table 1 lists the main aldolases using pyruvate that have been examined for synthetic

"'The references refer to the reactions these aldolases catalyze in vivo.

KDO aldolase

KDPG aldolase

KDG aldolase

KDgal aldolase

OH OH
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o OH
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II. METHODS

A. Sialic Acid Aldolase

Sialic acid aldolase (SA; EC 4.1.3.3), also named N-acetylneuraminate pyruvate lyase, has
been extensively used by our group in its immobilized form, first for the synthesis of large
amounts of N-acetylneuraminic acid [20] and then for many natural and unnatural sialic
acids [21]. SA catalyzes the reversible aldol reaction of N-acetylmannosamine and pyruvate
to give N-acetylneuraminic acid; with an optimum pH for activity of7.5 and an equilibrium
constant of 12.7 M:' in the synthetic direction (Scheme 3) [10].

Therefore, to achieve high conversion of the substrate a tenfold excess of pyruvate is
usually needed. The enzymes from Clostridium perfringens and Escherichia coli are
commercially available from Toyobo; the E. coli enzyme has been cloned and over
expressed, which has considerably reduced its cost [22,23]. Sodium borohydride inacti
vates the enzyme in the presence of either sialic acid or pyruvate, indicating that the enzyme
belongs to the Schiff-base-forming class 1 aldolase. This aldolase was supposed to be a
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H~
Table 2 Natural Sialic Acids and Analogues Synthesized with Sialic Acid
Aldolase

H~
0 SA

Me)lcoo'
- HO'"

RG

HO OH + - AcHN 0 COO R,tRfHO A3 ",•.HO
R4 0 COO'

Scheme 3 Reversible aldol additionreaction catalyzed by sialic acid aldolase. R,

trimer, similar to the KDPG aldolase of Pseudomonas putida and KHG aldolase of E. coli,
R2

0 H

but the recently reported crystallographic structure of the enzyme has shown a tetramer R1 R2 R3 R4 Rs s, R7 Ref.
[24]. Lysine 165 has been evidenced in the active site pocket and is presumably involved in

NHAc H OH H CH20Ac OH H 28,29formation of the enamine intermediate with pyruvate.
In large-scale synthesis of N-acetylneuraminic acid 1,a mixture of N-acety1g1ucosarnine

NHAc H OH H CHpCOCHOHCH 3 OH H 29
NHAc H H H C~OH OH H 44

4 and N-acetylmannosamine 5 (for numbering of the compounds see Sec. Ill) prepared in NHAc H OCH3 H CH20H OH H 29,44
an inexpensive way by alkaline epimerization of the former sugar, is incubated in the NHAc H OH H CH2OCH3 OH H 29
presence of immobilized SA and pyruvate in excess. The immobilization procedure in- NHAc H OH H CH2F OH H 30
vo1ves the covalent attachment of the enzyme to a support-either agarose activated with NHAc H OH H CHpH H H 43
cyanogen bromide or epoxide-containing acrylamide beads (Eupergit C)-other groups NHAc H OH H CH2OP(O)Me2 OH H 31
used cross-linked copolymer of acrylamide and acryloxysuccinirnide (PAN) [25]. Besides NHAc H OH H CH2OCOCH2NHBoc OH H 32
enzyme stabilization, immobilization allows an easy recovery of the enzyme, which can be NHAc H N3 H CHpH H H 4S

reused in several successive batch reactions with very little decrease of enzymatic activity. OH H OH H CH20H OH H 33

Alternatively the soluble enzyme can be used enclosed in a dialysis bag [26]. Moreover, the H H OH H CH20H OH H 3S

use of a continuous-flow stirred tank, equipped with an ultrafiltration membrane retaining
N3 H OH H CH20H OH H 36
Ph H OH H C~OH OH H 37

the soluble enzyme (so-called enzyme membrane reactor) has been successfully applied to Br H OH H CHpH OH H 38
large-scale processes, in particular in the combined use of sialic acid aldolase and OH H OH H H OH H 3S
N-acylglucosamine 2 epimerase [27]. H OH OH H CH20H OH H 3S

6-0-Acetyl-N-acetylmannosarnine 6, prepared from N-acetylmannosamine either by H OH OH H H OH H 3S
chemical acetylation [28] or by transesterification catalyzed by subtilisin [31], led to 9-0- OH H H H C~OH OH H 35
acetyl Neu5Ac 7 [29], a receptor of influenza C virus occurring on human erythrocytes. CH2NHAc H OH H CHpH OH H 39
Several other 9-0-substituted Neu5Ac derivatives could also be prepared [29-32]. OH H H OH CH20H OH H 46

The sialic acid aldolase-catalyzed condensation of n-mannose 8 and pyruvate led, H OH H OH CHpH OH H 47

in an excellent yield, to the synthesis of KDN 9 [33], a natural deaminated neuraminic H OH H OH Me OH H 47

acid first isolated from rainbow trout eggs [34] and then discovered in other species. The
H OH H OH H OH H 46

discovery that sialic acid aldolase accepts as substrates n-mannose substituted on the
OH H OH H CHpH H H 43
OH H H OH CHpH H OH 48

2-position, even by bulky substituents such as phenyl, azido, or bromine, opened the OH H OH H CHpH H OH 46
route to novel unnatural sialic acid derivatives [35-39]. Pentoses also are substrates. OH H H F CH2F OH H 31
N-Substituted neuraminic acids could be prepared either directly from the corresponding H F OH H CHpH OH H 31
N-substituted mannosarnine, such as N-thioacyl derivatives [40], or after reduction and H H OH H H OH H 43
acylation of 5-azido-KDN [41]. Recently, N-carbobenzyloxy-o-mannosamine was con- NHCOCHpH H OH H CHpH OH H 29
verted, in a good yield, into the N-carhobenzyloxy-neuraminic acid, further used as a NHCOCHpH H OH H CH20Ac OH H 29
precursor of a derivative of castanosperrnine [42]. NHCOCHpAc H OH H CH20H OH H 29

Table 2 lists 37 sialic acid derivatives and analogues that have been synthesized with NHCbz H OH H CHpH OH H 42
sialic acid aldolase by our group and others. This is a nice illustration of the great synthetic NHC(S)H H OH H CHpH OH H 40

potential of the enzyme. In all of these examples, sialic acid derivatives or analogues with
NHC(S)CH3 H OH H CHpH OH H 40

equatorial hydroxyl on C-4 are formed, corresponding to a new 45 chiral center and attack
NHC(S)CH2CH3 H OH H CH20H OH H 40

of the pyruvate from the si face of the aldehyde. In summary sialic acid aldolase accepts
modifications on the 2, 4, 5, and 6 positions of the substrate without any change of its
stereoselectivity.

On the other hand, substrates epimerized on C-3 afford KDO-type products (in the



Scheme 4 Lack of steroselectivity observed in the sialic acid aldolase-catalyzed addition of
pyruvatewith D-arabinose.

sCz conformation, unlike Neu5Ac occurring in the zCs conformation), because the confor
mation of the aldol condensation products is due to the stereochemistry of the substrate
on C-3. But in addition to that, the 3-position on the substrate is critical for the enzyme
stereoselectivity. Indeed we first observed that condensation of D-arabinose with pyruvate
in tenfold excess led to two diastereomers, 4-epi-KDO and KDO in the 56:44 ratio (Scheme
4) [35].
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Table 4 KDO Analogues Synthesizedas
Diastereomeric Mixtures Using Sialic Acid Aldolase

R7
...•,\Rs

Rs

COO·

OH

R1 R2 R3 R4 Rs Rs R7 Ref.

H OH OH H H H H 35,48
H OH OH H OH H CH20H 48

OH H H OH OH H CHpH 46
OH H OH H H H H 48
H OH H OH H H H 48
H OH OH H H OH Me 47
N3 H H OH H OH CH20H 46
OH H H OH H H H 47

KDO

44

• HO~COO
OH

56

4-epi-KDO

HE~~Hn
RCOO-

OH OH
SA

o

MeAcoO
10 eq

D-arabinose

Wc0 OH
OH

OH
HO

474

By reversing the ratio of acceptor/donor, namely by using o-arabinose in a 25-fold
excess, the percentage of KDO, the product of the inverted enzyme stereoselectivity, could
be increased up to 83% [48]. The reason for that is still unclear, but this interesting result
was exploited in the preparation of KDO 2, which was achieved using the enzyme
membrane reactor technique [48]. Compound 2 could be separated from its epimer accord
ing to the procedure previously described [16].

Moreover a complete inversion of stereoselectivity has been reported with t-man
nose and L-rhamnose [49]. Table 3 lists KDO analogues with nine carbons that could be
prepared as pure compounds using sialic acid aldolase. They are derived from L-hexoses
belonging to L series with the R configuration at the 3- and 2-positions. In each case, KDO
type derivatives with equatorial hydroxyl on C-4 are formed, corresponding to a 4R chiral
center and attack of the pyruvate from the re face of the aldehyde. Thus L-KDN

(R1 =OH, R3 =H, Rz =OH, R4 =CHpH in Table 3), the enantiomeric compound of the
one just reported could be easily prepared. Aldol condensation products were obtained as
diastereomeric mixtures from t.-sugars,such as L-fucose, L-xylose, t-lyxose, and n-sugars
epimeric to n-rnannose relative to the 3-position, such as n-allose and n-gulose [46-48].
Table 4 lists the corresponding aldol condensation products isolated as diastereomeric
mixtures. Also, 3-deoxy-o-mannose by condensation with pyruvate gave a diastereomeric
mixture of 6-deoxy-KDN furanose derivatives [43J. All these results confirm that sialic
acid aldolase, similar to other aldolases, exhibits broad specificity toward the electrophilic
acceptor; on the other hand, only pyruvate was reported acceptable as the donor [10]. But
very recently, in contradiction to that, 3-fluoro-Neu5Ac and 3-fluoro-KDN could be
prepared by the sialic acid aldolase-catalyzed condensation of 3-fluoropyruvate and
N-acetylmannosamine or n-mannose (Scheme 5) [47].

B. Other Aldolases Using Pyruvate

KDO Aldolase

The KDO aldolase (EC 4.1.2.23), which catalyzes the reversible condensation of pyruvate
with n-arabinose to form KDO 2 (Scheme 6), was first isolated from, Enterobacter cloacae

o SA

+ A -
FH2C COo-

HO~
HO 0 OH

HO :~COO
HO F

R = NHAc R = NHAc
R = OH R = OH

Scheme 5 Aldoladditionof fluoropyruvate withN-acetylmannosamine or mannosecatalyzedby
sialic acid aldolase.

Table 3 Pure KDO Analogues Synthesized Using Sialic Acid
Aldolase

R~OH
pyruvate

Rz
COO-

R3
0 H

R1
SA

OH

R1
R2

R3
R4 Ref.

NHAc OH H CHpH 46
OH OH H CHpH 49

OH OH H CH3 49

H OH H CH20H 46

H OH H Me 46
OH H OH CHpH 46
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+

QH OH

H~OH _" -OOC~OH

a Aspergillus terreus a a H
extracts

Scheme 8 Reversible aldol addition reaction catalyzed by Aspergillus terreus KDGal aldolase.

-"
KDO aldolase

+

HO
OH

HO~COO
OH

Reversible aldol addition reaction catalyzed by KDOaldolase.Scheme 6

~OH
ro'H~OH

HO

KDPG Aldolase

The 2-keto-3-deoxy-6-phosphogluconate aldolase (KDPG aldolase; EC 4.1.2.14)catalyzes
the cleavageof the dehydrationproduct of 6-phosphogluconate, (KDPG), into glyceraldehyde
3-phosphate and pyruvate in the Entner-Doudoroff pathway (Scheme 7, R = P03H2) . This

pathway is widely distributed among prokaryotes, and this aldolase has been purified from
several bacteria. The Pseudomonas fluorescens enzyme has been investigated for synthetic
purposes [51). KDPG aldolase stereospecifically generates a new chiral center at C-4 with
an S-configuration, and the equilibrium constant favors the condensation reaction (K = ]03

M-t), but substrate specificity studies have shown that nonphosphorylated substrates are
accepted at much lower rates than the natural one, which limits the synthetic potential of the
enzyme.

(Aerobacter cloacae) grown on synthetic KDO [Il), but no further use of the enzyme has
been reported.

Recently, the enzyme from Aureobacterium barkerei, strain KDO 372, has been
partially purified and used in the preparative synthesis of KDO. The pyruvate attacks from
the re face of aldehyde, creating a new R chiral center at C-4; thus, the facial selectivity of
KDO aldolase is complementary to the one of sialic acid aldolase. Moreover as the enzyme
accepts some flexibility toward the acceptor, several other analogues with 6-, 7-, or
9-carbon atoms could be prepared, such as L-KDN and o-DAH [50).

KDG and KDGal Aldolases from Fungi

In the metabolism of some filamentous fungi, a modified Entner-Doudoroff pathway
involving nonphosphorylated intermediates has been reported [13]. Thus, the KDG aldo
lase induced in Aspergillus niger, grown on 2% n-gluconate as the sole source of carbon,
catalyzes the reversible aldol reaction between pyruvate and o-glyceraldehyde, leading to
KDG (See Scheme 7; R = H). However, the reaction was not completely stereoselective,
suggesting either a lack of stereoselectivity of the enzyme or the occurrence of two distinct
aldolases with complementary facial stereoselectivity [52]. Another fungus, Aspergillus
terreus, grown on o-galactonate, has been reported to be able to metabolize o-galactonate,
according to Scheme 8.

This reaction was used in the synthetic direction: condensation of o-glyceraldehyde
with pyruvate in the presence of A. terreus extracts led to a diastereomerically pure com-

0.2

100
0.08
0.012
0.012

Relative rate>
for KDPG aldolase"

Relative tate'
Acceptor for KDGai aldolase

o-Glyceraldehyde-3-P
D-Glyceraldehyde 100
Glycolaldehyde 115
D-Erythrose 85
D-Threose 54
D,L-Lactaldehyde 50
D-Arabinose 0
Acernldehyde 0
Propionaldehyde 0

Table 5 Compared Relative Activities of KDGal Aldolase and
KDPG Aldolase Toward Various Acceptors

"The rates are reported relative to D-glyceraldehyde
bThe rates are reported relative to D-glyceraldehyde-3-phosphate.
'From Ref. SI.

pound, identified as 3-deoxy-o-threo-2-hexulosonic acid (KDGal) [53). The KDGal aldo
lase occurring in A. terreus creates a new asymmetric center of R-configuration, resulting
from the re face attack of the aldehyde, thereby exhibiting the same selectivity as KDO
aldolase. Several other aldehydes were tested as electrophiles. Table 5 reports the rates of
formation of the corresponding keto-deoxy-ulosonic acids relative to n-glyceraldehyde.
For comparison, the relative rates for KDPG aldolase are also given. Thus, clearly, the
involvement of nonphosphorylated substrates is a major advantage of this fungal aldolase.
The high relative rates measured with other hydroxylated aldehydes allowed the prepara
tion of biologically significant compounds, in particular DAH 3 that could be easily
obtained from n-erythrose on 0.5-g scale in 60% yield; likewise, its 5-epimer could be
prepared from n-threose in 85% yield. The availability in this KDGal aldolase through
cloning techniques would certainly allow one to extend its synthetic applications.

As representative examples the following enzymatic syntheses are reported in the
experimental section:

I. The large-scale synthesis of N-acetylneuraminic acid
2. The synthesis of 9-0-acetyl N-acetylneuraminic acid
3. The synthesis of KDN
4. The preparation of KDO by using a large excess of o-arabinose
5. The condensation with L-rhamnose, as an example of the complete, inverted

stereoselectivity of the sialic acid aldolase
6. The synthesis of 3-deoxy-o-threo-hexulosonic acid
7. The synthesis of 3-deoxy-o-arabino-heptulosonic acid

QH
~H

+
'OOC 'OR

H~OR _" ~
a R = P03Hz KDPG aldolase a a H

R = H KDG aldolase
Reversible aldol addition reaction catalyzed by KDPG and KDG aldolases.Scheme 7

-OOCyMe

a
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and an aqueous solution of CNBr (100 mglmL) was added within 2 min. The mixture was

stirred for 10 min at 5°-10°C, and the insoluble material was washed with cold water until

neutrality, and then with 0.1 M sodium carbonate pH 8 containing 0.5 M sodium chloride

and immediately used for coupling with enzyme. SA (10 mg, 130 U) dissolved in 0.05 M

potassium phosphate buffer pH 7 (6 ml.) was gently stirred overnight at 4°C under N
2

with

freshly activated Ultrogel (40 mL) in 0.1 M sodium carbonate pH 8 (100 ml.), containing

0.5 M sodium chloride and 0.04 M sodium pyruvate to protect the enzyme active site. Then

the gel was washed with 1 M NaCI (1 L), twice-distilled water (1 L), 0.05 M potassium

phosphate pH 7 (500 ml.), and stored at 4°C under N2 in this buffer in the presence of

pyruvate (0.04 M) and dithiothreitol (10-3 M). An unit yield of 60% was usually obtained

for immobilization.

HO~HOH

HO'"
AcHN 0 COO

HOSA

67%
4 Rl = NHAc. R2 = H

5 Rl = H. R2 =NHAc

HO~b
HO OH

HO
Rl

III. EXPERIMENTAL PROCEDURES*

A. N-Acetylneuraminic Acid [21]

o

Me)lcoo-

c. 3-Deoxy-o-glycero-o-galacfo-nonulosonic Acid (KDN) [33]

The immobilized enzyme suspension (8 mL, 32 U) was gently stirred with compound 6

(0.576 g, 2.2 mmol), sodium pyruvate (20 mmol), dithiothreitol (0.2 rnmol), and NaN
3

(4 mg) in 0.05 M potassium phosphate pH 7 at 37°C under nitrogen for 1 day. After

filtration of the gel, chromatography of the solution on Dowex-IX8 formate (elution with

0-2 M formic acid gradient) afforded pure 7 (0.52 g, 67%): l«l, -16° (c 0.83, H
2
0 );

reported [55] [al
D

-10° (c 1, HP).

~~coo
HO

9

Me3COO~HOH

HO'" 0 COO'
AcHN

HO

7

SA

67%

SA

84%

-

6

CH3CO~N~AC

HO OH
HO

H~OO~
HO OH

HO

8

B. 9-D-Acetyl-N-acetylneuraminlc Acid [29]

Immobilization of Sialic Acid Aldolase on Eupergit 250L

Eupergit 250L (Rohm Chemie, 400 mg) was added to a solution of sialic acid aldolase (8

mg, 64 U) in I M potassium phosphate buffer pH 7.4 (3.2 mL) containing 0.04 M sodium

pyruvate and 0.02% NaN3; the suspension was stirred for 3 days at room temperature under

N . The gel was washed with 0.1 M potassium phosphate buffer pH 7 (10 mL) and stored

a/4°C in this buffer in the presence of 0.04 M pyruvate and 10-3 M dithiothreitol. A unit

yield of 40% was usually obtained for immobilization.

2-Acetamido-2-deoxY-D-glucopyranose (4; 85 g) was dissolved in water (400 ml.): the pH

of the solution was adjusted to II with 5 M sodium hydroxide and the solution was left for

1 day at room temperature. The mixture was deionized with Dowex 50-X8 (H+) resin and

evaporated to dryness under vacuum. The residue was taken up with ethanol (300 mL) and

heated on the steam bath with stirring. On cooling 4 crystallized (66 g); the mother liquor

was concentrated, and a second crop of 4 (5 g) was obtained. Concentration of the second

mother liquor gave a third crop (3.5 g) of 4. The recovered 4 was re-treated in the same way.

Both residual syrups afforded a mixture of 4 and 5 (17.1 g) containing 88% of 5 according

to NMR-spectral analysis.
To the foregoing mixture of 4 and 5 (20 mmol) were added immobilized sialic acid

aldolase (50 mL of gel, 68 Uf), sodium pyruvate (180 mmol), l,4-dithiothreitol (0.2

mmol), and sodium azide (20 mg) in 0.05 M potassium phosphate buffer, pH 7 (150 ml.),

The suspension was gently stirred under nitrogen for 4 days at 37°C, the reaction being

monitored by thin-layer chromatography (TLC) in 7:3 n-propanol-water. The gel was

removed by filtration, washed with the buffer, and the filtrate and washing were chroma

tographed on Dowex IX8 (HCO:z) resin, using a (0-2 M) formic acid gradient as the

eluant; fractions containing compound 1 were pooled and freeze-dried (3.7 g, 67% yield):

[al
D

-31° (c 2.15, HP); reported [54] [a]D -33° (c 0.8, Hz0).

Immobilization of Sialic Acid Aldolase on Agarose

U1trogel A4 (Sepracor; 4 mL) was washed with twice-distilled water (200 mL) and 2 M

phosphate buffer pH II (200 ml.), collected, and suspended in 5 M phosphate buffer pH

12 (4 mL). The suspension was diluted with twice-distillated water (4 mL), cooled to 4°C,

'Optical rotations were measured at 22°-25°C.

t One unit is the amount of enzyme that transforms 1 urnol of substrate per minute.

At O.l-M solution of D-mannose (8, 1 mmol) was treated with sodium pyruvate (10 Eq.)

in the presence of sialic acid aldolase (15 U) covalently bound to 4% agarose, in 0.05 M

potassium phosphate buffer, pH 7.2 (20 mL) containing 0.01 M dithiothreitol and 0.02%

sodium azide, at 37°C under nitrogen, with gentle stirring for I day. After filtration of

the gel, chromatography of the solution on Dowex-IX8 formate (elution with 0-2 M formic

acid gradient) afforded pure 9, which was characterized as its ammonium salt, after

treatment with Dowex-50 (H+), neutralization to pH 7 with dilute ammonia, and freeze

drying (84% yield): aD -41 0 (c 1, HP).
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E. 3-9-Dideoxy-L-glycero-L-galacto-nonulosonic Acid [49]

17

HO~~
HO~COO-

OH

15

HO~:::::::\ _
HO-Tc OO-

OH

Aspergillus terreus
extracts

60%

Aspergillus terreus
extracts

55%

16

14

9H
H :
~OH
o OH

QH
H : OH

~
o

F. 3-Deoxy-o-threo-hexulosonic Acid [53]

G. 3-Deoxy-o-arabino-heptulosonic Acid [53]

o

MeAcoo-

D-Erythrose 16 (500 mg 4.2 mmol) was incubated with sodium pyruvate (449 mg, I Eq.)
and enzymatic extract (5.5 U, 42 mL) in 0.02M potassium phosphate buffer pH 8.0 at 27°C
for 2 days. Anion-exchange chromatography on AG IX8 resin (HCO), 100-200 mesh)
and elution with a 0- to OA-M ammonium bicarbonate linear gradient gave pure fractions
containing compound 17; these fractions were pooled, freeze-dried, deionized with AG
50X8 (H+), neutralized with dilute ammonia, and again freeze-dried, affording 17 as its

D-Glyceraldehyde 14 (90 mg, I mmol) was incubated with sodium pyruvate (110 mg,
I Eq.) and enzymatic extract (0.5 U, 10 ml.) in 0.02 M potassium phosphate buffer pH 8 at
27°C for 2 days. The product was isolated by anion-exchange chromatography on AG IX8
resin (HC03', 100-200 mesh) using a 0- to OA-M ammonium bicarbonate linear gradient.
Pure fractions containing compound 15 were pooled, freeze-dried, deionized with AG
50X8 (H+), neutralized with dilute ammonia, and again freeze-dried, affording 15 as
its ammonium salt (102 mg, 55%): [a]o +9° (c I, HP); reported [57] [a]o +7.9° (c 1.65,
H20).

Aspergillus terreus (NRRL 265, available from the United States Department of
Agriculture, Peoria, IL) was usually grown on 2% o-galactonate as the sole source of
carbon, but when the fermentation was conducted on a larger scale, the concentration of
o-galactonate could be lowered to I % without any significant decrease in enzymatic
activity; the mycelium was recovered after 3 days, then ground with the French Press in
0.02-M potassium phosphate buffer pH 8. The crude extract was heated at 50°C for 15 min
and the supernatant obtained after centrifugation was used as the enzymatic extract. '

(n-propanol-water, 7:3 v/v). The product was isolated by anion-exchange chromatography
on Dowex IX8 (100~200 mesh, HCOz);(30 x 2 em) using a gradient of formic acid (0-2
M) as eluant. Fractions containing 13 were pooled and freeze-dried: 200 mg (80% yield),
[a]o +60° (c 1.2, H20).

13

~
" 'OH

HO 0
HO COO

OH

2 Rl = OH, R2 = H

11 Rl = H, R2 = OH

00%

SA

o

MeAcoo-

75%

SA

10

12

HO~OH
HO HO

~
OH

OH
OH

HO

A O.I-M solution of L-rhamnose 12 (I mmol) in 0.05 M potassium buffer, pH 7.2,
containing 0.01 M dithiothreitol, sodium pyruvate (3 Eq.), and 10 U NeuAc aldolase was
incubated at 37°C (total volume, 10 mL) for 2 days. The reaction was monitored by TLC

D. 3-Deoxy-o-manno-octulosonic Acid [48]

o

MeAcoo-

Synthesis of KDO 2 was performed in the enzyme membrane reactor (EMR). The enzyme,
in its soluble form, is retained in the reactor by an ultrafiltration membrane that is
permeable only to the substrates and products. The laboratory-scale version of the EMR
used here is commercially available (volume 10 mL, membrane diameter 62 mm; Bio
engineering, Wald, Switzerland). An Amicon YM 5 membrane was used. The main
advantages of this technique are no mass-transfer limitations, no loss of enzyme activity
during immobilization steps, and high volumetric activity of enzymes. Substrates are
pumped through a sterile filter at a constant flow, corresponding to a constant residence
time. The setup was sterilized before use by heating to 121°C for 20 min in an autoclave.
By use of phosphate buffer (0.05 M, pH 7.5), bovine serum albumin (10 mg) was pumped in
the reactor of pretreatment of the membrane, followed by sialic acid aldolase (72 mg, 1800
U). Substrate solution (0.02 M pyruvate, 0.5 M D-arabinose 10, pH 7.5) was pumped
through the reactor with a flow of 5 mL h", resulting in a residence time of 120 min.
Temperature was kept at 25°C. For a total running time of 160 h pyruvate conversion was
75% (ratio 2/11, 5: I from HPLC). Both diastereoisomers could be separated by anion
exchange chromatography on Dowex IX8, (200-400 mesh), hydrogen carbonate form, by
using gradient elution with aqueous ammonium hydrogen carbonate (0-0.2 M). The first
eluted fractions, containing KDO, were lyophilized deionized with Dowex 50 (H+),
neutralized to pH 7 with dilute ammonia, and again freeze-dried, affording 2 (1.8 g, 45%):
[a]o +41 ° (c 1.7, HP); reported [16] [a]o +40.3° (c 1.93, H20); reported [56] [a]o +42.3°
(c 1.7,H20). A mixture of2 and 11 (0.28 g, 7%) was obtained in the next fractions, and then
pure diastereomer 11 (0.22 g, 6%).
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ammonium salt (530 mg, 60%): [u]o +33.5 0 (c 2, HzO); reported [58] [u]o +330

(c 1, HzO).
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I. INTRODUCTION

Complex carbohydrates are components of a broad range of molecular structures in nature.
They are frequently found as components of cell surface glycoproteins and glycolipids,
playing an important role in cellular communication processes [I] and as points of attach
ment for antibodies and other proteins. The major classes of cell surface glycolipids include
the glycosphingolipids (GSLs) and glycoglycerolipids. Particularly significant are gan
gliosides [2], or sialic acid-containing glycosphingolipids, which are especially abundant
on neural cell surfaces [3]. These compounds playa role in the differentiation of cell types
and in the regulation of cell growth. Oligosaccharides and polysaccharides also serve as
receptor sites for bacteria [4] and viral particles [5]. The saccharide moieties of glyco
proteins are also involved in modulating protein folding and in the sorting and trafficking of
proteins to appropriate cellular sites [1].Carbohydrates often occur in minute quantities and
are difficult to isolate in a pure form, characterize, and in particular, synthesize in amounts
sufficient for therapeutic study and biological evaluation. The pace of development of
carbohydrate-derived therapeuticals, therefore, has been slower than with other classes of
biomaterials (i.e., peptides or nucleic acids) that are more easily accessible by automatic
solid-phase synthesis. One of the major difficulties in oligosaccharide synthesis is the task
of coupling building blocks in a stereoselective manner. Particularly difficult are the
synthesis of l3-mannosides, for which some elegant solutions have only recently appeared
[6,7], and the synthesis of glycosides of sialic acids [8]. A second difficulty encountered in
oligosaccharide synthesis originates from the polyfunctionality of these compounds, which
necessitates the use of elaborate protective group chemistry if complex carbohydrates are to
be synthesized through conventional methods. Although considerable progress has been
made recently toward the development of more sophisticated synthetic methods directed at
the synthesis of glycoconjugates (see Chap. 9), the chemical synthesis of biologically
interesting complex carbohydrates on a scale larger than 1 mmol still appears to be a
problem not yet solved. Alternatively, the enzymatic approach avoids the problems en
countered in the chemical synthesis and is increasingly considered to be useful for the
practical synthesis of certain complex oligosaccharides and glycoconjugates, albeit some
drawbacks are also encountered.

II. ENZYMATIC GLYCOSIDATION

A. Biological Background

Two classes of enzymes are involved in the biosynthesis of oligosaccharides in nature: the
enzymes of the Leloir pathway and those of non-Leloir pathways. The Leloir pathway
enzymes are responsible for the synthesis of most glycoproteins and other glycoconjugates
in mammalian systems. Glycoproteins can be classified as either N-linked or O-linked,
depending on the type of attachment of the carbohydrate moiety to the protein. The
N-linked are characterized by a l3-glycosidic linkage between a GlcNAc residue and the
a-amide nitrogen of an asparagine. The less common O-linked glycoproteins contain an
a-glycosidic linkage between a N-acetylgalactosamine (GalNAc; or xylose) and the hy
droxyl group of a serine or threonine. The addition of oligosaccharide chains to glycopro
teins occurs cotranslationally for both O-linked and N-linked types in the endoplasmic
reticulum and the Golgi apparatus [9]. The N-linked oligosaccharides all contain the same
core structure of N-acetylglucosamine (GlcNAc) and mannose residues, the similarity of

which stems from their origin. Their biosynthesis starts with the formation of a dolichyl
pyrophosphoryl oligosaccharide in the endoplasmic reticulum by the action of GlcNAc
transferases and mannosyltransferases. This structure is further glucosylated, presumably
to signal for transfer of the oligosaccharide to the polypeptide. The entire oligosaccharide
moiety is then transferred to an asparagine residue of the growing peptide chain by the
enzyme oligosaccharyltransferase [9]. The asparagine is typically part of the amino acid
sequence Asn-X-Ser(Thr), where X is neither proline or aspartic acid. Before transport into
the Golgi apparatus, the glucose residues and some mannose residues are removed by the
action of glucosidase I and II and a mannosidase to reveal a core pentasaccharide (peptide
Asn-(GlcNAc)2-(Man)3)' This structure is further processed by mannosidases and gly
cosyltransferases present in the Golgi apparatus to produce either the high-mannose type,
the complex type, or the hybrid type oligosaccharides. Monosaccharides are then added
sequentially to this core structure to provide the fully elaborated oligosaccharide chain.

The biosynthesis of O-linked oligosaccharides follows a different scheme. In contrast
with the dolichyl pyrophosphate-mediated synthesis of N-linked oligosaccharides, the
glycosyltransferases necessary for the synthesis of O-linked oligosaccharides are located in
the Golgi apparatus [9]. Monosaccharide residues are added sequentially to the growing
oligosaccharide chain.

With the exception of erythrocytes, all mammalian cells contain the necessary
elements for glycosylation. In certain secretory cells, however, the preponderance of
transferases is greater [iO]. In contrast with the non-Leloir enzymes, which typically
employ glycosyl phosphates as activated donors, the glycosyltransferases of the Leloir
pathway in mammalian systems use as glycosyl donors monosaccharides that are activated
as glycosyl esters of nucleoside mono- or diphosphates [9]. The Leloir glycosyltransferases
use primarily nine nucleoside mono- or diphosphate sugars as monosaccharide donors for
the synthesis of most oligosaccharides: UDP-Glc, UDP-GlcNAc, UDP-Gal, UDP-GalNAc,
GDP-Man, GDP-Fuc, UDP-Xyl, UDP-GlcUA, and CMP-NeuAc (Fig. 1). Most of these
sugar nucleoside phosphates are biosynthesized in vivo from the corresponding monosac
charides. The initial step is a kinase-mediated phosphorylation to produce a glycosyl
phosphate. This glycosyl phosphate then reacts with a nucleoside triphosphate (NTP),
catalyzed by a nucleoside diphosphosugar pyrophosphorylase, to afford an activated nucle
oside diphosphosugar. Other sugar nucleoside phosphates, such as GDP-Fuc and UDP
GlcUA, are biosynthesized by further enzymatic modification of these existing key sugar
nucleotide phosphates. Another exception is CMP-NeuAc, which is formed by the direct
reaction of NeuAc with CTP.

Many other monosaccharides, such as the anionic or sulfated sugars of heparin and
chondroitin sulfate, are also found in mammalian systems, but they usually are a result of
modification of a particular sugar after it is incorporated into an oligosaccharide structure
[1]. A very diverse array of monosaccharides (e.g., xylose, arabinose, KDO) and oligosac
charides is also present in microorganisms, plants, and invertebrates [l,ll].Interfering with
the biosynthesis of the characteristic carbohydrate components of the bacterial cell wall,
especially 3-deoxy-o-manno-2-octulogonic acid (KDO), lipid A, and heptulose, is an
attractive approach to the development of antibacterial agents. The enzymes responsible for
the biosynthesis of these compounds, however, have not been extensively exploited for
synthesis, although they follow the same principles as do those in mammalian systems.

Both transferases from the Leloir and non-Leloir pathways have been employed for
the in vitro synthesis of oligosaccharides and glycoconjugates. Glycosidases have also been
exploited for synthesis. The function of glycosidases in vivo is to cleave glycosidic bonds,
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Gal ___ GaI-I-P
Over 20 transferases have now been cloned [12]. Other glycosyltransferases can be ob
tained from readily available tissue sources in at least milliunit amounts, which is sufficient
for milligram-scale synthesis..These are tabulated in a recent review [13].

GlcN-6·P Man

Fru-6.P Man-6'P

GJc - Glc-6-P - Glc-1-P

I
ManNAc

I

Synthesis of Sugar Nucleotides

Sugar nucleoside phosphates can be prepared either chemically or enzymatically (Table I,
and references cited therein). Most of the chemical methods involve the reaction of an
activated nucleoside monophosphate (NMP), usually a phosphorarnidate, such as phos
phorimidazolidate and phosphoromorpholidate, with a glycosyl phosphate to produce a
~ugar nucleoside ~iphosphate. The enzymatic preparation of sugar nucleotides usually
Involves the coupling of a glycosyl phosphate with a nucleoside triphosphate catalyzed
by the appropriate sugar nucleotide pyrophosphorylase.

Several chemical and enzymatic methods are available for the synthesis of glycosyl
phosphates. The required nucleoside triphosphates (NTPs) are most conveniently prepared
by enzymatic routes. In general, these methods involve the sequential use of two kinases to
transform NMPs to NTPs, by the corresponding NDPs (Fig. 2, see a recent review [12] for
more details).

The enzymatic preparation of the activated sugar nucleotide may also involve a
cofactor regeneration system. An example of this is an economic one-pot procedure, in
which N-acetylneuraminic acid (NeuAc) is generated in situ from N-acetylmannosarnine
(ManNac) and pyruvate with sialic acid aldolase and then converted irreversibly to eMP
NeuAc ([14], see also Sec. III).

--- 1 CMP-NeuAc I

Man+P -I GOP-Man I ---I GOP·Fue I

IUOP-GlcI-I UOP-GlcUA 1---1 UOP-xYII

-- NeuAc

1

I
GlcNAc.6-P - GlcNAc

I
GlcNAc·I-P

I

Cofactor Method

Source: Ref. 12, see references cited therein.

Table 1 Synthesisof Sugar Nucleotides

IUOP-GlcNAcI ManNAc-6-P - NeuAe-9-P

I
IUOP-GaiNAcI

Figure 1 Biosynthesis of sugar nucleotides. (From Ref. 12.)

but under appropriate conditions they can be useful synthetic catalysts. Each group of
enzymes has certain advantages and disadvantages for synthesis. Glycosyltransferases are
highly specific in the formation of glycosides; however, the availability of many of the
necessary transferases is limited. Glycosidases have the advantage of wider availability and
lower cost, but they are not specific or high-yielding in synthetic reactions. In the following,
examples of the application of Leloir-type transferases and glycosidases will be described.

B. Using Glycosyltransferases of the Leloir Pathway in Synthesis

Glycosyltransferases are highly regiospecific and stereospecific in the formation of new
glycosidic linkages. They also are usually substrate-specific. Under in vitro conditions,
however (i.e., when the substrates are provided in high concentrations), minor chemical
modifications are tolerated on both the donor and acceptor components. Several examples
of this will be given later. In the past, the preparative use of glycosyltransferases has
been limited owing to a lack of availability of these enzymes. Additionally, glycosyltrans
ferases are membrane-bound enzymes and, therefore, are relatively unstable and difficult to
handle. However, the recent isolation of many of these enzymes, as well as advances in
genetic engineering and recombinant techniques, are rapidly alleviating these drawbacks.

UDP-Gle
UDP-Gal

UDP-GleNAc

UDP-GalNAc

GDP-Man

GDP-Fuc

UDP-GleUA

CMP-NeuAc

From Gle-l-P and UTP with UDP-glucose pyrophosphorylase
From Gal-l-P and UTP with UDP-galactose pyrophosporylase
From UDP-glucose with UDP-glucose epimerase
From Gal-l-P and UDP-Gle with UDP-galactose uridyl transferase
From UMP and galactoseusing cells of Torulopsis candida
By chemical synthesis
From GleNAc-l-P and UTP with UDP-GleNAc pyrophosphorylase
From GleNH2-1-P and UTP with UDP-GleNAc pyrophosphorylase, followed by

N-acety lation
From UDP-Glc and Gal-l-P with UDP-glucose:galactosylphosphate uridyl-

transferase
From Gle and GMP with Baker's yeast
From Man-l-P and GTP with GDP-Manpyrophosphorylase
FromGDP-Man witha crudeenzymepreparation fromAgrobacterium radiobacter
From Fuc-I-P and GTP with GDP-Fucpyrophosphorylase
By chemical synthesis
By oxidation of UDP-Gle with UDP-Gle dehydrogenase from bovine liver or

guinea pig liver
From NeuAc and CMP with CMP-NeuAcsynthetase
By chemical synthesis
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C. Using Glycosidases in Synthesis

Glycosidases cleave glycosidic bonds in vivo, but they can be employed as synthetic
catalysts under appropriate conditions. They are readily available and inexpensive.

Figure 3 Synthesis of a f3,f3-1,1-1inked disaccharide with galactosyllransferase. (FromRef. 17.)

In Situ Cofactor Regeneration

Though analytic- and small-scale synthesis using glycosyltransferases is extremely power
ful, the high cost of sugar nucleotides and the product inhibition caused by the released
nucleoside mono- or diphosphates present major obstacles to large-scale synthesis. A
simple solution to both of these problems is to use a scheme in which the sugar nucleotide is
regenerated in situ from the released nucleoside diphosphate. In situ cofactor regeneration
offers several advantages. First, a catalytic amount of nucleoside diphosphate and a
stoichiometric amount of monosaccharide can be used as starting materials, rather than a
stoichiometric quantity of sugar nucleotide, thus tremendously reducing costs. Second,
product inhibition by the released NDP is minimized owing to its low concentration in
solution. Third, isolation of the product is greatly facilitated.

General regeneration systems are represented in Figure 4 for glycosyltransferases
that use UDP-glycosides and CMP-glycosides [12].The development of these regeneration
systems, as well as the more recent development of regeneration schemes for GDP-Man
[29], and GDP-Fuc [24] should facilitate the more widespread use of glycosyltransferases
for oligosaccharide synthesis. Several examples of this are given in the experimental
section.

fucosylated [25]. A related enzyme, al,3/4-fucosyltransferase, has been used on prepara
tive scale to fucosylate the GlcNAc 3-position of Gal[31,4GlcNAcand the GleNAc 4-posi
tion of Gal[31,3GleNAc [26]. The corresponding sialylated substrates have also been
employed as acceptors.

N-Acetylglucosaminyl transferases I-VI catalyze the addition of GleNAc residues
to the core pentasaccharide of asparagine glycoproteins [27], thereby controlling the
branching pattern of N-linked glycoproteins in vivo. Each of the enzymes transfers a
[3-GleNAcresidue from the donor UDP-GleNAc to a mannose or other acceptor. GleNAc
transferases have been used to transfer nonnatural residues onto oligosaccharides [28].

Different mannosyltransferases transfer mannose and 4-deoxymannose from their
respective GDP adducts to acceptors. al,2-Mannosyltransferase was employed to transfer
mannose to the 2-position of various derivatized o-mannosides and a-mannosyl peptides to
produce the Manal,2Man structural unit [29,30]. A recent report indicates that mannosyl
transferases from pig liver accept GleNAc[3I,4GleNAc phytanyl pyrophosphate, an analogue
in which the dolichol chain of the natural substrate is replaced by the phytanyl moiety [31].
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1.) AC20, Pyr
2.) Ce(NH4l2(NOal6' NaN3
3.) NaOAc, HOAc
4.) Pd-C, H2, AC20
5.) NH3, MeOH

HO~OH OHo HO-(-'~
HO O~OH

HO NHAc
7

Figure 5 Synthesis of 131,3-linked disaccharides. (From Ref. 34.)

From the large amount of glycosidase-catalyzed glycosidations reported so far (see I

recent review [12] for an extensive tabulation), it is obvious that the reactions are stereo
selective processes, in contrast with many chemical methods. The regioselectivity, how
ever, is not necessarily absolute or predictable. In general, the primary hydroxy group of the
acceptor reacts preferentially over secondary hydroxy groups. Some control of selectivitj
could be achieved by the selection of an appropriate donor-acceptor combination [33]

A second possibility to control the regioselectivity involves the use of glycosidase:
from different species. The galactosyl ~1,3-linkage, for example, is an important structura
motif of several complex carbohydrates with interesting biological functions, such as the
mucin oligosaccharide, sialyl Lewis a and the T-antigen. There is no ~I,3-galactosyltrans

ferase available for the synthesis of these molecules, but the l3-galactosidase from testes
catalyzes the formation of 131,3-linkages [12]. Alternatively, ~I,3-linked disaccharides cal
be prepared using l3-galactosidase from Escherichia coli using p-N02-Ph-l3-galacto
pyranoside (4) as the donor and glycals (e.g., 5) as acceptors (Fig. 5). The obtained glyca
disaccharide (e.g., 6) can be converted into N-acetylated 2-amino disaccharides (e.g., 7
through azidonitration followed by reduction and N-acetylation. The minor products pro
duced in this preparation were then hydrolyzed by the E. coli ~-galactosidase, whicl
preferentially hydrolyzes 13l,6-linked galactosyl residues. The overall yield of the ~I,3

linked disaccharides was about 10-20% [34].
Bacillus circulans ~-galactosidase prefers lA-glycosidic bond formation and ha.

been used in the large-scale synthesis of N-acetyllactosamine (7). Coupled with a a2,6·
sialyltransferase, the disaccharide 7 was converted to the sialyldisaccharide, which is m
longer subject to the glycosidase-catalyzed hydrolysis, thus improving the yield (see
experimental section) [35].
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III. EXPERIMENTAL PROCEDURES

A. Formation of the Galactosyl\31,4-Linkage Using \31,4

Galactosyltransferase with Regeneration of UDP·Gal [24]

OH

HO - C·~
HO~O~

9 NHAc

H~\O~ OH

HO~O£i.vOH
NH2 HO NHAc

14

H~.. OH
HO O~(-~ 0

HO HO~ ~
NHAc

E, 12

OH

HO-C~
HO~O~

NHAc
11

13

H~<O~ OH

HO~O-\-~ OH
HO~

NHAc

(57%) UDP~PEP

HO~OH E2
o PYR

HO
HO UTP

OUDP

[,. "C[G" 7 E\ . [,."CJG.""P~ UDP.G.YJ

ATP ADP Glc-1-P~ • = 13e

E,: /31,4-galactosyltransferase; E2 : pyruvate kinase; Es : UDP-Gfc pyrophosphorylase

E4 : Galactose-1-phosphate uridyltransferase; Es: galactokinase

HO OH OH

HO~O~O~
HO HO NHAc

10

(50%)

UDP.-r- OP03E2 ~
UTP 0 co;

)leo;OH

HO--.-CO
HO~

HOopa
8 s

H~
HO

HOOUDP

Es

Two multienzyme systems for the synthesis of LacNAc (7) and analogues using 131,4

galactosyltransferase (GalT) have been developed with in situ cofactor regeneration. The

first starts with Glc-l-P and requires UDP-Gle pyrophosphorylase (EC 2.7.7.9; UDPGP)

and UDP-Gle 4-epimerase (EC 5.1.3.2; UDPGE; see foregoing scheme). UDP-galactose is

generated from UDP-Gle with UDPGE. The thermodynamics of this reaction, however,

favors the formation of UDP-Gle, and Glc-l-P has to be prepared separately.

precursor (see foregoing scheme). This procedure requires UDPGP, galactokinase (EC

2.7.1.6; GK) and Gal-l-P uridyltransferase (EC 27712' Gal 1 PUT) G 1 ki .
. . .., - - . a acto nase IS

specific for ~alactose, thus allowing the direct production of Ga1-1-P, which is converted to

UDP-Gal With Gal-l-P UT and UDP-Gle. This system also allows the regeneration of

UDP-2-deoxY-D-galactose and UDP-galactosamine, thereby permitting the preparation of

analogues such as 2'-deoxy-LacNAc 13 and 2' -amino-2'-deoxy-LacNAc 14.

LacNAc130allyi (10)

A mixture of9 (2.00 g, 7.65 mmol), Gle-1-P (8; 2.74 g, 7.65 mmo1), PEP potassium salt

(1.6 g, 7.65 mmo1), NAD+ (193 mg, 0.25 mmol), MnC1z·4Hp (79 mg, 0.4 mmol),

MgCIz·6~O (163 mg, 0.8 mmol), DTT (306 mg, 2 mmo1), KCI (1.0 g, t5 mmol), NaN3

(20 mg, 0.3t mmol), and UDP (90 mg, 0.19 mmo1)in HEPES buffer (200 mL, 100 ruM,pH

7.5) was adjusted to pH 7.5 with 10 Nand 1 N NaOH, and the enzymes UDPGE (10 U),

UDPGP (20 U), pyruvate kinase (100 U), GalT (5 U), and inorganic pyrophosphatase (100

U) were added to the solution. The mixture was gently stirred under an argon atmosphere at

room temperature for 5 days. The mixture was concentrated and chromatographed on silica

gel (eluting with CHC13-EtOAc-MeOH; 5:2:2 to 5:2:3) to give a disaccharide, which was

further purified with Sephadex G-25 (eluting with water) to give LacNAc130allyi 10

(1.7 g, 50%). In the second regeneration system Gal is used instead of Gle-t-P as a donor

1-[I3CjGaI131.4GlcNAcI30allyl (12)

A solution of 11 (1.15 g, 4.4 mrnol) [l_13C]Gal (800 mg 44 mmol) PEP tassi 1
' , . , po assrum sa t

(1.82 g, 8.8 mmol), UDP (90 mg, 0.19 rnmol), ATP (100 mg, 0.18 mmol), cysteine (116mg

~.96 rnmol), DTT (183 mg, 1.2 mrnol), MgClz·6Hp (244 mg, 1.2 mmol), MnCl
z-4H

0
(.18 mg, 0.6 mrnol), KCl (179 mg, 2.4 mrnol), and Gle-t-P (77 mg, 0.22 mmol) in HEPES

buffer (120 mL, 100mM, pH 7.5) was adjusted with 10N and l N NaOH to pH 7.5 and th

enzymes GK (10 U), pyruvate kinase (200 U), inorganic pyrophosphatase (10 U) ,Gal-t-;

UT (10 l!), UDPGP (10 U), and GalT (10 U) were added to the solution. The mi~ture was

gently stirred ~nder an argon atmosphere at room temperature for 3 days. The mixture was

concentrated III v.acuo, a.nd the .residue .was c~omatographed on silica gel (eluting with

EtOAc-MeOH 2.1) to give a disaccharide, which was further purified with I f

Sephadex G-25 (eluting with water) to give 12 (1.06 g, 57%). a co umn 0
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B. Formation of the GalactosyI1l1,3-Linkage Using Il-Galactosidase [34]

Compound 6

A solution of 6-0-acetyl galactal 5 (72 mg, 0.38 mmol) and 13-4-nitrophenyl galacto
pyranoside 4 (80 mg, 0.26 mmol) was prepared in 0.07 M PIPE~-O.1 M Na?Ac-0.2 M
EDTA solution (3 mL) and acetone (100 ILL) at 23°C. I3-Galactosldase (E. coli, 75 U) was
added and the reaction mixture was maintained for 26 h. The mixture was concentrated, and
the residue purified by silica gel chromatography (eluting with CHCI3-MeOH-EtOAc

5:2:2) to afford 6 (38 mg, 42%) and recovered 5 (39 mg, 54%).

OH
HO~ 7H

AcHN~C02H
HO OH

16

19

N'-"_~'<G'7:~

NeuAca2,3Gal~1,4GlcNAc~-O ~ 0 OEt

OH

18

Gal~1 ,4GlcNAc~ CMP-NeuAc,

D a2,3-Sialyl-
HO 0 transferase

(86%)
Gal~1 ,4GlcNAc~-o _ OEt

OH

E. Formation of the Sialyl o:2,3-Llnkage Using o:2,3-Sialyltransferase
with Regeneration of CMP-NeuAc [24]

D. Formation of the Sialyl o:2,3-Linkage Using o:2,3-Sialyltransferase
Without Regeneration of CMP-NeuAc [36]

Heptasaccharide 19

To a solution of CMP-NeuAc (116mg, 0.166 mmol), BSA (5% solution, 0.12 ml.), sodium
cacodylate (1.8 mL, 1M, pH 6.5), water (5.1 mL), MnClz (0.6 mL, 1M), alkaline phospha
tase (EC 3.1.3.1; 30 ILL, 1 UlILL) and the pentasaccharide 18 (52 mg, 55 urnol) was added
a2,3-sialyltransferase (EC 2.4.99.6; 1 U). The reaction mixture was tipped for 4 days, after
which time second batches of CMP-NeuAc (116mg, 0.166 mmol), alkaline phosphatase (30
ILL, 1 UlILL), MnClz (0.2 mL, 1 M), and a2,3-sialyltransferase (l U) were added and the
mixture was tipped for another 5 days. The mixture was filtered and chromatographed (Bio
Gel P-2, 0.1 M NH4HC03) to afford 19 (75 mg, 86%) as a white solid after lyophilization.

CMP-N-Acetylneuraminic Acid (17)

To HEPES buffer (100mL, 200 mM, pH 7.5) were added ManNAc 15 (1.44 g, 6 mmol), PEP
sodium salt (1.88 g, 8 mmol), pyruvic acid sodium salt (1.32 g, 12 mmol), CMP (0.64 g,
2 mmol), ATP (11 mg, 0.02 mmol), pyruvate kinase (300 U), myokinase (750 U), inorganic
pyrophosphatase (3 U), N-acetylneuraminic acid aldolase (100 U), and CMP-sialic acid
synthetase (1.6 U). The reaction mixture was stirred at room temperature for 2 days under
argon, until CMP was consumed. The reaction mixture was concentrated by lyophilization
and directly applied to a Bio-Gel P-2 column (200-400 mesh, 3 x 90 em), and eluted with
water at a flow rate of 9 mUh at 4°C. The CMP-NeuAc fractions were pooled, applied to
Dowex-I (formate form), and eluted with an ammonium bicarbonate gradient (0.1-0.5 M).
The CMP-NeuAc fractions free of the nucleotides were pooled and lyophilized. Excess
ammonium bicarbonate was removed by addition of Dowex 50W-X8 (H+ form) to the
stirred solution of the residual powder until pH 7.5. The resin was filtered off and the filtrate
was lyophilized to yield the ammonium salt of CMP-NeuAc 17 (1.28 g, 88%).

PPase
PPi- 2Pi

CMP-NeuAc
synthetase

6

HO~OH HO OAco '~L'Co
HO O~

HO

OH
HO~ 9CMP

AcHN~C02H
HO OH

17

Pyruvate

Pyruvate
Myokinase kinase

CM/"'""~ CDP-/~----=::C""",,_·CTP

ATP ADP PEP
Pyruvate

~
Pyruvate PEP

15

o

HO~~~AC ~-
H~o~OH NeuAc aldolase

4

HL«~~
HO~

HO OH 51«_.~ ~-Galactosidase
HO~O-(p-N02Ph)

OH (42%)

C. Synthesis of CMP-NeuAc [14]

In this one-pot procedure NeuAc 16 is generated from ManNAc 15 and pyruvic acid in si~u
with sialic acid aldolase and then converted irreversibly to ~MP-NeuAc 17. CMP. IS

converted to COP with myokinase and ATP.The released ADP I~ converted to ~TP With
yruvate kinase and PEP. COP is then converted to CT~ also With pyruvate kinase and

~hosphOenolPyruvate (PEP). The formed CTP reacts With NeuAc catalyzed by NeuAc

synthetase to give 17.

The regeneration system for CMP-NeuAc can beemployed both for a2,3-sialyltransferase
catalyzed reactions and for reactions mediated by a2,6-sialyltransferase. The system start!
with NeuAc, the glycosyl acceptor, PEP, and catalytic amounts of ATP and CMP. CMP is
converted to CDP by nucleoside monophosphate kinase (EC 2.7.4.4; NMK) in the presence
of ATP,which is regenerated from the by-product AOP, catalyzed by PK in the presence ol
PEP, then to CTP with PEP by PK. The CTP thus formed reacts with NeuAc, catalyzed b)
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E
1

: (l2,6~sialyltransfera5e; E2: nucleoside monophosphate kinase or adenylate kinase;
E3: pyruvate kinase; E.: CMP-NeuAc synthetase; E5: pyrophosphatase

OH
HO~ 'Q19 H~ \O~ OH

ACHN~o~g08
HO OH HO

21

CMP-NeuAc synthetase (EC 2.7.7.43) to produce CMP-NeuAc. The by-product pyrophos
phate (PPi) is hydrolyzed to phosphate (Pi) by inorganic pyrophosphatase (PPase). Sialyla
tion is accomplished with ex2,3-sialyltransferase (ex2,3NeuAcT) or ex2,6-sialyltransferase
(ex2,3NeuAcT), respectively. The released CMP is again converted to CDP, to CTP, and
finally to CMP-NeuAc. The UDP-Gal and CMP-NeuAc regeneration schemes have been
combined in a one-pot reaction and applied to the synthesis of sialyl Lewis X.

E,

(97%)

F~rmation of t~e Slalyl a2,6-L1nkage Using a2,6-Slalyltransferase
with Regeneration of CMP-NeuAc [37]

HO OH OH

HO~O ~\-o OH

HO H~
OH NHAc

HO~ ?CMP 7

AcHN~Co,H
Es HO OH

2Pi --PPi)C 17 OH

E. HO~ '0,9 HO

NeuAc ACHN~O-~ ~OH

~
CTP CMP HO OH HO 0 0 OH

HO
o »: 22 HO NHAc.Jl E3 E2 ATP

CO2 CDP-t

.):03, ADP E3 ;tco;,
CO2 OPOj

.,J.-.C02

G. Formation of the Fucosyl a1,3-Linkage Using
a1,3-Fucosyltransferase Without Regeneration of GDP-Fuc [24]

Tetrasaccharide 23

A. solutio? of ex1,3-fucosyltransferase (2 mL, 0.02 U) was added to a solution of the
trisaccharide 20 (23 mg, 0.031 mmol) and GDP-Fuc (24 mg, 0.036 mmol) in HEPES buffer
(3 ml., 200 roM, pH 7.5) containing 5 roM ATP. 20 roM MnCI and the rni t 1ti d d ' z- IX ure was gent y
s ure un er an argon atmosphere at room temperature for 5 days Th . tur
concentrated d th .d hr . e lDlX e wasan. e resi ue c omatographed on silica gel (eluting with EtOAc-'PrOH
HzO 2:2:1) to give a tetrasaccharide, which was further purified with Bio Gel P-2 ~elutin;

NeuAm2,6GalI31,4GlcNAc 22

To HEPES buffer (150 mL, 0.2 M, pH 7.5) were added NeuAc (0.92 g, 3.0 mmol) LacNAc
(7) (1.1 g, 13 mmol), CMP (30-300 umol), ATP (3-30 umol), PEP sodium salt (2.8 g, 6.0
mmol), MgCI2·~Hp (0.61 g, 3.0 rnmol), MnClz·4Hp (0.15 g, 0.80 mmol), KCI (0.22 g 3
mmol), nucleoside monophosphate kinase (450 U), pyruvate kinase (6000 U), inorga~ic
pyrophosphatase (300 U), CMP-NeuAc synthetase (24 U) and 26 . I Itr f
(
4U)' ' ex , -sia y ans erase

.' and.the reaction was conducted at room temperature for 2 days under argon The
reaction ~xture was concentrated to 20 mL by lyophilization and applied to a Bio G~I P-2
column WIth water. ~ the ~obile phase. The trisaccharide-containing fractions were
collected and lyophilized to grve pure NeuAcex2,6GaI131,4GlcNAc 22 (2.0 g, 97%).

E,: lX2,6-sialytlransferase; E2: nucleoside monophosphate kinase or adenylate kinase
E3- pyruvate kinase: E4: CMP-NeuAc synthetase; Es: pyrophosphatase '

F.

20

H'L\O~ OH

HO~a~O~
NHAc

12

Sialotrisaccharide 20
A solution of 1_[l3C]GaI131,4G1cNAcI30allyl12 (210 rng, 0.50 mmol), N-acetylneuraminic
acid (160 mg, 0.52 mmol), PEP sodium salt (120 mg, 0.51 mmol), MgCl2'6HP (20 mg, 0.1
mmol), MnCI

2-4Hp
(4.9 mg, 0.025 mmol), KCI (7.5 mg, 0.10 mmol), CMP (16 mg, 0.05

mmol), ATP (2.7 mg, 0.005 mmol), and mercaptoethanol (0.34 fLL) in HEPES buffer
(3.5 mL, 200 roM, pH 7.5) was adjusted with 1NNaOH to pH7, and the enzymes NMK (5
U), PK (100 U), PPase (10 U), CMP-NeuAc synthetase (0.4 U), and ex2,3NeuAcT (0.1 U)
were added to the solution. The mixture was gently stirred under an argon atmosphere at
room temperature for 3 days. The mixture was concentrated, and the residue chroma
tographed on silica gel (eluting with EtOAc-iPrOH-Hp 2:2:1) to give a trisaccharide,
which was further purified with Bio Gel P-2 (eluting with water) to give 20 (88 mg, 24%).

By using the same procedure, NeuAcex2,3GaI131,4Glucal 21 was obtained in 21%

yield starting from Gal131,4Glucal.

OH
HO~ ?CMP

AcHN~c02H

E HOOH 17
2Pi --'PPi)( OHHO 'Q1C HO OH OH

NeuAc E. ACH~O~~~O~
CTP HO OH HO NHAc

)l
0 --\E3 EJ:-- ATP

co; ';--- CDP(.~ 0

OP03 ADP E3 ~C02
).-.co; opag

~C02
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with water). The eluant was passed through a column of Dowex 50W-X8 (H+ form), eluted

with water, neutralized with I N NaOH, and lyophilized to give 23 (18 mg, 70%).

Compounds 24 and 25 were prepared using the same procedure.

I. Combined Use of IJ-Galactosidase and a2,6-Sialyltransferase with

Regeneration of CMP-NeuAc [35]

NeuAca2,6LacNAc 22

To HEPES buffer (1.07 ml., 0.2 M, 20 mM MgCI2, 5.3 mM MnCI 2, 20 mM KCI, pH 7.5)

containing NeuAc (12.3 mg, 20 mM), lactose (180 mg, 250 mM), GIcNAc (265 mg,

H. Formation of the Mannosyl a1,2-Linkage Using a1,2-

Mannosyltransferase with Regeneration of GOP-Man [29]

Cbz-Thr(aManNAcal,2ManNAc)-Val-OMe 27

A reaction mixture (2 ml., 100 mM Tris, pH 7.5,5% acetone, 10 mM MgCI 2, 10 mM MnCI 2,

5 mM EDTA, 5 mM NaN 3, I mM ATP, 0.01 mM theophylline, 0.03 mM 2,3-dimercapto

propanol, and 0.05 mM phenylmethylsulfonyl fluoride) containing Cbz-Thr(a-ManNAc)

Val-OMe 26 (100 mg, 95 mM), mannose I-phosphate (60 mg, 100 mM), GDP (9 mg, 10

mM), phosphoenolpyruvate (PEP; 47 mg, 100 mM), pyruvate kinase (PK; 50 U), dried

yeast cells (50 mg), al,2-mannosyltransferase (0.4 U), and inorganic pyrophosphatase

(I U) was slightly stirred at room temperature for 60 h and then centrifuged. The super

natant was lyophilized and the residue extracted with MeOH. MeOH was removed and the

residue purified by silica gel chromatography (CHCI3-MeOH-HzO 12:6:1) to afford Cbz

Thr(aManNAcal,2ManNAc)-Val-OMe 27 (31 mg, 41%).

HO OH OH

HO~O~O~
~nj NHAe

HaC f'J!!J- OH

HOOH
24

OH H
H0"--i -~9 HOl \°0 OH

AeHN~O~O~\--~
HOOH ~nj~

H3 C f'J!!J-OH

HOOH

25

27

E1: <X1,2-mannosykransferase; E2 , pyruvate kinase'

E3 , GDP-Man pyrophosphorylase: q: inorganic pyr~PhosPhatase.

H~I~
H~~~
HO~HO 0
HO

28 OMe

600 mM), phosphoenolpy~vate trisodium salt (30 mg, 40 mM), CMP (2 mM) and ATP

(0.2mM)wereaddedmyokinaSe(EC2.7.4.3·MK·6U) p t kin E '
80 U) . . ' , , yruva ease ( C 2 7 I 40' PK-

, inorganic pyrophosphatase (EC 3.6.1.1' PPase' 4 U) CMP N A th'''' ,

2 7 7 43' 0 32 U)· " , - eu c syn etase (EC
. .. ,. , a2,6 sialyltransferase (EC 2.4.99' 0052 U) and crud (.l I id

from Bacillus circulans (EC 3 21 23' I mg) Th t t' I' I' . e p-ga actosi ase
. . .., . e 0 a vo ume was adjusted to 2 mL Th

reaction was conducted for 91 h under argon at room temperature The rea ti . t . e

centrifug d d th . . c on nux ure was

ith e an e supernatant was directly applied to a Bio Gel P-2 column (43 x 2 )

WI water as the eluant. The trisaccharide-containing fractions ern

ized to give NeuAca2,6LacNAc 22 (6.8 mg 26%) No other S'alwelretPdooleddand lyophil

detected. ,. I Y a e pro uct could be
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HO~OH OH H~ \O~ OH
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Synthesis of C-Glycosyl Compounds

THEMES: Free Radical-MediatedReactions; LewisAcid, Transition Metal-Mediated
Reactions

The backbone of organic synthesis resides in our ability to make carbon-carbon bonds. The
annals of synthesis methods dating back over a century illustrate this feature with innumer
able examples. While organic chemists were busy laying down the foundations of modem
physical organic chemistry in the 1950s and 1960s, some carbohydrate chemists were
beginning to detach themselves from the "O-methylationlhydrolysis analysis," era of
polysaccharide chemistry. Although much elegant methodology was also developed by
carbohydrate chemists during this period, it involved, to a great measure, peripheral
chemistry, such as sugar-to-sugar conversions. Thus, all of the exotic aminodeoxy, deoxy,
and branched-chain sugars isolated from the hydrolysis of antibiotics and other products of
fermentation were masterfully synthesized-mostly from other sugars. Great contributions
were made in forming hetero-atom bonds via SN2displacement reactions and via neighbor
ing group participation for which sugar molecules were a veritable playground. In fact it
was up to the late B. R. Baker, and other non-carbohydrate chemists by training, such as
Leon Goodman, to translate S. Winstein's teachings to practice in the synthesis of natural
and non-natural amino sugars. The first documented example of neighboring group partici
pation of an acetoxy group was that of H. S. Isbell in a paper published in Journal of the
National Bureau ofStandards in 1928. Unfortunately, it was obscured by later publications
by Winstein and others in more fashionable journals. It was Hans Paulsen who showed
applications of H, Meerwein's acyloxonium ion chemistry to carbohydrate chemistry in the
mid-1960s by a "one-step" o-glucose-to-o-idose conversion.

Historically, the formation of carbon-carbon bonds in carbohydrate chemistry was
done out of necessity, as in the synthesis of a branched-chain sugar. The synthesis of
C-glycosyl compounds was a greater challenge because of the need to activate the anomeric
carbon atom in a cyclic structure. The basicity of the traditional organometallic reagents,
coupled with the propensity for glycal formation via elimination, rendered this approach
impractical. Nevertheless, C. D. Hurd and W. A. Bonner were successful in preparing
glycosylarenes in the late 1940s and early 1950s. The advent of Lewis acid catalysis and
other innovations involving the use of masked anions such as ketene acetals and enol ethers
greatly expanded the possibilities in C-glycoside synthesis. My first Ph.D. student, Andre
Pernet, now vice-president for research and development in a major Midwestern phar
maceuticallaboratory, demonstrated in 1971 that malonate anion and related ketene silyl
acetals were excellent nucleophiles for the synthesis of C-glycosyl and C-ribosyl com-
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pounds. While in my laboratory in 1973, Tomoya Ogawa, presently at Riken (Tokyo) and a
world-renowned carbohydrate chemist today, showed that ketene acetals and enol ethers
were versatile reagents for the synthesis of C-glycosyl compounds. Since then, the field has
expanded enormously, particularly with the advent of new methodology and the potential
importance of C-glycosyl compounds in medicinal chemistry.

Because of the delicate balance of functionality in a sugar derivative, it is not sur
prising that logic and mechanistic insight would join forces to allow for radical-mediated
reactions to take place at the anomeric carbon atom. Free-radical reaction conditions are
mild and neutral, thus allowing esters or even unprotected hydroxy groups to be used. In
addition, stereoelectronic factors play an important role in determining anomeric configura
tion in free-radical reactions, favoring an "antiperiplanar" approach to the lone pair of the
ring oxygen in a preferred conformation.

Viewed (and drawn) in a "terpene-like" perspective, C-glycosyl compounds are in
fact functionalized tetrahydrofurans and tetrahydropyrans. As such, they can be considered
as versatile chirons for the synthesis of a variety of natural products containing cyclic ether

motifs, such as in the ionophores.
The next two chapters give the reader an excellent perspective and laboratory-proven

methods for the synthesis of C-glycosyl compounds in general, and glycosylarenes in
particular, utilizing free-radical reactions and Lewis acid-catalyzed oxonium ion chemis

try, respectively.

Stephen Hanessian
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I. INTRODUCTION

A. Carbohydrate Radicals in Synthesis

The ~ynthesis of C-glycosyl compounds, commonly known as C-glycosides, in ionic
reactions relies on the electrophilicity of the anomeric center and, therefore, involves the
~ttack ~f an ~ppropriate C-nucleophile. An "umpolung" method has been developed, and
IS descnbed III the previous chapter. But instead of going from a carbocation to a carbanion
one can also consider ~omolytic or r.adical reactions to reverse the philicity (Scheme 1):

Alkoxyalkyl radicals behave ltke nucleophiles because of the high-lying SOMO
which can interact with the LUMO of an electron-poor alkene, such as acrylonitrile,
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leads to the predominant formation of the observed lX-C-glycosides. In addition, during the
attack the stabilizing conjugative interaction between the lone pair at the ring oxygen and
the SOMO is maintained.

In contrast, the mannosyl radical 8 does not undergo such a conformational change,
and the observed o-attack results from the shielding effect of the axial C-2 substituent in the
chair conformation and the stereoelectronic effects mentioned earlier. In radicals 7b and
8 the C-O bonds adjacent to the radical center are coplanar with the singly occupied orbital.
This reminds us of the anomeric effect in which an interaction between the nonbonding
electron pair of the ring oxygen and the LUMO of the C-O bond stabilizes the confor
mation.

A pentopyranosyl radical is much more flexible than a hexopyranosyl radical. Be
cause the "alkyl-anchor" at C-5 is absent, the radical is now so flexible that several species
of similar energy can coexist. According to ESR spectroscopic data, the arabinopyranosyl
radical 9 exists as an equilibrium between the 4Cj 98 and the Bo3 9b conformation, which
both realize a coplanar arrangement of the c-o bond and th~ SOMO [9] (Scheme 6).
Reactions with alkenes are unselective. However, the arabinofuranosyl radical 10 reacts
with high stereoselectivity [9]. This is due to its 2Econformation in which the si-side of the
radical center is sterically hindered by the large benzoyl group,

This different behavior can be explained by the conformation of the radicals and by
stereoelectronic effects [6]. Electron spin resonance (ESR) investigations have revealed
that the o-glucopyranosyl radical 7 does not adopt the 4Cj conformation 78, but is distorted
into the B2,5 shape 7b (Scheme 5) [7,8]. The equatorial-like attack at the boat conformer

One important aspect of free radical chemistry at the anomeric center is the predictable
stereoselectivity of hexopyranosyl radicals. These radicals react with acrylonitrile to give
axial-substituted adducts preferentially, whereas cyclohexyl radicals and carbohydrates
with the radical center at C-2, C-3, and C-4, and equatorial !'I-substituents react in the
equatorial mode (Scheme 4).

B. Stereochemistry and Conformations of Carbohydrate Radicals
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acrolein, fumarodinitrile, maleic anhydride, or such; to form a C-C bond. The presence of
electron-withdrawing substituents in the alkene lowers the LUMO energy and increases the
addition rate by reducing the SOMO-LUMO difference [I]. Thus, the addition of a
glycosyl radical to an electron-poor olefin constitutes an extremely appealing strategy for
the construction of C-glycosides or C-disaccharides.

The synthesis of the C-disaccharide 1of kojibiose from the glucosyl radical 2 and the
alkene 3 is a good example for the C-C bond formation by a radical approach (Scheme 2)
[2~4].

Glycosyl radicals can also be used to mimic the enzymatic aldol reaction between
phosphoenolpyruvate and carbohydrates [5]. Whereas respective ionic reactions fail in the
absence of enzymes, alkenes 4-6 are suitable synthons for pyruvate in radical C-C bond
forming reactions (Scheme 3).

o® Enzyme ?Ii: 9
RCHO + H2e=( -- RCH-:- CH2CCO:!H

CO:!'

The reactions are complementary to the approach of conjugate addition of an organo
metallic reagent to an electron deficient alkene. If the required functionality at the anomeric
position is introduced before the radical step, one also has access to C-glycosides by
trapping glycosyl radicals with hydrogen atom-transfer reagents. The advantage of free
radical chemistry includes neutral conditions so that protection of alcohols, amines, and
carbonyl groups is often unnecessary. In contrast with ionic intermediates, in most radicals
!'I-oxygen and !'I-nitrogen substituents are not cleaved or do not rearrange.
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II. INTERMOLECULAR METHODS

A. The Tin Hydride Method

The tin hydride method is very valuable for forming a C-C bond by addition of a radical
to a C-C multiple bond in intermolecular or intramolecular systems [1,10,11]. Since the
general principles of the chain reaction are known, this method is easy to apply. Therefore,
one can design the reaction conditions carefully, taking into account the rates of the
competing reactions and how the reactivity of the radical and the alkene can be influenced
by substituents. Actually, formation of C-glycosides is the first example of the tin hydride
method [12,13].

The reaction process, outlined in Scheme 7, involves the initial formation of the
radical 11 by atom abstraction of the trialkyltin radical 15 from the glycosyl precursor 17.

1-0

y

~:---11~X BUa::H

12 $ °
~---\
11~'BUaSn' i-~

15 .£ yv
~_O 16 z

BUaSnX ~ --1
18 17 X

Scheme 7

The anomeric radical 11adds to the olefin 12 to give the intermediate 13. Interception of this
adduct radical 13 by tin hydride 14 yields the saturated product 16 and the organometallic
radical 15. Eventually, the latter reacts with the precursor 17 to produce the chain-carrying
radical 11 and the tin compound 18.

The wide versatility of the tin hydride method in carbohydrate chemistry exists
because anomeric radicals can be generated from many functional groups at the anomeric
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position. However, in practice, only those precursors in which the abstraction of X in 17
by the stannyl radical 15 is sufficiently rapid to compete with hydrostannylation of the
alkene, are useful. Thus, the reaction has been applied to bromides, phenylselenides,
thiocarbonyl esters, and to tertiary nitro sugars. Table 1gives some representative examples
that were chosen to illustrate both the variety of useful radical-leaving groups and the
structural complexity compatible with this method in radical glycosidation reactions.

One important application of the tin hydride method in carbohydrate chemistry is the
synthesis of C-disaccharides as encountered in Scheme 2.

The tin hydride method suffers from one major disadvantage, namely the efficiency
of the reagent as a hydrogen atom donor. For successful synthesis, alkenes have to be
reactive enough, otherwise direct reduction of the starting precursor becomes a consider
able side reaction. In practice, the yields are increased by slow addition of a solution of tin
hydride and a radical initiator into the reaction mixture containing an excess of alkene.
However, a delicate balance must be maintained. If a large excess of olefin is used,
polymerization can compete. 2,2-Azobisisobutyronitrile is the most commonly employed
initiator, with a half-life time for unimolecular scission of 1 h at 80°C.

B. The Fragmentation Method

A useful sequence for the formation of C-glycosides is the fragmentation method [18].The
mechanism, depicted in Scheme 8, is based on the addition of the carbohydrate radical 11to

Scheme 8

the allyl tin compound 19. The radical 11is generated, as in the tin hydride method, by atom
abstraction of the stannyl radical 15 from the precursor 17. The formed adduct radical 20
undergoes a I)-bond cleavage, producing the allylated compound 21 and the chain
propagating tin radical 15.

Because no tin hydride is present, intermediate radicals are only slowly intercepted
by hydrogen atom abstraction. Thus, the fragmentation method is a clever alternative that
avoids this course, and low concentrations are not required. As a result of this, even
relatively unreactive precursors, such as glycosyl chlorides and phenylsulfides, can be
used. Therefore, the method is compatible with the same molecular complexity and an
extended spectrum of functionality as found in the tin hydride method.

Use of the appropriately substituted glycosyl chloride 22 in a fragmentation reaction
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Because such alkylation proceeds by SRNl mechanism, even cobalt complexes de
rived from unreactive (in an SN2sense) halides can be formed. The cobalt complexes are
air-stable compounds, but are affected by direct daylight. The incorporated Co-C bond is
weak and, therefore, photolysis of 33 sets free the anomeric radical 11. In the presence of
olefins 12 this radical adds to the double bond, followed by subsequent combination to give
the insertion product 35 (Scheme 9).

Depending on the substituents, either elimination reactions or solvolysis leads to the
product 36 or 37, respectively. The formation of addition product 37 can be explained by
heterolytic cleavage under formation of a Co(III) complex and a carbanion, which is then
protonated by the solvent. Owing to the carbanion-stabilizing ability of the cyano group this
pathway is pronounced in the reaction with acrylonitrile. The product 39 is formed

Another possible precursor to conduct free radical reactions is the glycosyl-cobalt(III)
dimethylglyoximato complex 33 [22,23]. These organometallic compounds can readily be
prepared by the displacement of the halide atom in 17 with the highly nucleophilic cobalt(l)
anion 32. The latter can be generated from the dimeric Co(ll) complex 31 under reducing
conditions.

C. The Cobalt Method

C-Glycosyl Compounds by Free Radical Reactions

~
~SnBu3

AcO .~ 23
AeHN 0 CO:!Me ..

OAe
93% OAe

22 24
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~sn8U3

-t-~26 ...
72%

25 27

Substitution at the terminal position of the allylstannane, as in crotonyltributyl
stannane, however, is not tolerated, because hydrogen abstraction from the a1lylicposition
is a competing reaction [21]. An extension of the method involves the coupling of the
anomeric radical precursors 28 with the allyltributyltin reagent 29 [14].In the reagent 29 the
double bond is activated toward addition of nucleophilic radicals by the electron
withdrawing t-butoxy carbonyl group. The obtained product 30 has been useful en route to
3-deoxY-D-manno-2-octulosonic acid (KDO).

with 23 permits the formation of the protected C-glycosides 24 of N-acetylneuraminic acid
[19,20]. The reaction is readily extended to methallylstannanes 26 [21].
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Table 1 The Tin Hydride Method for the Addition of Glycosyl Radicals to Alkenes

Substrate Alkene Products Yield (%) Ref.
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gives the addition product 16. The sugar cobalamine 45 is regenerated by reduction
(46 ~ 44) and alkylation (44 ~ 45).

Application ofthis method opens a way to synthesize C-glycosides 48 and 49, similar
to those obtained by the tin hydride method.
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38
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75% 39 CN
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41%
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AcO

AcO z
48 Z=CN
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selectively. In contrast, attack to styrene yields the substitution product 40 exclusively [22].
In view of suitable biomimetic synthons of phosphoenolpyruvate, ethoxyacrylonitrile 41
has been used in the reaction with the cobalt complex 38 [22]. The substitution product 42
gives aldol reaction products after hydrolysis.

Owing to the reductive reaction conditions, addition products are formed exclusively.
However, only sugar bromides such as 47 have been reported as radical precursors. Both
cobalt methods are attractive from an environmental point of view because the need of tin
hydride has been excluded.

D. The Vitamin B12a-Catalyzed Method

A catalytic variation of the cobalt method is the vitamin BIZa-mediated reaction to provide
C-glycosides [24]. The intermediate in this chain mechanism is the sugar cobalamine 45
formed by reaction of the precursor 43 with vitamin B1Za 44 (the brackets in Scheme 10
represent the corrin system) [25].

E. Methods for the Formation of 13-C-Glycosyl Compounds

The previously described reactions are based on the trapping of anomeric radicals with
olefins, yielding C-glycosides. As mentioned in the introduction, these compounds can also
be obtained by interception of C-l-substituted glycosyl radicals with hydrogen atom
transfer reagents. For example, the reduction of the tertiary nitro sugar 50 with tributyltin
hydride 14 in the absence of olefins is such an approach to provide the C-glycoside 51 [26].
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In both reactions the intermediate glycosyl radicals are trapped from the a-face by
hydrogen atom donors. Thus, by taking advantage of the stereoe1ectronic and conforma
tional effects of hexopyranosyl radicals, these strategies enable the production of I3-C
glycosides.

Bn~ t-Dodecanyl thiol,
BnO Bn~OBnO Me 56% BnO 0

-----J~.. Q ~ BnO Me
N--O 0

S 54 5552

Bn~oBnO 0
BnO Me

C02H

An alternative method is the deoxygenation of the anomeric carboxylic acid 52,
producing 55 [27]. The functionalized precursor, in particular the O-acyl-thiohydroxamate
ester 54, which is formed in situ after exposure of the carboxylic acid 52 to the salt 53, is
decarboxylated by the Barton method.
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Scheme 10

Cleavage of the Co-C in bond in 45 leads to the glycosyl radical 11which is trapped
by the electron-poor alkene 12. Reduction of the adduct radical 13, followed by protonation,
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In addition to intermolecular reactions, C-glycosides can also be synthesized by intra
molecular sequences. A radical cyclization is a very fast reaction, in particular 5-exo-trig
cyclizations. Thus, intermediate anomeric radicals have only a short time window of
reactivity before undergoing the desired cyclization.

The first investigation to realize a C-glycosidation through a cyclization reaction has
been conducted by using the 3-allyl-3-deoxyglucose derivative 56 [28]. The formation

III. INTRAMOLECULAR METHODS

Thus, this method takes advantage of a relatively rapid 9-endo-trig cyclization,
rather than undergoing other possible reactions with samarium iodide [32].

illustrates some examples showing that either silicon or acetal connections have been used
in such reaction sequences. Furthermore, the examples demonstrate that owing to the
geometric requirements a.- or ~-C-glycosides can be synthesized.

A similar process is possible using samarium diiodide. With this reagent carbohy
drate radicals are generated through a one-electron reduction of, for example, anomeric
phenyl sulfones. The so-induced cyclization of the tethered sugar 59 gives compound 60,
which has been transformed to a C-disaccharide [31].
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IV. EXPERIMENTAL PROCEDURES*

A. Intermolecular Methods

of the bicyclic dideoxysugar 58 can be explained by the formation of the boat conformer 57.
Only in this shape is the radical center close enough for the cyclization onto the double
bond.

A remarkable extension of this strategy achieves the stereospecific introduction of a
C-C bond at the anomeric center by the cyclization of an acceptor group tethered to a
suitable hydroxyl group of the sugar moiety through a temporary function. Table 2

Table 2 Radical Cyclization ReactionsUsing Temporary Silicon or Acetal Connections

The Tin Hydride Method

ACO~q

A).~O~ +

AcO Br

c=/CN
Et20, hv

58%

ACO~
AcO

AcO

AcO CN

'Optical rotations were measured at 20°-25°C.

C-Glycosidation of Pyranosyl Compounds in Large-Scale Production [12,33].
A boiling solution of the o-o-glucopyranosyl bromide 47 (20.6 g, 50.0 mmol), acrylonitrile
(13.5 g, 250 mmol), and tributyltin hydride (16.0 g, 55.0 mmol) in 100 mL of diethyl ether
under nitrogen was irradiated with a mercury high-pressure lamp. After 4 h, the mixture
was filtered, further acrylonitrile (6.6 g, 120 mmol) and tributyltin hydride (5.8 g, 20.0
mmol) were added to the filtrate, which was further irradiated. When the starting bromide
47 had completely reacted, the cold mixture was filtered, and the combined precipitates
gave the product 48 (8.6 g, 45%) after crystallization from diethyl ether as white crystals:
mp 121°-123°C, [a.]D +66.2° (c 1.0, CRCI 3) . The filtrates were evaporated, the residue was
dissolved in 50 mL of acetonitrile, and the solution extracted with pentane (3 x 50 mL). The
acetonitrile solution was evaporated. Column chromatography on silica gel (hexanes
EtOAc, 1:1) gave the ~-isomer (950 mg, 5%) and additional o-glycoside 48 (2.5 g, 13%).
The ratio of a/~-glycoside before workup was 93:7 (GLPC).

Conditions
Precursor (overall yield %) Products Ref.

A
1. Bu3SnH AIBN OM. 29

MaO
2. TBAF (73%) M.~Ph

Ph-=r-p(. MeO 5ePh MeO

Bn~
1. Bu3SnH AIBN

~
30

BnO 0 5ePh 2. m-CPBA, BF3, Etp BnO

Bn ~ 3. LiAIH4
BnO

4. t-BuPh2SiCI, imidazole MaO OTBDP5
OMe 5. NaH, Mel (41%)

Me

--</~ J. Bu3SnH AIBN
ACO~ 29

5, 2. TBAFYh-. 5ePh 3. Acetylation (95%) Ph
51-0 0.. OAe OAe-( y }~ = Ph

47 48
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+

71 54%

Toluene, 11O'C

70

AC~
k~o

BU3SnH,

AcO 0 ·AIBN
AcO Toluene, !!.

AcO ar 68%

47 68 69

~eN

pressure, and the residue was taken up in 20 mL of acetonitrile. The acetonitrile layer was
extracted with pentane (4 x 20 mL) and then concentrated. Chromatography on silica gel
(pentane-diethyl ether, 1:1)gave the addition product 67, a single anomer, containing some
impurities. Recrystallization from r-butylmethylether-hexane afforded the product 67 (770
mg, 73%), as white crystals: mp 109°C, [a]n +78.9° (c 1.0, CHCI3).

C-Glycosidation ofPyranosyl Compound Forming a C-Disaccharide [34]. To a
boiling solution of the o-n-glucopyranosyl bromide 47 (748 mg, 1.82 mrnol), methylidene-

oxabicyclo-heptanone 68 (275 mg, 1.4 mmol), and AIBN (15 mg, 0.09 mrnol), in 50 mL of
dry toluene, was added over a period of 1 h a solution of tributyltin hydride (611 mg, 2.1
mmol) in 3 mL of toluene containing AlBN (19 mg, 0.12 mrnol). After completion of the
addition the solvent was distilled off under reduced pressure (0.05 torr) and the residue was
filtered through a column of silica gel (EtOAc). After solvent evaporation, the residue was
purified by column chromatography on silica gel (light petroleum-EtOAc, 1.5:1) to afford
the product 69 504 mg (68%), two anomers of a ratio of alJ3, 5.5:1, as a colorless solid: mp
142°-143°C.after crystallization from EtOAc-light petroleum, [a]589 +46° (c 1.5, CH

2CI2
) .

A firs.t fraction of the chromatography gave 226 mg of a mixture of reduced starting
matenal and 1,3,4,6-tetra-O-acetyl-2-deoxy-a-o-arabino-hexopyranose.

C-Glycosidation of Tertiary Nitro Sugars [17]. A solution of the J3-o-manno
4-nonulo-4,7-furanonitrile 70 (345 mg, 1.0 mmol), acrylonitrile (l g, 20.0 rnmol), tributyltin

44%

+~CN
72 H

hydride (1.6 g, 5.0 mrnol) in 30 mL of dry toluene containing AIBN (100 mg, 0.6 mrnol) was
refluxed ~or 1 h. The solvent was distilled off under reduced pressure, and the residue was
taken up III 50 mL of acetonitrile. The acetonitrile layer was extracted with pentane (5 x
50 ml.) and then concentrated. Chromatography on silica gel (diethyl ether) gave the

OBn

o
67

6S

BZ\=to-0BZ

eN
OBz

BZO~ZOBzO •
BzO

e02Et

63 e~Et

Benzene, !!.
80%

Dimethoxy
ethane, !!.

73%

Toluene, 6TC
99%

66

6261

47

64

AC~ BnO
AcO +Bno~q

AcO Bno~
AcO Br 0

BZ~OBZ
+ ~eN

Br
OBz

BZO~~
BzO

BzO

Br

toluene under argon, were added dropwise a solution of methylene malonic ester 62 (1.03 g,
6.0 mrnol) in 8 mL of toluene and, simultaneously, a solution of tributyltin hydride (1.74 g,
6.0 mmol) in 8 mL of toluene containing AIBN (100 mg, 0.61 mmol) over 1h at 67°C. After
completion of the addition the mixture was kept at 67°C for 30 min. The toluene was
distilled off under reduced pressure, and the residue was taken up in 40 mL of acetonitrile.
The acetonitrile layer was extracted with pentane (5 x 20 mL) and then concentrated. Flash
chromatography on silica gel (pentane-diethyl ether, 1:3) afforded the product 63 (3.73 g,
99%), a single anomer, as a colorless oil: [a]n -56.5° (c 1.0, CHCI3).

C-Glycosidation of Furanosyl Compounds [9]. To a boiling solution of the a-o
arabinofuranosyl bromide 64 (2.63 g, 5.00 mrnol) and acrylonitrile (1.45 g, 5.0 mmol) in

C-Glycosidation of Pyranosyl Compounds using (X,(X-Disubstituted Olefins [14].
To a solution of the ce-p-mannopyranosyl bromide 61 (3.30 g, 5.0 mmol) in 15 mL of dry

BU3SnH
AIBN

50 mL of dry benzene under argon, was added dropwise a solution of tributyltin hydride
(1.75 g, 6.00 mrnol) in 10 mL of solvent containing AIBN (160 mg, 1.00 mmol) over 1.5 h.
After completion of the addition, the mixture was allowed to stir for 30 min at 80°e. The
solvent was distilled off under reduced pressure, and the residue was taken up in 50 mL of
acetonitrile. The acetonitrile layer was extracted with pentane (3 x 30 mL) and then
concentrated. Flash chromatography on silica gel (pentane-diethyl ether, 1:1) afforded the
product 65 (2.0 g, 80%), a single anomer, as a colorless oil.

C-Glycosidation of Pyranosyl Compounds Forming a C-Disaccharide [2-4]. To
a boiling solution of the methylene lactone 66 (610 mg, 1.37 mrnol) in 5 mL of 1,2
dimethoxyethane under nitrogen, were added, within 30 min, a solution of tributyltin
hydride (873 mg, 3.0 mrnol) in 10 mL of 1,2-dimethoxyethane containing AIBN (49 mg, 0.3
mrnol) and, simultaneously, a solution of the o-n-glucopyranosyl bromide 47 (1.15 g, 2.80
mmol) in 18 mL of 1,2-dimethoxyethane. After completion of the addition, the mixture was
allowed to stir for 15 min at boiling temperature. The solvent was evaporated under reduced
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reduction product 72, (136 mg, 44%): Rf' 0.45, and the desired product 71, (197 mg, 54%),
as an oil, Rf' 0.29.

Allylation of Pyranosyl Compounds with Allyistannane [19,201. A solution of
the methyl-rji-o-galactopyranosyl chloride) onate 22 (953.5 mg, 1.8 mmol) in 30 mL of
dry, oxygen-free THF, was heated to 60°C. To this solution under nitrogen, were added the
tributylallyl tin 23 (5.2 mL, 14.7 mmol) and AIBN (15 mg, 0.1 mmol). After 20 h, the
solvent was evaporated, and the residue was taken up in 5 mL of acetonitrile. The
acetonitrile layer was extracted with 20 mL of n-hexane and then concentrated. Chroma
tography on silica gel (toluene-acetone, 4:1) afforded the product 24 (889 mg, 93%),
containing two anomers. Nuclear magnetic resonance (NMR) spectroscopy showed a ratio
of the two anomers of 1.8:1.

Allylation of Pyranosyl Compounds Using Activated AlIyIstannanes [351. A
solution of the 2-deoxy-2-N-phthalimido-I3-0-mannopyranosyl phenylselenide 73 (580

4947

A solution of vitamin BiZ.(70 mg, 0.05 mmol), ammonium chloride (390 mg, 7.28 mmol),
and activated zinc wool (2.30 g, 35 mmol), which was wound around the stirring bar in
20 mL of degased DMF under argon, was stirred at room temperature until the mixture
turned dark green. Methylvinyl ketone (1.02 g, 14.6 mmol) was added followed by 0'.-0
glucopyranosyl bromide 47 (1.00 g, 2.43 mmol), During the addition, the green solution
turned brown. After completion of the addition, the mixture was allowed to stir at room
temperature for 3 h. The solvent was removed under reduced pressure and the residue
dissolved in dichloromethane (100 ml.), extracted with cold aqueous NHpH (2 x 100 ml.),
and with brine (2 x 50 mL). The organic layer was dried over NazS04' filtered, and
concentrated. The crude reaction mixture was taken up in diethyl ether (ca. 3 mL) and
treated with pentane until a precipitate formed and then with a few drops of dichloro
methane. This suspension was kept at 0°, and the precipitate was recrystallized from
dichloromethane-diethyl ether to give the product 49 (403 mg, 41%), a single anomer, as
colorless crystals: mp 99°-99.5°C, l«l, -70.0° (c 2.0, CHCI3) .

Vitamin Bn-Catalyzed Method for C-Glycosidation Reactions [24]

A:~°X;; /COMe BIZ., NI-4CI, Zn A:~~O
AcO + =/ .. AcO

DMF,20'C
AcO Br 41% AcO COMe

was added, and the solution was irradiated with a 300-W sun lamp at 15°C. After 46 h, the
solvent was distilled off under reduced pressure. Flash chromatography on silica gel
(pentane-diethyl ether, 1:3) afforded the trans-isomer of 42 (187 mg, 44%), a single
anomer, as white crystals: mp 99°C, [0'.1

0
+48.4° (c 1.01, CHCI 3) , Rf' 0.30; and the

cis-isomer of 42 (104 mg, 24%), a single anomer, as a colorless oil: [0'.1
0

+24.4° (c 1.04,
CHCJ3) ; n; 0.20.

24

Ac

TIfF,60'C
93%

~SnBU3

23
AlBN

C02E1 Toluene, 90T,
73% AcO

Ac
Lauroyl-

~SnBu3 peroxide
~ ~

OAc

22

AC0X:E:Phlh
AcO ·0 SePh +

AcO

The Fragmentation Method

73 74 75
Formation of I3-C-Glycosyl Compounds

mg, 1.0 mmol) in 5 mL of dry toluene containing the allytin compound 74 (2.0 g, 5.0 mmol)
was treated with argon for 15 min, to remove molecular oxygen, and then heated to 90°C.
To this mixture was added 2 mL of lauroyl peroxide (0.05 M in toluene, 0.1 mmol, 0.1 Eq.)
by syringe pump (I mU1 h). After completion of the addition, the solvent was evaporated
under reduced pressure, and the residue was dissolved in 10 mL of acetonitrile. The
acetonitrile layer was extracted with pentane (5 x 5 mL) and then concentrated. Chroma
tography on silica gel (pentane-EtOAc, 3:2) afforded the product 75 (398 mg, 75%), a
single anomer, as a colorless oil.

The Cobalt Method for C-Glycosidation Reactions [22,23]

Bn~BnO 0
BnO Me

C02H

52

(':)
I. C~~(\ 53

eN
o

NEt3, rt, Ih

2. t-Dodecanyl thiol,
O'C,hv
56%

Bn~BnO 0
BnO Me

55

A solution of the o.-o-mannopyranosyl cobaloxime 38 (700 mg, 1.0 mmol) in 50 mL of
ethanol was treated for 30 min with argon. The o-ethoxy acrylonitrile (1.94 g, 20 mmol)

Deoxygenation of Anomeric Carboxylic Acids Using the Barton Method [271.
The acid 52 (186 mg, 0.39 mmol) was dissolved in 3 mL of methylene dichloride and the
solution was stirred in the dark under argon at room temperature with triethylamine (0.07
mL, 0.49 mmol) and the salt 53 (93 mg, 0.49 mmol). After 1 h, t-dodecanyl thiol (0.46 ml,
2.0 mmol) was added to the yellow solution, the reaction mixture was cooled to O°C and
photolyzed with a 500-W tungsten lamp for I h. Evaporation under reduced pressure and
chromatography on silica gel (40-60 light petroleum-diethyl ether, 85:15) gave the prod
uct 55 (94 mg, 56%), a single anomer, as an oil: [0'.1

0
+23° (c 1.0, CCI4).

ACO~C~AcO
AcO

OEI

42 CN

Ethanol,
hv, IYC

68%
41

=<OEI

CN

+

38

AC~C~O
AcO

Ac

Co(dmgH)2PY
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Reduction of Tertiary Nitro Sugars [26]. To a boiling solution of the 2-deoxy-2
nitro-D-gluco-heptulopyranose 50 (285 mg, 0.44 mmol) in 15 mL of dry benzene under

argon, was added dropwise a solution of tributyltin hydride (640 mg, 2.2 mmol) in 5 mL of
benzene containing AIBN (3 mg, 0.14 mmol), 1-2 h. When TLC indicated the disap
pearance of the nitro compound 50, the cooled mixture was concentrated. Chromatography
on silica gel (hexane-EtOAc, 4:1) afforded the product 51 (250 mg, 95%), a single anomer,
as an oil: [U]D -4.4° (c 1.3, CHCI 3).

BnO~
B~~O

Me

OMe

Benzene, I'J.
90%

BnO~q

B~~o~sePh

~
OMe

76 77

tributyltin hydride (370 mg, 1.27 mmol) and AIBN (35 mg, 0.21 mmo1) were added. After a
total of 17 h of reflux no starting material 76 could be detected by TLC. The solvent was
evaporated under reduced pressure, and the residue was taken up in 60 mL of acetonitrile.
The acetonitrile layer was extracted with n-hexane (5 x 60 rnl.) and then concentrated.
Chromatography on silica gel (using a hexane-EtOAc gradient: 16:1 to 9:1) afforded the
product 77 (1.927 g, 90%), four isomers, as an oil.

B~~~q
BnO~OAC

BnO H

51

Benzene, !'J.
95%

Bn~BnO
BnO OAc

BnO NO:!

50

B. Intramolecular Methods Intramolecular C-Glycosidation Forming a C-Disaccharide with Samarium
Diiodide [31J

Intramolecular C-Glycosidation with TIn Hydride [28J

Method A. A solution of the 3-allylglucose 56 (440 mg, 1.18 mmol) and tri
methylsilyl iodide (260 mg, 1.30 mmol) in 20 mL of dry benzene, under argon, was heated
to 65°C. After 40 min, 20 mL benzene was added followed by the dropwise addition of a
solution of tributyltin hydride (525 mg, 1.80 mmol) in 5 mL of benzene containing AIBN
(35 mg, 60 mmol) over 2 h. After completion of the addition, the mixture was kept at 65°C
for 1 h. The solvent was evaporated under reduced pressure, the residue was dissolved in
100 mL of diethyl ether, and the solution treated with 2 g of wet potassium fluoride for 10 h
at 20°C. The mixture was filtered over silica gel, the solvent distilled off, and the remaining
oil was flash chromatographed twice (first pentane-diethy1 ether-dichloromethane,
55:35:10, then hexane-EtOAc, 7:3, Rp 0.13) to give 195 mg (53%) of the cyclized products
58a and 58b. NMR spectroscopy showed a ratio of the exo-/endo-isomer 58a158b of 9:1.

Method B [30]. The starting material 76 (2.80 g, 4.24 mmol) was dissolved in
14.2 mL of degased benzene. To this solution were added tributyltin hydride (1.235 g, 4.24
mmol) and AIBN (35 mg, 0.21 mmol), The mixture was heated under reflux for 12 h. After
this time, some starting material 76 was still present (TLC, hexane-EtOAc, 3:1). Additional

Smh, rno~o\/ 1 BnO4lfdHMPA
., ~~O~X{ ~ B 0

..nzene, 6lJ'C 0B~ TIlF i"~" /OH

BnO OMe HOB~B0
nOMe

To a s~lution of the sulfone 78 (500 mg, 0.87 mmol) in 6 mL of dry tetrahydrofuran, under
argon m a Schlenk tube, was added at -78°C a solution of n-butyllithium in hexane (1.04
mmol), After 1 min, dimethyldichlorosilane (0.53 mL, 4.3 mrnol) was added at -?8°C and
the temperatu.re .of the solution was then raised to room temperature over a 2-h period. The
solvent was distilled off under reduced pressure and the residue was dried under vacu ,.
45 . A . um tor

min. solution of the primary alcohol 79 (89 mg, 1.3 mmol) in 9 mL of dry tetra-
hydrofuran was added at O°C to the residue. After completion of the addition, the mixture
was allowed to stay ~or 1h at room temperature. The solvent was distilled off under reduced
pressure and the residue was taken up in 10 mL of diethyl ether. The ether solution was

8060

+

58b

58a 9

AcO OAc

AcO OAc

AC~ r<
pq

AC,\r<

p:-:q

1. Me3SiI
2.Bu3SnH

AIBN

Benzene, 65'C
53%

56

.A:~Q
~OAC

AcO
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washed with water, dried (MgS04), and then concentrated to a residue of 59, a portion of

which was directly used for the next two steps.

Into a solution of residue 59 (101 mg, 0.1 rnrnol) in 20 rnL of dry toluene, kept at 60°C,

was syringed, during 18 h and under argon, a freshly prepared solution of samarium

diiodide in benzene-HMPA (9:1, v/v 6.3 rnL, 0.51 mmol) which has been diluted with

3.8 rnL of dry benzene. The solvents were distilled off under reduced pressure, and the

residue was taken up in 10 rnL of diethyl ether. The ether solution was washed with 10%

aqueous solution of sodium bisulfite, then water, dried (MgS04) , and concentrated.

The crude product was dissolved in 1.5 rnL of tetrahydrofuran and treated during 30 min

at room temperature with 1.5 mL of a 40% aqueous solution of HE The solution was

neutralized with solid sodium carbonate, and concentrated. Flash chromatography on silica

gel (cyclohexane-ethyl acetate, 3:1 to 1:2) afforded the product 80 (40.6 mg, 50%), a single

isomer, as an amorphous solid. It was characterized by its diacetate [U]D +36° (c 4.0,

CHCI3) ·
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the more stable anomer (13-5) would be highly enriched. Such an aspect will be discussed in
Section II.B.

Several methods are presently known for the formation of a C-aryl glycosidic bond
which fall roughly into four categories (A-D; Scheme 1). '

B. a-.G-Glycoside rearrangement

ortho, para

!=>-x + 6
~ D-glycoside

para

Figure 2

ottho

OH

su
g
ar'6:1

~-O 0f"":>-X + I;R

LeWisacid~

A. Friedel-Grafts coupling

Carbohydrates directly bound to an aromatic moiety through a C-C bond are designated
glycosylarenes or C-aryl glycosides, which, among more general C-glycosides found in
nature [I], are currently attracting increasing interest in relation to a rapidly emerging class
of bioactive compounds armed with this unique structure [2]. Aquayamycin (1), for which
the structure was elucidated by Ohno et al. in 1970 [3], and other compounds 2-4 represent
this class of novel compounds (Fig. I).

These compounds exhibit diverse biological activities, such as antibacterial, anti
tumor, enzyme inhibitory effects, and inhibition of platelet aggregation, and they are
currently attracting considerable synthetic interests [2].

In the synthesis of C-aryl glycosides, one must consider the following two issues
pertaining to selectivity:

1. The regioselectivity of the aromatic substitution: As seen in Figure 1, the C-aryl
glycosidic bonds are often located ortho to a phenolic hydroxyl group. However, other
patterns of C-glycoside substitution are also possible as shown in Figure 2. Synthetically,
such regiochemical control is particularly challenging when polycyclic aromatics are
concerned.

2. The stereoselectivity of the anomeric center: The anomeric effect [4] is not a
dominant stereoelectronic factor in C-aryl glycosides, and they are better viewed as a
tetrahydropyran possessing a large C-I substituent (i.e., the aryl group). Figure 3 shows an
intriguing example that illustrates the extent to which the C-l aryl group favors the
equatorial position. Compound a-5 adopts a lC4 conformation even by forcing three
substituents at C-3, C-4, and C-5 to take the axial positions. Thus, the thermodynamic
stability of the anomers are substantially different, and if there is a path for equilibration,

I. INTRODUCTION

HO 0
aquayamycin (1)

MeO OH

gilvocarcln V (3)

HO 0
medermycin (2)

R

~ansition metal)

~-O ~
~...J>-M + xVR

C. Use of melallated aromatics D. Polarity inversion

Scheme 1

Method A is the Friedel-Crafts reaction based on the Lewis acidic activation of a
glycosyl donor, followed by the capture of the generated oxonium species by an aromatic
co~pound. Method.B is a ~Iosely related approach, but with a substantially broader scope.
It differs from A sl~ply m that the. glyco~yl acceptor is a phenol, rather than a fully
protected arene, a~ dIsc~ssed furth~r m Section II.B. Method C relies on the coupling of
metallated aromatics WIth appropnate sugar derivatives, including glycosyl halides and
sugar lactones [2]. Method D is characterized by the polarity inversion concept makin
us.e of the n~cleophilic g~~cosyl moiety to couple with appropriate aromatics: with o~
WIthout the aid of a transition metal catalyst [2]. Herein we discuss two approaches A
and B, with particular attention to the latter. '

Figure 1
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Table 1 Examples of Coupling of Perbenzylated o-Glucosyl
Donors with 1,3,5-Trimethoxybenzene

~
~

Me
BzO 0 .... J.

BzO ~

HO
11-5 a-S

MeoyoM.Bn~o 7 I Promoter
B~c:.o~x + ~ a-

BnO
OM.
10

~
eo ::;."" OMe

BnO I
BnD a ""BnO

BnO OMe

11

II. METHODS

A. Friedel-Crafts Coupling

Friedel-Crafts coupling of an aromatic compound with an activated glycosyl do~or i~ a
classic, standard method for C-aryl glycoside synthesis [1,2].Early interests w~re pnmanly
centered at C-nucleoside synthesis, so that data were accumulated for the nbofur:mosyl
series with degradable aromatics to construct the nucleic base (Scheme 2) [5]. Equation (1)

Bzo~r

BzO OBz

Figure 3

~
M~ I

ZnO MeO ~ OMe
___...~ BzO 0

ceHe

BzO OBz

"'O~ :000, ,,"-'!~o
0

3
• ~ •• ~

BzO OBz BzO OBz

Showdomycin

Donor (X) Promoter Yield (%) a/[3 Ref.

O(C=NH)CCI3 BF3'OElz 76 [3 7
SPy AgOTf SIP 8

63 [3
F CPzZrClz-AgClO4 80 [3 9

'Reaction performed in Et,O.

ofperbenzylated D-glucosyldonors 9 with I,3,5-trimethoxybenzene 10.The reaction works
well with the trichloroacetimidate donor activated by BF3'OElz (run 1, see also Sec. lII.B)
[7], with the thiopyridyl donor activated by Ag(I) salt [8], and with the fluoride donor
activated by a cationic zirconocene complex [9]. The [3-anomer is obtained as a sole
product in this example, although the stereochemical reversal is possible by the proper
choice of the solvent [8].

As in electrophilic substitution reactions, the reaction occurs preferentially at the
position with the highest HOMO coefficient, although the steric factor is also influential [9],
as shown in Figure 4.

B. D-7e-Glycoside Rearrangement

The second approach uses a phenol as the starting material, rather than a fully protected
aromatic compound. Such a subtle change of glycosyl acceptor provides the process with
great advantages in terms of the reactivity as well as the regio- and stereoselectivity.
Because the reaction proceeds through the intermediacy of an O-glycoside, we describe this
reaction by the trivial name of "O~C-glycoside rearrangement" [10-15].

Reaction Profile

As shown in Scheme 3, after activation with a Lewis acid, a glycosyl donor rapidly reacts
with phenol at low temperature (typically at -78T) to give an O-glycoside (step 1). In
contrast to alkanols, in O-glycosidation reactions, phenols are very reactive [12],so that less
reactive donors (e.g., glycosyl acetates) as well as reactive donors (e.g., glycosyl fluorides)
work well [lIb]. Simply by raising the temperature, the O-glycoside undergoes an in situ
conversion to the corresponding C-glycoside (step 2).

Scheme 2

shows a typical more recent example (see also Section IlI.A). It is notable that.the re~c
tion often gives a mixture of the 0.- and [3-anomers, even in the presence of a neighboring

group [6]. . .
As a result of recent progress in O-glycoside synthesis, a vanety of new glycosyl

donors and their specific activation methods are now available, some of which have a.lso
been applied to C-aryl glycoside synthesis. Table 1shows some examples for the couphng

M~.
~..J OMe

Figure 4

MM~
~major
..J OMe

minor
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H ,DBo I~OBO
» Me ~

ACO~OB Ph3SiCI-AgC10 4 I ~ HOBon • HO .,-
ICHzClz 0 Me

oe- -78 -> -40 'C OBo

15
91%, aIfl =17/1 aBo

16

Lewis acid Reaction temp. (0C) Yield (%) a113

SnCI4-AgCI04 -78 to -40 60 5.111
SnClcAgClO4 -78 to -20 69 1/58

Scheme 6

14

OBo

I~+
HO~

Scheme 5

anomerization, through a quinone methide generated by the Lewis acid, and the process of
ring opening-reclosure leads to thermodynamic control.

If the preference is not obvious, as in the furanosyl series shown in Scheme 6, an
interesting stereochemical divergence is seen [14]. This particular reaction was studied in

reaction of glycosyl fluo~de U ~d l3-naph.thol, the behavior of two Lewis acids, BF3'OE~

and CPzHfClz-AgCI04, IS considerably different, Besides the reactivity, the stereoselec
tivity is significantly different. BF3'OEtz leads mainly to the a-anomer, whereas the Hf
promoter gives the l3-anomer almost exclusively.

Mechanistically, an additional step accounts for this difference, as shown in Scheme
5. Whatever the a113 ratio is, the kinetically formed C-glycoside may undergo an a~l3-

Lewis acid ..

o
Step 2

Step 1

Lewis acid •

---------
Scheme 3

QR'
OH

13

~
+~

HO

+

-------------------------------------

x = F orOAc

12

Me

B~~
F

Mechanism
Conversion of the O-glycoside to the C-glyeoside (step 2) proceeds through an oxonium
phenolate ion pair, generated by the Lewis acid activation of the O-glycoside, which
undergoes a Friedel-Crafts coupling (or aromatic aldol reaction) to give the C-glycoside
irreversibly. Significantly, if the "carbon-trapping" fails, the ion pair can revert to the
O-glycoside to enable the repeated generation of the key species in step 2.

The particular ease of O-glycosidation (see step I) cannot be overlooked as an
important factor in the process, serving to trap the highly reactive oxonium species to
form an O-glycoside. This is in contrast with the Friedel-Crafts approach A, in which the
attack of the aromatic generally needs considerable energy, and the oxonium species often
undergoes various side reactions.

Stereoselectivity and the Promoter

Various types of Lewis acids can be used in this reaction. They can differ in the reactivity
and, in particular, the stereoselectivity as illustrated in Scheme 4 (see Sec. III.C) [13]. In the

Lewis acid

~
e HOr

+BzO 0 ~I
Bza I

~

5~

Yield of 5 (%) crll3

detail as one of the key steps in the total synthesis of the gilvocarcins, which revealed the
following aspects [14]. The reaction, starting at -78°C, followed by gradual warming,
led to C-glycoside formation. It turned out that the 0./13 selectivity heavily depends ~n the
final tempera~re, and as little as a 20°C difference can dramatically reverse the selectivity.
Also notable IS the strong dependence of the equilibrium on the Lewis acid in terms of the
center metal, the ligand, and the anion (see Sec. III.F.) [14].

BF3'OE~ 70
CPzHfClz-AgCI04 98

Scheme 4

3.4/1
<1/>99

Regioselectivity

~he most useful ~~ature of this reaction is that the C-aryl glycoside bond forms regioselec
tively at the positron ortho to the phenolic hydroxyl. As shown in Scheme 7, the ortho-
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17 [13]
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26: R =Me. 27: R =Ac [16J
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~
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~ .&
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OMe
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Figure 6
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M~

~
OMe

HO 0

C¢
o

HO 0

~
~

o OH

B'O~" +

8z0 OBz

6

A solution of 1-0-acetyl-2,3,5-tri-O-benzoyl-I3-D-ribofuranose 6 (1.00 g, 2 rnmol) and 1,5
dimethoxynaphthalene 7 (0.530 g, 2.8 rnmol) in a 0.5-M solution of stannic chloride in

'Optical rotations weremeasured at 20°_25°C.

III. EXPERIMENTAL PROCEDURES*

A. Friedel-Crafts-type e-Glycosidation of Glycosyl Acetates [6]

Applicability

The 0 ~ C-glycoside rearrangement comprises two Lewis acid-promoted processes; the
O-glycoside formation and subsequent conversion to a C-glycoside. Therefore, the aro
matic moieties that take part in the reaction should be electron-rich. Otherwise, the reaction
stops at the stage of the O-glycoside formation or never proceeds. Hydroxylated quinones
in figure 6 represent such compounds, but the reductive protection technique offers
suitable substrates, such as 17, 26, and 27, for the formation of C-aryl glycosides with the
present approach [13,15,16].

Synthesis of Glycosylarenes

»H2.10% Pd-e. MeO 0 ~

IPr2NEt
I EtOH

94% MeO OMe

23

81%
(o I ~ = 1 117) MeO OMe

21

~
o~e

MeO O~ I""
~ OMe

MeO OMe
25

Figure 5

20

+~
OH OMe

B~~
86% n as sole product OH OMe

• p 18

12

~
o~e

~ .&
MeO 0

MeO OMe

24

Suzuki and Matsumoto

Cp2HfCI2 - A9C104.
ICH2CI2.

-78->O'C

BZO~O.
BZO~

F

TI20 ~ r5
- ...0 ~ 0"

MeO OMe

22

19

Meo~F +

MeO OMe

Scheme 8

C-glycoside 21 with an additional oxygen functionality at the para-position [Ilc], Hydro
genolysis of the derived triflate 22 gives the deoxygenated product 23 having a para-

oxygen function (Sec. III.!) [He]. .
The triflate can serve as a precursor to various elaborated aryl C-glycosldes, such as

24 and 25 [He] (fig. 5).

Scheme 7

selectivity holds for various phenolic compounds including a polyaromatic, such as anthrol

17 (see Sees. III.G and III.H) [13,15]. .
Scheme 8 illustrates the case of a "para" C-glycoslde. In terms of. the ort~o

selectivity, the behavior of a monoprotected resorcinol 20 is not an exception to give

534
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benzene (10 ml.), was stirred for 4 h at room temperature. The solution was diluted with
EtOAc (15 rnL), washed with 10% acetic acid (3 x 10 mL) and water, dried over Na2S04,
and evaporated in vacuo. The residue was purified by column chromatography on silica gel
(120 g) with benzene as eluant; and the solvent was evaporated in vacuo to give a solid.
Recrystallization from EtOAc-MeOH gave 4-(2,3,5-tri-O-benzoyl-[3-o-ribofuranosyl)
1,5-dimethoxynaphthalene 8[3 as colorless needles (0.620 g, 50%): mp 169°-171°C, [alo
+14.4° (c 0.52, CHCI 3) . Further elution with benzene gave a solid, which was recrys
tallized from MeOH to give 4-(2,3,5-tri-O-benzoyl-a-o-ribofuranosyl)-1,5-dimethoxy
naphthalene 8a as colorless needles (0.130 g, 11%): mp 129°-130°C, [alo -67.8° (c 0.5,

CHCI3) ·

CH2C12 (0.5 rnL) was added fluoride 12 (17.9 mg, 50.0 umol) in CH2Cl2 (2 rnL) at -78°C.
The temperature was gradually raised to O°C during 2 h, and the reaction was quenched by
adding saturated NaHC03 aqueous solution. After the mixture was filtered through a Celite
pad, and the products were extracted with EtOAc (x 2). The combined organic layer was
washed with brine and dried over Na2S04. Removal of the solvents in vacuo and purifica
tion by silica gel preparative thin-layer chromatography (TLC) (CClcEtp, 9:1) afforded
the C-glycoside 5[3 as a colorless oil (23.6 mg, 97.9%: [alo - 3.6° (c 1.2, CHCI3) .

Caution: AgC104 was obtained from Kojima Chemical Co., and used without further
purifcation. Heating or drying should be avoided because AgCI04 is potentially explo
sive [17].

..
CH2CI2.-78--+-25 °C

99"10

H01Q
,--::

+ ~

;:"..1
BZO~OAC

BzO

e-Glycosidation of Glycosyl Acetates (Digltoxosylation) by Using
SnCI4 as the Promoter [11b]

D.

..B~~~O. Me0'qoMS
Bno~ + I ----.._.

BnOo NH ;:"..

Y OMe
9 CCI3 10

B. Friedel-Crafts-type e-Glycosidation of Trichloroacetimidates [7]

c. e-Glycosidation of Olivosyl Fluorides by Using CP2HfCIi"AgCI04
as the Promoter [13]

~
eo 7 OMe

BnO 0 I
B'lPnO ;:"..

BnO OMs

11

A solution of trichloroacetimidate 9 (2.06 g, 3 mmol) and 1,3,5-trimethoxybenzene 10
(0.50 g, 3 mmol) in dichloromethane (20 mL) was treated with 0.5 M boron trifluoride
etherate in anhydrous dichloromethane (6 rnL, 3 mmol) at room temperature. After 3 h,
excess saturated solution of NaHC03 in water was added. The organic layer was separated,
dried (Na

2S04), and evaporated. The oily residue was purified on silica gel by flash
chromatography (4:1 v/v, petroleum ether-ethyl acetate) gave 2,4,6-trimethoxy-I-(2,3,4,6
tetra-O-benzyl-[3-o-glucopyranosyl)benzene 11(1.55 g, 76%): [alm + 5.4° (c 1.0, chloro
form).

29
a/lh 1/14

BzO

1328

E. e-Glycosidation of Glycosyl Acetates by Using BF3·OEi2 as the
Promoter [11b]

To a stirred mixture of SnCl4 (53 mg, 0.20 mmol), 2-naphthol (18 mg, 0.12 mmol) and 4-A
powdered molecular sieves (ca. 100 mg) in CH2CI2 (0.5 ml.), was added acetate 28 (25.5
mg, 0.0640 mmol) in CH2C1 z (1.5 rnL) at -78°C. The temperature was gradually raised to
-25°C during 30 min, and the reaction was quenched by adding saturated NaHC0

3
aqueous solution. The mixture was filtered through a Celite pad, and the products were
extracted with EtOAc (x 2). The combined organic layer was washed with brine and dried
over NazS04' Removal of the solvents in vacuo and purification by silica gel preparative
TLC (CClcEtP, 85:15) afforded C-glycoside 29[3 as a colorless oil (28.6 mg, 93%): [al

o
-19.1° (c 1.20, CHCI 3) ; and 29a as a colorless oil (2.0 mg, 6.5%): [alo -80.8° (c 0.76,
CHCI 3) ·

CH2CI2.-78->0 °C
98"10

Cp2HfCIz-AgCI04 ..
13

H01Q+ ,~

;:"..1

12

BZO~O,
BZO~

F

BZO~HOI~
BzO , ...

;:"..1
513

To a stirred mixture of CPzHfCl2 (56.9 mg, 150 p.mol), AgC104 (31.1 mg, 150 urnol),
2-naphthol13 (21.6 mg, 150 u.mol), and 4-A powdered molecular sieves (ca. 350 mg) in

To a stirred mixture ofBF3'OEtz (27 mg, 0.19 mmol), 2-naphthol (16 mg, 0.11 mmol), and
4-A powdered molecular sieves (ca. 100 mg) in CH 2Cl2 (1.5 rnL), was added acetate 30
(22.4 mg, 0.0562 mmol) in CH2Clz (1.5 ml.) at -78°C. The temperature was gradually
raised to room temperature during 45 min, and the reaction was quenched by adding
saturated NaHC03 aqueous solution. The mixture was filtered through a Celite pad, and the
products were extracted with EtOAc (x 2). The combined organic layer was washed with
brine and dried over NazSO4' Removal of the solvents in vacuo and purification by silica gel
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e-Glycosylation of Anthracene Derivative (17) with Olivosyl
Fluoride (12) [13]
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31

preparative TLC (hexane-Et.O, 55:45) afforded C-glycoside 31[3 as a colorless oil
(25.5 mg, 94%): [a]o - 124° (c 1.61, CHCI3) · ~

MeO-.;;: :e

BzO 0 ~Ihh
BzO

HO OMe

18

e-Glycosylation of 2-lodoresorcrinol Derivative (14)
with Fucofuranosyl Acetate (15) by Using Ph3SICI-AgCI04 as the
Promoter [14]

F.

I~
HO~

14

+

To a stirred mixture of Cp.HfCt, (76.0 mg, 0.200 umol), AgCI04 (41.5 mg, 200 IJ.mol),
anthrol 17 (57.0 mg, 200 umol), and 4-A powdered molecular sieves (ca. 500 mg) in
CHzClz (1 mL), was added the fluoride U (23.9 mg, 66.8 umol) in CHzClz (1.5 mL) at
-78°C. The temperature was gradually raised to O°Cduring 50 min, and the reaction was
quenched by adding saturated NaHC03 aqueous solution. The mixture was filtered through
a Celite pad, and the products were extracted with EtOAc (x 2). The combined organic
layer was washed with brine, dried over N~S04' and filtered. The solvents were removed
in vacuo, and the residue was purified by silica gel flash chromatography (hexane-EtOAc,
8:2) to afford the C-glycoside 18 as a yellow oil (35.5 mg, 86%): [alo +35° (c 1.5, CHCI3) .

HO OMe

34

To a suspension of Cp.HfCl, (263 mg, 0.693 mmol), AgCI04 (288 mg, 1.39 mmol), and
powdered 4-A molecular sieves (ca. 600 mg) in CHzClz (5 mL) were added a solution of
phenol 33 (162 mg, 0.463 mmol) in CHzClz (8 mL) and D-olivosyl acetate 32 (343 mg,
0.927 mmol) in CHzC~ (9 mL) at -78°C. After the mixture was stirred for 15 min, the
reaction was stopped by adding pH 7 phosphate buffer. The mixture was acidified by 2 N
HCI, filtered through a Celite pad, and the products were extracted with EtOAc. The
combined extracts were washed with brine and were dried over N~S04' Concentration in

CH2C1z. -78 'C, 15 min
69%

HO OMe
33

+

32

B~~~
OAe

e-Glycosylation of Angucycline-type Skeleton (33) with Olivoyl
Acetate (32) [15]

H.I~O:OBn
HO 0

Bn

OBn a1~ = 17/1

16

The promoter was prepared in situ by stirring the mixture of Ph3SiCI (310 mg, 1.0.5 mmol)
and AgCI04 (221 mg, 1.07 mmol) in the presence of 4-;\ po~deredmo~ecular sle~es (ca
1.0 g) in CHzClz (20 mL) for 30 min at room temperature. To this suspension at -78 C was
added a solution of phenol 14 (257 mg, 0.788 mmol) in CHzC~ (6 mL) and glycosyl acetate
15 (250 mg, 0.525 mmol) in CHzClz (6 mL). The reaction mixture was gradually warmed to
-40°C during 1h, and the stirring was continued for 10min. ~e reaction ,,:,a~ quen~hed by
the addition of saturated aqueous NaHC03 solution. The rruxture was acidified WIth2 N
HCI, filtered through a Celite pad and extracted with EtOAc. The com.bined org~ic

extracts were washed successively with saturated aqueous NaHC03 solution and bnne,
dried (Na SO ), and concentrated in vacuo. The residue was purified by silica gel prepara-

z 4 cc d ., ftive PTLC (CClcEtzO, 8:2 and hexane-EtOAc, 8:2) to arror an anomenc rruxture 0

C-glycosides 16a,[3 (343 mg, 88.0%, w[3, 17:1). Further purification by PTLC (hexane
EtOAC, 8:2, double development) afforded C-glycosides 16a as a colorless oil (323 mg,
82.9%): [alo - 35° (c 3.1, CHCI3) ; and 16[3 as a colorless oil (19.0 mg, 4.9%); [a]o -4.8° (c

2.8, CHCI3) ·
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vacuo, followed by purification by silica gel flash chromatography (hexane-EtOAc, 4:1
and then CCI4-EtOAc, 86:14) gave C-glycoside 34 as a foam, (210 mg, 69%): mp 87 0



88°C, [a]o +40.1° (c 1.17, CHCI3) ·
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VI
Carbocycles from Carbohydrates

THEMES: Functionalized Cyclopentanes, Functionalized Cyclohexanes

It has been said that inositol is a sugar with carbon in the ring. Indeed it is interesting
to reflect on the effect of such a simple atom-for-atom replacement on the chemical ane
enzymatic reactivities of a hexose, when compared with a rather inert cyclitol.

Nature has given us a plethora of compounds that contain one or more carbocyclic
ring systems. Its generosity continues with the discovery of therapeutically importan
molecules, such as paclitaxel (Taxol) and the ginkolides. Monocyclic carbocycles can alsc
be appreciated in the structures of the prostaglandins, the inositol phosphates, and amino
glycoside antibiotics, to mention only three representatives of biogenetically diverse mole
cules. From a viewpoint of synthetic strategy, the construction of carbocyclic molecules ha:
followed a traditional approach, with occasional diversions. Thus cyclohexane-baset
structures are easily derived from appropriately substituted dienes and dienophiles in t

Diels-Alder reaction. The construction of cyclopentane and cyclohexane motifs might, fo
example, involve a two-step Michael addition-cyclization sequence, or the venerable
Robinson annulation reaction. A more "natural" approach to the construction of sucl
carbocycles could take advantage of chiral templates, such as terpenes (e.g., carvone 0

functionalized cyclopentanes arising from the fragmentation of camphor and its deriva
tives).

One may also ask if the six-carbon framework of D-glucose could be used as a chira
template for the construction of a functionalized cyclohexane. It would simply involve th.
equivalent of an intramolecular condensation of an anionic C-6 atom with the existin;
masked aldehyde at C-l. Indeed, intramolecular aldol reactions of 6-nitro sugars to th
corresponding nitrocyclohexanols was successfully carried out in the early 1950s by non
other than H. O. L. Fischer, the prodigal son himself, who was then at Berkeley. Today
there are various mild and efficient methods for the synthesis of five- and six-membere
carbocycles from sugars precursors. It is also interesting to comment on the biosynthesis c
some of the cyclohexane-type products that could arise from the corresponding aromati
precursors by enzymatic reactions. It is more interesting to question the biogenetic sourc
of aromatic compounds in nature. This will bring us right back to D-glucose, recognized b
nature as an excellent source of six contiguous carbon atoms ready for the sacrificis
abdication of five stereogenic centers, but for a good cause.

The propensity for I'I-elimination of an anionic sites at C-6 of a hexose derivativ
requires the judicious choice of reaction conditions, protective groups, and aldehyde active
tion modes for intramolecular carbocyclization. In addition, one must appreciate that
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544 Part VI

favorable trajectory to approach the anionic site through an energetically allowed con
former must be ascertained, to maximize carbocyclization, rather than the occurrence of
undesirable side reactions. This can be avoided by exploiting free-radical conditions and
electron-transfer chemistry that are mild enough to allow intramolecular reactions to occur
between donor and acceptor sites. Sugar molecules can be easily groomed to include the
functionality necessary for such intramolecular ring closures. They have been nicely
exploited by carbohydrate and, particularly, by noncarbohydrate chemists in the synthesis

of carbocycles.
The next two chapters demonstrate the power of anionic, free-radical and electron

transfer processes in the systematic construction of highly functionalized five- and six
membered carbocycles.

Stephen Hanessian
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Scheme 1 Hex-5-enyl Radical Cyclization at 60°C, kl.s = IOs-HJ6 S-I; kl,s/kl.6 = 50.
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Scheme 2 Carbocyclic compounds from furanose sugars.

formation and cyclization using tributyltin hydride in the presence of an initiator, AIBN,
gave carbocyclic products 3a and 3b in 80% yields. The stereochemistry of the reaction
depends on the geometry of the acrylate acceptor and the protecting group of the at C-2
(numbering here, and in subsequent discussions starts with the radical center as Col). A
related scheme was also used for the synthesis of a carba-analogue of n-fructofuranose [9].
The key step, which involves the radical cyclization, is shown in Eq. (1).

A versatile protocol for the generation and cyclization of secondary radicals from hexo
pyranose sugars is shown in Scheme 3 [10].The Wittig reaction of reducing sugars with two
eq of an alkylidene phosphorane readily provide hex-5-ene-l-ols, which were converted
into hex-5-enyl radicals by the l-H-imidazole-l-carbothioate. The cyclization reaction is
carried out in refluxing benzene or toluene with tributyltin hydride and AIBN, according to

OH
RO""'PCHB~

H 'C02Me

Fio OR

II. CYCLOPENTANES

A. The Hex-5-enyl Radical Cyclization

Of all the radical reactions, the exo-l,5-cyclization of a hex-5-enyl radical to cyclopen
tylmethyl radical and its subsequent trapping by various reagents have attracted the most
attention from synthetic chemists (Scheme 1) [4-7]. Starting materials that are most often
used for the "tin method" (initiation of the chain by trialkyl tin radical) are halides,
sulfides, selenides, or thionocarbonates. The generation and cyclization of the radical
proceeds under exceptionally mild neutral conditions, and these conditions are compatible
with a wide variety of common functional groups. A prototypical example of an application
in carbohydrate chemistry is shown in Scheme 2 [8]. Readily available 2,3-di-O-isopropyl
ideneribonolactone 1 was converted into the bromoacrylate 2 in three steps. Radical

I. INTRODUCTION

From the days of Emil Fisher, carbohydrates have played an important role in the develop
ment of organic chemistry [I]. Considering such a long historical relation and the remark
able progress made in the functional group manipulations of carbohydrates, studies aimed
the usefulness of these compounds as a source of carbocyclic compounds are of recent
origin. Most of the developments have appeared in the past 15 years or so, and several
excellent reviews on the subject are available [2]. Carbohydrates, being the most ubiquitous
source of chirality in nature, are ideal starting materials for many enantiomerically pure
natural products [3], especially those that are highly oxygenated. Several biologically
important compounds, such as antiviral carbocyclic nucleosides, macrocyclic antibiotics,
aminocyclitol antibiotics, glycosidase inhibitors, inositols, and C-glycosides, are repre
sented among this class of compounds [2b]. Historically, as with many other areas of
organic chemistry, the first reported methods for the carbohydrate to carbocyclic conver
sions depended on carbanionic intermediates; the reader is referred to the excellent review
by Ferrier [2a] and the references cited therein, for a detailed discussion on this subject.
Typical among these methods are intramolecular alkylation and intramolecular condensa
tions of aldehydes with enolates, phosphonate, and nitro-stabilized anions. Cycloaddition
reactions, including intramolecular 1,3-dipolar additions and [4 + 2]-cyclo additions have
also been used.

The explosive growth in free radical and organometallic chemistry has prompted an
intense interest in these methods for the conversion of carbohydrates to carbocyclic
compounds. These methods are generally complementary to the traditional approaches that
rely on highly polar intermediates, discussed earlier because, under the reaction conditions,
different functional group compatibilities often exist. For example, although polar groups,
such as the carbonyl group, playa central role in most ionic and even in many pericyclic
carbon-carbon bond-forming processes (e.g., in the activation of 'IT-systems), in free
radical and organometallic methods, unactivated olefins and acetylenes can act as reaction
partners. Unlike carbanionic reaction conditions, under conditions of free radical genera
tion, a l3-leavinggroup and a relatively acidic hydrogen such as -OH or -NHC(O)R are
tolerated. Often reactions can be carried out with no hydroxyl-protecting groups, or with
protecting groups that are incompatible with carbanionic intermediates. Thanks to the
ancillary ligands that are often bound to the metal mediating the transformation, such
processes often exhibit remarkable stereochemical control in the formation of new bonds.
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9 (2-deoxygluco-) (l.s-cis) (l.S,lrans)
major minor

Scheme 3 1,2-Dialkylcyc1opentanes from hexopyranose sugars.P

the Barton protocol [11]. In addition to the obvious synthetic usefulness in the construction
of densely functionalized cyclopentanes, the generation of a secondary radical in this
fashion allowed an examination of several stereochemical aspects of the hex-S-enyl radical
cyclization. Hex-S-enitols, with varying configuration at every carbon atom, became now
readily available, and the effect of these configurations on the stereochemical course of the
reaction (e.g., 1,2 or I,S-stereochemistry) could be explored. Thus, in the example shown in
Scheme 3, the radicals Sa and 5b from a 4,6-benzylideneglucose (4) underwent a stereo
specific cyclization to give exclusively the I,S-trans-products 6a and 6b, respectively. The
stereochemistry of the double bond (when Y =OMe) had no effect on this outcome. The
mannose- (7) and galactose- (8) derived radicals gave almost exclusively the I,S-cis
products. The C

4
deoxy system (9) gave a mixture of both I,S-cis-and trans-products, with

the former predominating. Thus, the stereochemistry of the newly formed carbon-carbon
bond is controlled by the configuration of the C-4 center of the hexenyl tether [12]. This
unprecedented sterochemical control can be rationalized (Scheme 4) by a cyclic transition
state, for which the conformation, "chair-like" or "boat-like" is determined by steric and
stereoelectronic effects of the allylic substituents [7]. For example, in the gluco system, a
favorable conformation of the C-3 to C-6 segment (4-H- in the same plane as the double
bond, see Figure 10) of the hex-S-enyl chain which avoids 1,3- strain may be responsible
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Scheme 4 Transition-state models for sugar hex-5-enyl radicalcyclizations.?
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A useful modification of the Barton deoxygenation of secondary alcohols involves
the use of O-phenylthionocarbonates developed by Robins et aJ. [15]. Application of this
method for the generation and cyclization of a hex-S-ynyl radical is shown is Scheme 5.
The precursors are readily prepared from D-ribose by a Grignard addition, followed by
selective alcohol derivatizations. The major exo-isomer has been converted into carba-o-n
ribofuranose [16].

The phenylthionocarbonate procedure was also used for the cyclization of a S-oxime
ether radical (Scheme 6) [17]. The stereochemical outcome of this reaction is almost
identical with that observed for a closely related 6-methoxyhex-S-enyl radical cyclization
[12,14]. A related glucosamine-derived radical cyclization has been employed for the
synthesis of allosamizoline 13 [18]. Other examples in this area include the cyclization of

for the seemingly high-energy boat-like transition state 5'. No such allylic strain exists in
the chair-like transition state corresponding to the "rnanno" radical 7', and a I,S-cis
product results. With no substituent at C-4 (i.e. with no control element present), a mixture
of I,S-cis- and trans-products are formed, and the anticipated cis-product from a chair-like
transition state 9', predominates. Acyclic radicals, in which the 4,6-0-benzylidene group in
the gluco system is replaced with di-O-benzyl-protecting groups (Figure 11),give a mixture
of products in which, as expected [13], the I,S-cis-products predominate [12].

This stereochemical control in hex-S-enyl radical cyclizations can be used for the
synthesis of highly functionalized cyclopentanes with vicinal trans- or cis-dialkyl
substituents. The synthesis of a versatile prostaglandin intermediate, Corey lactone 12,
from the intermediate 6a (Y = OMe) has been described [14].
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6 4:1.0 ~ exo:endo

Scheme 5 Cyclization of a hex-5-ynyl radical.l"
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an oximeether structurally related to the bromoacrylate 2 [19] and a pyranoside annula

tion [20].
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efficiency. Related reactions using benzenethiol adducts of an unsaturated lactone(s) 16are
also known (Scheme 8) [22]. Three other examples of radical trapping on the side chain are
shown in Eqs. 2 [23], 3 [24], and 4 [20]. The example in Eq, (3) verifies the previously
obtained electron spin resonance (ESR) evidence for the remarkable stabilization of
o-oxyradicals of the type 17 (conformation shown) by a J3-acetoxy group [25].

X~ N (36)

PhOyS ~Me

::yx
BnO 7

BnO···· ""OBn

OBn

~
neW bond

HO
HO
HO "'0

'·'N=l.....
NMe2

13 Allosamizollne18

(X~N)

Py,21·C

X~N(62)

Bn0J;JHX(OR)
t s

+
BnO···· ""oBn

OBn

X~N93%

Benzene

BU3SnH
AIBN

Fraser-Reid and co-workers have deveoped an ingeneous strategy using C6-chain

extended sugars, in which several reactive latent functional groups, ready for further
elaboration, are still preserved in the cyc1ization product [21]. Thus, D-glucal-derived
iodoacrylate 14(Scheme 7) undergoes cyciization in the presence of tributyltin hydride and
AIBN in refluxing benzene to give two products in a ratio of 1.8:1in an overall yield of91 %.
Side-chain manipulation also allowed these workers to prepare iodoacrylates, such as 15),
which undergo an exo-hept-6-enyl radical cyciization (see later discussion) with surprising
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Scheme 8 Radicals from unsaturated sugar lactones.22
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and compatibilities of new reagents. A notable illustration is the application of the Cp TiCI
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c1eav~ge t~es place to the tertiary radical, which undergoes facile cyc1ization to a highly
fun?t!onallzed cyclopentylmethyl radical. This radical is further reduced by a second
equivalent of the Ti reagent. Such reductive protocol giving an organometallic intermedi
ate, is a radical departure from the traditional termination sequence that, in most instances
results in an unactivated carbon residue by H-atom abstraction. The stereochemical out
come (l,S-cis, is the major product in this instance) is another confirmation of the models
develop~ using structurally related secondary radicals (see Scheme 4) [7]. As expected the
open-cham radicals gave a mixture of products.

(5)27

(6)29

19 (5:1)

1 aquiv. BuaSnH
AIBN (Cal.)

(70%)

0.032 M C.H •. to

H

1. BUaSnH/AIBN • Ph~~O
2. Silica gal (H20) 0 ...... H

(65%) OMa

18

I

~
SI (BU')Ma2

OHC 0

o OBu'

29]. Tandem addition of trimethyltin fol~wed by cyc1ization in a 1,6-heptadiene system
[Eq. (7)] proceeds with surprising efficiency [30]. Oxidative destannylation of the primary
product gives a synthetically useful dimethyl acetal. An acetylene-terminated tandem
addition is shown in Eq. (8) [31].

Carbohydrate substrates have often been used to probe the stereochemical features

Addition of radicals to an appropriately placed aldehyde group has been investigated
by Fraser-Reid and co-workers Eq. (5); [26,27]. Thus, the substrate 18 undergoes radical

cyc1ization to 19 in 70% yield. The course of this reaction, which is almost at the boundary
of what is thermodynamically feasible, is affected by subtle stereochemical and structural
features of the substrate [27,28].

The same group also studied the addition of trialkyltin radical to an acetylene and
cyclization of the resulting vinyl radical in the context of serial radical cyc1izations[Eq. (6);
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2034

(14)39

(13)26

(12)37

Ph~:an0
HO ° H
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HOMe

OH

OHUosn

SnO ; OSn

OSn

21

(4:1)

Ph~~° +HO H

\.
OMe

(+ 10% Isomer at ")

H
EI02C-U).•.. " ! °

--- H ...
(85%) ; .. y

H '0-1

(25%)

T1CI.IZn-Cu
THF

(73%)

Su3SnH

°
°Uo

sn

SnO s OSn

OSn

~-3<
C02E! °

IV. FUNCTIONALIZED CARBOCYLIC COMPOUNDS BY
ORGANOMETALLIC METHODS

Cyclization of an acyl radical generated from a carbohydrate-derived hept-6-enoic
acid selenoester (to a cyclohexanone) has been studied even though the full potential of this
reaction is yet to be established [38].

An electron-transfer method using low-valent McMurray-type titanium reagent has
been reported for the synthesis of an inositol derivative 21 [Eq. (14); 39].

Organometallic methods, with the possible exception of those involving the stoichiometric
generation of enolates and other stabilized carbanionic species [40], have seldom been used
in carbohydrate chemistry for the synthesis of cyclohexane and cyclopentane derivatives.
The present discussion will not cover these areas. The earliest of the examples using a
catalytic transition metal appears in the work of Trost and Runge [41], who reported the Pd
catalyzed transformation of the mannose-derived intermediate 22 to the functionalized
cyclopentane 23 in 98% yield (Scheme 10). Under a different set of conditions, the same
substrate gives a cycloheptenone 24. Other related reactions are the catalytic versions of the
Ferrier protocol for the conversion of methylene sugars to cyclohexanones (see Chap.
26) [40,42,43].

facilitate the intramolecular radical addition vis-a-vis H-atom abstraction by the initially
formed radical. Two other examples of this type of heptenyl radical cyclization were
discussed in Schemes 7 and 8. Enol ethers and oximes can also act as acceptors in heptenyl
radical cyclizations [36].

The surprising efficiency with which an aldehyde group acts as a radical acceptor [see
Eq. (5)] was indeed first realized [27] in the context of a heptenyl analogue [Eq. (13)]. Note
that the minor product arises as a result of two consecutive hex-5-enyl cyclizations [26,27].

tA
c 0 2Me

CHO

Rd" °oj-
(Z-)

(87"10)

6 steps

Sml2 (2 equlv.) _
THFlMeOH

_78°C
(z)or(E)

D~yxose

"°trOh

°xo

36 ear to be stringent for efficient cyclization to take
nature of the radical acceptor) [35, ] app. di al acceptor such as an acrylate, will
place, as illustrated in Eq. (12) [37], a reactive ra ic ,

III. CYCLOHEXANES

A. The Hept-6-enyl Radical Cyclization .
. . li e much slower than the correspondmg hex-5-enyl

Typically a hept-6-enyl radical Willc.yclZ the pri radical is trapped before cyclization,
f .,fi nt proportion of e pnmary . d

radical, and 0 ten sigm ca . h th propriate substituents or an activate
and the olefinic product results. However, Wit d e ap 6-membered carbocycles from

. I li f can be use to prepare
acceptor, hepenyl radica cyc iza IOn edlich et al. [35] reported that 1,2-dideoxyhept-l-
carbohydrate precursors. For e~ample, R bah derivatives [Eq. (11)]. Even though

.' be cychzed to car exose h . denitol derivatives can fi tion of atoms in the carbon c am, an
structural requirements (protecting groups, con gura

From Z-Isomer (73%) 100:1
From E-Isomer (75%) 1:4

lectivity when Z-acrylates are used. This pro
reaction proceeds with remarkabthle s.tere~~~e highly oxygenated Coring (20) of the fungal
tocol has been used for the syn esis 0

metabolite anguidine [34].

.. . b Enholm and co-workers for the generation and
Samarium dl1odl~e has been used d~ b trates [Eq. (9) and (10); 33]. As noted, the

cyclization of ketyl radicals from aldehy IC su s

~"o )0'''' .
RO"Y~o-j-

(E-)
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(15)4t
ACO"'(O}H,E

H'-J\
Pd(dba);,.CHCl3 ,

Ph3P,AcOH
(7B%)

Pd(Ph3P)•• BOO
ACOH
(72%)

ACO--Y°'!'~~
ACO····V ~

some of these transformations are made by a Pd-catalyzed alkylation of sugar-derived
allylic carbonates [47].

A remarkable CpzZr-initiated ring contraction of vinyl furanosides and pyranosides
was recently reported by Taguchi et al. [48]. Thus, the readily available 5-vinylpyranoside
28 undergoes (presumably through a reductive cleavage of the allylic C-O bond) a highly
stereoselective ring contraction to a single cis-2-vinylcyclopentano129, A related reaction

eneyne 25, readily prepared from n-ribonolactone, undergoes stereospecific cyclization
in the presence of in situ generated bis-(cyclopentadienyl)zirconium to give a metallacycle
26, which can be cleaved with electrophilic reagents [45]. Protonation yields the highly
functionalized allylic alcohol 27. Intermediates that are similar to 27 are useful for the
stereoselective introduction of exocyclic side chains using the allylic alcohol functionality,
Eneynes and appropriately substituted dienes undergo cycloisomerization in the presence
of Pd(O)catalysts as illustrated in Equations (15) and (16) [46]. The starting materials for

24

_'GOYAlTMS<, /\
::;::::co

~

,

~O

6% Pd(dppe),

DMSO, 100°C. 10 min
(64%)

heptane.3h
rt

(94%)

D-Mannosa

TMS
1

\" (D-ribonolactone .-. - - n
~O

23 22. I 41
Scheme 10 Allyl palladium intennediates for the synthesis of carbocy es.

1· t' f the Pauson-Khand reaction for the synthesis of a carbaprostacyclin
An app ica Ion 0 . d f h ti

analogue (Scheme 11) [44] illustrates the power of organometallIc metho s or t e ac va-

tion of olefins and acetylenes.

OTMS 3% polymer bound

:fro
Pd. Tol. 100°C

BU02C {/ ° _.-~_---

V bls-TMS-acetamlde
___ 0-""\ (98%!!)

27 (+ B% Isomer at 'j

Scheme 12 Low-valent zirconium-mediated cyc1ization of eneynes.P

(18)4&

(17)4&

29

OH

B?:!····OBn

OBn

31

~OH

BnO",•.' ".
OBn

4. BF3,OEt2• 0°, 2h
5. HCI

(65%)

1. CP2ZrCI2. Bu"LI, -78°C, 1 h
2. Add sugar -7BoC
3. rt, 3h

(sarneas
above)

(77%)

~OI..··OMe

OBn'···y····OBn

OBn

28

-cr:
Bno-

1
bBn

30

Rhodium-catalyzed hydroacylation of appropriately substituted olefinic aldehydes
gives cyclopentanone and cyclohexanone, respectively (Scheme 13) [49].

was also observed for the furanonide 30, which gives a vinylcyclobutanol with equally
good stereochemical control. Based on nuclear magnetic resonance (NMR) experiments
and protonation studies, the involvement of a chair-like transition state 32, in which the
steric interactions of the cyclopentadienylligand with the ring substituents are minimized,
has been proposed as a rationale for this control.

Bno~fbBn
H ~/cp

-, -O-Zr• _~ + "
Cp

BnO 32

2625

D-ribonolactone

BU3P(of~ equlv.) TMS~OH
Heptane, B5 °c, 3 d "H

(45%) H ;

~o
Khand 1'44.Scheme 11 An application of the Pauson- an reac Ion.

Chemistry of low-valent titanium and zirconium has pro~uced a num~er ~po;.~~~~
or the transformation of carbohydrates to carbocyclic compou~ s.. e I

me~o::df eneration of a radical from epoxides and its subsequent cyclIz~tlOn [32] w:zs
::c::Ssed ~arlier under free radical methods (see Scheme 9). As shown m Scheme ,

cp

0}z r-c p

cP2ZrCI2.MgIHgCI2 RO
rt.18h w··

E 'bOx
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'Optical rotations were measured at 25°C.

V. EXPERIMENTAL PROCEDURES*

A. Carbocycles from Unsaturated Halo Sugars by Hex-5-enyl

Radical Cyclization [8] :l-¢(\15

Ph 0"" ,
OBn

OBn
(1,5 trans)

6aY= H

To!.,I!.

(57%)

BU2SnH
AIBN

N

o:y

O H 1. Ph}-CHz (:J
H • S
)( " • 2. ImC(S)lm. 'r Y

Ph'" O' "OBn 1,2-dohloroethane,I!.X-(#

4
0 Bn

(68 %) Hl".,

Ph" O' -'OBn
OBn

General Procedure for the Wittig Reaction. A three-necked flask, fitted with a
dropping funnel, thermocouple lead, and serum stopper, was thoroughly flame dried and
was charged with a suspension of recrystallized, powdered, and dried phosphonium salt in
anhydrous tetrahydrofuran (THF) (0.5 M). The mixture was cooled to -20°C and, from the
funnel, 1.96eq of 1.6M n·BuLi in hexane was added. After all the butyl lithium was added,
the dropping funnel was washed down with more THE The mixture was stirred at - 20°C
to room temperature until all the solid disappeared (-1 h). A solution of the pyranose
(1.0 eq, 0.5 Min THF) was added to the reaction mixture at -20°C from the dropping
funnel, and the mixture was stirred for 16 h while the temperature gradually came to room
temperature. A dry condenser was connected to the flask and the reaction mixture was
heated to 50°C for 15 min. It was subsequently cooled to room temperature, and excess of
reagent-grade acetone was added. After stirring for 5 min, ether (120 mLlmmol of sugar)
was added and the precipitated solid was filtered off with the aid of Celite. The Celite pad
was washed with excess ether, and the combined ether solutions were washed with
saturated sodium bicarbonate, sodium chloride, and water. It was dried and concentrated.
The products were collected by flash chromatography on silica gel, using ethyl acetate
hexane as the solvent. With the methyl vinyl ethers the Z- and E-isomerscan be separated
by careful chromatography before further reactions.

General Procedure for Radical Generation and Cyclization A flame-dried
single-necked flask, with a reflux condenser, was charged with a 0.2- to 0.3-M solution
of the enitol in distilled, dry 1,2-dichloroethane. To this solution was added 2 eq of
thiocarbonyl bisimidazole (99% + pure Fluka) , and the mixture was refluxed under
nitrogen until all starting material disappeared, as judged by thin-layer chromatography
(TLC). In certain instances when the reaction was incomplete after two h, an additional I eq
of thiocarbonylbisimidazole was added, and the reaction was heated further. The product
was extracted into methylene chloride after adding excess water to destroy the thiocar
bonylbisimidazole. The combined CH2Cl2 layer was washed with ice-cold 1 N HCI,

B. Highly Functionalized Cyclopentanes from Hexopyranose
Derivatives

Fully Functionalized 1,2-trans-dialkylcyclopentanes [12J:
[(2R)-(20',4a[3,5[3, 60', 7[3, 7a(3)J-Hexahydro-5-methyl-2 -phenyl-6-7
bis-(phenylmethoxy)cyclopenta-l,3 -dioxin
6a, Y = H)

methylpropionitrile) (AIBN). The reaction mixture was heated to reflux for 14 h. The
benzene was removed in vacuo; the residue was diluted into acetonitrile under reduced
pressure, followed by flash column chromatography (50 x 158 mm; 20% ethyl acetate
hexanes) yielded 1.20 g (85%)of the desired cyclic benzoates (in 10:1 ratio of exolendo
isomers: [0']0 +30.7° (c 0.468, CHCI3)·

Ph3P
[(Ph3PhRhCI],~

ethylene
CDCI,,70·

From Z·2 (R = Bz)

Bu,SnH/AIBN •
(65%)

H

(a) Grignard O~ .0.
reaction D""Ov

• (CHz)n' ", """'-
(b) side ~hain / OH 0
degradatIon 1\

n = 1,2 n=O 60%
n = 1 100% (by NMR)

Rh-catalyzed intramolecular hydroacylation route to carbocycles.
49

Scheme 13

+ -
1. Ph,P-CHCOzEt

Br~OH2. PhC(O)CI/Py/4-DMA~

s < (68"!o)

°X
O

Br~~rCozEt

ci b
X

2

ZJE = 5/1
COzEt HQ .........

HO•••cr + "'Q"" COzEt

ci~ GXO

3a (6:1) 3b

. (10 9 mmo\) of the lactol in 45 mL of dry CH2Cl2 at 25°C,
To a stirred solution of 2.77 g '(13 1 I) of carbethoxymethy1enetriphenylphosphor.
under nitrogen, was added 4.55 g . ~m~d After being stirred at room temperature for
ane and 26.6 mg (0,22 mmol) of benzolcda~l. th (200 mL) washed with saturated

. . ture was poure into e er, d
26 h, the reaction mix. M SO Solvent was removed in vacuo to affor a
NaHCOi 2 x 50 mL), and dried over h

g
(50' x 158 mm: 29% ethyl acetate-hexanes), to

yellow oi\. Flash colu~ chro~atograp Yed b MPLC (65 g of Si0
2

and 60 g of Si02 in
remove triphenylphosphme OXide, f:0':t d i 66 g of pure Z isomer (76%) and 0.33 g of
series; 20% ethyl acetat~-hex~es) +~ ;80 (c 1.26, CHCI

3
); E isomer: [0']0 +29.10° (c

pure E isomer (9%). Z Isomer. [0']0 .

1.26, CHCI3) · 1) f the Z alcohol in 50 mL of dry pyridine,
To a stirred solution of 3.1 g (9.5 mmo 1

0
hI 'd' d 23 mg (0.19 mmol) of 4-di-

163 mL (14 06 mmo1) of benzoy c on e an h d
was added . . . ' tirred at room temperature for 21 an
methylaminopyridine. The resulting m::t;:~::~u~i~n was washed with 1M H2S04 (2 x 80
then diluted into ether (200 mL). The e e) d dri dover MgSO Removal of solvent

t d NaHCO (2 x 80 mL , an ne 4' I h I
mL) and satura e 3 d d 3 65 (90%) of the benzoyl-protected a co 0:
fol1owedby flash chromatography affor e . g

[0']0 +67.48° (c. 0.65, CHCI3) ·0 01) of the benzoate, in 130 mL of dry benzene, .was
To a solutIOn of 1.7 g (~. mm

l.
h drid d 328 mg (0.2 mmol) of2,2'·azobls(2-

added 1.2mL (4.4 mmol) of tn·n-buty tm yean .



560
RajanBabu Methods for Forming Carbocyllc Derivatives 561

o

1. MaOH; W ~->
Aco.-ll

~ Y"'CH(OMe)2
AcO

Functionalized Cyclopentanes from Bridged Pyranosides [21]

--/--0
O~ ~~~nH ':i?1)C0

2Et

I"~"~ 0 C02Et - ,- 0
Tal., t. 0

OMe 2. AC20
OMe

butyl lithium was added, the dropping funnel was washed down with 5 mL of THF. The
mixture was stirred at -20°C to room temperature until all the solid disappeared (- 1 h).
The benzylidene sugar (1.09 g, 3.09 mmol) dissolved in 8 mL of THF was added to the
reaction mixture from the dropping funnel at -20°C and the reaction was warmed to room
temperature and was further stirred overnight (16 h). The flask was attached to a dry
condenser, and the mixture was maintianed at 50°C for 15 min. The mixture was cooled to
room temperature and 20 mL of reagent-grade acetone was added. After the mixture was
stirred for 5 minutes, 500 mL of ether was added, and the precipated solid was filtered off
with the aid ofCelite. The Celite pad was washed with 100 mL of ether. The combined ether
portion was ~ashed with 80 mL each of saturated sodium bicarbonate, sodium chloride,
and water, dned and concentrated! The product Sb was collected as a mixture of Z- and
E-enolethers (0.987 g, 84 %) by chromatography on silica gel, using 40 to 50% ethyl
acetate-hexane as the solvent. It was dried azeotropically by using toluene. The last traces
of the solvent were removed on a high-vacuum pump to give a mixture of the desired
products.

A mixture of 3.72 g (20.8 mmol) of thiocarbonyl-bis-imidazole and 6.44 g (17.4
mmol) of the enol ethers in 60 mL of 1,2-dichloroethane was refluxed for 3 h under
nitr~gen. An additional 9.3 g of thiocarbonyl-bis-imidazole was added, and refluxing was
~O~l:inued for one hour longer. A check of TLC (30% ethyl acetate-hexane, silica)
indicated complete consumption of the starting material. Fifty milliliters of water and 500
mL of dichloromethane were added and the mixture was shaken thoroughly for 2 min in a
separatory funnel. The organic layer was quickly washed with 100 mL of water, dried
(MgS04) , and concentrated. Filtration through a silica pad using 1:1 ethyl acetate-hexane
foll.owed by evaporation of the solvents yielded 6.13 g (74%) of the expected product,
which was used for the subsequent reaction.

A solution of 6.13 g (12.8 mmol) of the I-H-imidazole-l-carbothioate, 5.15 mL (l9.1
mmol) of tri-n-butyltin-hydride and 0.12 g AIBN in 120 mL of dry toluene was refluxed for
1 h. ~n additional 0.5 eq of Bu3SnH and 60 rng of AlBN were added and the refluxing was
conl:inued for 1 h longer. The reaction mixture was added to 400 mL of ether and it was
washed with 80 mL each of saturated KF, I N HCI and saturated NaHCO . The organic
layer was washed with three 50-mL portions of saturated potassim fluoride and dried over
anhydrous MgS04. Concentration and chromatography of the crude mixture yielded 3.59
g (58% from the enitol) of the desired product (6b, Y = OMe): [a] -23.8 ± 0.8° (c 1.0
CHCI

3
) . 0'

6b Y =OMe

(I,Strans)

H 0-•.,1 OMe

X (t-Ph" 0 ....
"'OBn

5bY=OMe

Conversion of 3_Deoxyglucose-derived Radicals into Prostanoid Cyclopentanes [14J:
[(2R)-(2a, 4al3,513,6a, 7al3)]-Hexahydro-5-(methoxymethyl)-2-phenyl-ti

(phenylmethoxy)cyclopenta-1,3-dioxin (6b, Y = OMe)

Fully Functionalized 1,2-cis-dialkylcyclopentanes [12J: ([2R-(2a,4al3,~a,?I3, 713, 7al3)J
hexahydro-5-methyl-2-phenyl-6, 7-bis(phenylmethoxy)-cyclopenta-1,3 -dioxin)

o OH [ o:A~ ] p)t-y.\1 ",.:
HO:::y __ H,I 0 ....
':l ", .,Ao'" OBn

p~ 0 OBn Ph OBn OBn
OBn OBn (t.s els)

7

Cyclization of Radical 7. The radical 7 was generated as described in the previous

experiment and the cyclic product was isolated as an oil in 25% yield by column chroma

tography: [0.]0 +42.3 ± 2° (c 0.33, CHCI 3) ·

saturated NaHC0
3

, and brine. The product was purified by flash chromatography on silica
gel using ethyl acetate-hexane solvent system. The yields of the product in general are

about 75-85%.
The foregoing product was transferred into a single-necked flask and was further

dried azeotropically with toluene. It was dissolved in freshly distilled toluene to make a 0.1
to 0.2-M solution, and 10-20 mg of azo-bis-isobutyronitrile (AIBN) per millimole of
starting material and 0.5 eq of tributyltin hydride were added. The mixture was br?ught to
reflux and a solution of 1.5 eq more of tributyltin hydride and AlBN (10-20 mg) dissolved
in toluene were added from a syringe in about 2 h. After all, the hydride had been added the
reaction was further refluxed for 1 h and subsequently cooled. Excess ether was added, and
the organic layer was washed with IN HCl, saturated NaHC03 and KF.The drie~ ~rganic
extract was concentrated and the products were isolated by chromatography on SIlica gel.

The starting enitol was prepared by the Wittig reaction in 82% yield from 2,3-bis
O_(phenylmethyl)_4,6_0_(phenylmethylene)-D-glucopyranose (4) [50]. The corresponding
l_H_imidazole-l-carbothioate, prepared in 68% yield, was subjected to the deoxygenauon

reaction to obtain a single compound (6a, Y = H) in 57% yield: mp 76-78°C, [0.]0 -10.4 ±
0.8° (c I, CHCI3) ·

A three-necked flask, fitted with a dropping funnel, thermocouple lead, and serum stopper,
was thoroughly flame-dried and was charged with 2,66 g (7.75 mmol) of methoxy
methyltriphenylphosphonium chloride (recrystallized fro~ ethyl acetate-chlorofo~and
dried at 100°C/I mm) and 40 mL of anhydrous THE The mixture was cooled to -20 C, and
from a dropping funnel 4.75 mL of 1.6M n-butyllithium in hexane was added. After all the

A 5-mM .solution ?f the ~-iodide in dry toluene was degased with argon and heated to
reflux. Tri-n-butyltin hydride (1.3-1.5 eq) and (10 mol%) AIBN in toluene were added b
syringe pum~ over 2-4 h. The solvent was evaporated under reduced pressure and the
product was Isolated by flash chromatography. Cyclization of 85 mg (0.706 mmol) of
substrate gave 58 mg (97%) of the bicyclic product, which was carried on to the next step. A
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trated under reduced pressure. The residue is then purified by fla h hr

afford the dimethyl acetal derivative in 79% yield: [a]o -70 (c l.~, ~H~~)atOgraPhY to

E. ~i(III)-Mediated Epoxy-Olefin Cyclization Route to Carbocyclic

ompounds from Carbohydrates (see Scheme 9) [31]

solution of the bicyclic compound (33 mg, 0.115 mmol) and camphor sulfonic acid (12mg)

in methanol (3 mL) was stirred at 40°C under argon until all of the starting material and the

intermediate acetonide-dimethylacetal were consumed. The addition of triethyl amine and

evaporation of the solvents gave the crude diol, which was dissolved in ethyl acetate and

treated with dimethylaminopyridine (catalytic amount) and acetic anhydride (excess) at

room temperature. An ice-cold solution of sodium bicarbonate was added, and the aqueous

phase was extracted with ethyl acetate. Drying and evaporation of the organic solvent,

followed by filtration through silica gel afforded the lactone (32 mg, 88%) as a colorless oil:

[a]o -32.0° (c 1.5, CHCI3) .

CpzTICl (2 equlv.)
Tl-lF,rt

(63%)

o :qCH3

H~' + exo-Isomer
Ph" 0

OBn

83:17

~~~~~~~~.~f;~~~~:~[g;]~~~~~Ol)in THF was added dropwise to a solution of the

(4 mL) was added d the rni a roo~ temperature. A solution of 1N HCl in ether

removed and the fil:~te w:snuxture was stirred for 10 min. The precipitated solid was

~:Oe~~:;,h;~~h;:~d~e;:~~~~E~::::~=~:;:e~;x~~h~~:~~~:::i;:e:a:o:~~:ct~~
Yield. The structures were confirmed by 13C-NMR IH-NMR ~ Is~mers m 70%

mapping, nOe measurements, and attached proton test ' che~ca1 shift correlation

recorded because the product was isolated as a mixture~APT) expenments. No [alo was

C. A Hept-S-enyl Radical Cycllzation Route to Functionalized

Cyclohexanes [36]

1. Bu,,8nH, AIBN

2. Tol., ti

To 244 mg (0.64 mmol) of the starting bromide (£/2 ratio 1:7) in dry toluene (0.015 M)

under reflux was added 2.4 eq of tributyltin hydride and AIBN (catalytic amount) in 3 h

through a syringe pump. The reaction mixture was cooled and the solvent was evaporated.

The residue was dissolved in ether and 10% aqueous KF solution was added, and the

mixture was stirred for 18h. The organic phase was separated, dried, and evaporated. After

flash chromatography (hexane-ethyl acetate, 90:10) of the residue gave the 134 mg (80%)

of the product: mp 75-77°C la]o -6F (c 1.2, CHC13) . Minor amounts of the noncyclized

reduction product and the isomeric compound with an a-CH2C02Me were also isolated.

D. Trimethyltin Radical-Initiated Cyclization of 1,6-Dienes [30]

F. Ketyl-Olefin Cyclizatlon Mediated by Samarium(lI} Iodide [33]

t;(0 {/ COzMe OH

,.' 8m1z (2 equiv.j RQ Qi ..,
RO 0 THF/MeOH'" '. .., COzMe

"r: -78°C

°XO

(z-)

L
Me3SnCI (2 equlv.) ?BZ SnMe3 ?Bz OMe

BzO.... NaCNBH3 (2 equlv.). BZO« CAN/MeOH 0-<;:('
AIBN (Cat.) • Bz OMe

BzO "'" COzMe Bu'OH. ti (0.02M); ;

6BZ 3h OBz COzMe OBz C0
2Me

(52%) (+ 27% Isomers)

To a solution of the diene [51] (1 mmol) in anhydrous t-butanol (20 mL, 0.05 M) under

argon, are added trimethyltin chloride (400 mg, 2 mmol), sodium cyanoborohydride (190

mg,3 mmol), and AIBN (15 mg, 10%). The solution is refluxed for 1-20 h (until the diene

disappears as monitored by TLC using KMn04 spraying agent). The solution is cooled to

room temperature, quenched with 5% ammonia solution, stirred, and concentrated under

reduced pressure. The residue is dissolved in ether, washed three times with brine, dried

(MgS04) , and processed as usual. Flash chromatography afforded the trimethylstannyl

derivative in 52% yield: [a]o -20° (c 0.6, CHC13) .

To a solution of the trimethylstannyl compounds (1 mmol) in methanol (20 mL, 0.05

M) is added eerie ammonium nitrate (10mmol, commercial grade) at 25°C, and the solution

is stirred until the aldehyde has been converted to dimethyl acetal (10 h). The reaction

mixture is poured into ether, washed three times with water, dried (MgS04) , and concen-

R = BU'SiMez

The ald~hyde pre~ursor, ,:",ith the cis-alkene derived from lyxose (42 0 0 12

drawn mto a synnge With a solution of 1 mL f TIIF . mg, . mmol) was

drop:,ise to a cooled solution (-780C) of Sml, (;.6 mL ~~eth~nol (3:1 v/v) and. added

solution was kept at -78°C for 1 h Wh th . ,. M in THF), over 5 nun. The
. en e reaction was compl t . di

analysis, it was quenched with aqueous saturated sodi b' bee, as m .Icated by TLC

extracted with ether. Chromatography using 50'50 tl:m ~car onate solution (l ml.) and

pure syn-cyclic alcohol. . e er- exane gave 31.0 mg (73%) of

G. Pauson-Khand Reactions

A Carbacyclin Intennediate by Pauson-Khand Reaction [44aJ

To the Co complex (1.28 g, 2.32 mmol) in he tane (23 .

for 3 h before use) was added tri-n-b t 1 hP hi ~, purged Withcarbon monoxide

1 . . u y p osp ne OXide (506 mg 2 32 1)
so ution was sealed in a screw-cap resealabl t b d ,. mmon. The

85°C (over glyme heated at reflux) for 71 h. ~f~er ~n ~r an atmosp~ere of CO a~d he~ted to

to a bed ofFluorisil and elutedwithethyl t t 00 mg, the solution was applied directly

tricyclic enone 304 mg, 45%) as a cOlor~~e a :l~p[etr]oleum ether 95:5 to 50:50) giving the
ss 01. a 0 22 +116° (c 2.47, CHC1

3
) .



To a solution of the precursor in CHzClz, dicobaltoctacarbonyl (1.1 eq) was added in one
ortion at room temperature. The mixture was stirred for about 3 h and then, anhydrous
~MO (6.3 eq) was slowly added and stirred for 5 h at room temperat~re.Part of the solvent
was removed, the suspension was adsorbed in silica gel, and sUbIDltte~ to flash. chroma
tography. Elution with hexane-ethyl acetate mixtures gave pure product III 66% yield: [a]D

-17° (c 2.3, CHCI3) ·
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A zirconocene-butene complex ("CPzZr") was generated in situ [53] by adding n-BuLi
(1.56 M in hexane, 5.2 mmol) to a solution of CpzZrClz (760 mg, 2.6 mmol) in toluene (8
mL) at -78°C under an argon atmosphere, and the mixture was stirred for I h at the same
temperature. To the CPzZr solution was added a solution of the methyl glycoside (I g, 2.17
mmol) in toluene (5 mL) at -78°C, the mixture was gradually heated to room temperature,
and was stirred for 3 h. To the cooled reaction mixture was added a solution of BF3'OEtz
(0.53 mL, 4.43 mmol) in toluene (3 mL), and the mixture was stirred at room temperature
for 3 h. After I N HCI was added to the reaction mixture, the mixture was extracted with
methylene chloride. The combined organic layer was washed with saturated aqueous NaCI
and dried over MgS04. After the filtrate was concentrated in vacuo, the crude product was
purified by silica gel column chromatography (hexane-ethyl acetate, 5:1) to give the
product (605 mg, 1.41 mmol) in 65% yield: mp 35-36°C, [a]D -13.41° (c 1.13, CHCI3) .
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I. Intramolecular Cyclization of an Allyl Zirconium Derivative [48]

RajanBabu

TMS~~ H
"H

~O

co
su.P(O) (1 equlv.) ~

Heptane, 85°C, 3 d

-':::-co

1A
' TMS

<, 1'\
:::::Co

~

~O

Pauson-Khand Reaction of a Sugar-Derived Eneyne [44b]

Co
2
(CO)a!N-Melhyl- J=~AC

morphollne oxide! rt~ ACO"'U" 0

oJ:f

564

5_0_t_Butyldimethylsilyl-D-ribonolactone was co~verted~nto t?e eney~e by _the following
se uence: (I) Dibal reduction to the lactol, (2) Wittig reaction w~thPh3P _CHz ' (3) remo:al
ofihe Si-protecting group by treatment with Bu4N+F-, (4) penodate cleavage of the diol,
(5) propynyllithium addition, (6) protection of the secondary alcohol as the TBDM~ ether.

A mixture of Mg turnings (0.32 g, 13 mmol) and HgClz.(0.36 g: 1.3 ~ol~ III T~
(IS mL) was stirred for 15 min. A solution of bis(cyclopentadlenyl) zrr~ornumdichloride
071 g, 2.43 mmol) and the sugar eneyne in THF was added dr?pW1Se [53]. Aft~r the

( : ti ed overnight unreacted Mg was filtered off under nitrogen and the mixture
nuxture was s rr, . 5 mL)

h d ith 10m H SO (30 mL) The mixture was extracted with ether (2 x 2 ,
wasquenc e Wl -/0 Z 4 . d
washed with sodium bicarbonate (25 mL), and dried (MgS04) · The solvent was remove
under reduced pressure. Flash chromatography (95:5 hexane-ethyl ~cetate) afforded the
product (114 mg, 71%) as a mixture (92:8) of two isomers as determined by gas chroma-

tography.
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being the derived nucleophilic species involved in the critical ring-forming steps. These
(enol-endo)-exo-trig processes [7] serve as models for many of the carbohydrate to
cyclohexane synthetic methods that have been developed, the first-used nitrosugar method
[1] (see foregoing), however, involving the stabilized carbanions 3 and thereby giving rise
to an (enol-exo)-exo-trig-like reaction.

For the preparation of the anions 3 the base-catalyzed addition of nitromethane to the

The plethora of functionalized chiral cyclohexane derivatives found in natural products has
served as a potent stimulus to the development of methods for their synthesis from readily
available carbohydrates. Although the important inositols and inosamines and their deriva
tives are obvious targets, there are a host of other natural materials for which cyclohexane
ring systems can be fashioned by this approach, including various alkaloids; antibiotics;
terpenes; anthracyclinones; families of compounds, such as the milbemycins and avermec
tins; and such specific compounds as cryptosporin, compactin, tacrolimus (FK 506), and
phyllanthocin. Apart from these, many carbocyclic analogues of noncarbocyclic com
pounds are sought for specific biological purposes-notably carbasugars (analogues hav
ing the ring oxygen atoms replaced by methylene groups), which mimic natural sugars but,
being devoid of hemiacetal or acetal character, do not take part in many typical carbohy
drate reactions and are thus of interest, for example, as specific enzyme inhibitors.

The conversion of 6-deoxy-6-nitro-o-glucose and -L-idose by base-catalyzed cycli
zations to deoxynitroinositols was effected in 1948 as the first carbohydrate to carbocyclic
compound transformation [1]. With the extensive range of functionalized cyclohexane
derivatives that occur naturally, and beckon as synthetic challenges, it now seems surpris
ing that it was not until 30 years later that much further headway was made with synthesiz
ing them from carbohydrates. Since the 1970s, very appreciable interest has been taken in
the biological importance of many of the foregoing compounds, and concomitant progress
has been made with the development of suitable methods for their production from sugars.

Review coverage of the chemistry involved in the synthesis of enantiomerically pure
natural products from carbohydrates is now extensive [2]. His relevant to note that whereas,
in 1983,the numbers of carbocyclic target compounds were relatively limited, as outlined in
an authoritative monograph written by Hanessian [3], a comprehensive review of the
methods available for making cyclopentane and cyclohexane derivatives from carbohy
drates published 10years later [4] cited 338 references, more than 80% of which were dated
1980 or later. The attention afforded the synthesis of carbocyclic products also features
prominently in a 1993 review of the use of sugars in the preparation of enantiomerically
pure natural products [2].

For the biosynthesis of inositols and of the benzene rings of aromatic a-amino acids
nature employs nucleophilic centers at C-6 of a o-glucose-derived hexos-5-ulose phos
phate [5] and at C-7 of a 3,7-dideoxyhept-2,6-diulosonic acid [6], respectively, ions 1 and 2

I. INTRODUCTION
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aldehyde 4 was used followed by acid-catalyzed cleavage of the isopropylidene acetal ring.
The two epimeric nitro products, of which 3 are the carbanions, are formed, and during the
carbocyclization reaction, a further two chiral centers are produced; therefore, eight iso
meric deoxynitroinositols can be obtained. Although appreciable stereoselectivity ensures
that there are favored isomers, it was this type of problem, added to the fact that carbonyl
compounds, such as those from which compounds 1-3 are derived, are relatively unstable
by being subject to [3-elimination reactions, that held up progress until more selective
routes involving the use of mild reagents and conditions were developed.

Many newer methods for generating cyclohexane derivatives from carbohydrates
still depend on the intramolecular attack of nucleophilic carbon species at electrophilic
centers, and the range of options is now extensive. Thus, the nucleophiles may be carb
anions stabilized by carbonyl, phosphonate, nitro, or dithio groups, and they may bond to
carbonyl carbon atoms, or to those that carry appropriate leaving groups or are contained in
epoxide rings, or as l3-centersof a,l3-unsaturated carbonyl systems. Otherwise, the nucleo
philic activity at the -y-centersof a1lylsilanes or a-positions of vinyl silanes may be used
to react with electrophilic carbon atoms.

Free radical reactions are used less frequently to effect six- rather than five
membered ring closures, because carbohydrate-derived hept-6-enyl radicals are less avail
able than are hex-5-enyl analogues, these being the species required for normal exo ring
closure processes. Such reactions can, however, be used with good efficiency to produce
cyclohexane ring systems bearing a carbon substituent (see Chap. 25).

Further reactions that are highly suited to the synthesis of cyclohexane derivatives,
such as cycloaddition processes, 1,3-dipolar additions, and Diels-Alder cyclizations, have
been used extensively. In the latter set, carbohydrate-based dienes or dienophiles have been
employed and, in addition, intramolecular processes have provided highly suitable means
of synthesizing complex polycyclic systems.

II. METHODS

A. Cyclizations Proceeding by Nucleophilic Additions to Carbonyl
Groups

Nitro Group Activation of the Nucleophile

T.heoriginal method of nucleophile activation remains useful-particularly, when specific
nitro ~ompounds can be employed. Although, in such cases, two new asymmetric centers
are still generated during the ring-forming step, base-catalyzed epimerization often ensures
that the nitro ~r~ups adopt the equatorial orientation in the major ring-closed products. That
further selectivity can be obtained is nicely illustrated by the ring closure of the aldehyde 5,
made from n-rnannose following nitromethane addition, refunctionalization at C-2 and
~-3, and sodium pe~odate oxidation of the terminal diol of 1,2-dideoxy-4,5-0-isopropyl
Idene-3-0-mesyl-l-mtro-o-manno-hepitol, which occurs on treatment with sodium meth
o~ide in meth~nol [8]. The products are the nitroalcohols 6 and 7 (Scheme 1), the former
With~e substituents at the new asymmetric centers, both equatorial, being obtainable in
low YI~ld by direct .cry~taIlization. However, when crystallization is effected in the presence
of sodium methoxide 10 ethanol, compounds 6 and 7 interconvert by reversal of the ring
closure step, the former crystallizes preferentially and can thus be obtained in 70% yield. It
ser:e.s a.s a source of 2-deoxysn:eptamine 8, which is a component of many aminoglycoside
an~lblOucS. An advantage of this route to 2-deoxystreptamine, which is achiral, is that the
chiral precursors that are used give access to crural derivatives.
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The foregoing ring-closure reaction requires that a-protecting groups be stable to
basic conditions; however, the sulfonate ester group survives both the cyclization and the
subsequent further treatment with base.

Phosphonate Group Activation of the Nucleophile

Treatment of the triflate 9 with the sodio derivative of r-butyl dimethoxphosphorylacetate in
dimethylformamide (DMF), at room temperature for 20 h in the presence of a crown ether,
gives the epimeric phosphonates 10 in 81% yield [9]. Cleavage of the glycosidic bond by
hydrogenolysis then affords the hemiacetals 11 which, with sodium hydride in tetra
hydrofuran (THF), give the C-6 phosphonium ylid, which reacts with C-1 in the aldehydo
form to afford the alkene 12 in 73% (from the glycoside 10; Scheme 2). The cyclization
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the nucleophilic phosphonate initially effecting displacement of the ring oxygen atom from
C-5 and generating a C-1 hemiacetal from which the intermediate aldehydo l3-ketophos
phonate 16 is formed. Attack of the c-phosphonate active center at C-1 then gives the
intermediate anion 17 which, following protonation, undergoes l3-elimination of dimethyl
phosphate to afford the enone 18 in 62% yield [11]. This is an example of a reaction that
proceeds by generation of a nucleophile and simultaneous release of an e1ectrophiliccenter.
Other examples are given later in this section.

This reaction is potentially more complex than indicated by the conversion 15~ 18
because, with the 4-epimeric pseudo1actone 19, the only product formed is the vinyl
phosphonate 21 (80%; Scheme 4). This has been rationalized in terms of the relative

groups be stable to base; notably, however, the carboxylate ester group withstood the
conditions used.

A related approach directed toward cyclohexane derivatives affords products without
carbon substituents on the rings. Ozonolysis ofthe 6-deoxyhex-5-enopyranoside derivative
14, followed by silylation, gives the unusual "pseudolactone" 15 in high yield, and this
reacts with lithio dimethyl methylphosphonate to yield the cyclohexenone 18 (Scheme 3),
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step is an example of the Wadsworth-Emmons reaction [10] (a modification of the Wittig
reaction) applied intramolecularly. With aqueous trifluoroacetic acid, the ester and acetal
groups are cleaved, and (- )-shikimic acid 13 is obtained in a yield that represents a 39%
efficient conversion from n-mannose.

For the preparation of the phosphonates, the triflate group was required in the starting
material 9; neither the corresponding tosylate nor deoxyiodo compound underwent the
required displacement reaction. For the cyclization step it is necessary that the protecting
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Carbonyl Group Activation of the Nucleophile

Treatment with base of the hexos-5-ulose 23, prepared from the acetal 22, gives mainly the
inosose 24 with all the hydroxyl groups equatorial (Scheme 5) [13], and similarly the

significances of the different elimination paths followed by the interchangeable anions
of the types represented by 17 and 20, the former conceivably proceeding by way of a
Wittig-like transition state to give the alkene 18, and the latter by loss of hydroxide ion [12].
Conformational factors presumably determine the choice of elimination routes followed
in the two cases.
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An approach that affords cyclohexyl rings, with single carboxylate substituents, and
is suitable for the preparation of some carbahexopyranoses (pseudosugars) depends on the
initial condensation of O-substituted pentoses in the aldehydo forms with dimethyl malo
nate to give alkenes [17]. Thus, 2,3,4-tri-O-benzyl-5-0-t-butyldiphenylsilyl-o-ribose 29
(Scheme 8) can be converted to the alkene 30 in 85% yield by application of the

2423

Scheme 5

6-phosphate ester of 23 has been converted to corresponding cyclitol phosphates [14] in a
reaction that mimics the cyclization of the biochemical intermediate 1. Such base-catalyzed
chemical cyclizations are, however, not favored because of poor selectivities during the
ring closures and also because the initial products are subject to epimerization under the
conditions in which they are formed. Reactions of this type are best restricted to carbony1
containing derivatives, which are limited in the number of isomeric products they can give.
This, in tum, limits the range of the applicability of this approach to cyclohexanes.

Efficient Dieckmann-like cyclization occurs in the doubly branched-chain hepturonic
acid derivative 25, which gives the tricyclic product 26 in 91% yield when treated with
potassium t-butoxide in benzene (Scheme 6) [15]. This finding reveals that, of the two

possible carbanions, that generated at the carbon atom a-related to the lactone carbonyl
group dominates the reaction in causing displacement of methoxide from the ester carbonyl
center.

A related reaction of more general applicability occurs with the octos-3,7-diulose
derivative 27, which was made from the C-3 epimer of dialdose acetal 4 by treatment with
(2-oxopropylidene)triphenylphosphorane in a Wittig chain extension reaction, followed by
hydrogenation of the resulting enone and oxidation of the alcohol groups at C-3 and C-7.
Cyclilzation to give the crystalline tertiary alcohol 28 in 81% yield is promoted by 1,8
diazabicyclo[5.4.0]undec-7-ene (DBU) in refluxing benzene (Scheme 7) [16].

Alkenylsilanes in Aldol-like Ring Closures

A reaction that appears to have potential for carbohydrate to substituted cyclohexane
conversions, and has not been applied to carbohydrate-derived starting materials, involves
the intramolecular bonding of the electrophilic carbon atoms of aldehydes and the nucleo-

3233
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34

Knoevenagel reaction. Hydrogenation of the double bond, desily1ationand oxidation of the
released primary alcohol group to the aldehydic function with PCC in dichloromethane
in the presence of molecular sieves, gives the branched chain L-ribo-hepturonic acid
derivative 31. Treatment with acetic anhydride and pyridine results in cyclization, and
acetylation of the resulting alcohol affords the acetate 32 in 69% yield.

By heating 32 in aqueous dimethyl sulfoxide (DMSO), containing sodium chloride,
up to 170°C, loss of a methoxycarbonyl group and then l3-elimination of acetic acid occur to
give alkene 33 in 70% yield. From this, carba-f3-L-mannopyranose 34 has been produced
by conversion of the ester group to the hydroxymethyl function, hydroboration, and de
O-protection. Thus, the hydroboration step proceeded by cis-addition anti- to the allylic
benzyloxy group.

26
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philic centers available from appropriate allylsilane groups [18]. The reactions can be
initiated by the attack of the electrophiles on the rr-bonds of the alkenyl groups to give ionic
intermediates that are desilylated in the presence of nucleophiles, such as fluoride ion, that
attack the silicon to give alkene products. Otherwise the reactions may be effected by use of
Lewis acids, such as boron trifluoride or tin(IV) chloride, in which case the aldehydo
groups will be activated.

In Scheme 9, such a ring closure applied to the optically pure enal 35 synthesized
from noncarbohydrate precursors, is illustrated, the yield of the cyclohexanols 36 being

82% and the stereoselectivity being very high during the generation of the chiral alcohol
center. This suggests that the transition states leading to the epimers formed (36) involves
the approach of the nucleophilic carbon atom and the aldehydic group with the latter in the
orientation from which axial hydroxyl groups develop, which is in accord with the Felkin
model of nucleophilic approach to prochiral aldehyde functions [19]. There is almost no
selectivity exhibited in the generation of the tertiary chiral center, suggesting that ring
closure involves the silylallyl group in both orientations 38 and 39.

Reductive ozonolysis of the double bond of the appropriate epimer of 36, followed by
selective silylation of the diol produced, and radical deoxygenation of the secondary
alcohol function,lead to 37, which is a derivative of the cyclohexyl unit of the immunosup
pressive agent tacrolimus [20].

Vinylsilanes, similarly to the allyl analogues, also undergo electrophilic attack,
allowing them to serve as nucleophilic species [18]. 1,I-Dibromo-6-0-t-butyldimethylsilyl
1,2-dideoxy-3,4,5-tri-O-methyl-L-arabino-hex-l-enitol, made from the appropriate aldehydo
L-arabinose ether, has been converted to the aldehydo-vinylsilane 40 by treatment with
n-butyllithium and TMEDA in THF at -78°C followed by trimethylsilyl chloride to give
the trimethylsilylethyne derivative. Partial hydrogenation of the triple bond gives the
C-silylated cis-alkene, which on O-desilylation at C-6 with aqueous acetic acid, and
oxidation of the resulting alcohol with DMSO-oxalyl chloride affords the hex-5-enose
derivative 40 [21].

When cyclization is brought about by use of boron trifluoride etherate in dichloro-
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methane at room temperature the product derived from 40 (Scheme 10) is the alcohol 41
formed in 86% yield with more than 30:1 stereoselectivity following coordination of the
catalyst to the carbonyl oxygen atom in the anti orientation relative to the adjacent methoxy
group (403). On the other hand, reaction with tin(IV) tetrachloride in the same solvent at
-78°C results in the epimer 42, in 68% yield, with the same high stereoselectivity. Here,
the chelation shown in 40b controls the stereochemistry of the ring closure reaction.

Simultaneous Activation of the Nucleophile and Release of the Electrophile During
Reaction

One cyclization procedure that depends on this approach has been described in an earlier
section. A further method that affords "double activation" of a methylene group at C-6 of
aldose derivatives, and simultaneous release of an aldehydic group, leads to C-6- to C-l
bonding under extremely mild conditions and is compatible with the presence of most
O-protecting groups (Scheme 11). For this reason, and because the cyclization step is
normally very efficient and stereoselective, this strategy has been used extensively. It
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directly in 72 and 27% (only product isolated) from the alkene 43 (R' = Me, R2 = R4= Bz,
R3= Ts; a-isomer) by variation in the conditions used [25]. Otherwise, the alternative type
of conjugated enones can be obtained from the first hydroxyketone products by the induc
tion of J3-eliminationby sulfonylation or acetylation of the hydroxyl groups. Compound 46
(R2 =R3 =Bn, R4 = Ac) gives the enone 48 in this way [24].

A notable feature of the direct mercury(lI) salt-induced cyclization (compounds
43 ~ 46) is the pronounced stereoselectivity exhibited in most of the cases reported, the
major products having the hydroxyl groups at the new asymmetric centers trans-related to
the ring substituent in the J3-position to it (i.e., at what was C-3 of the starting alkene).
Although this could follow as a consequence of coordination between the mercury atom
in an intermediate 45 and an electronegative substituent at C-3 (as in 49), I favor the
likelihood that the steric control follows from the coordination illustrated in the chair-like
transition state 50 [4]. However, there is no evidence for such coordination, and the high
selectivities observed may simply be a consequence of favored mercury enolate attack at
the aldehydic centers in the manner that gives rise of axial alcohols (see 38, 39, and 40a).
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Inversion of the configuration at C-3 to give compounds with axial substituents at this
position would have a major destabilizing effect on 50, and this would favor the conforma-

tionally inverted transition states and the generation of products with l3-hYdroxyl groups.
This accords with findings because, for example, starting alkenes with inverted configura
tions at C-3 (relative to 43) result in hydroxycyclohexanones with inverted configuration at
the alcohol centers, whereas alkenes with inversions at C-2 or C-4 do not [4].

This carbocylization method has been used successfully with a range of hex-5
enopyranose derivatives, and good yields of hydroxyketones of various configurations have
been recorded [4]. It is less satisfactory with the 6-deoxy-5-ene derived from 1,2:3,4-di-O
isopropylidene-o-u-galactose, giving only 40% of compound 51 [26], but good yields
of the cyclohexanones have been obtained from substituted methyl galactopyranosides
[25]. The reaction does not afford cyclopentanones when applied to 5-deoxy-4-enofuranose
derivatives [27].

Most often the method gives 2-deoxyinosose derivatives, as is determined by the use
of 6-deoxyhex-5-enoses, and these have been used as starting materials for a range of
natural products [4]. Applied to the (Z)-enol acetate 52 (Scheme 12), obtainable from the

corresponding 6-aldehyde by treatment at 80°C with acetic anhydride in acetonitrile that
contains potassium carbonate, the reaction [mercury(II) trifluoroacetate, in aqueous ace
tone followed by sodium chloride] affords the inosose derivative 53 (59% isolated) and its
epimer at the ester center in the ratio 5.7:1 [28]. The new hydroxyl group in 53 is trans to the
central benzyloxy group as expected (see foregoing), and cis relative to the ester group.
This is consistent with the intermediacy of the species akin to 50, the orientation of the
adlehydic group determining that the hydroxyl group will be directed "downward" in the
structure shown, and the Z-configuration of alkene 52 requires that the ester group also be
on the same face of the product. Reduction of 53 with sodium triacetoxyborohydride in
acetic acid-acetonitrile gives only the myo-inositol derivative 54.

A very different reaction is mechanistically rather similar to the foregoing process.
The unexpected intramolecular rearrangement was encountered when Klemer and Kohla
treated 1,6-anhydro-3,4-0-isopropylidene-l3-o-galactopyranose 55 with n-butyllithium
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depends on the treatment of 6-deoxy-hex-5-enopyranosyl compounds 43 with mercury(II)
salts in aqueous organic media. Normal hydroxymercuration of the enol ether groups gives
the hemiacetals 44 (R! =alkyl or acyl) which equilibrate with the acyclic hexos-5-ulose
aldehydo-hemiacetals. These are extremely unstable and give the corresponding aldehydo
hydrates, which exist largely in the cyclic form 44 (R! = H) and can be isolated as the
dicarbonyl organomercury compounds 45 by dehydration. However, very conveniently, the
doubly activated C-6 nucleophiles of 45, under the conditions of their formation, attack
C-l in aldol fashion to give the hydroxycyclohexanones 46, usually in high yield and with
good stereoselectivity at the new asymmetric centers (see Scheme 11) [4,22].

As an example, the tetrabenzoate 43 (R! =R2=R3=R4=Bz, J3-anomer) is converted
to triester 46 (R2 = R3 = R4 = Bz; 93% crystalline, but unpurified) by treatment with
mercury(lI) acetate in refluxing aqueous acetone for 5 h [23].

That the mercurial species released during the ring-closure step can, at least with
some mercury(II) salts, recycle and act catalytically is shown by the finding that mer
cury(II) trifluoroacetate, used in 0.1 M proportions (and even lower), in aqueous acetone
at room temperature catalyzes the reaction of alkene 43 (R! =Me, R2=R3=Bn, R4=Ac;
a-isomer), and gives the cyclized products in 96% yield as a mixture of the alcohol 46
(R2 =R3 =Bn, R4 =Ac) and its epimer at the alcohol center, in the ratio 8:1 [24].

The relatively mild conditions of the reaction are consistent with the use of a wide
range of ether- and ester-protecting groups-even tosyl groups at 0-3 of the original
alkenes, which engender products with excellent leaving groups in the l3-relation to the
carbonyl functions. Such products can be isolated in good yield under normal conditions or,
if more severe conditions are employed, the products of l3-elimination can be obtained
directly. Thus the ketone 46 (R2 = R4 =Bz, R3 =Ts) and the enone 47 can be obtained
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in THF, the C-butyl-substituted inositol derivative 59 being obtained in 58% yield [29].
This can be accounted for by abstraction of H-5 of the starting material by the strong base to
give the carbanion 56. Rearrangement with ring opening affords the enolate 57, as shown in
Scheme 13, and in the next step the reaction resembles those involving mercury-containing
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cyclohexanes, but shorter routes to the starting materials will be required before it will have
wide applicability. Clearly, base-sensitive protecting groups are incompatible with this
approach.

Epoxide rings may also be opened by intramolecular nucleophiles derived from
allylsilane groups (see Scheme 9) to permit aldol-like closure onto aldehyde functions.
Compound 63 (Scheme 15), derived by a multistep route from L-arabinose, when activated
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by boron tirfluoride etherate, rapidly gives compound 64 in 80% yield. Acetalation of the
diol and allylic rearrangement by high-temperature treatment in basic conditions then gives
the cyclohexane derivative 65, which has the structural features of the A-ring of paclitaxel
(Taxol) [32).

intermediates discussed already in this section with C-6 attacking C-l and giving a triol
reported to be 59 following butyllithium addition to the carbonyl group of 58. Conforma
tional analysis of the ring closure 57 ~ 58 step suggests that the generated hydroxyl group
in the product would be trans to the acetal ring, and the IH nuclear magnetic resonance
(NMR) spectrum seems to leave this possibility open.

The reaction can be applied with other 1,6-anhydrohexopyranose derivatives [30],
but clearly it is restricted by the strongly basic conditions used and by the specific natures
of the substrates.

B. Cycllzations Proceeding by Nucleophilic Attack at Noncarbonyl
Centers

Attack at Epoxide Ring Carbon Atoms

Aldose dithioacetals, which are devoid of leaving groups, notably oxygen-bonded func
tions at C-2, on treatment with strong bases, afford stable C-l carbanions that allow the
formation of cyclohexane derivatives when suitable leaving groups are present at C-6.

The dithiane derivative 60 (Scheme 14) is such a compound, it being made from
2,3:5,6-di-O-isopropylidene-D-mannose by treatment with 2-lithio-l,3-dithiane to give a
heptose dithioacetal that was refunctionalized at C-2-C-3 by way ofthe C-l anion and then
converted to the 6,7-epoxide following selective acid-catalyzed cleavage of the 6,7-acetal
ring. Treated with n-butyllithium it gives, in 70% yield, the cyclized 61, which is efficiently
convertible into validatol62, a component ofvalidamycin A, by desulfurization with Raney
nickel and de-O-protection by use of boron tribromide in dichloromethane [31].

The high stereo- and regioselectivity with which this ring closure can be expected to
occur suggests that the procedure holds promise as a means of preparing functionalized
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Attack at Alkene Centers

Tsang and Fraser-Reid effected an unusual ring-forming reaction during synthetic studies
aimed at the carbon skeleton of the trichothecene group of terpenes (Scheme 16) [33].

Efforts to cause the carbon nucleophile available at C-2 (carbohydrate numbering) of the
osulose derivative 66 to displace the methoxy group with allylic rearrangement and with
consequent formation of a tricyclic product by use of Pd(O)catalysts [34] were unsuccess
ful, but the intended reaction proceeds "smoothly" when tin(IV) chloride is used together
with acetic anhydride in dichloromethane. Clearly, the Lewis acid activates the allylie ether
group, and the C-2 nucleophile effects its displacement. Concurrently, acetolysis of the
benzylidene ring occurs and the product isolated is the cis-decalin analogue 67 [33].

C. Free Radical Cyclizations

Although radical cyclization is more useful for converting carbohydrate derivatives to
cyclopentanes than cyclohexanes, radicals at C-I or C-6 of acyclic aldohexose compounds
can be used satisfactorily to generate intramolecular C-l-C-6 bonds when suitable trapping
groups are present at C-6 and C-l, respectively. Otherwise, radical centers and radical traps
may be located in branches attached to the cyclic carbohydrate backbones, and fused-ring
systems containing cyclohexane rings formed by their use. These processes are described in
Chapter 25.
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epimer has the methylene group trans-related to the adjacent benzyloxy group which is the
main influence in directing the stereochemistry of the addition process.

Diels-Alder reactions can be applied to the synthesis of cyclohexane rings by use of
carbohydrate-derived dienophiles or dienes, and intramolecular processes allow the con
trolled elaboration of bicyclic systems.

In the simplest case (Scheme 18), the enone 73 gives the adduct 74 in 81% yield on
treatment with 1,3-butadiene at the remarkably low temperature of -40°C in dichloro-
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D. Cycloaddltlon Reactions

Cycloaddition reactions can provide excellent means of producing carbocyclic compounds,
and there are many good examples of the application of this approach to the synthesis of
functionalized cyclohexanes from carbohydrates [4].

Intramolecular 1,3-dipolar additions of nitrones and nitrile oxides to carbohydrate
alkene groups have met with success. Thus, treatment of the unsaturated heptose ether 68
(Scheme 17), which can be made following 1,3-dithianyl anion addition to C-l of 2,3,4
tri-O-benzyl-5,6-dideoxY-D-xylo-hex-5-enose, with N-methylhydroxylamine in refluxing
methanol, affords the nitrone 69 that cyclizes to give the bicyclic isoxazolidine 70 (60%
isolated) together with the epimer at the new asymmetric center carrying the methylene
carbon atom (16% isolated) [35].

In related fashion, the oximes of the aldehydo compound 68, following reaction with
sodium hypochlorite, form the corresponding nitrile oxide 71 and, hence, afford the
isoxazolines 72 in 86% yield as a 64:36 mixture (see Scheme 17) [35]. Here, the main
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Scheme 18

methane containing aluminum chloride as catalyst. The product clearly offers considerable
scope for the synthesis of a range of functionalized cyclohexanes, but it also affords access
to cyclopentanes, for on reduction of the ketonic group of 74 with sodium borohydride and
methanolysis of the product, ring contraction occurs and acetonation of the furanosides
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formed gives compound 75. When the alkene group is hydroxylated and the resulting diol
cleaved with sodium periodate and catalytic amounts of ruthenium dioxide, dicarboxylic
acids are produced that, on methylation and Dieckmann cyclization of the esters, followed
by heating in moist DMSO containing sodium chloride to cause demethoxycarbonylation,
give the cyclopentanone 76 in good yield [36].

The use of butadienes with oxygen-bonded substituents with the same type of dieno
phile allows access to benzannelated pyranosides; for example the phenol 77 can be 81 82
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Compound 83 is a diene that comprises four carbon atoms of a hexose chain, and it takes
part in the Diels-Alder reaction with maleic anhydride to give 86% of the product 84, the
stereochemistry of the addition being directed by the acetal ring [42].

The intramolecular Diels-Alder reaction is exemplified by the thermal rearrange
ment of the triene 85, which has been made from 6-0-benzoyl-2,3:4,5-di-O-isopropylidene
o-glucose by Wittig extension to C-I using the ylid derived from allyitriphenyiphospho
nium bromide, followed by debenzoylation, oxidation of the resulting primary alcohol, and
Wittig reaction using methyltriphenylphosphonium bromide and n-butyllithium. Heating
of the triene at l60°C for 16 h in toluene resulted exclusively in the cis-fused octa-

CO,Me
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produced in 67% yield by cycloaddition of the 6-0-benzoyl analogue of 73 to I-trimethyl
silyloxy-1,3-butadiene, followed by treatment with DDQ in refluxing benzene [37].

For such cycloaddition reactions to occur successfully, it is not mandatory that the
alkene groups be electron-deficient, compounds 78, for example, being obtainable in 65%
yield by addition of the corresponding glycal derivative to the reactive intermediate
cyano-o-xylylene [38]. Compounds related to the aglycons of the antibiotic aureolic acids
are obtainable from this product following ring opening of the carbohydrate portion of the
product, that process being accompanied by an elimination reaction f3 to the nitrile group.

Compounds 79 [39] and 80 [40] are examples of products obtained from acyclic
carbohydrate alkenes that exemplify types of enantiomerically pure cyclohexane deriva-

AcO
AcO 85 86

AcO
AcO

OAc

CH"oAc 79
CH"oAc 80

hydronaphthalene 86 in 90% yield [43]. An extensive range of reactions of this type have
been reviewed [44].

tives available by use of the Diels-Alder approach. The dienophiles used are l-acetoxy-l,3
butadiene and cyclopentadiene and the dienophiles derivatives of a l-nitrohept-l-enitol and
a hept-2-enonic acid, respectively.

Monosaccharides do not give great scope for producing conjugated dienes within
their carbon skeletons; usually when such dienes have been prepared from carbohydrate
derivatives, one or two of the double bonds have been in structural features appended to the
sugar chains. The conversion of the C-vinylglycal derivative 81 exclusively to the tetra
cyclic 82 by thermal addition to maleic anhydride is an example of the latter approach [41],
the methoxyl group of the diene controlling the geometry of the reaction transition state.

III. EXPERIMENTAL PROCEDURES*

A. Cyclizatlon of a 5,6-Dideoxy-6-nltrohexose Derivative [8]

The aldehyde 5 (2.33 g, 7.5 mrnol) in dry methanol (100 mL) containing NaOMe (1g) was
kept at 25°C for 30 min. The solution was neutralized by stirring with a carboxylic acid
based cation-exchange resin (e.g., Amberlite IRC-50, H+), the mixture was filtered, and the

'Optical rotations were measured at 22°_25°C.
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5

NaOMe. MeOH ~

27

DBU, C.H. ..
~OH 01--

28

B. Cycllzation of a 6-Dimethoxyphosphorylhexose Derivative [9]

resin was exhaustively washed with methanol. The solvent was removed from the com

bined methanolic solutions to give compounds 6 and 7 as a foam (2.19 g, 94%), which was

dissolved in ethanol (2.5 mL, 99%) and seeded with compound 6, a sample of which had

been obtained following chromatographic separation of a small portion of the mixture of 6

and 7. After 2 h, ethanol (15mL) was added, the supernatant was decanted, and the first crop

of 6 (209 mg) was collected and washed with ethanol. The combined supernatant and

washings were evaporated with addition of CR2CI2 to give a syrnpy residue that was

dissolved in ethanol (2.5 mL) containing NaOMe (10 mg). Seeding with compound 6 and

storage at room temperature overnight gave a second crop (1.147g) of 6, which was isolated

as before. Three repetitions of these procedures, using progressively smaller volumes of

solvent, gave additional crops of 6 (191,125, and 43 mg; total 1.715g, 78.3%). Recrystal

lization from ethanol and reprocessing all mother liquors with sodium methoxide gave pure

alcohol 6 (1.54 g, 70%): mp 147°-148°C, (dec.), [0']0 -20.T (c 1.4, CRC13).
HgX2,Me,cO, H20....

43

~
CH2 OOBz

OBz

BzO

OBz

D. Conversion of a 6-Deoxyhex-5-enopyranose Derivative to a

Cyclohexanone Derivative [23]

the mixture was concentrated. The residue was partitioned between CHzCI
2

(70mL) and

water (70 ml.), the aqueous phase was extracted with CR2CI2 (2 x 70 ml.), the combined

extracts were dried (NazS04)' and the solvent was removed. The residue was chroma

tographed on a column of silica gel 60 (50 g, ethanol-toluene, 1:40) to give compound 28

(3.81 g, 81%): mp 132°-133°C, [0']0 +50.3° (c 0.88, CRCI
3
) .

46

The alkene 43 (R! =R2=R3=R4=Bz; f3-anomer; l.0 g, 1.73 mmol) and mercury (II) acetate

(1..0 g, 3.14 mmol) were heated in refluxing aqueous acetone (100 mL, 2:5) containing acetic

aC.ld (I mL) for 5 h. The acetone was removed, the residual aqueous mixture was extracted

With chloroform, and the extracts were dried (NazS04) and reduced to a small volume

Addition of light petroleum caused the hydroxyketone 46 (R2=R3=R4=Bz) to crystailize

(0.77 g, 93%). When recrystallized from chloroform-light petroleum, it had mp 184°_

187°C, [0']0 -3.5° (c I, CRCI3).

NoH. THF ..

11

"~co,IBU
(MeO),P 0

X OH
o 0

Sodium hydride (50%, 85 mg, 1.77 mmol) was washed with dry ether (x 3) under nitrogen

and suspended in dry TRF (8 mL). To this suspension a solution of the hemiacetals 11

(0.52 g, 1.31 mmol) in dry THF (6 mL) was added during 5 min. The reaction was

exothermic and a white gelatinous precipitate formed. After 45 min, the mixture was cooled

to O°C, quenched with cold aqueous potassium dihydrogen orthophosphate (l M, 40 mL)

and extracted with chloroform (3 x 20 mL). The combined extracts were dried (NazS04)'

filtered through a pad of silica, and the filtrate was concentrated. Flash chromatography

(Merck Kieselgel 60, 230-400 mesh; diethyl ether-hexane, 2:1, v/v) afforded compound

12 (260 mg, 73%) as a syrup that crystallized at 5°C: mp 44°-46°C, [0']0 -88.3° (c 0.7,

CRCI3)·

C. Intramolecular Aldol Cycllzation [16]

A solution of compound 27 (4.70 g, 20.6 mmol) in benzene (70 mL) containing 1,8

diazabicydo[5.4.0]undec-7-ene (0.31 mL, 2.06 mmol) was heated under reflux for 3 h, and

E. Conversion of a 6-Deoxyhex-5-enopyranose Derivative to a

Cyclohex-1-en-3-one Derivative [24]

~: >='.k~.hD"~~~ ..h
AcO Me )-! )-!

OBn OBn ben OBn bBn
43 46 48

To a s~ed mixture of alkene 43 (RI =Me, R2=R3=Bn, R4 =Ac; O'-isomer;0.398 g, 1.0

mmol) III acetone, water (10 mL, 2:1) at room temperature, mercury(II) trifluoroacetate

(43 mg, 0.1 mmol) was added and stirring was continued for 6 h. The acetone was partly
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F. Direct Conversion of a 1,6-Anhydrohexose Derivative to a
Cyclohexane Derivative [29] o

U.CH,C1,
AIClv40'C ..

73

I. Conversion of a 3,5,6-Trideoxyhex-3,5-Dienofuranose Derivative to
a Cyclohexene Derivative Bearing Three Carbon- and One
Oxygen-Bonded Substituents [42]

74

H. Conversion of a Hex-2-enopyranosid-4-ulose to a 4-0xa-2-oxo
bicyclo[4.4.0]dec-S-ene Derivative [36]

To the enone 73 (200.3 mg, 0.935 mmol) in CH2Cl2 (40 mL) at -78°C under argon, 1,3
butadiene (10 mL) was added followed, with stirring, by aluminum chloride (800 mg, 5.99
mmol). The temperature was allowed to rise to -40°C and, after 2.5 h the mixture was
poured into saturated aqueous sodium hydrogen carbonate (100 mL) cooled to O°C. The
products were extracted with CH2CI2 (2 x 100 mL), and the mixed organic solutions were
washed with water (2 x 100ml.), dried (N~S04)' and the solvent was removed. The residue
was fractionated by column chromatography (silica gel; ethyl acetate-petroleum ether, 1:4)
and gave the adduct 74 (203.1 mg, 81%): [0']0 +144° (c 6.26, CHC13).

under nitrogen for 4 h, then stirred at 25°C for 2.5 days. The solution was partly concen
trated, the residue was diluted with water, and was extracted twice with EtOAc-cyclohexane.
The combined extracts were washed with water-brine and were dried (MgS04). Concen
tration in vacuo and separation by flash chromatography (cyclohexane-EtOAc, 3:1) gave
compound 70 (1.21 g, 60%) and the epimer (0.321 g, 16%). When recrystallized from ether
pentane, the major product had mp 58.5°-61°C, [0']0 -13.3° (c 1.1, CHCI3) ; the minor, from
the same solvent, had mp 85°-87.5°C.

59

BuLl,TH=

55

JG
OH

The anhydro compound 55 (2.0 g, 9.9 mmol) was treated in THF (70 mL) at -10°C for ~ h
with n-butyllithium (45 ml., 1.6 M, 72 mmol in hexane), which had been added dropwise
with stirring under nitrogen. The stirring was continued throughout the reaction. Ammo
nium chloride solution (10% aqueous) was added, and the aqueous phase was extracted
with CH

2Cl2
(5 x 20 mL). The organic extracts were combined, dried (MgS04), and

removal of the solvents gave a brown-colored product (2.20 g, 85%) that was purified by
column chromatography using Kieselgel eluted with ethyl acetate-light petroleum (5:1) to
give product 59 (1.48 g, 58%): mp 128°C, [0']0 -11.05 (c 1.0, CHCI3) ·

removed by evaporation, the aqueous residue was extracted with ethyl acetate, the extracts
were dried (N~S04)' and the solvent was removed. Chromatography of the residue on a
column of silica gel (ethyl acetate-toluene) gave the hydroxyketones 46 (R2 =R3 =Bn,
R4= Ac) (0.370 g) in a mixture, 96% (8:1) with its epimer at the hydroxylated center: [0']0

-24° (c 2.2, CHCI3)·
To a solution of the unchromatographed epimers (derived from 0.500 g, 1.25 mmol of

the alkene) in CHFI2 (15 mL) at O°C,methanesulfonyl chlo~de (0.39 mL, 5.0 mmol) and
Et

3N
(1.34 mL, 9.62 mmol) were added and the mixture was stured. at room ~emp~rature for

1.5 h. Further CH2Cl2was added and the solution was extracted WIthsulfunc a~ld (0.5 M),

washed with water, and dried (N~S04)' Removal of the solvent gave an 011 that was
purified on a column of silica gel (18 g: EtOAc-toluene, I:10) to give the enone 48 (0.397 g,

87%): [0']0 +86° (c 1.3, CHCI3) [45].

G. Conversion of a 6,7-Dideoxyhept-6-enose Derivative to a 7-Aza-S
oxabicyclo[4.3.0]nonane Derivative [35]

8483

Compound 83 (2.5 g, 14.9 mmol) and maleic anhydride (1.5 g, 15.3 mmol) were heated in
refluxing toluene (50 mL) for 10 h. The solvent was removed and the residue was resolved
by column chromatography (silica gel; diethyl ether) to give the tricyclic 84 (3.4 g, 86%):
mp 170°C (dec.), [0']0 +21.34 (c 1.32, CHCI3).

70

MeIoHlH
MeOH,relux

Bno~OBn -0
BoO

OBn

68

A solution of CH3NHOH (0.203 g, 4.33 mmol) in MeOH (10mL! was added with stirring to
the enal 68 (1.904 g, 3.55 mmol) in MeOH (40 mL), and the nuxture was heated at reflux
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VII
Total Synthesis of Sugars from
Nonsugars

THEMES: Aminodeoxy Sugars, Deoxy and Related Sugars

Carbohydrate chemists have been regaled over the years in having an abundance 01
naturally occurring sugars to work with. They have also appreciated the richness of their
field in terms of carbon atom and stereochemical diversity. With the ready availability 01
three to seven carbon sugars, either directly or through degradation, there has seldom been a
need to synthesize a sugar de novo. It has been easier and, at times, more convenient to
prepare a given "rare" sugar by chemical transformations effected on another "less rare"
sugar derivative. Although this may be the predictable course to follow when a full
complement of hydroxy groups is required in the target sugar, it may not be the same for a
deoxy, a branched-chain, or an aminodeoxy sugar.

The notion of a total synthesis of a sugar or sugar-like molecule is intellectually
challenging for several reasons; namely, (I) achieving the highest levels of stereochemical
control; (2) developing or adapting new methods of assembly; (3) possible industriaJ
relevance; and (4) exploration and development of new asymmetric processes, especially
catalytic ones.

Therefore, it is not surprising that some of the earlier contributions to the total
synthesis of racemic sugar-like molecules (e.g., from acetylene) were from noncarbohy
drate chemists. The advent of stereochemical control in asymmetric reactions broughi
players outside the pool of carbohydrate chemists into the arena. In fact, it has become
fashionable for synthetic organic chemists to devise new ways to construct sugar molecules
under the guise of asymmetric synthesis. If a Diels-Alder reaction is a method of choice
for the de novo construction of a cyclohexane derivative, why not consider the analogous
hetero (oxygen) Diels-Alder reaction for the synthesis of a hexose-like motif? This
strategy was, in fact, originally studied by A. Zamojski, in the late 1960s, extended by S
David and co-workers at Orsay (France) in the mid-1970s, and more recently popularizer
by S. Danishefsky, who demonstrated applications to the synthesis of some rare higher
carbon sugars in racemic and enantio-pure form. The assembly of a hexopyranose moti:
by a hetero-Diels-Alder reaction could be a practical strategy. For the method to be
competitive with the more traditional routes, however, a high degree of stereochemica
control must be assured at the newly formed stereogenic centers. Great strides continue
to be made toward this goal.

59:
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Part VII

For the total synthesis of aminodeoxy sugars from nonsugar precursors, it is.logical to
tum to amino acids as primary sources of crural templates. The challenge IS t~ find
innovative and stereocontrolled methods of chain extension reactions that lead to higher-

carbon aminodeoxy sugars. .
It is of historical interest to remind the reader that the absolute configuration of

D-glyceraldehyde, n-lactic acid, and o-alanine, re~resenting the stereoch~mical corner
stones of three major classes of naturally occumng compounds, were intercorrelated,
starting with the pioneering work of Emil Fischer nearly a century ago and further advanced
by K. Freudenberg, M. L. Wolfrom, and C. K. Ingold and their co-workers.

Aspects of the total synthesis of aminodeoxy, deoxy, and related compounds are

covered in the next two chapters.

Stephen Hanessian
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I. INTRODUCTION

Amino sugars constitute the glycosidic subunits of biologically active compounds 0

significant pharmacological importance [1]. Although "ordinary" sugars are most readil
obtained from the members of the same class of compounds, amino sugars can also bl
synthesized from nonsugar precursors, among which o-amino acids are the starting mate
rials of choice [2].

The main purpose of this chapter is to present the basic transformations leading tc
chirons useful in the total synthesis of amino sugars. Although the interest in the applicatior
of u-amino acids in the total synthesis of natural products has a long tradition, only the pas
to-15 years brought impressive expansion in this field [3-5]. The subject of total synthesi

59!
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amino alcohols, amino epoxldes, etc.,
usually Intermediates for the SUbsequent elongation

HO-{.N.

H01-t0H

OH OH

R

~N*OH
OH OH

4-amlno-4-deoxy sugars

5-amlno-5-deoxy sugars

::)-°LOHx:
2-amlno-2-deoxy hexoses

=S-
R OH

H2N

HO 0 OH

OH OH

HO~O\
HO>-<-OH

NH2 OH
3-amlno-3-deoxy hexoses

6-amlno-6-deoxy sugars

Scheme 2

C1-elongatlon :>

C3-elongatlon :>

R~HR'6H ~~ --:> AMINO SUGAR

Scheme 1

Literature data on the carbon skeleton elongation may be classified according to the
number of carbon atoms added. Such a classification, although far from being ideal, is
useful from the synthetic viewpoint. Scheme 2 illustrates the usefulness of a-amino acids
(in particular a-amino-f3-hydroxy acids; e.g., serine, threonine, and their homologues) in
the synthesis of amino sugars.

This classification leaves out of account the other applications to a-amino acids (e.g.,
as chiral auxiliaries). Besides, the approach shown in Scheme 2 excludes higher carbon
chain elongation (from Cs up to C16) , which can be effectively realized using organo
metallic additions and Wittig-type reactions [e.g., see Ref 17].

Keeping the foregoing limitations in mind, we will discuss the recently published
methods for achieving carbon chain elongation. Throughout this chapter, the syn-anti
convention, as proposed Masamune et al. [18,19] will be followed. The use of the threo
erythro descriptors is restricted to sugars to avoid any ambiguity.

of amino sugars is covered in several general reviews [6-8]. Some important particulars
were also reviewed: namely, the thiazole route to carbohydrates [9,10], addition of organo
metallics to a-amino aldehydes [11], reagent tuning in reactions of the carbonyl group [12],
amino acid derivatives as chiral auxiliaries [13], and the synthesis of antibiotic amino
sugars from a-amino aldehydes [14-16].

Stereoselective elongation of the carbon skeleton is the central point of the synthesis
of amino sugars from a-amino acids and their derivatives (Scheme 1).

syn-produ.ct,but the diastereosele~ti:ity w~s low [25J. Higher syn-diastereoselectivity was
o.bs~rved In the presence of a stoichiometric amount of zinc chloride [26] (Scheme 4). A
similar method was used in the synthesis of L-daunosamine (see Sec. III. A).

Another reagent, recently used for C2-elongation of a-amino aldehydes, is iso-

HNBoc
HNBoc

~ H HNBoc

Rg + BrMg""-::::::-
ZncI2
R~ R~

:> +

OH

4 5 6 8: 1 7
Scheme 4

3

+

2
Scheme 3

NBn2

~ eN
:> R~_'

Lewis acid

TMSCN

B. C2-Elongatlon

Addition of vinylmagnesium bromide 5 to N-monoprotected a-amino aldehydes 4 usually
yielded a mixture of diastereoisomers, with a preference for the chelation-controlled

II. METHODS

A. C1-Elongatlon

Usually the products of Ccelongation are intermediates, rather than the target amino
sugars. The elongation can be repeated iteratively [20]. Cyanohydrin formation belongs to
the most typical C1-elongation processes. Addition of trimethylsilyl cyanide to a-amino
aldehydes of type 1 in the presence of Lewis acid yielded a mixture of diastereoisomers
2 and 3 [21] (Scheme 3).

Boron trifluoride, zinc bromide, and tin tetrachloride led to non-chelation-controlled
anti-adducts 3, whereas the use of titanium tetrachloride and magnesium bromide resulted
in chelation-controlled syn-adducts 2. Both adducts can be used as starting compounds for
the iterative synthesis of amino sugars.

Single-carbon elongation can also be achieved with the use of organometallic re
agents (MeMgI, Me2ZnffiC14) [22], sulfonium ylides [23], or by Wittig olelination, fol
lowed by asymmetric epoxidation [24].
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Wittig and Wittig-like reactions are frequently used for Cz-elongation of a-amino
aldehydes. For example, (carbethoxymethyl)triphenylphosphorane 14 was recently used in
preparation of the intermediate 15 for enantioselective synthesis of (+ )-allokainic acid [28]
(Scheme 6). A similar method was used in the synthesis of the amino hexose, N-acetyl-L-

tolyposamine [29].
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N-Monoprotected aldehydes reacted according to the non-chelation-controlled
~odel. The best diastereocontrol (syn/anti, 20.6:1) was achieved with allyltrimethylsilane
m the presence of tin tetrachloride. A similar method was used in the synthesis of the
aminoglycosidic fragment of calicheamycin "y; [36].

Three-carbon elongation of amino acid derivatives can also be achieved by addition
of lithioacetylenes to an a-amino aldehyde. The addition proceeds according to the chela
tion and nonchelation models. Diprotected serinal 16 reacts with 22, giving rise to anti
diastereoisomer 24 as a predominating product [37,38] (Scheme 9).

+
r::'BOC _ HMPA +-~BoC gCO,EI
= H + U---=-CO,EI -------?> J-/ +

~ 6H

functionalized under stereocontrolled conditions, to afford 3-deoxynojirimycin and 3-de
oxymannojirimycin [31,32]. A similar method was used in the synthesis of a series of
4-amino-4-C-methyl-L-hexoses [33,34].

Vara Prasad and Rich [35] examined the diastereoselectivity of addition of allylic
organometallics 19 to N,N-diprotected a-amino aldehydes 4 (Scheme 8).
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Scheme 5

+

1

cyanoacetic ethyl ester 8. When reacted with various N,N-dibenzyl-protected aldehydes 1
in the presence of sodium cyanide, ester 8 produced diastereoisomeric oxazines 9 and 10.
Subsequent ring-opening reaction with triethylamine afforded a pair of a;y-diamino-13
hydroxy esters 11 and 12, with syn-configuration of the newly formed chiral centers (98:2
d.e.) and predominating anti-configuration relative to the original chiral carbon [27]

(Scheme 5).

NBn,

RJgH

c. C3-Elongation

Recently, 2_thiazolylcarbonylmethylenetriphenylphosphorane 17 was introduced by Don
doni [9,10,30] as a convenient reagent for C3-elongation of a-hydroxy and a-amino
aldehydes. Such a transformation is outlined in Scheme 7. The product 18 could be further

Scheme 6
13

+ Ph,P=CHCO,EI

14

+NBn

~ ~OEt

o
15

This method was used in the synthesis of thymine polyoxin C [38]. A similar method
was also used in the synthesis of 5-aminohexofuranoses (see Sec. I1I.B).

D. C4-Elongation

In this section we refer to types of addition to the carbonyl group, which by their very nature
lead to C(elongation. Examples are found in the addition of furan derivatives and [4+2]
c.yc~oaddltion. We ~ave recently described [39] the stereoselective addition of 2-furyl
lithium 26 to N,N-dlprotected alaninals. For example, the reaction of 26 with alaninal 25
~ed to a mixture of diastereoisomers syn-27 and anti-28, with predominance of the latter
Isomer (Scheme 10). A similar method was used in the synthesis of methyl a-D
lincosaminide (see Sec. I1I.F).

2-(Trimethylsilyloxy)furan 29 was used by Casiraghi and co-workers [40,41] for the

16 11

+NBOC s~
~~N~
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18

Scheme 1
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OH

25 26 21 1 : 9 28
Scheme 10
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16

0--0'"'~+J:r!f
29 30

Scheme 11
94: 6 31

chirons, widely recognized, and easily accessible from natural sources. We feel that the
near future will bring many more examples of synthetic applications of this type of chirons.

III. EXPERIMENTAL PROCEDURES*

A. Synthesis of L-Daunosamlne [47] (Scheme 14)

41

X
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ii. DMP, Me2CO, p·TsOH, 0~150C

71%
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preparation of butenolides 30 and 31 from serinal16 (Scheme 11). The reaction proceeds
with high stereoselectivity, and two chiral centers are generated simultaneously. The
hydroxy group generated in 30 and 31 becomes exclusively anti to the inducing center of
the aldehyde 16. The C-O of the butenolide unit in the major product 30 assumes mainly
the anti-configuration to the hydroxy group (i.e., the compound 30 has an anti-anti
configuration).

The hetero-Diels-Alder reaction of activated butadienes with carbonyl compounds is
a convenient method for the preparation of precursors of sugars. Up to three chiral centers
are created simultaneously. The high-pressure [4 + 2]cycloaddition of l-methoxybuta-l,3
diene 32 to N-mono- and N,N-diprotected alaninals was investigated [42-45]. The
Eu(fod)3-mediated reaction of 32 with alaninal 25 gave a mixture of four diastereoisomers,
which was then subjected to acidic isomerization, leading to the thermodynamically more
stable pair of adducts syn-33 and anti-34, with predominance of the latter isomer (Scheme
12). The N-monoprotected alaninals reacted with a moderate syn-diastereoselectivity. This
method was used in the synthesis of purpurosamines (see Sec. IIl.C).

BnNBoc BnNBoc
BnNBoe ) 1)20 kbar, EU(fod)3

~~H
+ :> +

~'e

2)PPTS, MeOH

OMe Me

25 32 33 6: 94 34
Scheme 12

The cyclocondensation of Danishefsky's diene 35 with alaninals of type 25, contrary
to diene 32, requires neither elevated pressure nor high temperature. The zinc bromide
mediated reaction of 35 with alaninal 25 was followed by acidic workup, resulting in
removal of both the trimethylsilyl protection and the ethoxy group [45,46] (Scheme 13).

INa, NH3(lIq.)

l 92%

*,0'
42

I.s03xPy, DMSO, r.t.
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Scheme 14
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The stereochemical results were similar to those observed for the reaction shown in Scheme
12. Similar methods were used in the syntheses of anhydrogalantinic acid and a diastereo
isomer of lincosamine (see Sec. HI. D and E).

As can be seen from the presented set of methods, a-amino acids are versatile

Compound 39

L-Homoserinal 38 (800 mg, 2.09 mmol) , prepared from L-aspartic acid in a nine-step
sequence, was dissolved in 20 mL of dry E~O. The solution was cooled under argon to
-78°C, and vinyl magnesium chloride in tetrahydrofuran (THF; 15%, 1.5 mL, 2.5 mmol)
was added dropwise. The reaction mixture was stirred at the same temperature for 1 h.
Water (125 mL) was then added, and the organic phase was separated. The aqueous solution
was extracted with E~O (2 x 50 ml.), and combined organic layers were washed with water
(2 x 30 ml.), brine (30 mL), and dried (MgS04) . Evaporation of solvents and flash

'Optical rotations were measured at 25°-27°C.
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B. Synthesis of a-Methyl Mannofuranoside and ~-Methyl

Allofuranoside [38] (Scheme 15)

treated with pyridine (0.5 mL) and AczO (100 ILL, 1 mmol). The reaction was carried out at
room temperature for 12 h. The mixture was then diluted with Etz0 (20 mL) and pyridine
was washed out with 1N HCl (2 x 19 mL). The organic layer was neutralized with saturated
NaHC03 (2 x 10 mL), washed with brine (10 ml.), and dried (MgS04) . Evaporation and
flash chromatography (hexanes-EtOAc-MeOH, 6:4:1) of the residue afforded product 43
(42 mg, 90%): mp 186°-187°C, [lX]o - 207° (c 1.3, CHCI3);reported [48] mp 188°-189°C,
[lX]o - 202° (c 1, CHCI3).
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Compound 40

Olefin 39 (414 mg, 1.01mmol) was dissolved in dry CHzClz (10 mL), and mCPBA (85%,
408 mg, 2 mmol) was added. The reaction flask was allowed to stay at 5°C for 4 days, then
the reaction mixture was transferred into a separatory funnel, diluted with Etz0 (l00 mL),
and washed with saturated NaHC03(3 x 20 mL) and brine (20 mL). The organic layer was
dried (MgS0,J, concentrated in vacuo, and the residue was purified by flash chromatogra
phy (hexanes-EtOAc, 85:15) to give the product 40 (300 mg, 70%) as a colorless oil: [lX]o
- 12.3° (c 0.7, CHCI3).

Compound 41

The epoxide 40 (210 mg, 0.49 mmol) was dissolved in dry EtzO (10 mL). The solution was
cooled under argon to -78°C and DIBAL (1.5 M toluene solution, 1 mL, 1.5 mmo1) was
added dropwise. Reduction was carried out at -40°C for 1.5 h. An excess of hydride was
decomposed with MeOH and saturated sodium-potassium tartrate (20 ml.) was added.
After 1.5 h of vigorous stirring, the organic layer was separated, and the aqueous layer was
extracted with Etz0 (2 x 20 ml.). Combined organic layers were washed with water (3 x
20 mL) and brine (20 ml.), dried (MgS04) , and concentrated in vacuo. The residue
containing crude 2,3-diol was dissolved in acetone (5 mL), and 2,2-dimethoxypropane
(DMP; 1.25 mL, 1 mmol) with catalytic amount of p-toluenesulfonic acid was added. The
reaction mixture was maintained at room temperature for 45 min, diluted with Etz0 (50
mL), and washed with saturated NaHC03 (3 x 20 mL) and brine (20 mL), dried (MgS04) ,

and concentrated in vacuo. Flash chromatography (hexanes-EtOAc, 85:15) of the residue
afforded the product 41 (166 mg, 71%) as a colorless oil: [lX]o - 32.2° (c 0.8, CHCI3).

chromatography (hexanes-EtOAc, 85:15) afforded the product 39 (695 mg, 81%) as a
colorless oil: [lX]o - 8.2° (c 1, CHCI3).

Compound 42

Compound 41 (85 mg, 0.18 mmol) was dissolved in dry THF (0.5 mL). The solution was
cooled under argon to -40°C, and the reaction flask was protected with a condenser
containing dry ice. Liquid ammonia was added slowly (ca. 2 mL), and then a few small
pieces of sodium metal to the stable violet color of the reaction mixture. After 15 min of
stirring, the reaction was quenched with saturated NH4Cl (l mL). The cooling bath and
condenser were removed, and the mixture was allowed to warm up to room temperature
without any extra heating. The residue was diluted with Etz0 (20 ml.), washed with water
(3 x 5 ml.), brine (5 mL), dried (MgS04) , and concentrated in vacuo. Flash chromatography
(hexanes-EtOAc, 6:4) of the residue afforded product 42 (48 mg, 92%) as a colorless oil:
[lX]o - 18.8° (c 1, CHCI3).

Compound 46

To a stirred solution of propiolaldehyde dimethyl acetal 45 (13.0 g, 0.13 mol) in dry THF
(225 mL) at -78°C was added slowly n-BuLi (2.3 Min hexanes, 47 mL, 0.11mol) under
nitrogen. The suspension was stirred at -78°C for 1 h, and then to this solution was added

Compound 43

Alcohol 42 (55 mg, 0.19 mmo1)was dissolved in DMSO (1.5 mL), and Et3N (130 ILL, 0.95
mmol) and S03-pyridine (120 mg, 0.76 mmol) in DMSO (0.5 mL) were added. Oxidation
was carried out at room temperature for 30 min. The reaction mixture was transferred into a
separatory funnel, diluted with Etz0 (20 mL), washed with saturated NaHC03(3 x 10 ml.),
brine (to ml.), and dried (MgS04) . Solvents were evaporated in vacuo, the residue was
dissolved in 0.1 N methanolic HCI (6 mL), and the mixture was maintained at room
temperature for 12h. Solvents were carefully evaporated in vacuo, and the oily residue was

49 50
Scheme 15
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slowly a solution of aldehyde 44 (13.5 g, 0.0591 mol) in dry THF (75 mL). After stirring at
-78°C for 2 h, the resulting solution was slowly poured into ice-cold I M NaHzPO4 (2 L,
pH 7) with swirling. The mixture was extracted with EtzO (3 x I L), washed with brine
(I L), dried (MgSO4)' and concentrated in vacuo. Flash chromatography (hexanes-EtOAc,
12:1) of the residue afforded the erythro-product 46 (14.5 g, 75%) as an oil: [0']0 + 52°
(c 1.2, CHCI 3), followed by the threo-product (2.38 g, 12%). 32

H~

51

I. 20 kbar. 2% EU(fod)3' EI20, sovc

II. PPTS, MeOH. r.l.
70%
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Compound 47

To a solution of compound 46 (8.38 g, 25.5 mmol) in dry benzene (180 ml.), were added
synthetic quinoline (1.5 g, 8.9 mmol) and reduced 5% Pd-BaS04 (2.68 g, 134 mg of Pd,
1.26 mmol). The black suspension was stirred under hydrogen atmosphere for 2 h at room
temperature. Then the catalyst was filtered off, washing with benzene, and the filtrate (350
mL) was concentrated in vacuo. Flash chromatography (hexanes-EtOAc, 4:1) of the
residue afforded the pure product 47 (8.229 g, 98%) as a colorless oil: [0']0 + 34.2° (c 0.86,
CHCI 3)·

,,,.cl
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Compound 48

To a solution of the olefin 47 (4.2 g,12.7 mmol) in MeOH (180 mL) was added solid PPTS
(326 mg, 1.33 mmol). The solution was stirred at room temperature for 2.5 h. The reaction
mixture was poured into a half-saturated NaHC03 solution (500 ml.), extracted with
CH2Clz (500 mL), and washed with brine (500 mL). Each aqueous layer was reextracted
with CHzClz (2 x 500 mL), and all organic layers were combined, dried (MgS04) , and
concentrated in vacuo. Flash chromatography (hexanes-EtOAc, 4:1) afforded a 1:1 mixture
of anomers 48 (3.7 g, 97%) as a colorless oil: [O'Jo - 12.2° (c 0.96, CHCI 3).

Compounds 49 and 50

To a solution of a mixture of anomers 48 (3.65 g, 12.2 mmol) in acetone (80 mL) was added
a stock solution of OsO 4 + NMO in water (90 mL, 0.008 Min OsO 4 1.2 M in NMO). The
solution was stirred at room temperature for 12 h. The reaction mixture was poured into
saturated NazS03 solution (500 mL) and extracted with EtOAc (500 rnl.). The organic layer
was washed with a pH-4 buffer solution (500 mL) and brine (500 mL). Each aqueous layer
was reextracted with EtOAc (2 x 500 ml.), and all organic layers were combined, dried
(MgS04) , and concentrated in vacuo. Flash chromatography (hexanes-EtOAc, 1:1) of the
residue afforded o-rnethyl mannofuranoside 49 (1.8 g, 44%) as a colorless oil: [0']0 + 97.8°
(c 1.13, CHCI 3) ; and [3-methyl allofuranoside 50 (1.3 g, 32%) as a white solid: mp 120°
121°C, [0']0 - 55° (c 1.47, CHCI3) .

C. Synthesis of 6-Epi-o-Purpurosamine B [49) (Scheme 16)

Compound 52

A solution of 1- methoxybuta-I,3-diene 32 (1.66 g, 20 mmol), aldehyde 51 (1.73 g, IO
mmol), and Eutfod); (0.104 g, 0.1 mmol) in EtzO (6 ml.) was charged into a Teflon
ampoule, which was then placed in a high-pressure vessel filled with pentane as a transmis
sion medium. The pressure was slowly elevated to 20 kbar at 50°C. After stabilization of
pressure, the reaction mixture was kept under these conditions for 20 h. After cooling and
decompression, the solvent was evaporated and the residue was filtered through a short

Scheme 16

silica gel pad (hexanes-EtOAc, 8:2). The filtrate was evaporated to dryness and the residue
was dissolved in MeOH (20 mL); to this solution was added PPTS (0.25 g, 1 mmol). The
cis-trans isomerization was carried out at room temperature for 20 h, then solid NaHC03
(92 mg, 1.1 mmol) was added, and the mixture was stirred for 1 h. The solvent was
evaporated and the residue was treated with EtzO (10 ml.). The precipitated inorganic salts
were filtered off and the crude mixture was purified by flash chromatography (hexanes
acetone, 95:5 ~ 9:1) to afford the analytically pure product 52 (1.25 g, 47%) as an oil: [0']0
- 28.5° (c 3, CHCI 3); and its diastereoisomer 53 (0.62 g, 23%) as an oil: [0']0 - 46.2° (c 1.5,
CHCI3)·

Compound 54

To a solution of2,3-dimethyl-2-butene (420 mg, 5 mmol) in EtzO (20 ml.), BH 3'MezS (0.35
mL, 3.5 mmol) was added at -5°C. The mixture was stirred at O°C, then it was cooled to
-25°C, and the adduct 2 (514 mg, 2 mmol), dissolved in EtzO (1.5 mL), was added. The
reaction mixture was kept at -25°C for 3 h, and the excess borane was decomposed with
MeOH (10 mL), followed by addition of a mixture of 30% HzOz and 30% aqueous NaOH
(2 mL, 1:1 v/v). The temperature was raised to 20°C, and stirring was continued f01
additional 1 h. The postreaction mixture was extracted with EtOAc (3 x 20 ml.), the
combined extracts were washed with water, dried (MgSO4)' and evaporated. Flash chroma
tography (hexanes-acetone, 8:2 ~ 7:3) afforded the product 54 (440 mg, 80%) as an oil
[0']0 + 42.3° (c I, CHCI3).

Compound 55

To a solution of alcohol 54 (275 mg, 1 mmol) in CHzClz (5 mL) were added pyridiniun
chlorochromate (PCC; 647 mg, 3 mmol) and freshly dried 4-;\ molecular sieves (1 g). Thi
heterogeneous mixture was stirred at room temperature for 1.5 h; then EtzO (30 mL) wa
added, and the postreaction mixture was filtered through a short silica gel pad. The filtran
was evaporated, and the residue was dissolved in dry MeOH (5 mL). Solid hydroxylamin,
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I.HgS0 4, 5mM H2S04, dioxane, r.1.

II. NaGN, AcOH, Mn0 2, MeOH, r.1.
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hydrochloride (139 mg, 2 mmol) and solid ~C03 (276 mg, 2 mmol) were added in one
portion, and the whole mixture was stirred at room temperature for 16 h. Then MeOH was
evaporated and the residue was dissolved in CH2CI2 (5 mL). To this solution were added
Et3N(202 mg, 2 mmol), Acp (153 mg, 1.5mmol), and a crystal of DMAP, and the reaction
mixture was stirred at room temperature for 15 min. After evaporation of solvents, the oily
residue was dissolved in THF (5 mL) and the solution was cooled to -50°C. The BH3'THF
complex (2 mL of 1M solution) was added, the reaction mixture was stirred at -50°C for
8 h, and then at room temperature for additional 16h. An excess of borane was decomposed
with MeOH (2 ml.), solvents were evaporated, and the residue was dissolved in tri
fluoroacetic acid (TFA; 1 mL). The solution was stirred at room temperature for 1 h, then
TFA was evaporated, and to the residue, dissolved in C~Cl2 (2 ml.), were added Et3N
(151 mg, 1.5 mmol) and Ac20 (112mg, 1.1 mmol). The reaction mixture was stirred at room
temperature for I h, and after evaportion of solvents, a crude product was subjected to flash
chromatography (CHCI3-MeOH, 99:1) to afford, after recrystallization from acetone, the
product 55 (102 mg, 40%): mp 213°-214°C, [a]D + 64° (c 0.3, MeOH); reported [50] mp
212°-2l3°C, [alD + 62.9° (c 1, MeOH).
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Compounds 60 and 61

Ester 59 (143 mg, 0.255 mmol) was dissolved in THF (4 mL), and then n-Bu4NF (0.5 mL of
1 M solution in THF, 0.5 mmol) was added. After 15 min of stirring, the solvent was
evaporated and the residue was dissolved in MeOH (25 mL). Then anhydrous K2C0 3 (7
mg, 0.05 mmol) was added and, after 15 h of stirring at room temperature, the solvent was
evaporated in vacuo. Flash chromatography (hexanes-EtOAc, 7:3) of the residue afforded
the product 60 (31 mg, 38%): mp 126°-127°C, [alD +2.6° (c 1.1, CHCI3), followed by
its epimer 61 (30 mg, 37%): mp 123°-124°C, [a]D +12.4° (c 2.5 CHCI3),

48 h. Then NaHC03 (252 mg, 3 mmol) was added, and after 10 min the product was
extracted with EtzO (3 x 200 mL). Combined extracts were washed with brine (100 ml.),
dried (MgSOJ, and concentrated in vacuo, to afford the crude unstable aldehyde (475 mg,
90%), which was immediately used in the next transformation.

The aldehyde (475 mg, 0.9 mmol) was dissolved in MeOH (100 ml.), and NaCN
(220.5 mg, 4.5 mmol) was added. Oxidation was carried out over 2 days. Then the reaction
mixture was filtered through Celite, and the filtrate was concentrated in vacuo. The oily
residue was partitioned between water (50 mL) and EtzO (150 mL). The organic layer was
washed with brine (50 mL), dried (MgSOJ, and concentrated in vacuo. Flash chromatogra
phy (hexanes-EtOAc, 7:3) afforded the product 59 (393 mg, 70%) as an oil: [alo + 2.5°
(c 1, CHCI3)·

D. Synthesis of Anhydrogalantinic Acid [51] (Scheme 17)

Compound 57

A mixture of aldehyde 56 (1.99 g, 4.07 mmol), diene 35 (2 mL, ca. 8 mmo!), and a catalytic
amount of ZnBr2 in anhydrous THF (10 mL) was stirred at room temperature overnight.
The reaction mixture was diluted with EtzO (80 mL), washed with saturated NaHC03
(10ml.) and brine (10ml.), dried (MgSO4)' and concentrated in vacuo. The resultant oil was
dissolved in CH2CI2and treated with TFA (I mL) for 5 min. The reaction mixture was then
partitioned in a separatory funnel between EtzO (150 mL) and saturated NaHC03(100 mL).
The organic layer was washed with brine (50 mL), dried (MgS04) , and concentrated in
vacuo. Crystallization of the residue from a mixture of n-hexane and Et.O afforded the
product 57 as white crystals (1.89 g, 70%): mp l37°-l39°C, [alD - 14.9° (c 1, CHC13).

Compound 58

To a solution of pyrone 57 (654 mg, 1.24 mmol) and CeCI3'7HP (693 mg, 1.86 mmol) in
MeOH (12.5 mL) at -78°C, under argon, was added NaBH4 (70.7 mg, 1.86 mmol) in
absolute EtOH (2.5 mL). After stirring at -78°C forl h, the reaction mixture was allowed
to warm to O°C, whereupon it was diluted with Etz0 (50 mL) and quenched with a pH 7
buffer (25 mL). The reaction mixture was transferred into a separatory funnel, and the
aqueous layer was extracted with Etz0 (3 x 25 mL). The organic layers were combined,
dried (MgS04) , and concentrated in vacuo to afford the crude alcohol (656 mg, 100%). This
only product was dissolved in CH2CI2(12.5 ml.), and E~N (505 mg, 5 mmol), followed by
Acp (204 mg, 2 mmo!), and a catalytic amount of DMAP were added. After 5 min,
solvents were removed in vacuo. Flash chromatography (hexanes-EtOAc, 8:2), followed
by crystallization from a mixture of n-hexane and EtzO, afforded the product 58 (602 mg,
85%): mp 131°-l32°C, [a]D - 14.4° (c 1, CHCI3).

Compound 59

Acetate 58 (571mg, 1mmol) was dissolved in dioxane (50 ml.), and 5 mMH2S04 (200 mL)
and HgSO4 (592 mg, 2 mmol) were added. The reaction mixture was vigorously stirred for

I. n-Bu4NF, THF, r.1.

ii. Kzco3, MeOH, r.1.

75%

60

Scheme 17

HNCbz
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MeO,C
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E. Synthesis of the Diastereoisomer of Lincosamine [52] (Scheme 18)

--PSIO~_OBz H H~CbZ
__ + )("/hL-

Me ~

62 63

I. ZnBr2, THF, r.t.

II. TFA, THF, r.t.
60%

OBz HNCbz

O~-=k
Ph

64a + 64b

I. NaBH4, CeC'3x7H20, MeOH, ·78DC

II. NH3, MeOH, r.t.

III. Ac20, El3N, OMAP, CH2CI2, r.t.

80%

1.5 mmol) in absolute EtOH (2 mL). After stirring at -78°C for I h, the reaction mixture
was allowed to warm up to O°C,whereupon it was diluted with El20 (40 mL) and quenched
with a pH 7 buffer solution ,(20 ml.). The postreaction mixture was transferred into a
separatory funnel and the aqueous layer was extracted with Et20 (3 x 20 mL). The organic
layers were combined, dried (MgS04) , and evaporated in vacuo. The oil residue was
dissolved in MeOH saturated with ammonia, and the reaction mixture was left overnight at
room temperature. Then the solvent was evaporated, the residue was dissolved in CH2Cl2
(10mL), and El:JN (202 mg, 2 mmol) was added, followed by Acp (153mg, 1.5mmol) and
a catalytic amount of DMAP. After 30 min, the solvent was evaporated in vacuo. Flash
chromatography (hexanes-EtOAc, 85:15 --7 8:2) of the residue afforded the product 65a
(340 mg, 53%) as an oil: [aJa + 1.5° (c 4, CHCI3) ; and its diastereoisomer 65b (170 mg,
27%), [aJ a + 4.2° (c 2, CHCI3) .

C!Ac H~Cbz I. mCPBA, MeOH, ·20oC OA HNCb

ACO'~",, Ph II, Ac
2

0 , Et
3N,

AcO =c = z ~OACH~CbZ
(' "j _ "'~Ph AcO,

0--.. H o<~ E DMAP, CH2CI2, r.t. H se'" /_ ". ,.-ph / _

AcO =- '- Ph 85% 0--.. °~ + 0--.. H 0<'--":::..
OMe Ph '-Ph

65a 65b

Compound 66

To a cold solution (-20°C) of diacetate 65a (130 rng, 0.2 mmol) in MeOH (1 ml.), solid
mCPBA (85%, 120 mg, 0.6 mmol) was added. After 7 days at room temperature, MeOH
was evaporated, and the residue was acetylated under standard conditions (see procedure
for compound 65a). After completion of the reaction, the solvent was evaporated in vacuo.
Flash chromatography (hexanes-EtOAc, 7:3 --7 6:4) of the residue afforded the product 66
(124 mg, 85%): mp 51°-53°C, [aJa + 11.3° (c 3, CHC~).

Compound 65a

To a solution ofpyrones 64a and 64b (2:1, 660 mg, 1mmol) and CeCI3'7HP (558.8 mg, 1.5
mmol) in MeOH (10 mL) was added at -78°C under argon, a solution of NaBH4 (56.7 mg,

A Mixture of Diastereoisomers 64a and 64b

Aldehyde 63 (950 mg, 2 mmol) and anhydrous ZnBr2 (450 mg, 2 mmol) in dry THF (10
mL) were stirred at room temperature for I h. To the homogeneous solution was added
diene 62 (1.3 g, 4 mmol), and the reaction mixture was stirred at room temperature for 48 h.
TFA (1 mL) was then added, and after an additional 5-min stirring, the solution was
partitioned between E~O (30 mL) and a saturated NaHC03 solution (30 mL). The organic
layer was dried (MgS04) , and concentrated in vacuo. Flash chromatography (hexanes
EtOAc, 6:4) of the residue afforded an unseparable mixture (2:1) of pyrones 64a and 64b
(800 mg, 60%) as an oil.

66

II. H2' Pd/C, EtOAc, r.t.

II. A"20' El3N, DMAP, CH2C'2' r.t.

85%

OAc HNAc

ACO~'•

'" 0--.. H sePh

AcO. ~
=- Ph
OMe

67

I. n.Bu4NF, THF, r.t.

Ii. A"20' Etp, DMAP, CH2C'2' r,t. )

76%

Scheme 18

OAc HNAc

Aeo",~

Aeo~6 H GAe

OMe

68

Compound 67

Compound 66 (74 mg, 0.1 mmol) dissolved in MeOH (5 rnl.) was reduced with hydrogen in
the presence of 10% palladium-charcoal (15 mg) for I h; the catalyst was then filtered off
and the solvent was evaporated. The residue was acetylated under standard conditions (see
procedure for compound 65a) to afford the product 67 (55 mg, 85%): mp 197°-199°C, [aJ a
+ 22.5° (c 2.5, CHCI3) .

Compound 68

Compound 67 (45 mg, 0.07 mmol) was treated with n-Bu4NF (100 mg, 0.3 mmol) in THF
(0.5 mL). After 15 h, the solvent was evaporated, and the oily residue was acetylated under
standard conditions (see procedure for compound 65a). Flash chromatography (hexanes
EtOAc, 1:9) afforded the product 68 (23 mg, 76%): mp 184.5°C, [aJa + 54.8° (c 1.1,
CHCI3) ·

F. Synthesis of Methyl n-o-Lincosaminide [53,54] (Scheme 19)

Compound 70

To a cold (-30°C) solution of furan (1.8 g, 27.5 mmol) in E~O (10 mL) was added, under
argon, the solution of n-BuLi in E~O (1.27 M, 4.8 mL, 6 mmol). The reaction mixture was
allowed to reach room temperature, stirred for 1 h, and cooled to -78°C. The solution of
aldehyde 69 (1.17 g, 4.1 mmol) in THF-n-hexane (20 mL, 1:1 v/v) was added dropwise and
the stirring was continued for 2 h. The reaction mixture was washed with saturated aqueous
NH4Cl (10 mL), water (10 mL), brine (10 mL), and dried (MgS04) , then concentrated in
vacuo. Flash chromatography (hexanes-E~O-CH2CI2' 10:2:1)of the oily residue afforded
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the pure product 70 (0.63 g, 48%): mp 81.5°-82.5°C (from n-hexane-E~O), [a]o + 40.5°
(c 0.5, CHCI3), followed by its syn-diastereoisomer.

Compound 74

To a stirred solution of acetate 73 (53.8 mg, 0.122 mmol) in THF (0.5 mL) was added I M
perchloric acid (0.2 mL), and stirring was continued at 41°C for 24 h. The reaction mixture
was then brought to pH 7 with saturated NaHC03, and EtOAc (50 mL) was added. The
solution was dried (MgSOJ, filtered, and evaporated to give the crude alcohol (45 mg,
98%) as colorless gum.

To a stirred liquid ammonia (ca. 2 mL) at -78°C was added by syringe a solution of
the alcohol (50.1 mg, 0.133 mmol) in THF (0.5 mL) and two small lumps of sodium. The
blue solution was stirred for 5 min, the excess of sodium was neutralized with NHFI (until
the colorless solution was obtained), and ammonia was evaporated. The acetylation carried
out under standard conditions (Acp-pyridine-DMAP) afforded product 74 (57.4 mg,
97%): mp 193°-194.5°C, [a]o + 151.2°(c 0.5, CHCI3);reported [55], mp 194°-196°C, [a]o
+ 148.2° (c 0.5, CHCI3).

1. S. Urnezawa, Structures and syntheses of arninoglycoside antibiotics, Adv. Carbohydr. Chem.
Biochem. 30:111 (1974).
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Compound 73

To a mixture of CeCl3'7H20 (745.2 mg, 2 mmol) in MeOH (5 mL) and uloside 72 (762.4
mg, 2 mmol) at 15°C, was added solid NaBH4 (80 mg, 2 mmol) in small portions. The
mixture was left for 30 min, diluted with water (5 mL) and extracted with E~O (3 X 50 mL).
The combined organic layers were washed with water (10 ml.), saturated NH4CI (10 mL),
and brine (10 mL), dried (MgS04) , and concentrated in vacuo. Flash chromatography
(hexanes-EtOAc, 7:3) afforded the appropriate alcohol (495 mg, 65%) as a colorless thick
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lated under standard conditions (Ac20-pyridine-DMAP) to afford the product 73 (250
mg, 82%): mp 149°-150°C (from E~O), [a]o + 26.1° (c 0.5, CHCI3).

the mother liquors, afforded the product 71 (3.26 g, 78%): mp 163.5°-165°C, [a]o + 41.7°
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Compound 72

To a solution of ulose 71 (2.58 g, 7 mmol) in dry E~O (ISOmL) were added iodomethane
(18 mL, 289 mmol) and Ag20 (5.0 g, 21.6 mmol). After stirring at room temperature for 24
h, the mixture was filtered through a Celite pad, and concentrated in vacuo. Crystallization
of the residue from n-hexane-E~O afforded the product 72 (2.0 g, 75%): mp 148°-151°C,
[a]o + 91.8° (c I, CHCI3).
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Compound 71

To a solution of compound 70 (3.98 g, 11.3mmol) in CH2Cl2 (70 mL) were added, at room
temperature, solid NaHC03(5.0 g) and mCPBA (85%, 5.0 g). After allowing the mixture to
stir for 24 h, two portions of mCPBA (2 x 0.5 g) were added and stirring was continued until
the disappearance of the substrate (TLC). The reaction mixture was diluted with CH2CI2
(450 ml.), washed successively with water (50 ml.), saturated NaHS03 (50 mL), NaHC03
(50 mL), water (50 ml.), brine (50 mL), and dried (MgS04) , then concentrated in vacuo.
Crystallization of the residue from n-hexane-EtOAc, followed by flash chromatography of
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I. INTRODUCTION

The synthesis of sugars from noncarbohydrate substrates (total synthesis or de novo
synthesis) has attracted the attention of organic chemists for more than 130 years [I].
However, only the last 20 years have witnessed a rapid development of methods leading to
structures of desired constitution and stereochemistry. Initially, sugars have been obtained
as pure diastereoisomers in racemic form and, more recently, as pure enantiomers of
desired configuration. This development is certainly correlated with the discovery of highly
chemo- and stereoselective methods of modem organic synthesis. The subject of total

615
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This approach can be illustrated by the synthesis of 2-deoxY-D-ribose4 elaborated by
Harada and Mukaiyama [8] (Scheme 2).

R1 = CHO. C02R R2 = OMe, t-Bu, CMe20TMS

Scheme 1

(+ lOR --+

OOR
---.

0

"" Monosaccharides

yR 0' /'

~~ + --+ --.
0OR, OR,

Scheme 3

II. METHODS

were separated and the major (anti) stereoisomer 3 was transformed into the target com
pound 4.

Sharpless asymmetric epoxidation of open-chain allylie alcohols, an important dis
covery of the previous decade, ~as extensively used in carbohydrate synthesis [9-12].
Presently, many aliphatic substrates can be elaborated into sugars [5,6; see also Chap. 9].

An attractive entry to the carbohydrate synthesis is provided by the cycloaddition
reaction. Hetero-Diels-Alder reaction, either between an oxa-diene (a,l3-unsaturated alde
hyde) and an nucleophilic dienophile, or between activated diene and carbonyl compound
(usually an aldehyde), leads to dihydropyrans, which can be subsequently functionalized to
sugars in the desired manner (Scheme 3).

Two approaches, based on furan, have found wide application in carbohydrate
synthesis. Cycloaddition reactions of furan with 2-substituted acrylonitrile or acrolein lead
to oxabicycloheptanes which, in tum, can be transformed to monosaccharides. On the other
hand, furfuryl alcohols can be converted-either by the Clauson-Kaas reaction or by mild
oxidation-into 5,6-dihydro-4-pyrones, suitable for easy functionalization to sugars.

Two features of the total synthesis of sugars based on noncarbohydrate substrates
should be emphasized: (1) dihydropyrans or oxabicycloheptanes can be transformed into a
variety of regio- and stereoisomeric saccharides, and (2) from these substrates sugars
belonging to unnatural configurational series can be readily obtained.

These subjects are more extensively covered in Section 11.
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synthesis of sugars is covered in several surveys. Reviews [2-4] describe the earlier
literature and [5-7] give account of the more recent development of the subject.

Total synthesis of carbohydrates (in enantiomeric forms) can be roughly divided into
two large areas: syntheses starting from aliphatic precursors and those employing cyclic
substrates.

In the first group of syntheses, three carbon substrates (e.g., D-and L-glyceraldehyde;
D- and L-lactaldehyde); and tetracarbon, (e.g., t-threose) are often elongated by addition
reaction to the carbonyl group-Wittig or aldol reactions (Scheme I)-and the products
obtained are subsequently converted into required structures.

i. NH40H, ii. AcOH, ill. 0 3; Me2S

Scheme 2

The reaction of 2,3-0-isopropylidene-D-glyceraldehyde 1with allyltin difluoroiodide
yielded two stereoisomeric products 2, which-after conversion to phenoxyacetyl esters-

Me2C ,
I 0

O~
OCOCH2Ph

3

i-:iii--- HO~0'r
)---l OH

OH

4

Cycloaddition between dienes having electron-donating substituents [l-alkoxy-Ld-buta
diene 1, 1-(3-glycosyloxy)-, and 1,4-diacetoxy-1,3-butadienes] and carbonyl compounds
with electron-withdrawing substituents (alkyl glyoxylates, dialkyl ketomalonates) occurs
readily under normal conditions, leading to derivatives of 5,6-dihydro-2H-pyran 2a as
mixtures of stereoisomers in good to excellent yields [13-15]. High pressure also enables
o-alkoxyaldehydes (e.g., 2,3-0-isopropylidene-D-glyceraldehyde) to enter into cycloaddi
tion [16,17]. This leads to optically active cycloadducts.

The basic cycloadduct, butyl 2-methoxy-5,6-dihydro-2H-pyran-6-carboxylate 2a,
can be reduced to 6-hydroxymethyl-2-methoxy-5,6-dihydro-2H-pyran 2b. Both 5,6
dihydro-2H-pyrans 2a and 2b can be converted in several ways to sugars. cis-Hydroxylation
or epoxidation, followed by basic (or acidic) opening of epoxides with various nucleophilic
reagents leads to various 4-deoxyhexoses 3b [18].Dihydropyran 2b can be transformed in a
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compounds of this series in the desired enantiomeric form, thereby paving the way to
optically active sugars [24,25].

In Section III, the syntheses of 2-methoxy-5,6-dihydro-2H-pyrans 2a and 2b are
described in racemic and in both enantiomeric forms, and by asymmetric synthesis. Also,
the synthesis of 1,2:5,6-di-0-isopropylidene-3-0-(2,3 ,4-trideoxY-O:-L-glycero-hex-2-eno
pyranosyl)-o:-D-glucofuranose, a precursor of several disaccharides, is presented.

New possibilities in hetero-Diels-Alder condensation have been opened by the
introduction of highly active l-methoxy-3-trimethylsilyloxy-, 4-benzoyloxy-I-methoxy-3
trimethylsilyloxy-, and 2-acetoxy-l-alkoxy-3-trimethylsilyloxy-l,3-butadienes ("Dani
shefsky dienes," 5). These compounds readily react under atmospheric pressure, in the
presence of Lewis acids, with normal aldehydes (e.g., acetaldehyde, benzaldehyde, fur
fural) to furnish 2,3-disubstituted or 2,3,5-trisubstituted derivatives of 2,3-dihydro-4H
pyran-4-one 7 capable of readily functionalizing to sugars (Scheme 5) [26]. This approach

3

R1 = H, OAe

R2 = OMe,OAe

R3 ' R4 = H, C02R,
C02R. C02R

1

~::~"O~:
~6 HO~6

R2 R2

2

a R
1

= R3 = H, R2 = OMe, R4 = C02Bu
b R1 = R3 = H, R2 = OMe, R4 = CH20H

Scheme 4

4

few steps into stereoisomeric alkyl 3,4-dideoxy-hex-3-enopyranosides 4, thereby opening
an access (by cis-hydroxylation or epoxidation) to practically all hexoses, normal or
substituted [19] (Scheme 4). Condensation of 1,4-diacetoxy-I,3-butadiene with butyl gly-

was exploited in numerous syntheses of normal and higher sugars; including syntheses of
KDO, hikozamine, and tunicamine [27]. Chiral (acyloxy)boran complexes (9) have been
used as enantioselective catalysts in the condensation between Danishefsky dienes and
aldehydes to yield-in the best examples-2,3-dihydro-4H-pyran-4-ones of greater than
92% enantiomeric excess (e.e.) [28]. Similar results can be obtained with chiral organo
aluminum catalysts (10) based on 3,3'-bis(triarylsilyl)-binaphthol [29],

Soluble lanthanide complexes such as Eutfod), and Yb(fod) catalyze the cycloaddi
tion reaction leaving the primary Diels-Alder products (6). These compounds can be
converted on treatment with triethylamine in methanol to ulosides (8) (see Scheme 5) [30].

In Section III, Danishefsky's methodology is illustrated by the synthesis of the basic
compound 2,3-dihydro-4H-pyran-4-one, and I-menthyl 2,3,6-tri-0-acetyl-4-deoxY-L
glucopyranoside. In this last example, high enantiomeric purity was achieved owing to the
matched interaction between the catalyst [(+)-Eu(hfc)3] and the diene containing a dural
(I-menthyl) moiety,

Hetero-Diels-Alder reaction with inverted electron demand between o:,l3-unsatu
rated carbonyl compounds (l-oxa-I,3-butadienes 11;Scheme 6) and enol ethers provides an
access to 6-alkoxy-3,4-dihydro-2H-pyrans 12 [31,32]. These heterocycles are also useful

oxylate or diethyl ketomalonate directly yields mixtures of stereoisomeric 2,3-unsaturated
hexuronic acid esters 2a, R[ = Rz= OAc, R3, R4 = H, COzBu, or R3 = R4 = COzEt), which
can be used for glycosidation of, for example, methyl 2,3-0-isopropylidene-I3-D-ribo

furanoside [20). If the 1,3-butadienyl system is built on an oxygen atom of a monosac
charide, then cycloaddition with an alkyl glyoxylate opens a way-by a similar functional
ization of the dihydropyran ring-to disaccharides [21-23).

A general remark should be made here. In the synthesis of sugars from 5,6
dihydro-2H-pyrans, often two stereoisomers are produced in each step: cis- and trans
adducts from the cycloaddition, two products of cis-hydroxylation of the double bond, two
epoxides from epoxidation of the double bond, two regioisomers from opening of the
epoxides with nucleophiles. Usually the products formed can be readily separated by
column chromatography and their identification can be made on the basis of IH nuclear
magnetic resonance (NMR) spectra. There are also cases for which single products are
easily obtained, e.g., mixtures of cis- and trans-adducts can be equilibrated under acidic
conditions to practically single trans-stereoisomers (see Sec. III).

Except for the disaccharide synthesis, in which introduction of natural sugars pro
duced optically active diastereoisomers at the dihydropyran ring stage, most transfonna
tions leading to sugars was done with racemic substrates. Alcohol 3 was resolved into
enantiomers by crystallization of its 6-0-camphanyl ester and subsequent hydrolysis.
Recent discoveries of enantioselective catalysts and reagents permit one to obtain basic

9 R = H, Bu, Ph, o-MeOCeHs

Scheme 5

10
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Scheme 7

Another general approach to sugars starts from (2-furyl)methanols (furfuryl alcohols,
22). Bromination at low temperature in methanol (Clauson-Kaas reaction) and subsequent
mild acidic hydrolysis of 2,5-dimethoxy-2,5-dihydrofurans 23 obtained, leads to 6-hydroxy
2,3-dihydro-6H-pyran-3-ones 24 (Scheme 8) [40]. The same dihydropyranones can be

R=

BzlO

(1. "OAe

Ry'lo/'''''~'
° 14

Scheme 6

13

R,

'"'~ + (R,
R~O llOEl

11

°BZIO~R

°

substrates for carbohydrate synthesis (see Scheme 6). The cycloaddition reaction suffers, in
general, from low endo-exo selectivity. Asymmetric induction can be achieved by placing
optically active moieties in R, or R, of the oxadiene [33,34]. However, the degree of
enantiopurity achieved is usually not very high.

In Section III, the synthesis of ethyI3A-di-O-benzyl-2-deoxy-6,7-0-isopropylidene
a-L-galacto-heptose demonstrates the preparative details of the method.

Recently, substantial progress in stereochemistry of the cycloaddition reaction has
been reported [34]. Cycloaddition between optically active oxadiene 13 and l-acetoxy-Z
ethoxy-ethylene, promoted by dimethylaluminum chloride, leads to dihydropyran 14, with
a very high endo-exo stereoselectivity (54:1) and in an almost quantitative yield (see
Scheme 6). When trimethylsilyl triflate was used as the promoter in this reaction, the
reverse endo-exo selectivity (1:5) has been noted. The dihydropyrans obtained served as
substrates for the synthesis of 13-0- and 13-L-mannopyranosides [34].

Furan, which can be considered an lA-oxygenated 1,3-butadiene, usually does not
react readily with normal dienophiles. However, with 2-acetoxyacrylonitrile (15; R = OAc)
and in the presence of zinc iodide, furan enters into cycloaddition to form derivatives of
7-oxabicyclo[2.2.1]hept-5-ene 16 in very good yield [35](Scheme 7).

If 2-camphanyloxyacrylonitrile (15; R =CsHuOzCOO) is taken for cycloaddition,
diastereoisomeric cycloadducts can be separated, and the basic system, 7-oxabicyclo
[2.2.1]hept-5-en-2-one 17, can be obtained in optically pure form [36]. Another way of
obtaining enantiomeric ketones is based on crystallization of a brucine complex obtained
from the corresponding cyanohydrines (see Sec. III). Ketone 17 can be converted [e.g., by
cis-hydroxylation (--718), protection of the diol system, and Baeyer-Villiger oxidation] to
lactone 19, the opening of which leads to furanuronic acid 20. A new development in this
field is based in cycloaddition between furan and 2-chloro- or 2-bromoacrolein in the
presence of 5 mol% chiral oxazaborolidine 21 as catalyst [37].

The exo/endo (99:1)adducts are of 90-92% optical purity. The enantiomeric bicyclic
ketones can be transformed into carbohydrates in a few, stereochemically well-defined
steps. In this way, derivatives of n- and i.-ribose [38], i.-allose, r.-talose, and such [39] have
been obtained.



'Optical rotations were measured at 22°-25°C.

III. EXPERIMENTAL PROCEDURES*

A. Butyl 2-Methoxy-5,6-dihydro-2H-pyran-6-carboxylate (2; R = Bu)
[13] (Scheme 9)

B. trans 6-Hydroxymethyl-2-methoxy-5,6-dihydro-2H-pyran (2) [46]
(Scheme 10)

To a stirred suspension of lithium aluminum hydride (3.8 g, 0.1 mol) in ether (25mL), a
solution of 1 (95% trans; 10 g, 0.046 mol) in ether (50 ml) was slowly added maintaining

Resolution of trans-6-hydroxymethyl-2-methoxy-5,6-dihydro-2H-pyran (2) [47J

To a solution of3 (8.7 g, 0.06 mol) in anhydrous pyridine (150 mL) IS-camphanic chloric
(18.7 g, 0.086 mol) [48] was added and the mixture was left at room temperature. After 48
the solution was poured into ice-water and extracted with CHCI3. Combined chlorofor
extracts were washed with water, dried (MgS04) , and concentrated to dryness. Crude est,
was dissolved in 40 mL ether and cooled to a -15°C. The deposited crystals (first fractio
8.96 g) were crystallized four times from the same solvent, 4.5 g of pure 3; mp 102'
103.5°C, [a]578 - 29.8° (c 2.02, C6H6) ·

The mother liquor was concentrated to dryness after separation of the first fractio
and the residue was crystallized from a mixture of ether and n-hexane (7:3) at -15°C. Tl
crystals obtained were combined with the residue obtained after crystallization of 3. TV'
consecutive crystallizations from the same solvent gave the second pure diastereoisomer
ester 4: 1.65 g, mp n O _75°C, [a]578 + 26.2° (c 1.8, C6H6) .

A suspension of ester 3 (1 g) in 60 mL of 0.5 N KOH solution in water-ethanol (1:
was refluxed for I h. The solvents were evaporated, and the residue was extracted with eth
acetate, the extract was washed with water, dried (MgS04) , and concentrated to drynes

gentle boiling. After 2.5 h (TLC) the excess of the hydride was decomposed with aqueoi
saturated ammonium chloride solution, the precipitate was filtered off and washed wii
ether. The combined ether solutions were dried over anhydrous potassium carbonate an
concentrated to dryness. The residue was distilled at 69°-71°C/l torr to afford 2 (4.8 :
71%) as a colorless liquid.
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To a mixture of I-methoxy-l,3-butadiene (1; 55.3 g, 0.66 mol) [43] and n-butyl glyoxylate
(86.0 g, 0.66mol) [44], 0.1 g hydroquinone was added and the solution was refluxed at
100°C for 6 h under argon. Distillation at 88°-90°C/0.5 torr gave 2 (R = Bu) (91.6 g,
65%) as a pale-yellow liquid with a faint odor. By gas chromatography this product is a
mixture of cis and trans (ca. 7:3) isomers. Treatment of the isomer mixture in dichloro
methane solution with p-toluenesulfonic acid or zinc chloride for 2 h leads to an almost pure
trans-isomer (ca. 95%).

MethyI2-methoxy-5,6-dihydro-2H-pyran-6-carboxylate (2; R = Me) can be obtained
in optically active form by condensation of diene 1 with methyl glyoxylate in the presence
of dichlorotitanium (R)-binaphthol catalyst (3) [45].

obtained by mild oxidation of furfuryl alcohols [41]. These products are convenient
substrates in a large series of transformations (-t 25 -t 26 -t cis-hydroxylation or
epoxidation, opening of epoxides) leading to a variety of sugars (see Scheme 8) [42].

The synthetic potential of the method is exemplified by the synthesis of methyl
o-glycero-o-manno-heptopyranoside and 2-0-(a-o-rhamnopyranosyl)-a,I3-L-rhamnose
(see Sec. Ill).

622
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2S,6S-6-Benzyloxymethyl-2-methoxy-5,6-dihydro-2H-pyran 4 by Asymmetric Synthesis
[24,50] (Scheme 11)

6
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c. 1,2:5,6-Di-D-isopropylidene-3-D-(2,3,4-trideoxy-Q-L-glycero-hex-2
enopyranosyl)-Q-o-glucofuranose (9) [21] (Scheme 12)

To a cooled (O°C) solution of 2 [178 mg, 0.5 mmol (from two runs)] in dry THF
(10 mL), lithium aluminum hydride (20 mg, 0.5 mmol) was added. The cooling bath was
removed and the mixture was allowed to attain room temperature. After 30 min the solution
was poured into 20 mL of saturated solution of sodium potassium tartrate, and the two
phase mixture was stirred at room temperature. After 1.5 h the mixture was extracted with
ether (3 x 20 mL) and the combined organic extracts were washed with water (20 mL) and
brine, dried (MgS04) , and concentrated under reduced pressure at low temperature (cold
water bath) to avoid losses of the volatile 6-hydroxymethyl-2-methoxy-5,6-dihydro-2H
pyran.

Sodium hydride (25 mg, 0.52 mrnol) was added to a cooled (O°C) solution of the
crude reduction product in dry THF (10 mL) and the reaction mixture was stirred for 15 min,
whereupon benzyl bromide (0.065 mL, 0.55 mmol) was added. The cooling bath was
removed, and the mixture was stirred at room temperature. After 2 h the mixture was
diluted with ether (50 ml.), washed with water (3 x 20 mL), dried (MgS04) , and concen
trated to dryness. The residue was purified by chromatography on a silica gel column with
hexane-ethyl acetate 4:1 to yield 4 (58.5 mg, 50%) as a pale yellow oil: [a]o - 15.6° (c 0.6,
CHCI 3) ·

4

aCH20BZI

OMe

OMe

2 94:6

1. LiAIH4--'2. NaH, BzlBr

a CO-R

I +o

2

2.PPTS

81%

1. EU(fod)3' r.t.

The remaining oil was distilled at 65°-67°C/OA torr to give 0.332 g (75%) of 5; [a]m
- 80.0° (c 2.0, C6H6) .

Analogous hydrolysis of 4 (0.8 g) afforded 6, 0.225 g (77%), distilled at 64°_
66°C/OA torr, [a]m + 79.2° (c 1.97, C6H6

) .

2S,6S Configuration of the levorotatory alcohol 5 was determined by the following
sequence of reactions [47]:

6-0-Camphanyl ester 3 was epoxidized with m-chloroperoxybenzoic acid and the
two stereoisomeric epoxides [of the lyxo 7 and ribo 8 configurations, (1:1.1,90%)] were
separated by column chromatography with light petroleum-ethyl acetate (65:35). The ribo
epoxide 8 was hydrolyzed with I N HCI04 in dioxane-water solution to methyl 4-deoxy
D-xylo-hexopyranoside, identified as the 2,3,6-tri-O-acetyl derivative 9: mp 74°C, [a]589 +
139.1° (c 0.56, CHCI3) ; reported [49]: mp 75°-76°C, [als89 + 138° (CHCI

3
) .

Optically active alcohol 6 (94% e.e.) can be obtained by LiAIH
4

reduction of trans
methyl 2R,6R-2-methoxy-5,6-dihydro-2H-pyran-6-carboxylate (see Scheme 9, 2 R =
Me) [25].

Scheme 11

To a solution of 2R-N-glyoxylylbornane-IO,2-sultam 1 (100 mg, 0,37 mrnol) [51] in dry
dichloromethane (5 mL), Butfod), (8 mg) and trans-I-methoxy-I,3-butadiene (0.2 mL, 2
mrnol) were added, and the mixture was stirred at room temperature. After I h, the solution
was concentrated under reduced pressure to dryness, the residue was dissolved in methanol
(10 mL) and isomerized with a few milligrams of pyridine p-toluenesulfonate (PPTS). After
stirring overnight, the solution was again concentrated to dryness, and the residue was
purified by chromatography on a silica gel column with hexane-ethyl acetate 7:3. Eluted
first was 2 (99.7 mg, 75.8%): mp 215°-217°C, [a]o - 113.4° (c 1.2, CHCI3

) . Eluted second
was the enantiomer of 2, cycloadduct 3 (6A mg, 4.9%):"tnp 208°-210°C, [a]o - 100.9°
(c 2.23, CHCI 3) .

Alternatively, instead of chromatographic separation, the main produce 2 could be
isolated by crystallization of the crude reaction mixture from dichloromethane. One crys
tallization afforded the optically pure product.
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E. 1-Menthyl 2,3,6-tri-D-acetyl-4-deoxY-I3-L-xylo-hexopyranoside (1
Menthyl 2,3,6-tri-D-acetyl-4-deoxY-IJ-I--glucopyranoside) (5) [30]
(Scheme 14)

R1 = R2 = H

R1 =H, R2 =OAe

Scheme 13

0.13 mol). The suspension was refluxed for 3 h, then ice-cold saturated aqueous NaHC03

was added, and the resulting mixture was extracted with ether. The combined ether extracts
were dried (KzC03) and concentrated under diminished pressure, leaving a dark yellow oil.
Chromatography of the residue with hexane-ethyl acetate (7:3) yielded (2; R[ = R2 = H),
680 mg (55%), volatile, unstable yellow oil.

Similarly prepared were: 3-acetoxy-2,3-dihydro-4H-pyran-4-one (2; R] = H, R2 =
OAc) [from l-methoxy-2-acetoxy-3-trimethylsilyloxy-l,3-butadiene (1; R[ =H, R2 =OAc)
and paraformaldehyde in 67% yield] and 5-acetoxy-3-benzoyloxy-2,3-dihydro-4H-pyran
4-one (from l-benzoyloxy-2-t-butyldimethylsilyloxy-3-acetoxy-4-methoxy-l,3-butadiene
and paraformaldehyde in 75% yield).

3-0-(I,3-Butadienyl)-I,2:5,6-di-O-isopropylidene-a-D-glucofuranose 4

A solution of the diacetylenic glycol 1 (4.98 g, 30 mmol) [52] in THF (40 mL) was added
dropwise to a solution of 1,2:5,6-di-O-isopropylidene-a-o-glucofuranose (3.9 g, 15 mmol)
and potassium hydroxide (0.1 g) in THF (30 mL) maintained at 80°C under nitrogen. After
16 h at 80°C the mixture was cooled and filtered, and the filtrate concentrated to dryness. An
aqueous solution of the residue was extracted with chloroform, and the organic extract was
washed (H20), dried, and applied to a silica gel column. Elution with benzene-ethyl acetate
7:1, gave the mixed enynyl ethers 2 and 3 (4.46 g, 96%).

This mixture was rechromatographed on a silica gel column with ether-light petro
leum 1:3 as eluant. Eluted first was 3, an oil (3.2 g), followed by 2 (3.8 g):.mp 83°-85°C
(from light petroleum).

A solution of 2 (2 g) in light petroleum (50 mL) was hydrogenated over 5%
palladium-barium sulfate catalyst (0.15 g) in the presence of quinoline (0.15 g) for 30 min.
The mixture was filtered through Celite and concentrated to an oil 4 (100%): bp 115°C/0.m
torr [53].

Cycloaddition of Butyl Glyoxylate to trans-Dienyl Ether 4

A mixture of 4 (1.9 g, 6.1 mmol) and butyl glyoxylate (l mL) was stored at ambient
temperature for 15 days (or 3 days at 60°C). Chromatography and a silica gel column with
ether-light petroleum 1:1gave a mixture (2.49 g, 92.5%) of four stereoisomers 5 (0'-0),7
(f3-L), 6 (f3-0), and 8 (o-r) in order of increasing polarity,

This mixture was rechromatographed with the same eluant to give a mixture of 5
and 7 (73%): bp 165°C/OJ torr. Continued elution gave 6 and 8 in the ration 2:1 as nearly
pure fractions.

R,

M.3SiO~ +

~~
OMe

1

:X)
2

Isomerization of 5-8 in Acidic Medium

The mixture 5-8 (l g) was either (I) dissolved in benzene (10 mL) containing toluene-p
sulfonic acid (5 mg), or (2) dissolved in anhydrous ether (20 mL) containing boron
trifluoride-ether complex (2 drops). In each case, the mixture was stirred for 2 h at ambient
temperature, then washed with aqueous sodium hydrogen carbonate and water, dried, and
concentrated. The residue was chromatographed on a silica gel column with ether-light
petroleum 1:1 to give initially 5 (0.25 g, 25%): [a]D - 48.3° (c 0.77, CHCI 3) . Continued
elution gave a-L-glycero-isomer 8 (0.5 g, 55%): [a]D + 11.6° (c 0.78, CHCI3) .

Reduction of 8

To a stirred suspension of lithium aluminum hydride (350 mg) in ether (20 mL), a solution
of 8 (913 mg) in ether (20 mL) was added dropwise at room temperature. After 2 h ice-water
was added and the ethereal layer was separated, dried, and concentrated to an oil, which
crystallized, 9 (680 mg, 89%): mp 148°-149°C (from ether).

Disaccharide precursor 9 was converted into 3-(a-L-altropyranosyl)-1,2:5,6-di-O
isopropylidene-o-o-glucofuranose by functionalizationof the dihydropyran ring [22].
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5

D. 2,3-Dihydro-4H-pyran-4-one (2) [26] (Scheme 13)

To a solution of 1-methoxy-3-trimethylsilyloxy-1,3-butadiene (1; R] =R2 =H) (2.17 g, 0.12
mol) [54] in THF (50 mL) were added paraformaldehyde (4 g) and zinc chloride (1.71 g,

i. K-Selectride. ii, AC20, El3N, DMAP. iii. ° 3, Iv. BH3-THF.

Scheme 14

To a solution of 2-acetoxy-1-(1-menthyloxy)-3-(trimethylsilyloxy)-1,3-butadiene 1; (530
mg, 1.5 mmol) [55] and 2-furylaldehyde (130 mg, 1.35 mmol) in chloroform (5 mL), (+)-
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extracted with dichloromethane. The CHzClz extract was dried (MgS04) and concentrated
to dryness to yield 3 (4.4 g, 80%), an unstable yellow semisolid.

S-(O-Methyl)mandelic acid chloride was prepared (14-h reflux in 5 mL of benzene)
from the S-(O-methy])mandelic acid (0.33 g, 2.0 mmol) and oxalyl chloride (0.34 mL, 4.0
mmol). The chloride was added to a solution of 3 (0.56 g, 2.0 mmol) and dry pyridine (0.33
mL, 4.0 mmol) in dry toluene (20 mL) at - 10°C. The mixture was then allowed to attain
O°c. After 14 h. toluene was added, and the mixture was washed with water (20 mL).
Toluene solution was dried (MgS04) and concentrated to dryness to yield 4 (0.84, 98%),
which was used in the next step without purification.

A solution of 4 (0.84 g, 1.9 mmol) in ethyl vinyl ether (10mL) was heated in a sealed
tube at 75°C for 6 h. The excess of ethyl vinyl ether was distilled off, and the residue was
chromatographed on a silica gel column with light petroleum-ethyl acetate (4:1) to yield a
mixture of 5 and 6 (0.31 g, 30%).

To a suspension of sodium hydride (0.48 g, 20 mmol) in N,N-dimethylformamide
(DMF; 20 mL) at - 5°C under nitrogen water (0.18 ml., 10 mmol) in 5 mL of DMF was
added, followed by a larger portion of 5 and 6 (3.6 g, 9.1 mmo]). After 2 h, a solution of
benzyl bromide (2.38 mL, 20 mmol) in dry DMF (20 mL) was added and the mixture was
left at room temperature. After 24 h. ethanol (2 mL) was added and the mixture was poured
into aqueous saturated ammonium chloride solution (100 mL). The product was extracted
with ethyl acetate, the extracts were dried (MgS04) and concentrated to dryness. The
residue was purified by chromatography on silica gel column using toluene-ethyl acetate
(9:1) for elution to yield 7 and 8 (3.37 g, 83%).

To a well-stirred, cooled suspension of an excess of Raney nickel (W2) in dry THF,
the mixture 7 and 8 (3.2 g, 7.2 mmol) was added and the reaction was left for 2 h. Raney
nickel was filtered, and the filtrate was concentrated to yield 9 and 10 (2.20 g. 86%).

To a solution of 9 and 10 (2.0 g, 6 mmol) in dry THF (30 mL), cooled to -10°C,

F. Ethyl 3,4-di-o-benzyl-2-deoxy-6,7-o-isopropylidene-a-L-
galactoheptopyranoside (13) [57) (Scheme 15)

A mixture of 1-deoxy-3,4-0-isopropylidene-1-phenylthio-L-erythrulose (1;6.0 g, 24 mmol)
[57] and N,N-dimethylformamide dimethyl acetal (4.25 g, 36 mmol) was stirred for 2 h
at 70°C. The liberated methanol and the excess of the reagent were evaporated under
reduced pressure and the dark oily residue was purified on a silica gel column with ethyl
acetate as eluent to yield 2 (6.21 g, 85%) as a yellow solid: mp 93°C (from diisopropyl
ether). \.

To a suspension of 2 (6.0 g, 19 mmo!) in boiling water (100 mL) solid barium
hydroxide octahydrate (3.0 g) was slowly added while stirring. The mixture was addi
tionally heated for 5 min and then rapidly cooled with ice to room temperature. The solution
was extracted with ether, saturated with sodium chloride, then acidified to pH 6 and

Euthfc), (240 mg, 0.2 mmo!) [56] catalyst was added and the mixture was left at room
temperature. After 24 h, triethylamine (4 mL) and methanol (3 mL) were added. The
reaction mixture was stirred for 2 h and was then concentrated under lowered pressure to
dryness. The solution of the residue in ethyl acetate was filtered through a short silica gel
layer and the eluate was concentrated to dryness to yield a 87:13 mixture of 2 and 3 (503
mg, 96%). Chromatography of this mixture with hexane-ethyl acetate (3:1) gave 2 which
was crystallized from hexane, 380 mg (75%): mp 126°-127°C, [a]D + 65.2° (c 1.3, CHCI3) .

To a solution of2 (340 mg, 0.9 mmol) in THF (30 mL) cooled to -78°C K-Selectride
(1.34mL of a 1-Msolution in THF) was slowly added (1h) under nitrogen atmosphere. The
reaction mixture was stirred for an additional 1 h, quenched with an aqueous saturated
solution of NaHC03 (20 mL) and allowed to attain room temperature. The product was
extracted with ethyl acetate (4 x 20 mL), the combined extracts were dried (MgS04) and
concentrated to dryness. The residue was dissolved in dichloromethane (30 mL), then
triethylamine (500 fLL, 3.6 mmol), acetic anhydride (250 fLL, 2.6 mmol), and a crystal of
N,N-dimethylaminopyridine (DMAP) were added, and the mixture was left under nitrogen
at room temperature. After 24 h the solution was concentrated to dryness and the residue
was chromatographed on a silica gel column with hexane-ethyl acetate (3:1) to give
2S,3SAR,6R-3A-diacetoxy-2-(1-menthyloxy)-6-(2-furyl)-tetrahydropyran 4 (290 mg, 79%):
mp 127°-129°C, [a]D - 5.3° (c 0.8, CHCI3) .

A solution of 4 (110mg, 0.26 mmol) in a mixture of dichloromethane (25 mL) and
methanol (8 ml.), cooled to -78°C, was ozonized until the solution turned blue (about
4 min). Excess ozone was removed by a stream of nitrogen, the solution was allowed to
attain room temperature and was concentrated to dryness. The crude product was dissolved
in THF (10mL) and a borane-THF complex (1.04 mL of a I-M solution) was added at room
temperature under nitrogen. After 24 h the reaction mixture was treated with diluted
hydrochloric acid (5 mL) and the solution was extracted with ethyl acetate (4 x 15 mL). The
combined extracts were dried (MgS04) and concentrated to dryness. The residue was
dissolved in dichloromethane (20 ml.) and acetylated with acetic anhydride (62 fLL, 0.66
mmol), triethylamine (200 fLL, 1.50 mmol), and a crystal of DMAP, under nitrogen
atmosphere. After 12 h the reaction mixture was concentrated under diminished pressure,
and the crude product was purified on a silica gel column with hexane-ethyl acetate (3:1) to
give 5 (73 mg, 65%) mp 103°-105°C (after crystallization from hexane), [a]D - 26.6°
(c 0.7, CHCI3) .
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To a solution of 2,3-0-isopropylidene-o-glyceraldehyde (12.6 g, 97 mmol) in furan (20
mL), chloroacetic acid (5.7 g, 60 mmo!) dissolved in furan (20 mL) was added and the
mixture was refluxed for 8 h. After 12 h at room temperature saturated aqueous NaHC03
solution (50 mL) was added and the product was extracted with ether (3 x 100 mL).
Combined ether extracts were dried (MgS04) , concentrated to dryness, and the residue was
chromatographed on a silica gel column with light petroleum-ether-methanol (6:4:0.5) to
yield lR,2R- and IS,2R-I-C-(2-furyl)-2,3-0-isopropylidene-glycerols 1 (95:5, 7.0 g, 36.5%).

To a solution of 1 (7.0 g, 35 mmol) in absolute methanol (18 mL) and absolute ethyl
ether (18 mL), cooled to -78°C (dry ice-acetone), a solution of bromine (3 mL) in
methanol (18 mL) was slowly added, and the reaction mixture was left at this temperature
for 30 min. Ammonia was bubbled to reach pH 9, the mixture was allowed to attain room
temperature and concentrated to dryness. The residue was dissolved in benzene (20 mL)
and the suspension was filtered through a layer of aluminum oxide, and the filtrate was
concentrated under reduced pressure to yield 2 (8.5 g, 60%), distilled at 105°C/0.05 torr,
[a]D + 14° (c 1.3, CHCI 3) ·

A solution of 2 (246 mg, 0.9 mmol) in 2.5 mL of a mixture of acetone, water, and
sulfuric acid (96:4:0.25) was left at room temperature for 40 min, whereupon the solution
was neutralized with solid lead carbonate (ca. 300 mg). The suspension was filtered, the
solid was washed with acetone, and to the filtrate water (10 mL) was added. Acetone was
evaporated, and the residue was extracted with chloroform. The CHCI 3 extract was dried
(MgS04) and concentrated to dryness to yield 3 (167 mg, 83%).

A larger portion of 3 (466 mg, 2.2 mmol) was dissolved in methyl iodide (20 mL),
and freshly prepared silver oxide (2.5 g) was added. The mixture was vigorously stirred
in the dark at room temperature. After 24 h, the solid was filtered off, washed with
chloroform, and the filtrate and washings were concentrated to dryness to yield a mixture
of 4 and 5 (368 mg). This mixture was separated by chromatography on a silica gel column

H. Methyl 4-D-Acetyl-6,7-D-isopropylidene-o-glycero-OI-o-manno
heptopyranoside (10) [60] (Scheme 17)

The residue was bulb-to-bulb distilled (90°C/15 torr) to give pure 4 (113 mg, 93%), [ex]589 +
959°, [ex]578 + 1008°, [ex]S46 + 1207° (c 0.12, CHCI 3)·
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Scheme 16

A mixture of racemic 2-exo and 2-endo-cyano-7-oxabicyclo[2.2.1]hept-5-en-2-yl acetates
(1; 8.95 g, 50 mmo!), obtained by cycloaddition between o-acetoxyacrylonitrilc and furan
[55,56], was dissolved in methanol (100 mL) under nitrogen. Sodium methoxide (0.25 mL
of a 5.4-M solution in methanol) was added and the solution was left at room temperature
for 4 h. Under vigorous stirring, brucine (19.75 g, 50 mmol) was added. After 5 min a
precipitate began to form. After 12 h the precipitate was COllected, washed with ether (100
mL) and dried under vacuum, 1~.95 &(38.2 mmole, 63.7%; sample A). The filtrate and
ether washing were combined and concentrated to dryness to yield a yellowish solid
(sample B). The crude cyanohydrine-brucine complex (sample A; 16.82 g, 37.9 mmo!) was
dissolved in a minimum amount of hot methanol (250 mL) from which crystallization took
place on cooling to 20°C, giving 9.73 g (18.3 mmol) of a solid. This material was again
recrystallized from hot methanol (160 mL) to give, after filtration, washing with ether, and
drying, 5.56 g (10.44 mmol, 21%) of pure complex (sample C). To a solution of sample C
(1.33 g, 2.5 mmol) in chloroform (75 mL), stirred at 20°C under nitrogen, was added acetic
anhydride (0.765 g, 7.5 mmol) and pyridine (0.59 g, 7.5 mmol). The solution was stirred for
24 h in the dark and then washed with I N hydrochloric acid (20 mL, three times) and 5%
aqueous NaHC03 (10 L, two times). After drying (MgS04) the solution was concentrated
under vacuum and the residue was purified on a silica gel column by flash chromatography
using ethyl acetate-ether-pentane (1:1:5) for elution to yield 0.425 g (95%) of 2 and 3
(97:3). Recrystallization of this product from ether-petroleum ether (1:1) gave pure 2, 0.32
g (71.5%): mp 57.5°-58°C, [01]589 + 57.9°, [a]578 + 60.9°, [a]546 + 69.8° (c 1.69, CHCI 3).

To a solution of2 (200 mg, 1.12 mmo!) in dry methanol (1 ml.), stirred at 20°C under
nitrogen, sodium methoxide (10 fLL of a 5.4-M solution in methanol) was added. After 2 h
the mixture was treated with 40% aqueous formaldehyde (0.35 mL) and stirred for an
additional 1 h. The mixture was diluted with water, saturated sodium chloride solution was
added, and the product was extracted with CHzClz. The combined extracts were washed
with saturated aqueous NaCI, dried (MgS04) , and the solvent was carefully evaporated.

G. 1R,4R-7-0xabicyclo[2.2.1]hept-5-en-2-one (4) [58,59] (Scheme 16)

under nitrogen atmosphere, borane-THF complex (8 mL of a I-M solution) was added. The
temperature was raised to O°C. After 20 h, a solution of sodium hydroxide (1.2 g in 10 mL of
water and 10 mL of ethanol) was added followed by 20 mL of hydrogen peroxide (35%).
The mixture was allowed to attain room temperature and, after I h, activated charcoal
(0.2 g) was added to destroy the excessive hydrogen peroxide. The mixture was filtered,
saturated with sodium chloride, and extracted with ethyl acetate. The extracts were dried
(MgS04) and concentrated to dryness. Chromatography on a silica gel column with light
petroleum-ethyl acetate (4:1) yielded 11(1.54 g, 73%): [ex]o - 16.7° (c I, CHCI 3) , followed
by 12 (0.31 g, 15%).

Benzylation (NaH, BzlBr in DMF) of 11 yielded 13 (82%): mp 95°-96°C, [ex]
- 4.9° (c I, CHCI

3
) . 0
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Benzyl 4-0-benzoyl-3-0-benzyl-2-0-(2.3,4-tri-O-acetyl-a-D-rhamnopyranosyl)-a-L
rhamnopyranoside 13

To a s~lution of s.odiumborohydride (2.0 g) in water (5 mL) and THF (15 mL) was added.
dropwise, a solution of 6 (1.1 g) in THF (10 mL). The mixture was stirred for 1.5 h. poured

Benzyl 3-0-benzoyl-4-0-benzyl-2-0-(2.3,6-trideoxy-a-D- and I3-D-hex-2
enopyranosyl-4-ulose)-a-L-rhamnopyranoside (6 and 7)

To a solution of 5 (879 mg, 1.96 mmol) and 4 (357 mg. 2.1 mmol) in 1,2-dichloroethane
(6 mL) was added stannic chloride (0.14 mL of a I-M solution in 1,2-dichloroethane). After
3 ?at room temperature. the mixture was diluted with CH

2CI2
(15 mL) and quickly washed

with aqueous 5% NaHC03 and twice with water. dried, and concentrated. The oily residue
(1.04 g) was subjected to flash chromatography with light petroleum-ethyl acetate (4:1).

Eluted first was 6 (803 mg. 73%). syrup: [0.]0- 13° (c 0.8. CHCI
3
) ; and eluted second

was 7 (109 mg, 9.9%). syrup: [0.100° (c 1.2. CHCI
3
) .
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l-G-Acetyl-2,3,6-trideoxy-a.I3-D-glycero-hex-2-enopyranos-4-ulose 4 [40,62J
IR-(2-Furyl)ethanoI1. [0.10 + 15° (c 1.4. CHCI3) . was obtained from the racemic alcohol by
resolution of its eo-camphanyl ester [61].

To a stirred solution of 1R-(2-furyl)ethanoI1 (1.4 g, 12.5 mmol) in absolute methanol
(10 mL) and absolute ether (15 ml.), cooled to -40°C. a solution of bromine (2.14 g) in
absolute methanol (10 ml.) was added dropwise, maintaining the temperature at -35°_
-40°C. Stirring was continued for 30 min. whereupon dry ammonia was bubbled to reach
pH 8.0. After additional 15 min of stirring. ether (100 mL) was added, and the precipitated
ammonium bromide was filtered off. The filtrate was concentrated to dryness. the residue
was dissolved in a small volume of benzene, and filtered through a short layer of alumina.
The filtrate was again concentrated and the oily residue was distilled at 72-75°C/1.2 torr to
yield 2 (1.94 g. 89%).

A solution of 2 (1.74 g. 10 mmol) in 1% aqueous H2S04 (20 mL) was left at room
temperature for 70 min. then brought with solid NaHC03 to pH 5-6. Water was evaporated
(.;; 30°e) under reduced pressure and the residue was extracted with ether. dried (MgS04) .

and concentrated to dryness, to give 3 (1.12 g, 100%):mp 62°-65°C (from ether).
This product (415 mg. 3.2 mmol) was acetylated with acetic anhydride (0.5 mL) and

pyridine (0.5 mL). After 2 h, the solvents were evaporated to leave crude product. which
was purified on a silica gel column with light petroleum-ether (10:1)to give a mixture of 0.
and l3-anomers of l-O-acetyl derivative 4 (436 mg. 79.2%): [0.]0 + 90° (c 1.95. CHCI3) .

with light petroleum-ether-methanol (7:3:0.5) to give first the a-anomer 4 (126 mg, 25%):
[0.]0 + 34° (c 0.9, CHCI3) , followed by l3-anomer 5 (180 mg, 36%): [0.]0 - 10° (c 2.0,
CHCI3) ·

To a solution of the a-anomer 4 (0.76 g, 3.3 mmol) in THF (5 mL), cooled to O°C.a
solution of sodium borohydride (60 mg) in water (1.5 mL) was added. After 40 min the
product was extracted with ethyl acetate (3 x 10 mL), and the same volume of benzene was
added to the combined extracts. The solution was filtered, and the filtrate was concentrated
to dryness. The residue was chromatographed on a silica gel column with light petroleum
ether-methanol (6:4:0.5). The first eluted product was the ribo-stereoisomer 6 (383 mg,
50%); 4-0-acetyl derivative 7 (Ac20, CsHsN, DMAP): [0.]0 + 107° (c 1.1, MeOH).

The second eluted was the arabino-stereoisomer 8 (75 mg. 10%): mp 106°-107°
(from ethanol). [0.]0 - 81° (c 1.3, MeOH).

To a solution of 7 (458 mg. 1.7 mmol) and N-methyl morpholine N-oxide (244 mg) in
r-butanol (1 ml.), a few crystals of osmium tetraoxide dissolved in THF (1.5 mL) were
added. After 3 days 40% aqueous solution of NaHS03 (3 mL) was added. the mixture was
stirred for additional 30 min. and extracted with ethyl acetate (3 x 20 mL). The extracts
were dried (MgS04) and concentrated to dryness. The residue was purified by chroma
tography on a silica gel column with light petroleum-ether-methanol (4:5:0.5) to yield
9 (371 mg, 72%): mp 89.5° (from a mixture of hexane and ethyl acetate). [0.10 + 52° (c 1.0.
CHCI3) ·

Deacetylation (MeONa in methanol) followed by hydrolysis with Dowex 50W (H+)
resin furnished methyl D-glycero-a-D-manno-heptopyranoside 10: [0.]0 + 78° (c 1.7,
MeOH). in 82% yield.

I. 2-G-IX-o-Rhamnopyranosyl-L-Rhamnose (14) [61) (Scheme 18)
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into cold water, and extracted with ether, and the extract was dried and concentrated. The
residue was chromatographed with light petroleum-ethyl acetate (7:2) to yield first

a-erythro compound 8 (639 mg, 58%), acetylation of which afforded 9: [cxlo + 51° (c 1.9,
CHCI3) . Eluted second was a-threo compound 10 (138 mg, 12.5%), acetylation of which

gave 11, as a syrup: [cxlo - 41° (c 1.7, CHCI3) .

A solution of osmium tetraoxide (300 mg) in pyridine (1.2 ml.) was added to a

solution of 9 (551 g) in pyridine (3 mL) and the mixture was stirred at room temperature
for 3 days. A solution of NaHS03 (600 mg) in pyridine (6 mL) and water (9 mL) was then
added and the stirring was continued for 2 days. The mixture was diluted with water (100

mL) and extracted with several portions of CH2Clz. The combined extracts were washed
with water, dried (MgS04) , and concentrated. The resulting thick syrup was chroma

tographed on a silica gel column with light petroleum-ethyl acetate (1:1) to yield diol U
(454 mg, 78%), which was acetylated to give 13 as a thick syrup: [cxlo + 51° (c 1.05,
CHCI3) ·

A solution of 13 (300 mg) in ethanol (10 mL) was hydrogenated at 1 atm in the
presence of 10% Pd-C. The catalyst was then filtered off and the solution was concentrated
to dryness. To a solution of the residue in methanol (20 mL) was added sodium (120 mg),
and the mixture was left for 12 h, neutralized with Amberlite IR-120 (H+) resin, and

concentrated to dryness. The residue was introduced onto a silica gel column and washed
first with benzene to remove methyl benzoate, and then eluted with methanol to give 14
(115 mg, 86%): [cx]o + 49° (c 0.6, CzHsOH). The hexaacetate of 14 had [cxlo + 30° (c 0.3,
CHCI3) ·
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sulfated LeXtetrasaccharide, 325, 333
thioglycoside donors, 317
thiophiles, 318
trimeric LeX, 323, 331
trisaccharide, 322
two-stage activation, 317, 318, 319
undecasaccharide, 323

Oligosaccharide synthesis with 0
protected glycosy1 2-thiopyridyl
carbonate donors, 431

anomeric activation, 432, 435
1,2-cis-disaccharides, 434, 440, 441,

444
crystallinity, 434
CU(OTf)2promoter,433
design, 432
glycosyl 2-pyridylcarbonates, 433,

439
glycosyl 2-thiopyridylcarbonates,

434, 444
LeX trisaccharide, 438, 446
one-pot glycosylations, 433, 439
reactivity, 435
selective activation, 438
a-selectivity, 434, 440, 441, 444
sialyl LeX, 436, 444, 445
silver triflate, promoter, 434, 435,

436,440,441,445
stability, 434
TOPCAT donors, 434, 444
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TOPCAT and imidate donors, 438,
439

1,2-trans-disaccharides, 435, 436,
441,442,443

Oligosaccharide synthesis with 0
protected (MOP) donors, 413

1,2-cis-disaccharides, 415, 416, 417,
418

CH3CN, solvent, 418
copper triflate, promoter, 417, 423,

424, 425, 427
LeX trisaccharide, 420
MeOTf, promoter, 416, 422
reaction progress, 421
scope, 417
sialyl LeX, 419, 426
solvents, 417, 418
T-antigen, 420
1,2-trans-disaccharides, 418, 419

Oligosaccharide synthesis with un-
protected MOP donors, 389

catalysts, 391
1,2-cis selectivity, 391
disaccharide, 392, 395, 397, 401,

402,403,404,405
glycosyl MOP donors, 391
iterative synthesis, 396
mechanism, 393
reaction progress, 394
selective activation, 395
tetrasaccharide, 393,396,409
trisaccharides,396,408

Oligosaccharide synthesis with tri-
chloroacetimidates, 283, 289, 315

activation, 289
amphoteronolide, 307
aryl-C-glycosides, 295
Bransted acids, 294
carbenium ion, 293
decomposition, 294
disaccharides, 298, 301, 302, 303,

304
formation 289,296,297,298
Fries-type rearrangement, 295
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[Oligosaccharide synthesis with tri-
chloroacetimidates]

general aspects, 290
glycopeptide, 306
glycosyl phosphates, 294, 307, 308
hexasaccharide, 299
inverse procedure, 294
kinetic, thermodynamic effects, 293
Lewis acid catalysis, 289
neighboring group participation,

292
nitrile effect, 293
1-0-acyl compounds, 294
O-glycosyl phosphinates, 294
O-glycosyl phosphonates, 294
reactivity, 293
scope, 295
a/~ selection, 290
side-reactions, 293
~ I-type reaction, 293
SN2-typereactions, 292
solvent effect, 293
stability, 290
trisaccharides, 299, 300, 301

Ortho-esies, 55

Pauson-Khand reaction, 237, 238, 258,
556, 564

Peterson olefmation, 231, 232, 249, 250
Phyllanthocin, 570
Protein folding, 486
Pseudomonic acid, 226
Remote activation concept, 381, 383,

389,413
Rydon reagent, 108

Seldomycin factor 2, 131
Selectins, 358, 366, 420
Shikimate pathway, 471
(-)-Shikimic acid, 572
Showdomycin, 530
Sialyl dimeric LeX, 324
Sialyl glycosides, 357

~-acetonitrilium ion, 362
anomeric effect, 362
benzeneseIenyl triflate, 359
biology, 366, 419, 421, 436, 445
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donor activation, DMTST, 359, 361,

362,370,373,375
enzymatic, 467
gangliosides, 358, 362, 366, 367,

372,373,374,375
glycosyl phosphites, 359
glycosyl xanthates, 359
iodonium ion, 361
KJ)N, 359, 362, 366
Koenigs-Knorr method, 358
lactones, 363, 366
mechanism, 362, 365
methylsulfenyl bromide M5~, 372
monosialyl, 359
N-iodosuccinimide-trifluromethane

sulfonic acid, 359, 364, 370, 371,
374

nonstereoseIectively, 364
oligosialyl, 362
primary hydroxyIs, 361
secondary hydroxyls, 361
sialyl donors, 358, 359
sialyl LeX, 358, 367, 371
sialoglycoproteins, 358
sialyloligosaccharides, 364
silver triflate, 372
a-stereoselective, 359, 360, 361, 367
stereoselectivity, 362
synthesis, 371
thioglycoside method, 359
thiophilic promoters, 359

Sialyl glycosides, 357
Sialyl Lewis X, 357

biology, 366, 419, 421, 436, 445
carbohydrate epitope, 358
enzymatic synthesis, 467
chemical synthesis, 371

Silvertriflate, 353, 348, 414, 436, 438
SN2 reactions, 85
Solid-phase synthesis, 266, 272

glycopeptides, 266, 272
glycosides, 382, 386

Sowden homologation, 176
(+)-Spectinomycin,75
Stannyl ethers, 69

coordination, 74
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nucleosides,74
0-allylation,74
O-benzylation, 74, 82
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oxidation, 74
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O-allylation, 77
O-benzoylation, 75
O-benzylation, 76
brominolysis, 79,80,81
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formation, 70
oxidation, 79, 80, 81
O-silylation, 78
O-sulfation, 77
O-toluenesulfonylation, 76
trimeric, 75

Still-Wittig rearrangement, 227
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Sugar, I

derivatives, I
nitromethane adducts, 36
osazones,36
oximes,36

Sugar synthesis, 593,615
cyanohydrin adducts, 36
cycloaddition reactions, 617
1,4-diacetoxy-l,3-butadiene, 618
dichlorotitanium (R)-binaphthol

catalyst, 622
dimethylaluminium chloride, 620
disaccharide synthesis, 618, 625
from nonsugars, 593
furfuryl alcohols, 621, 633
hetero-Diels-Alder reaction, 617,

619,622,624
history, 615
hydrazones, 36
lanthanide complexes, 619, 624
Lewis acids, 619
total synthesis, 615
trimethylsilyl triflate, 620
zinc iodide, 620

Sugar nucleotides, 488
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biosynthesis, 488, 489

Sugarophobia, 1
Sulfated LeX tetrasaccharide, 325, 333

Tebbe reaction, 231
Tetrabutylamrnonium azide, 133
Tetramethylurea (fMU), 436
2-Thiopyridylcarbonate (TOPCAT)

glycosyl donors, 431
preparation, 434,440
design, 432
reactivity, 435
selective activation, 438, 449

Thomsen-Friedenreich antigen, 266
T antigen, 419

synthesis, 419
r, antigen, 270
Triflates, 87, 128

anion nucleophilicity, 96
azidodeoxy sugars, from, 93
crown ether, 96
cryptand, 96
deoxyhalogeno sugars, from, 90
displacement by azide ion, 101
displacement by bromide, chloride,

and iodide ions, 92, 98, 99
displacement by fluoride ion, 95, 100
elimination reactions, 94, 95
nucleoside, 99
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procedures, 97
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reactions, 93
reactivity, 88
rearrangement reactions, 92, 96
ring-contraction, 96
SN2 reactions, 93
synthesis, 88, 89, 97
triflic anhydride, 89
triflyl chloride, 89, 97
tris( dimethylamino)-sulfur (trimethyl

silyl)difluoride (TASF), 96
Trimeric LeX, 323, 331
Triphenylphosphine, 107

halogenation, 107, 108, Ill, 129
Tumor antigens, 366
Tunicamine, 619
Tunicamycin, 181

Umpolung, 86, 507

Validamine, 134
Validamycin A, 580
Vilsmeier-Haack reaction, 129, 234

Wittig reaction ,231,239,547,559
Wolfrom-Karabinos reaction, 38

Zimmerman-Traxler model, 230
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